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ABSTRACT OF DISSERTATION

HEAT AND MASS TRANSFER IN BALED SWITCHGRASS
FOR STORAGE AND BIOCONVERSION APPLICATIONS
The temperature and moisture content of biomass feedstocks both play a critical
role in minimizing storage and transportation costs, achieving effective bioconversion,
and developing relevant postharvest quality models. Hence, this study characterizes the
heat and mass transfer occurring within baled switchgrass through the development of a
mathematical model describing the relevant thermal and physical properties of this
specific substrate. This mathematical model accounts for the effect of internal heat
generation and temperature-induced free convection within the material in order to
improve prediction accuracy. Inclusion of these terms is considered novel in terms of
similar biomass models.
Two disparate length scales, characterizing both the overall bale structure (global
domain) and the individual stems (local domain), are considered with different physical
processes occurring on each scale. Material and fluid properties were based on the results
of hydraulic conductivity experiments, moisture measurements and thermal analyses that
were performed using the constant head method, TDR-based sensors and dual thermal
probes, respectively. The unique contributions made by each of these components are
also discussed in terms of their particular application within various storage and
bioconversion operations.
Model validation was performed with rectangular bales of switchgrass (102 x 46 x
36 cm3) stored in an environmental chamber with and without partial insulation to control
directional heat transfer. Bale temperatures generally exhibited the same trend as ambient
air; although initial periods of microbial growth and heat generation were observed.
Moisture content uniformly declined during storage, thereby contributing to minimal heat
generation in the latter phases of storage.
The mathematical model agreed closely with experimental data for low moisture
content levels in terms of describing the temperature and moisture distribution within the
material. The inclusion of internal heat generation was found to be necessary for
improving the prediction accuracy of the model; particularly in the initial stage of
storage. However, the effects of natural convection exhibited minimal contribution to the
heat transfer as conduction was observed as the predominate mechanism occurring
throughout storage. The results of this study and the newly developed model are expected

to enable the maintenance of baled biomass quality during storage and/or high-solids
bioconversion.
KEYWORDS: drying, heat and mass transfer, numerical modeling, storage, switchgrass,
thermophysical properties
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CHAPTER 1:INTRODUCTION
1.1

Biomass Feedstocks
Increased environmental concerns in recent years have prompted a growing

interest in the use of alternative and renewable energy sources such as biofuels;
particularly in developed countries (Goldstein, 2006). In accordance with this rising
trend, biomass has received considerable attention as a potential feedstock for many
renewable energy production systems, thereby reducing the use of fossil fuels. However,
the energy content per unit of dry biomass is less than the half of oil fuel, thus making
bioenergy generally uneconomic compared to oil (Monti et al., 2009). Hence, biofuels
generally remain uncompetitive compared with fossil fuels due to the low-yield
conversions and overall diminished process efficiency, which is dependent on the
application of appropriate storage and bioconversion operations.
Some perennial grasses, such as switchgrass, have prolific yield and low inputs
making them attractive as biomass feedstocks (Shinners et al., 2010). In fact, ‘Alamo’
switchgrass (Panicum virgatum L.) is a warm‐season perennial grass that has previously
been identified as a model energy crop and biomass feedstock (Perlack et al., 2005). The
low bulk density of herbaceous biomass such as switchgrass requires densification to
achieve effective bioconversion; particularly in terms of lowering transportation and
storage costs. Densification by baling increases the bulk density of biomass; increasing
the net calorific content per unit volume. Baling also provides a more condensed format,
improving the ease, and lowering the costs associated with handling, transport and
storage. Thus, effective on-farm bioconversion processes may necessitate the baling of
fermentable biomass.
Switchgrass typically has a low bulk density, ranging from 50 to175 kg m-3
(Shinners et al., 2009b) with large rectangular bales typically between 140 to 175 kg m-3
(Richard, 2010; Sokhansanj and Turhollow, 2004). This relatively low density makes it
more expensive to transport compared to wood chips, house coal and anthracite (ChicoSantamarta et al., 2010). Further developments are needed in order to reach a target of
210 kg m-3 in order to fully load a semi-truck by weight.
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1.2
1.2.1

Practical Applications
Bioconversion
Herbaceous biomass can be converted to liquid fuels and other chemical products

through a variety of conversion processes including enzyme hydrolysis and fermentation
technologies. However, the specifics involving the production of bioethanol from
switchgrass are not discussed in this study as they are available elsewhere in the literature
(Schmer et al., 2008). It will be noted here that current developments dealing with the
bioconversion of agricultural feedstocks may involve the storage of baled biomass under
anaerobic conditions within modified bunker silos. However, the over-accumulation of
end-products inhibits bacterial growth and prevents ongoing biodegradation within solidstate fermentation. For this reason, biomass conversion in a high-solids environment has
generally been unsuccessful.
In this case, the percolation of water through the densified material may capitalize
on the rapid bacterial production by restoring favorable conditions for end-product
formation; which is an innovation in high-solids biomass conversion. Liquid fuels and
other byproducts may thereby be removed from the baled material by leaching and/or
pumping fluids through the biomass. Although baling increases the net calorific content
per unit volume, the densified bales do not shed fluids easily. This enhanced fluid
retention may result in diminished biodegradation efficiencies and adverse storage
conditions. Hence, solid-state fermentation of densified forage poses unique challenges
not typically encountered with the digestion of traditional liquid wastes.
1.2.2

Storage
Feedstock storage may be a necessity in many operations due to narrow harvest

windows and the year-round demand for biomass at conversion facilities (Mooney et al.,
2012). Hence, a logistics infrastructure is needed that is capable of supplying high-value
biomass throughout the year while producing cost-competitive biofuels for the market
(Smith et al., 2013). Offsite storage management is expected to be critical in maintaining
desirable composition characteristics and to ensure feedstock access under variable
weather conditions.
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Cellulosic biorefineries in the U.S. are expected to keep only a 72 h feedstock
inventory with the remaining feedstock inventory at the edge of field or at satellite
storage facilities (Hess et al., 2009). Thus, most storage is projected to occur outdoors
and away from the conversion facility, either on-farm or at a satellite location (Larson et
al., 2010; Sokhansanj et al., 2009). Large-scale biofuel production may also necessitate
the storage of baled feedstocks for extended periods of time in order to avoid fluctuation
in production by bridging periods between production seasons (Darr and Shah, 2012;
Wiselogel et al., 1996). Thus, it would be expected for bioconversion facilities to store
biomass up to one year which may require on-farm storage at the grower’s expense (Hess
et al., 2007).
Biofuel production operations require cost-effective storage solutions which
maintain desirable quality characteristics, provide aerobically stable environments and
have flexible delivery schedules depending on regional weather factors (Inman et al.,
2010). Storage operations must also be able to handle material with a wide range of
moisture contents throughout the harvest window; with direct harvest operations (singlepass baling) potentially introducing high-moisture feedstock into the supply chain
(Mooney et al., 2012). Therefore, the estimates of dry matter loss, storage conditions and
bale quality are necessary to provide a stable, consistent and high-quality source of raw
herbaceous biomass to a biorefinery. An understanding of the conversion process,
particularly in terms of the feedstock quality, is also necessary.
Ideal storage conditions require inexpensive and convenient bulk handling
formats such as high-density bales. The prevention of undesirable deterioration is also
critical; particularly in terms of ensuring minimal nutrient, material and/or dry matter
loss. Accordingly, the estimates of quantitative and qualitative changes in bale
composition during storage (i.e., dry matter loss) are necessary to determine the storage
and bioconversion effectiveness. As such, optimal storage conditions of biomass have
been researched for various bulk formats including rectangular bales of various sizes.
Although a growing number of studies involve the assessment and analysis of
weathering and deterioration within baled forage, much of this research involves
intensive field trials and instrumentation for particular feedstocks. Additionally, many of
these studies involve simultaneous comparisons of two or more storage methods; with
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experimental treatments involving the bulk format of the material, exposure to
environmental conditions and application of chemical and/or biological pre-treatments.
While much of this previous research has addressed dry matter loss and other quality
changes during storage, the conclusions have often been limited to specific experimental
conditions (i.e., moisture level, bulk density, and fixed environmental conditions).
The postharvest quality and nutrient retention of densified forages are both known
to be influenced by specific environmental storage factors, as well as, the physical and
rheological properties of the material. Thus, the development of models which simulate
changes during storage and/or bioconversion may be necessary for the results to establish
broader application. However, there is currently limited research pertaining to the
comprehensive storage effects of dedicated feedstocks such as switchgrass; particularly
with regards to the development of postharvest quality models.
A brief overview of storage management is considered in the following discourse
of the current study in order to highlight and discuss the conditions necessary for
providing a consistent and high-quality feedstock, particularly to a biorefinery. Although
specific operations will guide the particular postharvest management practices, proper
storage will ensure optimal feedstock quality.
1.3

Baling Format
After harvest, switchgrass can be packaged for storage and transportation in large

round bales or large rectangular bales which both have a history of successful application
in the feed and forage industries (Mitchell et al., 2008; Vogel et al., 2011). Round bales
are common in many regions for both outdoor storage of hay (Bransby et al., 2005;
Collins et al., 1997; Huhnke, 2003) and silage when wrapped (Rhein et al., 2005;
Shinners et al., 2009b). Round bales are generally stored on their sides, but may be
stacked with bottom bales set on their round faces and upper bales on their round sides
(Taylor et al., 1995). Round bales may exhibit dry matter losses up to 50 %-wb when
exposed to excessive moisture; primarily in the outer layer (Huhnke, 2003; Taylor et al.,
1995). However, previous studies have indicated improved dry matter retention with
round bales, particularly with ground preparation and protection of materials (Huhnke,
2003; Sanderson et al., 1997; Taylor et al., 1995; Wiselogel et al., 1996).
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Conversely, rectangular bales either need to be removed from the field soon after
baling or protected from precipitation events since the flat surface of the bale does not
shed water easily with the potential for significant dry matter loss (Collins and Owens,
2003). In fact, round switchgrass bales stored outside are typically reported to have less
storage losses than large rectangular bales as they are less prone to water penetration
especially when net wrapped (Groothuis et al., 2011; Hess et al., 2009). The round baler
method may also be utilized by smaller bioenergy producers due to the lower capital
costs for equipment (Turhollow et al., 1998).
However, the field capacity of a round baler is typically lower since the baler
must stop to wrap and release the bale. Large rectangular balers continuously bale
without the need for stopping; while estimations indicate a lower cost per unit of
harvested area (Lazarus and Selley, 2002). Rectangular bales also allow easier handling
and loading for transport without road width restrictions (Groothuis et al., 2011). In fact,
the time required to load bales onto semi-trailers is double for round bales compared with
rectangular bales (Hess et al., 2009). Based on this information and the current
developments for bioconversion applications, rectangular bales have been considered in
the current study.
1.4

Storage Losses
Ideal storage management for any herbaceous biomass involves preservation of

the material so that it enters and leaves storage in an unaltered state (Hess et al., 2007).
Hence, the maintenance of low biological activity during storage is important for
reducing microbial growth and subsequent storage loss. In practical application, however,
the plant and microbial respiration both contribute to biomass heating, dry matter loss and
compositional changes from the loss of structural (fiber) and non-structural (extractable)
components; thereby diminishing the overall quality of the biomass. It may be noted here
that bale temperatures in excess of 70 °C are typically generated by oxidative chemical
reactions rather than heat from microbial and plant respiration (Festenstein, 1971).
In any regard, the spontaneous heating of baled biomass is known to be
influenced by the moisture content (high moisture increases microbial growth); bale size
(larger bales restrict moisture and heat dissipation to surroundings), bale density (low
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density bales lose heat more rapidly); environmental factors (e.g., ambient temperature,
relative humidity and air movement); storage structure (well ventilated bales experience
less heating effects); and the use of preservatives (control microbial growth) (Buckmaster
and Rotz, 1986; Nelson, 1968).
The moisture content at the time of baling is generally considered the most
significant of these factors affecting spontaneous heating; with elevated moisture content
allowing bales to reach and maintain higher temperatures (Barnes et al., 2007). High
density bales also help to resist moisture accumulation, restrict air circulation and
increase internal temperatures (Huhnke, 1990a; Russell et al., 1990). The
time/temperature curves for various types of hay bales during storage are available in the
literature (Hathaway et al., 1984; Miller et al., 1967; Nelson, 1968; Ream et al., 1983;
Weeks et al., 1975).
1.5

Moisture Control
Feedstock value must also be maintained throughout storage with the application

of appropriate moisture tolerant storage systems. As such, moisture migration within
baled biomass can be controlled to some extent by managing the storage conditions in
terms of the moisture inputs which include the initial moisture content of the feedstock,
direct exposure to precipitation, and indirect exposure to ground moisture. Specific
storage conditions which address these factors include bale coverage, ground
preparations and stack configuration, among others.
Exposure to adverse weather conditions (i.e., precipitation, high relative humidity
and temperature, wind, ultraviolet radiation) could also reduce the quantity and/or quality
of switchgrass during storage. Such conditions could lead to significant dry matter losses
that negatively affect biofuel production and increase the handling and transportation
costs for a biorefinery (Sanderson et al., 1997). Although significant losses occur by
molding, the leaching of soluble nutrients by water flow through the bale may be
considered the principal cause of weather damage. In fact, water from rainfall or water
absorbed from the ground can remove a significant amount of soluble carbohydrates
which are important for biofuel production. In any regard, dry matter storage losses
correspond to economic losses for energy conversion operations.
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Therefore, appropriate storage operations must effectively prevent the
introduction of moisture through the use of environmental barriers. However, the initial
moisture content of the feedstock must also be considered since the use of impermeable
barriers may retain excess moisture that can result in unstable storage conditions.
Although there is currently limited experience with large-scale switchgrass
storage for bioenergy, considerable research has been conducted in regards to the various
storage platforms for such baled forages. In fact, various storage methods and
configurations were reviewed by Darr and Shah (2012) for baled feedstocks including
open (uncovered), tarped and permanent structure (covered), and wrapped (anaerobic
silage). The balance between cost and performance was discussed for each storage
configuration with respect to dry matter loss.
On-farm storage strategies can broadly be categorized into aerobically-stable
(dry) and anaerobically-stable (wet) storage (Smith et al., 2013). Dry storage relies upon
the stability imparted by reducing biological water availability, thereby inactivating
cellulose-degrading fungi and bacteria. However, materials must remain dry since these
organisms can be revived upon rewetting. Alternatively, wet storage involves limited
oxygen availability and microbial fermentation which produces organic acids while
inhibiting cellulose-degrading microbial growth (Smith et al., 2013). The wet and dry
storage methods both maintain dry matter, although each method has its associated
weaknesses.
1.5.1

Indoor and Outdoor
While indoor bale storage would not be economical for biofuel production

(Wiselogel et al., 1996); outside storage is generally easier to manage and provides a
reduced risk of spontaneous combustion (Coblentz, 2009). However, the primary
concerns in storing biomass outdoor for extended periods involve higher dry matter
losses and changes in composition. Open, unprotected storage is generally considered the
lowest cost and lowest performance storage option for dry biomass which relies heavily
on the feedstock’s ability to shed water.
An effective storage configuration must also provide an effective balance between
moisture exclusion from the environment and moisture loss from the feedstock. While an
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open stack design permits moisture release, it stands a higher risk for exposure to
precipitation resulting in moisture gain. While no ground preparations may be required
for outside storage configurations in the absence of standing water, moist precipitation
regions require some protection. Therefore, outside storage options typically result in
greater dry matter loss compared with other storage systems which may have adverse
impacts on the conversion economics.
The potential moisture loss may also be reduced through the minimization of the
exposed surface area which can be achieved through various storage configurations (Darr
and Shah, 2012). In the current study, the environmental impacts were minimized by
performing storage evaluations indoor within a controlled environment.
1.5.2

Coverage Types
Dry matter loss can be minimized during outside storage if the material is

protected (i.e., polyethylene tarps) from environmental impacts. In fact, tarping is widely
implemented in storage operations to prevent water infiltration at the top of bales, but
improved ground preparations are necessary to divert the water away from the base of the
bale. While tarping and proper drainage can work in concert to minimize moisture input,
a covered configuration may also hinder the drying process by preventing the release of
moisture to the surrounding air. Wrapping of dry feedstocks has also been proposed in
order to prevent water infiltration without extensive ground preparations (Hess et al.,
2009).
Enclosed structures are the most expensive storage platforms but ensure the
greatest switchgrass value and lowest storage loss (Duffy, 2007). The storage of hay
indoors generally results in reduced dry matter and nutritive losses (Collins et al., 1995).
In fact, permanent structures are considered to have the best performance with roofs and
pads that protect the feedstock from moisture infiltration. While tarped storage also
excludes moisture, this storage practice lacks the ventilation, water vapor (moisture) loss,
and ground surface protection afforded through a permanent structure. As mentioned
previously, however, the implementation of covered storage facilities is unlikely to be
economical for biofuel production.

42

Alternatively, bale wrapping excludes precipitation and moisture transfer in stored
biomass while retaining the initial feedstock moisture. The wrapping of wet materials
promotes anaerobic conditions (ensiling) while effectively trapping any excess moisture
and preventing air penetration into the material (Shinners et al., 2009b). Proper
application of anaerobic wet storage (ensiling) supports rapid fermentation with the
available soluble carbohydrate and water content. Biological degradation is prevented by
the subsequent pH reduction and low oxygen concentration until feedstock use (Philipp et
al., 2007; Shinners et al., 2009b; Tabacco et al., 2009).
In fact, wrapped silage losses have been reported between 3 to 12 % (Huhnke et
al., 1997; Shinners et al., 2009a); while higher in situ degradability has been reported in
round bale grass silage (Petit and Tremblay, 1992). Huhnke (1988) also reported a
significant difference in the dry matter loss for covered and exposed alfalfa bales stored
for 8 months.
1.5.3

Ensilage
Wet storage methods have been proposed for a number of feedstocks including

switchgrass (Collins and Owens, 2003; Digman et al., 2010b; Hess et al., 2009),
particularly in regions with high relative humidity and increased chance of precipitation
after harvest (Digman et al., 2010a). Ensiling feedstocks with less than 30 to 35 %-wb
has previously indicated increased mold growth and microbial heating within the
material; conditions that are exacerbated by the air limitation (Gordon et al., 1961).
Conversely, ensiling at more than 70 %-wb has resulted in increased effluent and
clostridia bacterium growth which is undesirable (Davies and Nicholson, 1999; Gordon et
al., 1959; McDonald et al., 1991; Moore et al., 1960). Accordingly, the moisture content
for switchgrass at time of pickup under wet storage methods are typically greater than 40
%-wb (Mitchell and Schmer, 2012); although the ideal moisture for many feedstocks
have not been investigated.
The impact of baling density is also necessary for assessing the preservation of
round bale silage. Previous studies have indicated that increasing density generally
reduces storage costs by increasing the storage capacity and reducing nutrient losses
(Muck and Holmes, 2000). Pretreatments on switchgrass stored under wet conditions
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have also been investigated with results indicating inhibition of microbial activity while
improving ethanol conversion efficiency (Digman et al., 2010a).
Advantages of wet storage methods include reduced harvest costs, lower dry
matter losses during storage, improved switchgrass cell wall recovery during enzymatic
hydrolysis and lower potential risk of fire during storage (Digman et al., 2010a; Muck
and Shinners, 2001). However, the costs associated with transportation, handling and
drying of wet, aerobically unstable feedstocks limit the practicality of wet storage
(Atchison and Hettenhaus, 2003). In fact, the wet storage method was found to be more
expensive than other collection and storage methods because of the high cost associated
with storage equipment, ensiling facilities and transportation of wet material by truck
(Collins and Owens, 2003; Kumar and Sokhansanj, 2007).
1.6

Moisture Transfer
The storage of unprotected herbaceous biomass generally involves moisture

transfer between the crop and the environment (including drying and rewetting
processes), until a suitable equilibrium moisture is attained. Initially after harvesting, the
plant cells are alive and continue to respire until the moisture content of the crop reduces
to 30 % on a dry basis (Gupta et al., 1990); while microbial respiration generally
proceeds at moisture levels exceeding 16 %-wb (Mitchell and Schmer, 2012).Therefore,
harvesting moist switchgrass generally requires field drying to reduce the moisture
content to safe storage levels after baling.
Typical field drying processes after baling involve moisture migration from the
interior of the bale to the surface, as well as, from the bale surface to the surrounding air.
Although the directional transfer of moisture is dependent on the moisture content of the
biomass and the humidity of surrounding air; bale weight generally decreases during
storage due to the loss of moisture and/or dry matter content. No further moisture losses
occur when bales reach moisture equilibrium with the environment. The moisture gained
or lost during storage may be considered as sources (or sinks) that alter the moisture
content on a bulk level or on a local level with variable moisture regions.
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1.6.1

Moisture Sources (Wetting)
Moisture sources may include the initial moisture content of the feedstock,

atmospheric moisture (i.e., precipitation, relative humidity) and other environmental
moisture inputs (i.e., soil/ground water). Although the principal moisture sink is typically
the atmospheric air, local moisture sinks may also arise in those regions within a bale that
are in direct contact with barriers and/or experience significant temperature gradients.
Bales that are slowly dried or those that become rewetted may experience considerable
microbial growth and subsequent nutrient losses. Hence, environmental factors (i.e.,
temperature, relative humidity, solar radiation, wind speed, ground moisture), crop
characteristics (stem diameter, leaf-to-stem ratio, bulk density, etc.) and storage structure
all play an important role in the moisture dynamics during storage (Barnes et al., 2007).
As mentioned previously, adverse weather conditions (i.e., precipitation and
infiltration) may delay the drying process (Haghighi et al., 1990; Moore & Peterson,
1995) as significant amounts of moisture are added to the biomass. In fact, rainfall may
result in the rewetting of a partially dried bale while extending the losses caused by
respiration. Likewise, low temperatures generally slow the drying process; thereby
extending the conditions that contribute to dry matter losses (Coblentz, 2009). Leaching
losses are also related to the amount of rainfall and the moisture content of the baled
material (Gupta et al., 1990).
Water vapor may also condense in response to lower external air temperatures,
higher humidity levels and the insulating properties of the feedstock which enable heat
retention (Shinners, 2000). The difference between internal bale temperature and air
temperature represents a temperature gradient that can potentially lower the water
holding capacity of the air. A broad region of moisture accumulation may form in
response to a temperature gradient that can extend into the bale.
Elevated temperatures within a bale will also promote upward movement of
vapor-phase water due to buoyancy effects induced by temperature differences between
cool dry air and warmer humid air. Elevated temperatures may also occur as a result of
biological activity or exposure to various environmental heat sources (i.e., solar radiation,
ground temperature). The difference between the relative humidity within the material
and the relative humidity of the surrounding environment may cause water vapor to
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diffuse through the material and exit the bale.
1.6.2

Moisture Distribution
The moisture distribution within stored bales is generally not uniform in location

or time, but is rather a dynamic property that varies in response to environmental factors
(i.e., precipitation, diurnal temperature changes) and internal heating from respiration
(i.e., microbial, fungal). High moisture may result in inhomogeneous conditions as the
moisture redistributes and concentrates in specific regions. As discussed earlier, these
high moisture regions form in biomass in direct contact with vapor barriers and in regions
exposed to precipitation. Water channeling may also occur between the layers that form
large rectangular bales, resulting in heterogeneous spoilage (Hess et al., 2009) and local
damage at the top or bottom of bales depending on specific storage circumstances (Darr
and Shah, 2012; Shinners et al., 2007, 2010).
Furthermore, self-heating may create temperature gradients that concentrate
excess moisture at the surface of the bale. Uneven moisture distribution also poses
various challenges associated with the characterization and estimates of bulk moisture
content. High moisture regions arising from moisture infiltration and/or migration also
result in biologically unstable regions that may promote microbial and fungal growth,
thereby, contributing to the biological degradation of the material.
1.6.3

Moisture Sinks (Drying)
Natural and artificial drying operations may help to counteract the microbial

activity associated with high-moisture while promoting safe storage conditions.
Therefore, drying operations are also of particular importance in storing and processing
agricultural biomass; particularly considering the high energy demand required for
artificial drying processes. In fact, the drying input (natural gas) of switchgrass has been
reported at 872 MJ mg-1 to dry to 10 % moisture content (Bergman et al., 2015); thus
requiring 27.09 m3 of natural gas combusted at 80 % efficiency (FPL, 2004). This large
energy consumption and the wide application base for drying necessitate an undertaking
of fundamental research in this field.
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Switchgrass can also be dried in the field from an initial moisture content ranging
from 43 to 66 % at the time of cutting (Sanderson et al., 2006; Shinners et al., 2010) to 22
% or less before being baled and transported to a storage facility or biorefinery (Rinehart,
2006; Sanderson et al., 2006). As a rule-of-thumb, biomass baled below 18 % moisture
will experience minimal dry matter losses; generally in the range of 5 to 10 %. However,
the specific storage changes and bioconversion processes occurring within baled material
are currently underdeveloped; due in part to the significant variations in thermal and
physical properties. Hence, accurate and effective models could provide valuable insight
into the effective storage of baled biomass and/or the optimization of bioconversion
operations.
Analytical drying models have been proposed for porous materials in the
literature, but most have a narrow range of applicability; particularly in regards to
relevant material properties and drying conditions. Thus, the formulation of a
mathematical model for densified agricultural materials may enable sufficient assessment
of the moisture transfer. The model itself must be general enough to be applicable
throughout the drying regimes expected in storage, while being simple enough to be
readily solved.
1.6.4

Optimal Moisture
Stable storage conditions are generally achieved by minimizing the biological

degradation through the regulation of moisture content. In fact, dry matter losses and
microbial heating are widely described as functions of the baling moisture, as well as, the
maturity, density and type of storage facility. The loss of dry matter content and nutrient
value occur due to various factors including respiration, microbial activity and
mechanical handling which may occur during storage (Buckmaster et al., 1989).
Therefore, a challenge exists in determining the optimal time to bale biomass in order to
preserve quality.
If the biomass is baled at too high a moisture content, the larger package results
in increased drying time which may allow mold growth to begin before drying is
completed. Hence, biomass is typically allowed to dry to a moisture content that is safe
for storage prior to baling. This practice, however, may cause excessive harvest and/or
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collection losses as the nutrient rich material may become brittle and break from the stem
during subsequent handling; a condition referred to as ‘leaf shatter’. While field losses
(i.e., mechanical handling, harvest efficiency, leaf-shattering, etc.) are comparatively low
when the crop is baled at moisture content above 18 % wet basis (Savoie, et al., 1982),
considerable respiration and leaching losses may occur during the field curing process
(Barr et al., 1995). Prolonged exposure to sunlight also bleaches nutrients from the leaves
and stems.
While the vegetative growth stage of switchgrass may contain 70 to 80 % water at
the time of harvest, safe storage is typically achieved with large round and rectangular
bales of switchgrass requiring moisture levels below 18 and 16%, respectively, at the
time of baling in order to reduce storage losses (Mitchell and Schmer, 2012). Although
the threshold for larger bales is assumed to be lower (Collins et al., 1987), field drying is
generally required prior to baling in order to meet these safe moisture levels. In this
discussion, the term ‘safe storage’ implies minimal heating, molding and/or nutrient
degradation. These low moisture levels are assumed to be relatively stable while
exhibiting minimal evidence of microbial respiration (Rotz and Muck, 1994).
Although higher moisture contents may improve field losses, significant losses
arise when sufficient moisture is present for microbial activity. This results in significant
dry matter loss, nutrient degradation and microbial heat generation as microorganisms
convert starch to sugar in an exothermic reaction (Miller, 1947; Rotz and Muck, 1994).
Consequently, the storage of biomass with high moisture content may result in significant
health risks due to microbial activity (Jirjis, 2005) and deleterious changes in the forage
nutritive value (Coblentz et al., 1996, 2000; Roberts, 1995), in addition to the dust and
mycotoxins that are associated with excessive mold growth.
Dry matter loss specially derives from compositional changes of the cell walls, as
well as, physical losses that impact bioconversion processes (Weiselogel et al., 1996).
Excessive heat development may also cause spontaneous combustion at temperatures
exceeding 170 °C as a result of prolonged plant respiration and mold growth which have
been correlated to increased moisture at baling (Moore and Peterson, 1995; Roberts,
1995; Scudamore and Livesey, 1998). The risk of spontaneous combustion also
represents subsequent material loss and worker hazard. Even when temperatures do not
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reach combustible levels, they may cause protein ‘binding’ causing indigestibility by feed
animals or diminished bioconversion efficiency.
1.7

Storage Composition
The loss of dry matter and fermentable carbohydrates both have negative

economic impact on the overall bioconversion operation (Wiselogel et al., 1996). Hence,
the changes in herbaceous feedstock quality during storage have been widely reviewed,
with numerous studies indicating significant losses of extractives and fibers (Agblevor et
al., 1994; Cusi, 1979; Jirjis and Theander, 1990; Kubler, 1987; Moser, 1980). The various
factors resulting in dry matter storage losses can be divided into biological causes,
microbial activity, spontaneous heating and physical causes as discussed in this review.
Major contributions to biomass loss may be attributed to weathering, as well as,
microbial activity which expedite the production of detrimental compounds which hinder
the biochemical conversion of feedstocks (Cusi, 1979; Jirjis and Theander, 1990; Moser,
1980). Extensive research has been conducted in minimizing these storage losses,
including moisture reduction prior to storage, improved drainage and the application of
appropriate forms of bale protection. Low relative humidity and low ambient
temperatures also reduce dry matter loss and compositional degradation. Balers can also
be modified to spray preservatives (i.e. propionic acid) to limit microbial growth (Collins
and Owens, 2003); although this topic is considered outside the scope of the current
research.
Nutrient changes can be minimized by baling at low moisture levels and storing
indoors (Moser, 1980; Weeks et al., 1975). However, herbaceous biomass baled at
moisture levels exceeding 20 % will typically experience significant mold development
and the associated heat generation which both impact the nutrient retention of the
material (Miller et al., 1967; Nehrir et al., 1978; Nelson, 1968; Rohweder et al., 1978).
1.7.1

Respiration
Bale spoilage can be primarily attributed to the biochemical and enzymatic

reactions of microbial respiration (Greenlees et al., 2000) which occur when there is
sufficient moisture in the environment (Johnson, et al., 1984; Nelson, 1972; Rohweder et
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al., 1978). Respiration during bale storage includes that from the plant cell components;
as well as, the microorganisms; although it may be difficult to separate the effect of plant
and microbial respiration. Plant respiration is positively correlated with temperature; with
plant cells and respiration becoming inhibited at temperatures of 40 to 45 °C; which is
easily attainable in moist hay (Barnes et al., 2007; Moore & Peterson, 1995). However,
microbial respiration is generally responsible for most of the spontaneous heating and dry
matter losses occurring in moist hay (Barnes et al., 2007).
1.7.2

Temperature and Moisture Effects
As mentioned earlier, several factors are known to affect bale storage quality

including various environmental factors (weathering), material properties (baling
moisture, density), and type of storage structure/facility (coverage, duration, orientation,
etc.) (Wiselogel et al., 1996). In accordance with these factors, temperature and moisture
(exacerbated by adverse weather conditions) serve as the primary factors affecting the
microbial and fungal populations within a densified biomass (Coblentz, 2009; Russell
and Buxton, 1985). In fact, bacterial growth is generally considered as a function of
moisture content (Huhnke, 1990b); while significant fungal growth typically occurs at
temperatures above 20 °C and relative humidity of more than 70 % (Barnes et al., 2007;
Moore and Peterson, 1995).
A general rule-of-thumb was suggested by Waldo and Jorgensen (1981) with a 1
% loss in dry matter assumed for each 1 % decrease in moisture content; while simple
linear regression models have also been developed for describing the storage loss of
baled hay as a function of moisture content (Martin, 1980; Ream, et al., 1983):
DML = 77 ∙ Mi − 10.71
where: DML = dry matter loss (% of initial) and Mi = moisture content at baling
(decimal, wb).
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[1.1]

1.7.3

Spatial Distribution of Losses
Several studies have also shown that most dry matter loss and deterioration occur

in the outer layers of a stored bale, a process generally termed ‘weathering’ (Coble et al.,
1985). In some cases, water-logged bales become difficult to handle; particularly without
comprising the integrity of the twine that holds the bale together. Therefore, herbaceous
biomass such as baled switchgrass should generally be stored below 15 %-wb to prevent
degradation by filamentous fungi and bacteria (Rotz, 2003). This must be accomplished
through the simultaneous implementation of techniques that reduce rain infiltration and
allow better drainage to reduce storage losses (Coble and Egg, 1985). Likewise,
improvements in the local storage conditions typically require the techniques that
promote moisture loss from bales, although any water that is introduced into the material
is generally difficult to remove.
1.7.4

Compositional Changes
Changes in the physical and chemical constituents of the feedstock can have

adverse effects on the efficiency of storage applications and/or the profitability of
bioconversion operations. In fact, the production of biochemical fuels is significantly
impacted by the structural and non-structural cell-wall constituents (Wiselogel et al.,
1996). Previous studies (Lacey and Magan, 1991) have demonstrated that forages and
grain are colonized and decomposed by various bacteria, yeast and filamentous fungi
during storage. However, the relationship between the microbial populations and
environmental conditions were not investigated. The decomposition of biomass has been
considered by some to be a process similar to composting (Summers et al., 2003) which
proceeds at a rate that is inversely correlated with the carbon-to-nitrogen ratio (C:N)
(Henriksen and Breland, 1999).
Switchgrass generally stores easily due to the lignocellulosic-rich composition
which is more readily subjected to the loss of soluble constituents during storage (Dien et
al., 2006). In fact, the cellulose and hemicellulose carbohydrates must be preserved in
high yields since they are a source of valuable chemical and fuel products (Wiselogel et
al., 1996). These cell wall polysaccharides typically remain unchanged during storage
due to the lignin matrix that provides a physical barrier to most microbial enzymes (Jung
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and Deetz, 1993).
Studies have generally indicated no changes in the cellulose content for bales of
various crops including round orchardgrass, alfalfa hay and switchgrass (Coblentz, 2009;
Wiselogel et al., 1996). On the other hand, somewhat significant decreases in the
structural carbohydrates have been reported in the weathered fraction of tall fescue,
alfalfa/orchard grass and switchgrass bales stored unprotected for 9 months (Agblevor et
al., 1994). The loss of lignin may also be considered to be a form of pretreatment which
provides access to the structural carbohydrates for hydrolysis (Wiselogel et al., 1996). It
has also been reported that hemicellulose may be broken down more easily by enzymes
present during ensiling (Dewar et al., 1963). The conversion of cell wall polysaccharides
by fermentation could also result in significant downstream losses associated with the
conversion of acids to other useful products (Shinners et al., 2010).
The water soluble portion (extractives) of biomass generally accounts for 15 % of
the dry weight reported for switchgrass (Chen et al., 2010). The acid-detergent fiber
(ADF) fraction primarily consists of cellulose and lignin; while the neutral-detergent
fiber (NDF) fraction (consisting of cell wall polysaccharides such as cellulose,
hemicellulose and lignin) typically undergoes minimal changes compared with the
soluble extractives (Huhnke, 1990a; Taylor et al., 1994). Numerous studies have shown
that greater temperatures result in higher ADIN fractions which have been correlated with
low dry matter content at the time of baling (Buckmaster and Rotz, 1986; Collins et al.,
1987).
Common predictors of feedstock quality include the detergent fiber analysis
method (Goering and Van Soest, 1970), the dietary fiber analysis method in which cell
wall polysaccharides are broken down by hydrolysis (Jung and Lamb, 2004) and the
NIRS (Near Infrared Reflectance Spectroscopy) method which predicts chemical
composition. Comparisons of these analyses are outside the scope of the current study,
but have been discussed elsewhere for alfalfa, bromegrass, corn stover, reed canary grass
and miscanthus; among others (Jung and Lamb, 2004; Wolfrum and Lorenz, 2009).
Changes in the extractives content (non-structural cell components) may also be
important for bioconversion and biofuel production applications. Some of switchgrass
extractives contain fermentable carbohydrates (e.g., sucrose, glucose, and fructose) that
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may account for 18 to 27 %-db of the total extractive weight (Chen et al., 2010; Dehority,
1993; Wiselogel et al., 1996). Hence, any substantial degradation and/or loss of the
extractables could constitute a loss of valuable substrate. This becomes a significant
concern as extractives have been shown to dramatically decrease for stored bales of
switchgrass during storage (Agblevor et al., 1994; Wiselogel et al., 1996). On the other
hand, the removal of toxic extractives during storage could promote the microbial growth
desired for bioconversion processes.
It follows that, a quantification of temperature and moisture content during
storage is necessary to assess the storage impacts on feedstock preservation, particularly
in relation to the specific storage format that is employed. The accurate assessment of
temperature and moisture may allow for the utilization of the feedstock at its optimal
value while identifying quantitative losses. The quantification and monitoring of
temperature and moisture in storage will be necessary in the near term to predict storage
stability and biorefinery demands. Appropriate storage practices may be further refined as
optimal biomass specifications are identified.
1.8

Storage Studies
Previous studies have demonstrated that considerable dry matter losses occur

during the storage of baled herbaceous feedstocks including switchgrass, particularly in
the outer layers due to ‘weathering’ effects. The associated temperature variations and
movement of moisture within these baled feedstocks have generally been investigated
under the ambient environmental conditions of typical storage operations including field
and barn storage. Sampling routines are generally limited to hourly weather data and
daily measurements of the bale conditions. Although the various storage evaluations have
been detailed in the available literature, there is currently a lack of intensive time series
measurement for rectangular bales of switchgrass, especially under controlled storage
conditions.
While literature continues to develop for the agronomic practices and dry matter
losses of switchgrass (Khanchi et al., 2009; Monti et al., 2009; Sanderson et al, 1997;
Shinners et al., 2010), the impact of specific storage conditions remains poorly
understood; particularly in the consideration of the material as a biomass feedstock.
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Optimal processing economics require the storage of biomass feedstocks for continuous
delivery of raw material to biorefineries. Therefore, evaluation of stored switchgrass is
necessary to establish effective storage operations that reduce energy losses and provide
high quality feedstocks at minimum cost.
1.8.1

Field Storage
Several studies have evaluated the dry matter loss of dedicated herbaceous crops

such as switchgrass, with typical aerobic storage losses ranging from 3 to 39 % (Shinners,
2000; Shinners et al., 2007, 2011); although degradation has been reported as high as 42
% by volume for round bales (Rider et al., 1979). Harrigan and Rotz (1994) reported that
round bales of alfalfa experienced 6 and 16 % loss of the forage over 6 to 9 months for
inside and outside storage, respectively. Losses were typically reported in the outer 10 cm
of the bales while the soluble dry matter constituents were the predominate losses.
Likewise, Johnson et al. (1991) reported losses of 8 to 15 % for round switchgrass bales
stored on sod compared with 2 to 4 % for bales stored on crushed rock after 6 to 8
months. Agblevor et al. (1993) also reported significant degradation and weathering in
stored switchgrass after 9 months. The weathered layers were observed to have lower
extractives, cellulose and hemicellulose content compared with the unweathered center of
each bale.
Wiselogel et al. (1996) investigated the storage conditions of large round bales of
switchgrass stored unprotected, outside for 26 weeks. Although minimal microbial
heating occurred, significant weathering was observed, particularly in those bales
exposed to high rainfall. The weathering effects were apparent in terms of various
compositional changes. In this case, the loss of non-structural (extractives) in the outer
weathered layer (11 %), and to a lesser extent, the unweathered inner fraction (8 %) was
observed to be the predominate effect. Sanderson et al. (1997) also assessed the storage
of large, round bales of switchgrass baled at 11 to 19 %-wb under protected and
unprotected conditions on both a grass sod and gravel pad for up to 12 months. In
general, bale weight declined linearly with dry matter losses of 0–2 % and 5–13 % of the
original bale weight for those bales stored inside and outside, respectively.
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Savoie et al. (2006) alternatively reported a positive but diminishing rate of dry
matter loss approaching an asymptotic maximum. Bales stored outside also had visibly
weathered layers, while rotted areas were observed in those bales in direct contact with
sod. While drainable surfaces are typically considered for protection against dry matter
losses, some studies have found no statistical difference among treatments (Khanchi et
al., 2009; Sanderson et al., 1997).
Han et al. (2004) determined the effects of moisture content and crop density on
the dry matter retention, forage quality and nutritive value of round baled alfalfa in silage
form and dry hay form on a well-drained grass sod for 8 months. Moisture significantly
increased in the hay; and to a lesser extent in silage since the respiration processes were
observed to produce some water. The silage exhibited lower peak bale temperatures,
indicating the impact of moisture-induced heating and oxygen exclusion. Although the
dry hay bales lost an average of 18 % of the initial dry matter, silage bale weights were
relatively stable during storage. Post-storage NDF and ADL concentrations were also
higher in the dry hay bales compared with silage indicating improved preservation of dry
matter.
Monti et al. (2009) also investigated the storage of rectangular and round bales of
switchgrass with soft and hard cores on wood pallets under a sheltered roof for 96 and
114 days. Bale weight generally decreased over time due to significant declines in the
moisture content. Although dark, weathered layers were observed in the outer 1–2 cm of
each bale, the preservation of dry matter indicated minimal respiration and fermentation
throughout storage. Similar results were presented for alfalfa-orchardgrass hays stored for
11 months on pallets (Coblentz and Hoffman, 2009); thus, indicating the significant
storage surface effects on dry matter loss.
Shinners et al. (2010) stored round bales of switchgrass in a completely enclosed
shed and outdoors on crushed rock and grass sod for 9 to 11 months. Bales were formed
with twine, net wrap or plastic film. In this case, the plastic film was found to effectively
prevent exposure to precipitation and subsequent leaching of soluble components.
Moisture in outdoor bales was spatially variable, with higher moisture in the base and
below the major axis of each bale; particularly those wrapped in plastic as condensation
was drained toward the base. Dry matter loss averaged between 3.8 to 14.9 percent for
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outside bales depending on coverage type, with those wrapped in plastic film exhibiting
the greatest dry matter retention. The uniformly low moisture content of indoor bales
resulted in minimal dry matter losses of 3.0 %; while silage preservation at 39.9 %-wb
resulted in an average 1.1 % dry matter loss. Similar losses were reported for reed
canarygrass bales wrapped with plastic film, net wrap, plastic twine, and sisal twine
(Shinners et al., 2006), round alfalfa bales (Shinners et al., 2009b), and low- and highmoisture, tarped corn stover (Shah et al., 2011).
In general, the storage losses for tarped rectangular bales of switchgrass are
greater than for tarped round bales (Larson et al., 2010). Dry matter losses of 7 and 25 %
have similarly been reported for tarped and untarped rectangular bales after 6 months in
storage, respectively (Martinson et al., 2011). Mitchell and Schmer (2012) also
investigated the effects of harvest moisture content on the forage quality of large round
bales of orchardgrass stored outside on a well-drained sod surface for 10 weeks. Results
indicated molding even at relatively low moisture concentrations; with significant
molding and forage quality losses at levels above 15 %-wb. A reduction in mold growth
was achieved by baling dry at 12.4 %-wb or wrapping round bales up to 33.7 %-wb.
Chico-Santamarta et al. (2011) assessed the microbial growth within baled canola
straw stored in an open shed for up to 20 months. Results indicated significant changes in
the moisture content, microbial populations and C:N of the biomass; while bale
temperatures indicated no self-heating. In general, the number of bacterial and fungal
CFU followed the same trend as the ambient relative humidity, while increased ratios of
C:N were observed centrally within each bale due to natural variations in the straw.
Mwithiga et al. (2012) evaluated the storage effects of motorized and manually-packed
bales of buffel grass placed on wooden platforms in an open hay barn with and without
tarp cover. A marked decrease in moisture content generally occurred in all treatments,
except during the coldest season of their evaluation. Results indicated that the open barn
with and without tarp cover could be used to store bales for a period of up to 5 months
with minimum changes in NDF and ADF.
Mooney et al. (2012) stored large round and rectangular bales of switchgrass
outdoors with and without tarp cover for up to 529 days on grass, gravel and pallet
surfaces. Precipitation readily penetrated rectangular bales causing partial decomposition,
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particularly in bales without cover. However, round bales with or without cover generally
exhibited improved ‘weathering’ resistance. Based on these results, bale shape (large
round and rectangular bales) and storage environment (indoors and outdoors) were found
to affect dry matter losses to the greatest extent. Dry matter losses for rectangular bales
generally exceeds those of round bales for outdoor storage, while this disparity is
diminished with indoor bale storage (Coble and Egg, 1987; Cundiff and Marsh, 1995;
Monti et al., 2009; Sanderson et al., 1997; Shinners et al., 2010).
Smith et al. (2013) investigated moisture movement within round bales of corn
stover and energy sorghum stored outdoors in uncovered, tarp-covered and wrapped
stacks; with bales placed on level unprepared dry ground, as well as, well-drained graded
gravel pads. Distinct patterns of moisture migration were observed in a variety of on-farm
storage configurations ranging from open (untarped) to closed (stack wrapped). The
greatest amount of moisture heterogeneity were caused by environmental exposure,
positional orientation and barrier contact. Unprotected bales accumulated some moisture
while wrapped bales provided better protection than both the tarped and untarped bales. It
may also be noted that, the average moisture content generally decreased throughout
storage due to gradual drying effects. Dry matter losses of 25–45 % were reported after 9
months; indicating an increased level of biological activity occurring within the highmoisture conditions maintained in the material.
1.8.2

Lab-scale Storage
Although previous studies have evaluated the storage of various herbaceous

feedstocks, uncontrollable factors such as weather often hinder the effectiveness and
comparability of individual field trials. In fact, variation in the ambient storage conditions
(i.e., temperature, relative humidity) may significantly affect storage operations and the
respective feedstock quality. In addition to weather unpredictability, variations in the
material properties (i.e., temperature, moisture content, density) give rise to significant
challenges in conducting consistent storage trials. The complexity of controlling these
common storage variables can often prohibit direct and accurate comparisons between
trials, thereby, limiting the application of the relevant information obtained.
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The use of small-scale systems allows more treatments to be examined while
simplifying replication and minimizing cost. These advantages are not possible in large,
field-scale studies where baled-feedstocks are stored in commercial-size stacks. Thus,
lab-scale systems have been proposed to minimize the effects of weather and storage
variability without necessitating expensive field trials (Baron et al., 1991; Goering and
van Soest, 1970; Goering et al., 1973; Moore et al., 1985; Yu, 1977).
Many of these lab-scale systems involve the packing of reconstituted forages into
glass jars (Albert et al., 1989; Festenstein et al., 1965; Lacey and Lord, 1977; Lacey and
Magan., 1991; Moore et al., 1985) polystyrene and paper sacks (Woolford and Tetlow;
1984) or polyvinyl chloride tubes (Baron et al.; 1991). Baron et al. (1991) also described
the insulation of small hay packages in a controlled, laboratory environment to resist heat
loss, while providing proper aeration to maximize temperature response and allow for
water dissipation.
Although these methods generally provide useful information, few allow for
interaction between hay packages, such as occurs in typical on-farm storage.
Furthermore, these packaged materials have not been statistically compared with those of
identical herbage of the same moisture content and density as conventional bales. Fiber
orientation and packing arrangement are also lost with these packing systems resulting in
changes in the heat and mass transfer. Simple lab-scale baling systems have been
developed and evaluated as a result. In fact, Coblentz (1993a, 1993b) developed a system
for preparing lab-scale bales of alfalfa at variable densities with a hydraulic press.
Coblentz et al. (1994) later investigated the efficacy of incubating lab-scale bales
in isolated, laboratory environments. These lab-scale bales generally demonstrated an
ability to generate heat, undergo quality changes and provide distinguishable response
from the dominating influence of conventional bales. However, lab-scale bales were
unable to maintain internal bale temperatures to the same extent as conventional bales,
indicating that lab-scale bales lack the substrate necessary to sustain similar heat
production. Heat and moisture dissipation within lab-scale bales are also significantly
altered from conventional bales due to the increased ratio of surface area to volume,
thereby preventing simulation of practical storage operations. For these reasons, small
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lab-scale bales are generally unable to simulate conventional bales in regard to heat
generation, mold development or quality changes.
1.9

Motivations
In recent years, there have been numerous studies addressing temperature and

moisture distributions within baled biomass; primarily during traditional storage
evaluations. However, numerical analyses of these processes are virtually nonexistent
even though this knowledge is expected to play a critical role in developing and
effectively applying postharvest quality models. Hence, the motivation for the proposed
work was based on the need for an accurate mathematical model enabling the prediction
of temperature and moisture content during drying, storage and/or bioconversion of
rectangular-baled biomass. As such, the direct objective of this work was to evaluate the
temperature and moisture within baled biomass during storage, as well as, quantify the
microbial heating that may occur during storage and/or high-solids bioconversion.
1.9.1

Necessity of Study
While the current study provides no direct comparison of storage conditions; it

does provide a thorough assessment of heat and mass transfer within a porous media that
represents the rectangular-baled structure of biomass. This research is, therefore,
expected to describe the moisture and temperature profile of baled biomass while
accounting for fluid flow and the rapid effect of chemical reactions within bales due to
microbial activity. While the fluid and hydrologic properties are expected to have
significant impact on the long-term storage quality and bioconversion of baled biomass,
these parameters have yet to be investigated for many agricultural feedstocks; particularly
in a densified or baled format. In fact, quality assessments of baled biomass through heat
and mass transfer simulations necessitate an understanding of the relevant fluid properties
within the material. Likewise, the thermo-physical properties of the material (i.e., thermal
conductivity, thermal diffusivity and specific heat) must be quantified in order to
simulate heat transfer. Thus, the current study aims to characterize the fluid behavior and
thermal energy transfer that occur within baled feedstocks.
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1.9.2

Current Applications
Based on these motivations, the current research specifically assessed the short-

term storage quality of rectangular-baled switchgrass under controlled environmental
conditions with respect to temperature, moisture content and dry matter loss. Hence, this
study involved an investigation of the relationship between the initial moisture content,
storage configuration, bale temperature, microbial heat generation and temporal
environmental conditions such as temperature and relative humidity. The effects of these
factors on the physical and rheological properties of the material, including dry matter
retention and biomass quality, were assessed under controlled environmental conditions
for up to 60 days.
1.9.3

Practical Applications
The results of this study are intended to provide a practical understanding of the

proper storage management of baled feedstocks such as switchgrass while defining the
dynamic relationships between temperature, moisture content and feedstock quality.
Hence, this study aims to contribute to the development of optimal storage operations for
baled switchgrass in terms of improved temperature and moisture management. In
accordance with this objective, the current study involves the development of a heat and
mass transfer model describing the dynamic temperature and moisture content profile
within baled switchgrass. Thus, this study promotes the development of improved
agricultural practices and research efforts addressing the optimization of the high-solids
bioconversion of switchgrass into fuels and chemicals as influenced by relevant storage
operations.
The numerical modeling of porous media has a diverse range of applications with
the current study expected to provide the information necessary to minimize storage loss
and/or optimize the bioconversion of rectangular bales. The development of such a model
is expected to serve as a decision aid regarding specific changes that may occur during
storage and/or bioconversion; while providing quantitative information regarding relevant
conditions such as nutrient and temperature changes. This research also stands to provide
effective evaluation of alternative methods for storing baled biomass over a wide range of
conditions. Model results may specifically assist in determining beneficial storage
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changes, as well as, addressing issues pertaining to the presence of deterioration and/or
the likelihood of stored heat resulting in spontaneous combustion.
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CHAPTER 2:OBJECTIVES
The overall objective of this research was to develop and enable a better
understanding of the quality of baled biomass during on-farm storage and/or high-solids
bioconversion. Accordingly, this study investigated the temperature and moisture profiles
within baled switchgrass while accounting for microbial heat generation within the
densified biomass. Hence, the motivation for this research was based on the need for an
accurate understanding of the heat and mass transfer occurring within rectangular-baled
biomass. As such, this research addresses the quality changes that occur in storage and
should provide the information necessary to minimize losses while enabling the
identification of optimal storage parameters.
This research is also expected to contribute to those efforts aimed at the
production of liquid fuels from high-density biomass that may involve percolation of
fluids through the porous material. Therefore, the results of the current study stand to
provide the understanding necessary to improve upon the current design criteria for
bioconversion operations. Accordingly, these results should help managers obtain good
quality feedstocks and efficient processing as quickly as possible. The project was
divided into the following specific objectives:
•

Assessment of fluid properties of baled switchgrass

•

Evaluation of TDR for moisture measurements in baled switchgrass

•

Evaluation of the thermophysical properties of baled switchgrass

•

Heat and mass transfer model and simulation of baled switchgrass

2.1

Fluid Properties
To characterize fluid flow through baled biomass by determining specific

hydraulic processes occurring within the porous material; specifically an assessment of 1)
the saturated moisture content; 2) the leaching behavior; 3) the saturated hydraulic
conductivity; 4) the unsaturated hydraulic conductivity; and 5) sorptivity. It was
hypothesized that increasing the baling density would reduce the flow rate of water
through the material in terms of the saturated and unsaturated hydraulic conductivity as
the porosity was minimized at higher densities.
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2.2

Moisture Measurement
Time-domain-reflectometry (TDR) techniques were used to evaluate the ability to

quickly and accurately determine moisture content within herbaceous biomass. Hence,
this study involved the calibration and validation of a TDR sensor for monitoring water
content in ground and baled switchgrass. The TDR technique was proposed as a fast,
simple, compact, cost-effective and non-destructive method for moisture measurement in
baled forages. It was hypothesized that the calibrated models for moisture content that
were developed for lab-scale bales (38 x 46 x 94 cm3) would be in good agreement with
the gravimetrically-determined values of moisture content in larger bales (102 x 46 x 36
cm3) of switchgrass.
2.3

Thermophysical Property Analysis
A dual thermal probe consisting of a thermal conductivity probe and separate

thermal diffusivity probe were used to determine thermal properties of baled switchgrass.
The development of models enabling accurate simulation of heat and mass transfer within
baled biomass requires an assessment of the thermal properties such as thermal
conductivity, thermal diffusivity and specific heat. Hence, these parameters were
investigated with respect to the specific material properties including moisture content,
temperature, bulk density and stem orientation. It was hypothesized that the thermal
conductivity would be greater in the lateral orientation (parallel to the flake composition)
than for the transverse orientation (direction of bale compression) with this particular
anisotropic behavior attributed to an improved level of heat conduction through the
continuous stem material and void spaces within the lateral orientation.
2.4

Heat and Mass Transfer Modeling
A heat and mass transfer model was developed to predict the temperature and

moisture content within porous bales. The empirical model predicts the rate of heat
generation and dry matter loss as functions of the physical and thermal properties of the
material. The analytical model was primarily based on a thermal conductivity approach
although heat development within the bale by other physical and microbial processes was
also accounted for to achieve greater accuracy in prediction. Likewise, fluid dynamics
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within the porous material were included to improve the effectiveness of the model. The
numerical model was simulated in MATLAB and subsequently validated with
experimental storage data to determine model accuracy. It was hypothesized that the
simulated temperatures according to the heat and mass transfer model would be in good
agreement with the temperatures measured within baled switchgrass during the storage
evaluation.
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CHAPTER 3:LITERATURE REVIEW
Switchgrass (Panicum virgatum L.) is recognized as a potential bioenergy crop
for biofuel production which may decrease greenhouse gas emissions and support
agricultural economies; while reducing the dependence on fossil fuels (Balat and Balat,
2009; Goldstein, 2006; Sanderson et al., 2007; Schmer et al., 2008; Varvel et al., 2008).
The development of sustainable markets requires high quality, high density and high
volumes of biomass. Baling applications have been targeted in recent years; particularly
due to the mechanization of the production chain, low labor requirements, and the ease of
storage and transportation (Román, 2014). The biomass supply chain and conversion
process are currently major barriers for the commercialization of cellulosic biofuels.
Proper management through predictive modeling is expected to help ensure the
sustainability of these processes.
Baled biomass may also need to be stored at biorefineries for up to 12 months in
order to ensure continuous availability of raw material during non-harvesting seasons
(Wiselogel et al., 1996). Stable storage of baled biomass typically requires a moisture
content less than 18% (wet basis) to avoid dry matter loss (Moore & Peterson, 1995;
Ohm et al., 1971). In fact, heating and other significant quality changes (i.e., molding, dry
matter loss, nutrient loss, toxic metabolic production, spontaneous combustion, etc.) may
occur in bales stored in excess of 20 %-wb (Martin, 1980; Miller et al., 1967; Moser,
1980; Nehrir et al., 1978; Nelson, 1968); as elevated moisture levels support microbial
activity (Nelson, 1972; Ohm et al., 1971; Román, 2014). Consequently, switchgrass baled
at high moisture levels may require a rapid reduction of moisture content (natural or
artificial drying) to reach safe storage levels. However, adverse weather conditions (i.e.,
precipitation, high humidity and low ambient temperatures) may extend the drying time
while reducing product quality (Fonnesbeck et al., 1986; Muck and Shinners, 2001;
Parker et al., 1992).
The physical and thermophysical characteristics describing baled switchgrass
significantly affect the overall biomass quality, as well as, the heat and mass transfer
mechanisms occurring within the porous media. In fact, the design of an effective
washing process and the formulation of an appropriate heat and mass transfer model for
baled biomass both require an assessment of the relevant fluid properties (i.e., hydraulic
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conductivity). Rapid, accurate and reliable moisture measurements are also essential for
ensuring the proper storage management, energy production and fair marketing of
herbaceous biomass. However, previous research pertaining to the dynamic moisture
measurement within baled feedstocks is currently unavailable. Likewise, the thermal
properties (i.e., thermal conductivity, thermal diffusivity and specific heat) are necessary
to evaluate particular storage and/or bioconversion conditions of baled biomass in terms
of the relevant heat and mass transfer equations.
Storage and handling of baled biomass are important factors to biomass quality.
Economic analysis, and biomass supply chain and logistics planning require estimation of
storage losses as well as drying time needed for safe storage of biomass. A brief
description of the physical processes involved in storing baled biomass is also discussed
in this review to provide a basic understanding of proper storage management practices
and to indicate the need for intensive measurements for the development of a heat and
mass transfer model. A mathematical model of baled biomass can then be formulated
once these various physical, thermophysical and storage conditions have been
characterized. As such, the development of a heat and mass transfer model for baled
biomass requires characterization of the porous structure (i.e., physical/thermophysical
properties), evaluation of environmental storage conditions, and a knowledge of relevant
heat and mass transfer mechanisms. Therefore, each of these topics is briefly discussed in
the following review of previously conducted research.
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3.1

Fluid Properties
The over-accumulation of end-products in solid-state fermentation inhibits

bacterial growth and prevents further biodegradation of densified forages. However, the
percolation of water through densified forage is expected to capitalize on the rapid
bacterial production by restoring favorable conditions for end-product formation. Liquid
fuels and other byproducts may thereby be removed from the baled material by flushing
water through the biomass. While baling increases the net calorific content per unit
volume, baled forages do not shed fluids easily, which may also result in adverse storage
conditions. Therefore, these issues necessitate an investigation of the fluid properties
within baled forage.
While hydraulic properties have a significant impact on bioprocess modeling and
design, these parameters are still unknown for many agricultural feedstocks. In fact, the
hydrologic processes within baled biomass have yet to be investigated although such
quantification is expected to be beneficial for the determination of bale quality and/or the
development of moisture profile analysis and simulation within bales. Likewise, the
hydraulic properties of baled forages are expected to play a critical role in the design of
an effective washing process. However, literature regarding the flow of moisture through
densified biomass is rather limited. In fact, no such studies have seemingly been
documented for baled biomass even though this knowledge is expected to play a critical
role in developing and effectively applying postharvest quality models.
Hydraulic conductivity (K) is specifically considered in the current study in order
to assess the flushing ability of the solid-state conversion of baled biomass. This
proportionality constant is important in fluid flow studies since it defines the relationship
between flux and the hydraulic gradient. In fact, hydraulic conductivity is a commonly
used parameter in soil science since it describes the ease with which fluid moves through
pore spaces. An analysis of the saturated hydraulic conductivity (Ksat) was expected to
impact the mathematical modeling of baled biomass as it describes water movement
through saturated media. The hydraulic conductivity is known to be a function of the
density and viscosity of the fluid as well as the intrinsic properties of the porous material
itself (i.e., porosity, width, continuity, shape and overall tortuosity). An assessment of the
nonlinear relationship between the hydraulic conductivity and moisture content is also
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necessary for many of the widely-used flow models. Hence, the unsaturated hydraulic
conductivity (Ku) involves flow through unsaturated media as a nonlinear function of
moisture content.
3.1.1

Saturated State
The saturated hydraulic conductivity (Ksat) of baled biomass is considered in the

current study to help describe and assess the flushing ability for solid-state conversion. In
fact, knowledge of the saturated hydraulic conductivity is required for many of the
widely-used models of fluid transport in the saturated zone. Darcy's law is an empirical
equation which describes the relationship between flow rate and head loss through porous
media at saturation:
QL

𝐾𝐾sat =

AH

[3.1.1]

where: Ksat = hydraulic conductivity of the porous medium (cm s-1), Q = flow rate
through the medium (cm3 s-1), A = cross-sectional area of the bale, perpendicular to the
direction of flow (cm2), and L/H = the potential gradient or head loss per unit length (cm
cm-1) as indicated in Figure 3.1.1.

Figure 3.1.1 Diagram of the water flux (J) of a quantity of water (Q) moving through a
cylindrical cross-sectional area (A) per unit time (t) (adapted from Soil Survey Technical
Note, 2004).
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This model assumes that the flow through the material is laminar, while turbulent
flow associated with higher flow rates results in nonlinear behavior. In fact, turbulence,
which is typically introduced at higher hydraulic gradients, results in the curvilinear
downward decay of the saturated hydraulic conductivity. Although, saturated hydraulic
conductivity is largely dependent on flow pores within the material, a challenge exists in
relating the porosity and permeability has been noted in the literature (Hillel, 1998).
However, one such relationship has been defined by Schmid and Luthin (1964) as
follows:

𝐾𝐾sat =

100·κρf g
µ

[3.1.2]

where: Ksat = hydraulic conductivity of the porous medium (cm s-1), ρf = density of the
fluid (kg m-3), g = acceleration due to gravity (9.81 m s-2), µ = the viscosity of the fluid
(Pa s) and κ = the intrinsic permeability of the material (m2). A study of the hydraulic
conductivity of baled biomass must also consider relevant factors including bale density
and/or porosity in accordance with this information.
3.1.2

Unsaturated State
Unsaturated hydraulic conductivity is also an important property which governs

fluid flow in the unsaturated zone and essentially describes a nonlinear relationship with
the volumetric water content (θ). Perkins (2011) described several methods of measuring
the unsaturated hydraulic conductivity for various applications in soil science. There are
also numerous techniques and instruments pertaining to the measurement of suction
which essentially describes the free energy of water in porous materials based on the
inherent ability to attract and retain water. In fact, a description of common techniques
for measuring suction can be found throughout literature (Fredlund & Rahardjo 1993;
Lee & Wray 1995; Likos & Lu 2004; Ridley & Wray 1996). However the challenge in
acquiring accurate measurements is widely acknowledged due to the costly and time
consuming procedures involved. Many of these techniques and instruments have
limitations associated with measurement range, equilibration time, complexity and cost.
Thus, a simple and economical method of measuring suction and capillary pressure
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within baled biomass was selected based on the literature that has been reviewed in the
current study.
The filter paper method is a commonly applied technique which indirectly
calculates the suction by gravimetrically measuring the water content of a filter paper
after it is brought into equilibrium with the porous material of interest. The suction is then
inferred from the water content through a predetermined calibration curve for the filter
paper. The filter paper technique was originally established by soil scientists and
agronomists (Al-Khafaf and Hanks, 1974; Fawcett and Collis-George 1967; Gardner
1937; Hamblin 1981; McQueen and Miller 1968); and later employed in geotechnical
engineering fields (Anne-Marie et al. 1994; Chandler et al. 1992; Chandler and Gutierez
1986; Fernando and Orlando, 2006; Greacen et al. 1989; Marinho 1994; McKeen 1980;
Ridley and Burland, 1993). The advantages of this method are that it provides sufficient
accuracy, maintains simplicity, and is relatively economical.
Suction can generally be described in distinct terms of matric and osmotic suction
(Fredlund and Rahardjo 1993). Matric suction is governed by surface adsorptive forces,
capillarity and texture; while osmotic suction is associated with dissolved salts found
within the water. The sum of matric and osmotic suction is referred to as total suction
with many filter paper curves having a bilinear trend with a single inflection point that
generally occurs at a water content between 30 and 50 % (Bilcalho et al., 2011).
Most publications present calibration of filter paper according to a wetting path,
in which the paper is air-dried initially (Chandler and Gutierez 1986; Chandler et al.
1992; Marinho 1994; Ridley and Burland, 1993). Likos and Lu (2002) also recommended
batch-specific calibrations since filter paper calibration curves have been found to
significantly vary from one batch to another. While Anne-Marie et al. (1994) developed
two distinct curves corresponding to the total and matric suction, respectively; most filter
paper calibrations employ single curves by using a combination of measurement
techniques and/or procedures. In fact, the ASTM D 5298 (ASTM, 1992) is one of the
most widely used calibration curves for filter paper that has been used to describe both
the total suction and the matric suction with a single curve.
There are two primary techniques for conducting a filter paper test, although each
has inherent limitations. The non-contact technique is known to introduce significant
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suction errors which are induced by temperature and relative humidity gradients.
Although the contact method may become inaccurate at the high matric suction range due
to the dominance of vapor transport (Fredlund et al., 1995); relatively low suction occurs
in highly porous materials as expected with baled biomass. Thus, the contact method was
proposed for implementation in the current study using three previously reported
calibration curves (ASTM D 5298; Chandler et al. 1992; Fernando and Orlando, 2006)
that have been developed with Whatman 42 filter paper. In fact, the calibration of this
particular filter paper has been widely reported with many of the associated calibration
curves presented in a similar fashion to Figure 3.1.2.

Figure 3.1.2 Calibration curves for Whatman 42 filter paper for water content
ranging from 30 to 70 % (adapted from Zhu et al., 2016).
The Water Characteristic Curve (WCC) describes the relationship between
suction and volumetric moisture content. Accordingly, the WCC describes the increase in
inter-particle capillary forces with decreasing water in the pores. The van Genuchten
method (van Genuchten, 1980) is commonly used in mathematically describing the WCC
and was actually developed to provide an estimation of the relative hydraulic
conductivity using the predictive models of Burdine (1953) and Mualem (1976). This
method specifically describes the relationship of hydraulic conductivity and diffusivity as
a function of the normalized water content. Thus, the van Genuchten equation fits suction
data by the following expression:
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[3.1.3]

where θ, θe, θs and θr = the actual, effective, saturation and residual moisture content (%),
respectively; α (m-1), n and m are unitless empirical parameters; and h is the pressure
head (m). The constants used in this model are generally considered to have no direct
description of physical attributes but are primarily used as fitting parameters. However,
Guber et al. (2004) suggested that the physical meaning of the parameter, n, could be
used in representing the impact of small aggregates in soil. Parameter values are also
available for several types of compost materials (Wallach et al., 1992).
Disk infiltrometers are arguably the most common tools used in determining the
infiltration of porous materials such as soil by controlling the water entry at prescribed
suctions. The numerical simulations of cumulative infiltration versus time response from
a disk infiltrometer have been presented in numerous studies (Fasinmirin and
Olorunfemi, 2013; Gonzalez-Sosa et al., 2010; Moody et al., 2009; Ronayne et al., 2012;
Zhao, 2013). Soil studies have indicated that the initial water content and dry density
generally influence the infiltration characteristics of the material (Bhave and Sreeja,
2013).
The resulting relationship between hydraulic conductivity and suction is referred
to as the K-function. This relationship describes the changes in the ability of water to
flow through porous media as the available fluid pathways decrease. The flow through
porous, unsaturated media is governed by widely-used flow models such as Richards’
equation (Richards, 1931) which indicates the relevance of the K-function and WCC as
follows.
δθ
δt

=

δ

δz

δψ

�K(θ) �

δz

+ 1��

[3.1.4]

where z = the elevation (cm), θ = the water content (%); and ψ = the pressure head (m).
These hydraulic parameters must be evaluated in lab and/or field settings through the
experimentation procedures which are outlined in the preceding discussion.
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3.1.3

Fluid Properties of Biomass
Hydraulic conductivity tests have previously been conducted with fibrous peat

(Berry and Vickers, 1975; Delage and Lefebvre, 1984) which is a material that has
similar physical characteristics to whole-plant silage. These tests were conducted in the
vertical orientation (perpendicular to the fiber orientation) with results indicating a nearly
linear relationship between the logarithm of the hydraulic conductivity and void ratio; as
is common for many soils (Yao and Jofriet, 1992). Lau (1983) also evaluated the vertical
hydraulic conductivity of alfalfa silage, with values reported on the order of 10-5 cm s-1
according to the results that were acquired from the falling head method. This study
indicated that the variation of the vertical hydraulic conductivity was within 10 % of the
mean under variable hydraulic heads (ranging from 0.6 to 1.2 m). These results indicate
that Darcy's law was valid for whole-plant silage.
Custer et al. (1986) also evaluated the vertical hydraulic conductivity of chopped
sorghum using the constant head method. The packing density, ρb (kg m-3), was found to
significantly impact the saturated hydraulic conductivity, Ksat (cm s-1), according to the
following expression:
𝐾𝐾sat = 14.1 exp(−0.00868ρb )

[3.1.5]

Custer et al. (1990) also measured the hydraulic conductivity of water flowing
through chopped sweet sorghum at various packing densities, soaking times and
hydraulic head levels using permeameters. Soaking time and hydraulic head were found
to have minimal effect on the hydraulic conductivity, while packing density was found to
have a significant effect. In fact, hydraulic conductivity was found to decrease by two
orders of magnitude over the specified range of packing densities.
The hydraulic conductivity of whole plant com silage was evaluated by Tang and
Jofriet (1991) at variable moisture contents (64.0 to 72.6 %) and void ratios (3.76 to
6.87). The hydraulic conductivities in horizontal and vertical (consolidation) direction
were measured separately since the fiber orientation strongly influenced the results. In
this case, the vertical and horizontal hydraulic conductivities were presented as functions
of the porosity as follows:
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𝐾𝐾v = 0.290ε71.4

𝐾𝐾h = 1.510ε71.4

[3.1.6]

[3.1.7]

where: ε = porosity (%) and Kv and Kh = vertical and horizontal hydraulic conductivities
(m s-1), respectively. However, the moisture content was found to have a negligible effect
on the hydraulic conductivity in either directional orientation.
Yao and Jofriet (1992) found that the hydrostatic pressure within a silo was
strongly influenced by the hydraulic conductivity of the alfalfa silage stored within the
structure. Horizontal and vertical hydraulic conductivities of the alfalfa silage were
evaluated at variable moisture contents (64 to 72 %) and void ratios (4.0 to 6.4). The
results indicated that the logarithm of the hydraulic conductivity had an almost linear
correlation with the void ratio, and to a lesser extent, the moisture content.
The hydraulic properties of carbonaceous fill material have also been investigated
since these parameters influence the sizing of denitrification bioreactors. In fact, van
Driel et al. (2006) reported an approximate value of 1.2 ± 1.0 cm s-1 for the horizontal
hydraulic conductivity through a coarse wood fill layer, while Chun et al. (2009) reported
a similar range for wood particles (2.7 to 4.9 cm s-1). Christianson et al. (2010) also
evaluated the saturated hydraulic conductivity for blends of woodchips, corn cobs and
pea gravel at variable packing densities. The average value of the saturated hydraulic
conductivity was reported as 9.5 cm s-1, with the addition of pea gravel significantly
increasing the hydraulic conductivity.
3.1.4

Practical Application
The current study aims to characterize the hydraulic properties and fluid flow

within densified biomass feedstocks. This study specifically involves an evaluation of the
saturated and unsaturated hydraulic conductivity of rectangular bales of ‘Alamo’
switchgrass (Panicum virgatum L.) and Miscanthus (Miscanthus x giganteus). The
saturated moisture content, leaching behavior and sorptivity were also measured. These
fluid characteristics were expected to significantly impact the long-term storage quality
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of the feedstocks as well as the performance of the bioconversion process which may
involve the percolation of water to remove end products.
In general, the hydraulic conductivity was expected to be similar in magnitude to
that of consolidated silage (Yao and Jofriet, 1992) with statistical differences based on
the density and forage type. The saturated hydraulic conductivity was expected to remain
constant as laminar flow was assumed to predominate under the proposed experimental
conditions. Likewise, the matric suction calibration equations developed by Chandler et
al. (1992) were expected to sufficiently fit the experimental data; thereby providing a
nonlinear model for unsaturated hydraulic conductivity as a function of density and
moisture content.
Investigation of the washing and flushing ability within the high-solids
environment is ultimately expected to enable a better understanding of the quality of
baled biomass during on-farm storage and/or high-solids biomass conversion.
Accordingly, these hydraulic parameters are expected to allow for the prediction of water
retention from rainfall and/or water percolation during storage or bioconversion,
respectively.
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3.2

Moisture Measurement
Accurate and reliable moisture measurements are essential for ensuring the proper

storage management, energy production and fair marketing of herbaceous biomass.
Moisture content dictates the storage quality and dry matter loss of biomass; thereby
contributing to biofuel loss. Moisture content also governs mold development which
represents a loss in fuel value, increased risk of fire, and worker exposure to mold spores.
Therefore, moisture content plays a vital role in achieving effective storage and
bioconversion of agricultural feedstocks. Thus, accurate assessment of the moisture
profile which governs dry matter loss and bale quality are required. Real time
measurement of moisture content is also critical in obtaining a better understanding of
storage quality and conversion requirements.
Gravimetric analysis (convection oven-drying) currently remains the most widely
used method for determining moisture content in storage experiments (Chico-Santamarta
et al., 2011; Opoku et al., 2004, 2006; Sanderson et al., 1997; Shinners et al., 2010;
Wiselogel et al., 1996) primarily due to the improved accuracy relative to electronicbased sensors. While oven-drying provides accurate results, the labor-intensive and
destructive nature of this technique is less than ideal. In fact, basic protocols have been
described by Thaemert and Shewmaker (2004) for several methods of determining
moisture content with ranking from the most to least accurate according to the standard
error as follows: convection oven drying (±1%); microwave oven drying (-2 to +1%);
near infrared reflectance spectroscopy, NIRS (±3%); and electronic/forage probe (±5%).
Therefore, real-time measurement of the moisture content is not feasible due to the
extensive drying times involved in gravimetric procedures.
Other methods such as forage moisture probes have been implemented in
numerous studies due to the advantage of rapid sample analysis and the non-destructive
nature of operation (Martinson et al., 2011; Savoie et al., 2011; Zahiroddini et al., 2004).
However, electrical conductance and infrared techniques remain relatively labor and
time-intensive; making representative sampling difficult. Furthermore, forage moisture
probes are typically limited to a moisture range of 6 to 40 %, thereby restricting their
application, particularly at high-moisture levels as is expected during heavy rainfall
and/or water percolation in biomass feedstocks. Thus, neither the core-sampling nor
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forage moisture probe method currently allow for automated and/or dynamic assessment
of an overall moisture profile. Hence, there is a need for technology to provide accurate,
reliable and timely moisture measurements within baled feedstocks particularly at
elevated moisture levels.
Dielectric sensors have been employed extensively in the field of soil science for
determining moisture content through the assessment of the dielectric constant of the
material which is strongly influenced by the moisture content. In fact, dry soil typically
has a dielectric constant between 3 to 5; while air and water are approximately 1 and 80,
respectively. Consequently, the dielectric constant of the porous media may experience
significant changes in response to any moisture changes that occur within the material.
Hence, the dielectric constant can be correlated with the moisture content through mediaspecific calibration of measured data. In recent years, capacitance-based and timedomain-reflectometry (TDR) sensors have becomes the most common dielectric devices
in use.
Capacitance-based sensors consist of two electrodes that are separated by a
material that readily resists electrical current (referred to as the dielectric). In application,
the soil becomes part of the dielectric when the electrodes are inserted into the soil media.
A frequency (50 to 150 MHz) is applied to the electrodes by an oscillator, with the
magnitude of the resonant frequency strongly influenced by the dielectric constant of the
soil media. Consequently, the magnitude is inversely correlated with the moisture content
of the soil media. A calibration equation can then be applied to the magnitude to estimate
volumetric moisture content. However, capacitance-based sensors are greatly affected by
the physical conditions (i.e., temperature fluctuations, texture of the media, etc.) in the
immediate proximity of the sensor and may result in high variability as a result. This
limitation, combined with the greater cost of sensors, results in diminished resolution of
measurement within the material.
Alternatively, time domain reflectometry (TDR) offers a rapid, accurate and nondestructive (in situ) approach for measuring the moisture content. TDR has the particular
advantage of providing intensive temporal and spatial measurements, making it a
promising technology for measuring and managing the moisture content of agricultural
feedstocks during storage, drying and/or the bioconversion. As such, TDR has been
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considered in the current study as a prospective technology for measuring the moisture
content of baled biomass. In this case, significant dependence on the temperature and
bulk density of the material was expected among other factors. A method for real time
monitoring of moisture content within biomass feedstocks was investigated accordingly
in this study using a commercially available TDR sensor. To support the development of
appropriate TDR-based calibrations for baled biomass, a brief discussion of the
fundamentals of TDR is provided in the review that follows.
TDR measurements are easily automated with real-time analysis of measured
waveforms; thereby, offering a practical tool for the assessment of various hydrologic
processes. TDR offers a cost effective and accurate alternative for determining the
moisture content and water retention properties within porous media that is based on the
dielectric permittivity. TDR applications were originally reported for volumetric water
measurements within granular soil samples using a coaxial transmission line (Topp et al.,
1980). Empirical relationships were developed to describe the correlation between the
apparent dielectric constant and the volumetric water content for conditions ranging from
dry air to water saturation.
3.2.1

Time-Domain-Reflectometry Principles
TDR sensors essentially provide a linear voltage signal proportional to the

moisture by measuring the dielectric constant (ε) using transmission line techniques. The
bulk dielectric constant (εb) of soil is generally dominated by water (ε = 80), with the air
(ε = 1) and mineral (ε = 3 to 5) constituents typically much smaller. The TDR method is
relatively insensitive to the material composition due to the large disparity in the
dielectric constants of the respective constituents. As a result, significant changes in the
dielectric constant may develop with changes in the moisture content. The measured
dielectric permittivity can be related to the water content using empirical and/or dielectric
mixing models.
Dielectric constant measurements may be influenced by various factors including
the physical properties of the material (i.e., bulk density, porosity, pore geometry) and
sensor characteristics (i.e., measurement frequency). The water status (bound or free) and
dipole moments induced by mineral constituents may also impact the dielectric
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measurements (Jones and Or, 2003). Although the dielectric constant could increase with
increasing temperature (Pepin et al., 1995), the temperature response may be influenced
by the bulk electrical conductivity and/or relaxation time for free and bound water
(Schwartz et al., 2009). As a result, the dielectric constant may be indirectly affected
when the temperature influences the bulk electrical conductivity (Persson and
Berndtsson, 1998; Sun and Young, 2001).
It may also be noted that the movement of water molecules is constrained near the
solid surfaces due to interfacial forces that specifically hinder rotational movement. A
subsequent reduction in the dielectric constant may be observed. Substantial amounts of
water may also be bound in high porosity media, thereby reducing the measured bulk
dielectric constant compared to media with low porosity. The dielectric constant has also
been correlated with the amount of bound water with respect to distinct monolayers
(Bockris et al., 1963; Or and Wraith, 1999; Thorp, 1959). Empirical expressions have
also been derived for the dielectric constant in terms of the bound- and free-water
(Friedman, 1998; Jones and Or, 2001).
3.2.2

Sensor Design
The dielectric measurement using time-domain-reflectometry involves the

insertion of parallel steel rods (waveguides) into the porous media of interest and
applying an electrical pulse via a voltage pulse generator. The imposed electrical pulse
travels the length of the waveguides and is reflected back after reaching the terminal end.
The dielectric constant of the material of interest influences the total travel time of the
pulse, with longer pulse travel times correlated with larger dielectric constants. The water
content is generally assumed uniform along the entire longitudinal axis of the probe for
conventional designs. However, Chan and Knight (1999) have found that even
distribution of water along the probe length doesn’t necessarily provide the same mean
value of the dielectric constant as localized concentrations may provide at one or more
regions along the probe will influence it.
Various probe configurations have been proposed for media-specific applications
including various geometric arrangements of the conducting rods (Campbell, 1990;
Heimovaara, 1994). Although increasing the number of rods may provide a balanced

79

signal, the introduction of the additional rods may physically disrupt the material. As a
compromise, the two-probe configuration offers minimal soil disturbance, while
providing a relatively balanced signal (Jones and Or, 2030; Spaans and Baker, 1993;
White and Zegelin, 1995).
Two- or three-rod configurations are often used as effective point (plane)
measurements for water fronts moving through soil profiles, while seven-rod and parallel
plate designs provide a larger sampling volume (Jones and Or, 2003). Although thin rod
coatings have been successfully used in reducing signal attenuation, they typically reduce
the sampling area (Ferre et al., 1998; Jones and Or, 2003). Insulation has also been shown
effective with partial probe insertion (Plaut, 2013; Starr, 1999); although such rod
coatings are typically less appealing as they significantly influence the permittivity and
require extensive calibration (Mojid et al., 1998; Moret-Fernandez et al., 2009).
3.2.3

Time-Domain-Reflectometry Measurements
As mentioned previously, an electromagnetic (EM) pulse is applied to the

waveguide (probe) of known length (L) and is reflected back after reaching the terminal
end. The dielectric constant of the medium influences the propagation speed or total time
for the pulse to travel to the terminal end of the waveguide and back. Thus, TDR
determines the apparent dielectric constant by measuring the travel time, or the
transmitting velocity, of a high frequency EM wave through the probe as represented by:

v=

2L
t

[3.2.1]

where: v = electromagnetic wave propagation velocity (m s-1); L = probe length (m); and
t = total travel time (s). Here, the actual travel time is based on the apparent probe length
which is positively correlated with the water content and dielectric constant. The velocity
of an EM wave is specifically according to:
v=

c

√µr εr
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[3.2.2]

where: c = electromagnetic wave velocity in free space (m s-1); μr = relative dielectric
constant; and εr = relative magnetic susceptibility which is typically equal to a value of 1.
Accordingly, the bulk dielectric constant (εb) of the material surrounding the probe can
then be evaluated based on the transmitting propagation velocity of the wave according
to:
c 2

ct 2

εb = � � = � �
ν

2L

[3.2.3]

where: c = propagation speed of light in a vacuum (3x108 m s-1), ν = electromagnetic

signal propagation speed (m s-1), and t = travel time (s) for the pulse to traverse both
directions (down and back: 2L).
3.2.4

Calibration
It follows, that calibration equations are necessary to relate the dielectric constant

of the material to the moisture content (Noborio, 2001). In fact, probes need to be well
correlated with regression models to improve prediction of moisture content. While, these
calibration equations are generally provided by the probe manufacturer; site-specific
calibrations may be needed in some soil and alternative media studies. Developing a
calibration curve in this manner, involves comparison to the actual volumetric moisture
content of a sample that is collected in close proximity to the sensor. Such empirical
approaches are often used for mineral soils. In fact, this method was originally proposed
by Topp et al. (1980) with the development of a third-order polynomial describing the
relationship between the moisture content and bulk dielectric constant as follows:
θ = −5.3x10−2 + 2.92x10−2 εb − 5.5x10−4 ε2b + 4.3x10−6 ε3b

[3.2.4]

Although this expression covers a wide range of moisture contents, it fails to provide
reasonable estimates for soils exceeding 50 %, which is common with samples having
high organic matter and/or with alternative media (i.e., biomass, compost material).
Alternatively, the dielectric mixing approach expresses the composite (bulk)
dielectric constant as a function of the dielectric constant and volume fraction of each
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individual constituent (e.g. solid, water, air) within the media. This approach has been
adopted in numerous soil studies (Birchak et al., 1974; Dobson et al., 1985; Friedman,
1998; Roth et al., 1990) with a general expression of a three-phase system given as:
⁄
β 1 β

β

β

εb = �θεw + (1 − η)εs + (η − θ)εa �

[3.2.5]

where: η = porosity; β = geometric indicator of the medium (β=1 for parallel, β=-1 for
perpendicular, and β=0.5 for an isotropic two-phase mixed medium); 1-η, θ and η-θ are
the volume fractions; and εs, εw and εa are the dielectric constants of the solid, water and
air phases, respectively. Rearranging this equation and solving for the water content (θ)
yields:

θ=

β

β

β

εb −(1−η)εs −ηεa
β

β

εw −εa

[3.2.6]

Introducing common values of each constituent (β=0.5, εw=81, εs=4, and εa=1) into this
dielectric mixing expression yields:

θ=

�εb −(2−η)
8

[3.2.7]

Thus, subsequent changes in the dielectric constant correspond to an electrical
signal (mV) output from the sensor; which is affected by the physical and chemical
properties of the material (i.e., bulk density, composition, electrical conductivity,
temperature) (Moret-Fernandez et al., 2009; Wraith and Or, 1999). Coated probes can be
used to minimize electrical conductivity effects (McIsaac, 2010; Robinson et al., 2003),
while those materials consisting of high organic matter and bound water components
often require intensive media-specific calibration (Jones et al., 2002; Jones and Or, 2003).
Some media with large porosities are also highly susceptible to bulk density
variations. In fact, the bulk densities of some composting materials have been shown to
have a noticeable effect on moisture content measurement (Cai et al., 2012). As such,

82

unified moisture content calibrations have been applied to composting sewage sludge
with an error of 3.8 % over the specified range of densities (580 to 886 kg m-3) (Chen et
al., 2011; Yue et al., 2008). These studies have also shown that the bulk sludge
temperatures may significantly affect the dielectric measurements with temperatures
reported in excess of 55 °C during the compost process. Although independent
measurements of the bulk density are generally expected to improve the calibration
procedure, the impact of bound water poses a significant challenge which must be
accounted for. This information indicates the level of care that must be taken in
developing calibration equations which are imperative for providing accurate
relationships of the dielectric constant and moisture content of a specific porous media.
3.2.5

Practical Application
The main advantages associated with TDR moisture sensors include the ability for

continuous measurement through automation, measurement repeatability, superior
accuracy (± 1 to 2 % VWC), improved sensitivity; and excellent spatial and temporal
resolution (Jones et al., 2002). Other attractive characteristics of TDR include minimal
sensor drift, non-destructive analysis, absence of radiation (associated with neutron probe
techniques); and the ability to provide intensive temporal and spatial measurements
which provide increased resolution (Jones et al., 2002).
Although TDR is effective in many porous materials, several factors are known to
influence measurements, including temperature, water status and dipole moments. Air
gaps and uneven pore distributions should be avoided since signals are undervalued when
void spaces are present due to the low ε-value for air. Thus, porosity and bulk density
variations may cause significant changes in ε due to the variation of porosity. As such,
some commercially-available probes have been developed with integrated adjustments
for density (Cormier et al. 2007). Measurement error may also increase as air gaps
develop from repetitive probe insertion or within shrink–swell materials. Measurements
may also depend on temperature; although several studies have shown that temperatureinduced errors may be negligible compared to the intrinsic calibration errors (Persson et
al., 2000).
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On the other hand, significant temperature fluctuations during storage and/or
bioconversion may significantly impact the moisture measurements (Schwartz et al.,
2009). However, the lack of temperature-dependent data has limited the current
application of TDR particularly in storage, bioconversion and composting operations.
Additionally, waveform reflections can be totally attenuated in lossy materials. Hence,
the disadvantages of this method include the development of media-specific calibrations,
the high level of sensitivity to air gaps, and the relatively small zone of influence.
Consequently, TDR devices must be carefully installed in the media in order to prevent
air gaps between the sensor and material. Likewise, the effects of temperature should be
considered in order to improve the accuracy of moisture content measurement by TDR.
Independent measurement of bulk density is also expected to improve calibration
accuracy.
The TDR technique is proposed in the current study as a fast, simple, compact,
cost-effective and non-destructive method for moisture measurement in baled forage
since moisture plays a key role in most storage studies. Hence, the current study
investigates the ability to quickly and accurately determine moisture content within
herbaceous biomass using TDR techniques which have been used extensively in
measuring water content in soil science. This study specifically involves the calibration
and validation of a commercially available TDR device for monitoring water content in
ground and baled switchgrass. The purpose of this study was, therefore, to 1) determine if
TDR could be used to monitor moisture content within a densified herbaceous feedstock;
to 2) assess the specific impacts of temperature and bulk density on moisture
measurements; and to 3) develop calibration equations for moisture content as a function
of the dielectric constant of the material.
In general, the variation of output voltage was expected to be adequate for
determining the moisture content within a densified feedstock. In fact, the development
of a calibrated dielectric equation was expected to provide significantly similar values of
moisture content compared with gravimetrically-determined values for chopped and
baled switchgrass. Strong correlation was also expected between the voltage output and
bulk density of the material. Hence, results were expected to demonstrate effective
calibration of a commercially available TDR probe for ground and baled switchgrass;
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particularly at high moisture and density levels. Moisture content was also expected to
decrease over time as the biomass loses moisture to lower humidity surroundings during
storage periods. A set of equations may need to be developed from pooled data with
respect to the initial moisture content and air temperature in the case that a single
prediction equation may be found unsuitable across all experimental conditions.
This study thereby represents a new approach for dynamic measurements of the
moisture content in densified feedstocks. This study also stands to provide rapid, accurate
and dynamic measurement of moisture content which could be utilized for process
control at storage facilities and/or biorefineries. In fact, real time information on moisture
content is important for ensuring optimal storage conditions and bioconversion
operations. The ability to obtain high resolution measurements with automated and
multiplexed TDR technology expected to provide a practical research and management
tool. Other practical applications include process control for flushing of on-farm
bioconversion operations; while ultimately aiming to provide optimal quality and
efficient processing of feedstocks. Thus, a direct objective of this study was to develop
and enable a better understanding of the quality of baled biomass during on-farm storage
and/or high-solids bioconversion.
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3.3

Thermal Analysis
The storage and conversion of baled switchgrass is of particular interest within

on-farm solid-state conversion processes. In fact, effective bioconversion of biomass may
involve a wide range of agricultural operations including drying, storage and pretreatment
among others. Safe storage conditions may also involve artificial drying to lower the
moisture content and the consequent risk of microbial degradation; thus improving
feedstock quality and minimizing economic loss to farmers and processors. Accordingly,
heat is transferred into the porous material with the rate of drying dependent on
environmental conditions and material-specific properties.
The complex structure of lignocellulosic biomass such as switchgrass is
composed of cellulose, hemicellulose and lignin which provides a natural resistance to
enzymatic and microbial degradation; thus hindering hydrolysis and fermentation. Hence,
the lignocellulosic nature of the feedstocks necessitates an initial pretreatment to promote
the access and digestion of the components of interest. There are a number of
pretreatment routes employed in biofuel production (Iroba and Tabil, 2013); with the
application of heat associated with some of these processes. In fact, thermal aided
pretreatment (heat transfer) and evaporative drying (heat and mass transfer) are
commonly implemented in biofuel production applications (Singh and Heldman, 2009).
In general, these unit operations involve a heat transfer response which is influenced by
the thermophysical properties of the feedstock.
Most heat transfer processes associated with the storage and/or processing of
biomass primarily involve heat conduction within the material while forced convection
involves heat transfer between a moving fluid in direct contact with the surface of the
material. The heat transfer within high water content materials such as biomass may
specifically involves thermal gradients that are caused by natural temperature cycles
and/or decomposition of the material. The transfer of heat into biomass may also be
accompanied by simultaneous diffusion of water through the product to the surrounding
air. In a porous absorbing media such as baled switchgrass, heat may develop through the
process of moisture absorption (Henry, 1939). Although moisture diffusion through the
bale may occur solely in response to a temperature gradient (Henry, 1939), this process
likely represents simultaneous heat and mass transfer mechanisms within the material.
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Consequently, many of the storage and/or bioconversion characteristics can be
evaluated using specific heat and mass transfer principles; with changes in baled biomass
determined through the development of relevant heat and mass transfer equations. Such
studies entail an understanding of the biological material's response to the environmental
conditions. Thus, certain thermal properties of the biomass are necessary in order to
evaluate the storage and bioconversion conditions; as well as, to evaluate the drying rate
of the feedstock and/or the temperature distribution under different environmental
conditions. While the thermophysical properties govern the material’s response to heat
and mass transfer, there is currently a lack of basic thermophysical data for baled
biomass.
Effective prediction of the thermal processes within biomass is critical for
numerous practical applications; however, there is currently a lack of comprehensive
experimental research on this topic. While extensive research has been conducted in
measuring and estimating other relevant agricultural porous media, such as soil and grain,
there are minimal studies reporting on the assessment of the thermophysical properties of
baled biomass. Likewise, techniques allowing for the quantification of biomass
properties, directly or indirectly, are currently deficient for most materials; thereby
contributing to the constraints on our understanding of densified feedstocks. In fact, the
application of engineering principles to biological systems, such as in the high-solids
environment of baled switchgrass, is frequently hindered by the insufficient definition the
basic physical properties of the material. Hence, an understanding of this dynamic system
is dependent upon the ability to discern the properties which describe the fundamental
relationships governing mass and energy balances.
Thermophysical properties of lignocellulosic biomass such as the thermal
conductivity (k), thermal diffusivity (α) and specific heat (Cp) are necessary to evaluate
optimal storage and bioprocessing conditions. In fact, an understanding and
quantification of these thermophysical properties is important in many applications
associated with modeling the transport of water and energy within biomass. Hence, these
thermophysical properties may be considered invaluable in terms of designing effective
biomass processing operations which involve the modeling of heat and mass transfer. In
fact, a description of the thermal regime is necessary to evaluate the relevant energy
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balances, which influence the rate of physical, chemical and biological reactions.
Furthermore, the thermal properties of biological materials are known to be affected by
other inherent physical properties of the material such as temperature, moisture content
and bulk density (Wallapapan and Sweat, 1982). Hence, accurate, rapid and inexpensive
measurements of these thermophysical parameters are needed; particularly in densified
feedstocks.
3.3.1

Thermal Parameters
Heat transfer can be specifically quantified by the heat flow rate through the

medium (thermal conductivity), as well as, the ease of heating the medium (specific
heat). The ease at which the medium gains heat content (thermal diffusivity) is essentially
a composite parameter of the thermal conductivity and specific heat (Andersland and
Ladanyi, 1994). Accordingly, the thermal diffusivity of the medium is defined as the ratio
between thermal conductivity and volumetric heat capacity. While there are several wellestablished methods for measuring each of these thermophysical properties (Dickerson,
1965; Mohsenin, 1980), but measuring the measurement of any two of these parameters
allows for the assessment of the third parameter according to the following relationship:

α=

k

C

=

k

ρ∙Cp

[3.3.1]

where: α = thermal diffusivity (m2 s-1); k = thermal conductivity (W m-1 °C-1); C =
volumetric heat capacity (kJ m-3 °C-1); Cp = mass heat capacity (kJ kg-1 °C-1); and ρ =
density (kg m-3).
Thermal conduction involves heat transfer within a solid material or between two
solid bodies in direct contact with each other. It follows that the thermal conductivity of a
material represents the ability to transmit heat through conduction. A more specific
definition of thermal conductivity is given as the amount of heat passing through a given
area over time under the effect of a thermal gradient (Hanson et al., 2000). Steady state
heat conduction is described by Fourier's law in which the thermal conductivity is
expressed as the ratio of heat flux density to the temperature gradient within the material
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(Fontana et al., 1998). For one-dimensional heat flow this relationship can be expressed
by the following:
dQ
dt

= −kA

dT
dx

[3.3.2]

where: Q = quantity of heat (J); t = unit of time (s); k = thermal conductivity (W m-1 K-1);
A = area (m2); and dT/dx = temperature gradient in the x-direction (K m-1).
Thermal conductivity is useful for the prediction and/or control of the heat flux in
various heat transfer operations and thus, is necessary to ensure quality and efficient
operations for biomass. Extensive tabulations of values for food products and agricultural
materials are given in various sources (ASHRAE, 1989; Mohsenin, 1980; Okos, 1986).
Specific heat is defined as the quantity of heat (on a unit-mass or unit-volume basis) that
is required to raise a specified amount of the material by one degree in temperature
(Duncan et al., 1966). This parameter can be expressed as:
dQ
dt

= MCp

dT
dx

[3.3.3]

where: Q = quantity of heat (J); t = unit of time (s); M = unit of mass (kg); Cp = specific
heat at a constant pressure (kJ kg-1 °C-1); and dT/dx = temperature gradient in the xdirection (K m-1). However, this relationship does not apply if a phase change is
encountered since heat transfer occurring during a phase change does not change the
temperature. On the other hand, a relatively large temperature change may be correlated
with a low heat capacity for a specified amount of heat application. Extensive tabulations
of values are also given in various sources (Mohsenin, 1980; Okos, 1986).
It should also be noted that additional heat may be generated by the presence of
some internal-heat source, in which case, an additional term for temperature change must
be accounted for. Although this additional temperature change (ΔTg) may be inherently
included in terms of the experimental data, detailed knowledge and quantification of this
term may not be directly available. In this case, however, the computed value of specific
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heat would be expected to be less than the simple case which exhibits no internal-heat
generation according to:

Cp =

ΔQ

[3.3.4]

ΔT+ΔTg

Transient heat conduction occurs when heat is conducted into or out of the
material; which leads to heat storage (heating) or heat loss (cooling); respectively. For a
homogeneous solid with a constant thermal conductivity (k, W m-1 K-1), specific heat (Cp,
kJ kg-1 K-1) and density (ρ, kg m-3), the variation of temperature (T, K) within a threedimensional object (Cartesian coordinates x, y and z) is described by Fourier's general
law of heat conduction which can be expressed in terms of the following partial
differential equation:
dT
dt

=

k

ρCp

δ2 T

�

δx2

+

δ2 T
δy2

+

δ2 T
δz2

�

[3.3.5]

In this form of the equation, thermal conductivity is assumed to be the same in all
directions. As mentioned previously, thermal diffusivity may be considered to be a
composite parameter that essentially indicates the rate of temperature change occurring in
a material in response to a thermal gradient. In other words, this property describes the
rate at which heat is propagated or diffused through the material. Substituting this
relational definition of the thermal diffusivity from Equation 3.3.1 into Equation 3.3.5
results in the following form of the equation:
dT
dt

δ2 T

= α�

δx

2 +

δ2 T
δy

2 +

δ2 T
δz2

�

[3.3.6]

In consideration of these thermophysical relationships, the thermal diffusivity of a
material may be thought of as a parameter which is quantified as the ratio of the ability to
conduct heat and the ability to store heat. As such, a material with high thermal
diffusivity will experience a faster temperature increase compared to a low thermal
diffusivity material (Andersland and Anderson, 1978). Although the thermal diffusivity
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of a given material may be calculated indirectly based on the values of the other
thermophysical properties, it may also be directly determined experimentally.
3.3.2

Thermal Variation
The thermal properties of a biological material are influenced by many factors

including texture, ambient temperature, moisture content and bulk density of the material
(Becker et al., 1992; Drouzas and Saravacos, 1988; Emami et al., 2007; Lawrence and
William, 1984; Salomone et al., 1984). Hence, the thermal parameters are dependent on
the structure and composition of the material which includes the packing arrangement,
fiber orientation and porosity.
Readily measurable physical parameters (i.e., moisture content, apparent density)
have previously been reported to have significant impacts on the thermal properties of
wood, bark and cured tobacco (MacLean, 1941; Rowley, 1933; Samfield and Brock,
1958; Wangaard, 1940; Ward and Skarr, 1963). In fact, the effect of these parameters has
been widely reported for different grains (Alam and Shove, 1973; Babbitt, 1945; Chandra
and Muir, 1971; Chang, 1986; Dua and Ojha, 1969; Jasansky and Bilanski, 1973;
Kazarian and Hall, 1965; Moysey et al., 1977; Sharma and Thompson, 1973;
Sreenarayanan and Chattopadhyay, 1986; Timbers, 1975). Although the thermal
conductivity of various grains are reported in many literature sources, many studies have
been evaluated under constant moisture content and bulk density.
The thermal parameters are specifically impacted by the amount of water in the
material due to the high heat capacity of water compared to that of the air and solid
material. Moisture has been reported to have a profound influence on the specific heat of
cellulosic materials (Hearmon, 1957; Hearmon and Burcham, 1955; Samfield and Brock,
1958; Weld, 1948); while thermal diffusivity generally decreases at higher water contents
(Butts, 1990). Pore spaces that are filled predominantly with air generally have low
values of thermal conductivity and heat capacity. At low moisture levels, the contact area
between the solid particles may also be limited. However, as water content increases, a
thin film forms around the solids which promote continuous contact surfaces and
increased values of thermal conductivity and heat capacity as a result. A portion of the air
that is present within the pore space may also be displaced at higher moisture levels.
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Thus, the thermal conductivity of a porous material generally has a positive correlation
with the moisture content.
Temperature may also impact the thermal transfer within biological materials
such as grain. Thermal conductivity generally increases with increasing temperature due
to the improved particle contact bonds and the associated increase in moisture migration
(Farouki, 1981). For many porous materials, the thermal conductivity is positively
correlated with the temperature of the material. Several temperature-dependent equations
of specific heat were also proposed by Sweat (1986). Although the specific heat may vary
to some extent with temperature, these minimal changes are typically considered
negligible in many engineering applications (Costa, 2006).
Thermal conductivity is positively correlated with the density of the material;
thus, requiring a knowledge of the bulk density to evaluate most agricultural products.
The thermal diffusivity and rate of heat transfer generally have positive correlations with
thermal conductivity when the density and specific heat are held constant. Conversely,
increases in density and the amount of heat stored for a constant thermal conductivity will
decrease the rate of heat transfer. Thermal conductivity and thermal diffusivity generally
have positive correlations with the density of the material at high moisture contents.
However, the density of the material typically has minimal impact at lower moisture
contents. Specific heat has also been shown to have a positive correlation with moisture
content and an inverse correlation with bulk density (Jiang et al., 1986). A multiple
regression model describing the specific heat of tobacco was also reported by Brock and
Samfield (1958) as a function of temperature, moisture content and bulk density.
The determination of these thermal properties may also be complicated by the
anisotropism of the material. Furthermore, the degradation of lignocellulosic biomass
may significantly alter these thermophysical characteristics; particularly with exposure to
high temperatures. The thermal properties may also be affected by the moisture content
and bulk density of the material which may undergo significant changes during drying,
storage and/or bioconversion applications. A composite agricultural material may also
have thermal properties that exhibit spatial variation which makes it necessary to
experimentally determine values of the thermal properties.
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Although the fundamental thermophysical properties discussed in this study
(thermal conductivity, thermal diffusivity and specific heat) are difficult to estimate due
to the porous nature of baled biomass (variable amounts of water, density and/or material
composition); these properties may be determined by various techniques and/or
instrumentation. Hence, this section of the review is dedicated to describing some of the
more commonly used techniques for measuring these thermal properties. Accordingly,
the fundamental modes of operation are discussed for relevant procedures along with a
brief indication of applicability and/or limitations of the respective measurement
technique.
3.3.3

Indirect Measurement Techniques
The thermal properties of many environmental and agricultural materials have

been evaluated by indirect and analytical methods. The thermophysical properties of soil
were calculated by DeVries (1975) based on the volume fractions of each constituent
(solid, liquid and air). The resulting equations were used to estimate the thermal
conductivity and heat capacity of various soils. However, the DeVries method requires an
accurate assessment of the empirical constants which may significantly vary with the
water content of the soil, making the calculations rather difficult in practice.
The specific heat of an agricultural material can be estimated based on its
composition. In this case, the heat capacity is specifically evaluated by summing the
contribution of each component that forms the composite material. Thus, the specific heat
of a material that is predominately composed of water will be considerably close to the
specific heat value of water. While the method of summing the individual components is
rather simple, it does require the identification and quantification of each component. The
heat capacity of various agricultural, environmental and food materials have been
presented in many sources (Andersland and Ladanyi, 1994; Carslaw and Jaeger, 1959;
DeVries, 1963). The summation method for calculating the heat capacity of a composite
material may follow the general form:
ρC ≅ ρw Cw θ + ρb Cm
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[3.3.7]

where: ρ = overall mass density (kg m-3); C = overall volumetric heat capacity (kJ m-3
°C-1); ρw = mass density of water (kg m-3); Cw = volumetric heat capacity of water (kJ m-3
°C-1); θ = volumetric water content (m3 m-3); ρb = bulk density of soil minerals (kg m-3);
Cm = volumetric heat capacity of soil minerals (kJ m-3 °C-1).
Several equations have also been developed for evaluating the specific heat of
various agricultural and food materials based on Siebel’s observation (1918) in relation to
the moisture content:
Cp = 0.837 + 3.348M

[3.3.8]

where: M = moisture content (%-wb) and Cp = specific heat (kJ kg-1 K-1).
Likewise, the thermal conductivity of agricultural materials and food products can
be estimated from their water content when data are not available. In fact, Anderson
(1950) and Spells (1960) both presented the thermal conductivity of biological materials
as functions of the weight fraction of water according to the following respective models:
k = k w Xw + k s (1 − Xw )

[3.3.9]

k = 0.056 + 0.57Xw

[3.3.10]

where: k = thermal conductivity of the wet hay/air mixture (W m-1 °C-1); Xw = the weight
fraction of water (%-wb); and the subscripts w and s represent the properties of the water
and dry hay/air mixture, respectively. The latter expression was considered valid in
biological materials containing greater than 50 % water. However, the use of this
equation in the current study would require knowledge of the thermal conductivity of a
dry bale of switchgrass; with the bale/air mixture considered as one solid and water as the
secondary material.
Although thermal diffusivity can be measured according to several different
methods, the indirect method is the most widely used. The indirect method involves the
calculation of thermal diffusivity using the experimental values of the other
thermophysical properties of the material (Singh and Heldman, 2009; Yang et al., 2002).
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A number of equations have been developed to estimate thermal diffusivity on the basis
of composition. In fact, the following model was proposed by Martens (1980); and later
employed by Choi and Okos (1986); for various food materials:

α=

k

ρCp

=

0.551

1120 ×3.64× 103

= 1.352 × 10−7

[3.3.11]

where: α = thermal diffusivity (m2 s-1); k = thermal conductivity (W m-1 K-1); ρ = density
(kg m-3); and Cp = specific heat (kJ kg-1 K-1). However, such equations are rather general
in nature and do not reflect the effects of other factors such as temperature which may be
significant. Additionally, these properties are largely unknown and/or unreported for
agricultural feedstocks such as switchgrass. Thus, measurement of at least some of the
fundamental thermal properties must be undertaken to provide a basis of understanding
with this material.
3.3.4

Direct Measurement Techniques

3.3.4.1 Specific Heat
Specific heat measurement and calorimetric procedures are concerned with the
amount of heat that is required to change the temperature of a material. Several
calorimetric procedures exist for measuring specific heat (Sturtevant, 1949; Weld, 1948;
White, 1928); although most methods require relatively long equilibration times. While
calorimetric methods have the disadvantage of slow temperature stabilization, alternative
methods have been proposed which require much shorter testing times. In fact, the
transient-heat flow procedure is relatively quick, while some types of this analysis allow
for the simultaneous determination of other thermophysical properties (Ward, 1960;
Ward and Skaar, 1963).
Among the previously used methods for measuring specific heat, the method of
mixtures has become the most common technique for biological materials (Dutta et al.,
1988; Hwang and Hayakawa, 1979); in which a known sample mass is heated and placed
into a well-insulated calorimeter to prevent heat loss. The heat dissolution is eliminated in
this method since there is no contact between the calorimetric fluid and the material. The
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temperature of the fluid/sample mixture is then assessed at equilibrium. The specific heat
of the sample can be calculated if the known heat capacity of the fluid and the
calorimetric container. Assuming there is no heat transfer to the surroundings, the heat
that is lost by the material is considered to be equal to the heat that is gained by the fluid
and calorimeter. The resulting equation can be solved for the specific heat of the sample
as follows:

Cps =

�mc cpc +mf Cpf ��Teq +Tf �
ms (Ts −Tav )

[3.3.12]

where: Cp = specific heat (kJ kg-1 °C-1); m = mass (kg); T = temperature (°C); Teq =
equilibrium temperature (°C); and the subscripts are for the container (c), fluid (f) and
solid (s); respectively.
The method of indirect mixtures has previously been used for measuring the
specific heat of various food materials such as cornish pastry (Rodriguez et al. 1995),
potato (Rice et al. 1988) and sugarbeet roots (Tabil et al. 2003). However, the heat loss
from the calorimeter to the surroundings is a major source of error in the method of
mixtures. Adiabatic calorimetry may be used to reduce the heat loss errors by maintaining
the ambient temperature, as well as, the temperature of the calorimeter. This can be
accomplished by placing the calorimeter in a water bath that is continuously adjusted to
the temperature of the calorimeter (Rodriguez et al., 1995). Water absorption into porous,
hygroscopic materials may also result in erroneous estimates of the specific heat
according to the method of mixtures unless a correction factor is introduced to account
for differential heat of wetting.
Due to these limitations, the differential scanning calorimeter (DSC), is generally
considered to be the most accurate and rapid method for determining specific heat. A
previous literature review reported on specific heat measurements for various agricultural
materials while providing specific analyses on the key factors affecting the DSC method
(Tang et al., 1991). DSC procedures have also been described for measuring borage seeds
with the development of a model correlating specific heat, temperature and moisture
content (Yang et al., 1997). The DSC method has also been used to evaluate the specific
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heat of chickpea flour, isolated starch and isolated protein (Emami et al., 2007); while
Izadifar and Baik (2007) measured the specific heat of rhizomes using DSC for various
applications including drying and ethanol extraction.
3.3.4.2 Thermal Conductivity and Diffusivity
Steady-state and transient-state heat transfer are the two categorical methods for
measuring thermal conductivity which have been described in the available literature for
various agricultural and food materials (Mohsenin, 1980; Nesvadba, 1982; Reidy and
Rippen, 1971). The specific techniques and procedures associated with each method
differ in terms of the time and sample size required for testing. In general, the steadystate approaches are more complex, time consuming, and challenging in regards to the
experimental methodology required. Therefore, only a brief discussion of steady-state
methods is presented here, highlighting the basic principles of operation and the
corresponding limitations with respect to the current study. A more thorough discussion
of transient methods is also provided with information pertaining to application in the
current study.
3.3.4.3 Steady-State
Steady-state techniques involve measurements performed under complete
material equilibrium, with a simple and constant signal analysis. Early investigators used
one-dimension, steady-state heat flow methods such as the hot plate technique which has
been widely used in measuring the apparent thermal conductivity (thermal transmission)
of insulating materials which can involve conductive, convective and radiative heat
transfer components (Babbitt, 1945; Moote, 1953; Oxley, 1944).
More recent developments of the steady-state method involve: 1) the scale of the
apparatus with thicker insulations; 2) the minimization of lateral heat flow and edge heat
losses (e.g., additional guards); 3) improved instrumentation accuracy (e.g. multi-ranging
digital voltmeters); 4) advanced and automated data acquisition and analysis; and 5)
improved temperature control systems.
A known unidirectional heat flux is generated through a material in the hot plate
method, whereby, the material may be considered as a slab of infinite width bounded by
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parallel planes as shown in Figure 3.3.1. In this case, an isothermal heat source is applied
on one parallel plane, while the material is insulated on the other. As a result, heat flows
through the material towards the isothermal cold plate with the temperatures maintained
by fluid circulation and/or electrical heating. Highly conductive material must be used for
the plates while ensuring they are as flat as possible to promote uniform temperatures
across them. The surfaces of the plates should also be highly emissive; particularly with
low density materials which may have significant radiative heat transfer components.
Lateral heat exchange must also be prevented by maintaining close temperature limits
between the guard and metering area, while ensuring uniform contact resistance between
the plates and the sample material across the entire interface.

Figure 3.3.1. Diagram of guarded hot plate.
Edge heat losses may be further reduced with insulation, thereby, simulating a
semi-infinite slab. Temperatures should be monitored in both plates until reaching
constant values. These constant temperature values can then be used to calculate the
thermal conductivity based on the sample thickness and the heat input. Accordingly, the
ASTM hot-plate method has been used with various biological materials including burley
tobacco (Duncan et al., 1966); with the calculation of thermal conductivity in steady-state
given by the basic equation:

k=

qd

Th −Tc
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[3.3.13]

where: k = thermal conductivity coefficient (W m-1 °C-1); q = quantity of heat through a
unit area (W m-2); d = distance between two sides of the sample or the length of the path
of heat flow (m); and Th and Tc = temperature (°C) on the warmer and cooler side of the
sample; respectively. In this case, the quantity of heat that is transferred may be
expressed as:

q=

Q
A

[3.3.14]

where: q = quantity of transferred heat (W m-2); Q = quantity of heat (W); and A = area
(m2).
While the steady-state method may be considered mathematically simple and
relatively accurate even with smaller sample sizes, this method requires a lengthy testing
period to reach equilibrium. Significant moisture migration may occur from the warmer
to the cooler surfaces during the extended equilibration time needed for the steady-state
method; particularly with high moisture materials. In fact, moisture migration may
introduce significant measurement errors associated with heat transfer (Dutta et al., 1988;
Kazarian & Hall, 1965; Mohsenin, 1980); although the effect of moisture migration has
been neglected in previous studies (Duncan et al., 1966). These undesirable features may
be minimized through close control of the ambient conditions and by using a narrow
temperature difference across the material.
Other sources of uncertainty may be attributed to erroneous temperature
measurements through the material, excessive material thickness and significant edge
heat losses. While thicker samples may be required to obtain an adequate representation
of the overall material composition, the larger sample sizes may result in significant error
as a result of temperature and moisture gradients. In fact, lower moisture regions may
develop in the top portion of the sample due to the downward movement of water
through the material (Tollner and Verma, 1987). This moisture redistribution may cause
significant deviation from assumed temperature profiles. Lateral and downward heat flow
may be minimized by edge and auxiliary guards, respectively.
Another source of uncertainty in measuring dense materials is associated with the
presence of air at the interface since the thermal conductivity of air is relatively low. As
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such, the presence of air films at the interface may significantly impact the uniform heat
flux distribution and the apparent thermal resistance. Hence, it is recommended that good
contact be established between the plates and the flat surfaces of the material (Salmon,
2001); thereby, limiting the assessment of fibrous materials. Thus, herbaceous materials
such as baled switchgrass must have a high enough density to minimize the natural
convection heat transfer within the material. Due to these reasons, the hot plate method is
typically not recommended by the ASTM standards for moist biological materials.
3.3.4.4 Transient State
Many of these concerns are eliminated through the use of transient methods which
include hot wire, single and dual heated probes which have previously been reviewed by
several authors (Hooper and Lepper, 1950; Ingersioll et al., 1954; Nix et al., 1967). The
prolonged measurement time (4-24 h) of steady-state methods could become a significant
concern as the characteristics of lignocellulosic biomass are known to undergo
deteriorative changes when exposed to elevated temperatures for extended periods. In
addition, moisture transfer and natural convection within the material further complicate
the use of the steady-state method. Hence, the transient line source method is generally
considered to be better suited than the steady-state method (Lobo and Cohen 1990).
As such, the heated probe method has become commonly accepted for evaluating
the thermal conductivity and thermal diffusivity of various biological materials, which
limits the loss and migration of moisture. Line source probes involve measurements of
the heat dissipation from a line heat source of known power. Transient methods, such as
line source probes, require measurements of the temperature at specified locations within
the material over time. The single probe method provides an assessment of the thermal
conductivity, while the dual probe method further provides an assessment of the thermal
diffusivity and heat capacity.
Transient heat flow methods were used by Hooper and Lepper (1950) to
determine thermal conductivity using a simple line heat-source (a heated wire) which has
become a common method for the evaluation for many biological materials (Bilanski and
Fisher, 1976; Chang et al., 1980; Suter et al., 1975). The accuracy of the transient method
is generally reported between ± 2 to 10 % for various biological materials (Sweat, 1976;
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Wallapapan and Sweat, 1982). Hence, the transient method is generally considered to be
an efficient and effective method for evaluating the thermal conductivity and thermal
diffusivity of moist materials (Butts, 1990). Accordingly, transient methods for
determining thermal conductivity in solid and porous materials have been developed
extensively for use in soils (Blackwell 1956; De Vries and Peck 1958). Hence, the heated
probe method is considered to provide rapid and practical measurements for various
biological materials. Therefore, the current study investigates the use of transient
methods for measuring the thermal properties of baled biomass.
3.3.4.5 Single Probe Technique
The line source method is a widely implemented transient-state method that uses a
bare wire or probe as a heating source. Hooper and Lepper (1950) are credited with
developing the original thermal conductivity probe; while the first application to find
widespread use was reported by Jackson and Taylor (1986) for soil applications. The
thermal probe has also become a common transient method for many agricultural
materials (Mohsenin, 1980). In fact, the line heat source method has been considered a
more accurate technique for assessing the thermal conductivity of moist biological
materials (Dutta et al., 1988; Yang et al., 2002). The line heat source method has also
been applied with apples (Ramaswamy and Tung, 1981), liquids (Asher et al., 1986),
sugarbeet roots (Tabil et al., 2003) and other various food samples (Sweat and Haugh,
1974); typically as functions of the temperature.
The line source method is based on the theory of an infinitely long and
infinitesimally thin line source of heat located along the axis of a homogeneous,
cylindrical medium of infinite length (Lobo and Cohen, 1990). In particular, this
technique aims to measure the rate that heat is conducted away from the probe. Hence,
this method involves the solution of the Fourier heat conduction equation in terms of a
semi-infinite line heat source (large length-to-diameter ratio). In practical applications, a
high-thermal conductive probe is electrically heated while the subsequent temperature
rise within the homogeneous and isotropic media is measured by thermocouple. Thus, the
probe consists of both a heating and temperature sensing element. The heat source is
supplied with a constant rate of heat that is typically monitored by the application of a
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known voltage through a calibrated resistor. In principle, the heat generation rate in the
hot wire is given by:
Q = I2 R

[3.3.15]

where: Q = heat generation rate (W); I = electric current (A); and R = electric resistance
(Ω).
A measurable temperature difference may be attained with sufficient power input
to the wire over a specified time. Accordingly, a sufficient temperature rise was attained
in wheat with a current of 560 mA (Kazarian and Hall, 1965), 800 mA was sufficient for
sorghum (Sharma and Thompson, 1973), and 528 mA was effectively used with wheat
samples (Chandra and Muir, 1971); while Jasansky and Bilanski (1973) reported no
significant difference for sorghum over a wide range of currents.
This constant heat flux emanating from a small, cylindrical, heat-source typically
results in a small rate of temperature rise along the probe which is monitored by a
thermocouple. Thus, the temperature change in the wire is measured as heat flows out
radially from the wire into the sample as depicted in Figure 3.3.2. The amount of heat
that is transferred into the surrounding material can be deduced by comparing the
temperature increase to the amount of heat applied to the probe. The temperature of the
probe is directly related to the heating time according to the theoretical solution for a line
heat source (Bristow et al., 1994; Campbell et al., 1991; DeVries and Peck, 1958; Reece,
1996).

Figure 3.3.2. Radial heat flow from a line heat source in a porous medium.
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An analysis of the temperature response and heat dissipation allows for the
determination of the relevant thermal properties for a known voltage applied to the probe.
The time response of the temperature change is specifically a function of the thermal
conductivity of the material (Yang, et al., 2002). Therefore, the thermal conductivity can
be determined on the basis of Fourier's Law, considering the measured and known
uniaxial heat flux, the specimen thickness, and the contact surface temperatures (Nusier
and Abu-Hamdeh, 2003; Reid, 2005; Salmon, 2001). The temperature rise at a point
close to the line heat source can be expressed by the solution of the transient heat
conduction equation as follows (Hooper and Lepper, 1950):

T2 − T1 =

Q

4πk

t

ln � 2 �
t1

[3.3.16]

where: T = temperature (K); t = time (s), Q = line source strength (W m-1); k = thermal
conductivity of the sample (W m-1 K-1); and the subscripts 1 and 2 are the initial and final
conditions; respectively.
This equation describing the temperature rise at a line heat source can be
rearranged in terms of the thermal conductivity as follows:

k=

Q

4π(T2 −T1 )

t

ln � 2 �
t1

[3.3.17]

where: k = thermal conductivity (W m-1 K-1); Q = line source strength (W m-1); T =
temperature (K); t = time (s); and the subscripts 1 and 2 are the initial and final
conditions; respectively.
Probe length and diameter are important in avoiding errors caused by axial heat
flow. Blackwell (1956) used a numerical example to demonstrate an analytical analysis
of the axial heat flow error with the use of probe methods for determining thermal
conductivity. Errors attributable to axial heat flow would result in a higher measured
thermal conductivity. However, this numerical evaluation does not consider thermal
conductivity measurement error caused by heat conduction from the heated probe
through the connecting wires of the heating element and the thermocouple. Thus,
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transient techniques typically require careful calibration in order to account for the
thermal resistance at interfaces, as well as, heat conduction through the connecting
elements.
3.3.4.6 Dual Probe Technique
The dual-probe heat-pulse method allows for simultaneous determinination of the
thermal conductivity, thermal diffusivity and specific heat. This methodology has
emerged in recent years as a potentially useful measurement technique due to recent
theoretical developments and the availability of instrumentation with the required
accuracy and versatility. As discussed here, these recent technological developments
provide the potential to determine the thermal properties of porous materials accurately
and reliably.
The utility of a single probe apparatus was further developed by Nix et al. (1967,
1969) with the introduction of an additional temperature sensor placed a known distance
from the conductivity probe. This development allowed for the simultaneous
determination of the thermal diffusivity which has been applied to grain dust (Chang et
al., 1980), granular starch (Marousis et al., 1991), organic waste (Iwabuchi et al., 1999),
peanut pods, hulls and kernels (Suter et al., 1975), rapeseed (Moysey et al., 1977), rice
bran (Sreenarayanan and Chattopadhyay, 1986), soil studies (Bristow et al., 1993, 1994;
Campbell et al., 1991; Kluitenberg et al., 1993; Larson, 1988) and tomato juice
concentrates (Choi and Okos, 1983) among others.
The ability to measure both of these terms is indeed valuable because thermal
conductivity is simply the product of the two parameters. As such, the specific heat was
also determined for each of these materials based on the measured values of thermal
conductivity, thermal diffusivity and bulk density (Baik and Mittal, 2003; Marousis et al.,
1991; Moysey et al., 1977; Suter et al., 1975).
The dual-probe heat-pulse method implements analytical solutions of the
conduction heat transfer equation to provide the simultaneous determination of thermal
conductivity and thermal diffusivity. The instrumentation consists of two closely-spaced,
parallel probes; with one serving as a heating element and the other allowing for the
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observation of the temperature at a nearby location. The temperature at this secondary
sensor location is recorded as a function of time during the application of the heat pulse.
The resulting plot of wire temperature versus the logarithm of time can then be
used to determine the thermal conductivity, with the slope of the straight line representing
the thermal conductivity of the material as follows (Slusarchuk and Foulger, 1973):

S=

T2 −T1
ln(t2 ⁄t1 )

[3.3.18]

where: S = slope (K); T = temperature (K); t = time (s); and the subscripts 1 and 2 are the
initial and final conditions; respectively.
In this case, the thermal conductivity can be evaluated according to the
procedures proposed by Sharma and Thompson (1973) and Chang (1986) who both used
the maximum slope (Wang and Hayakawa, 1993) in the line heat source equation as
follows:

k=

Q

4πS

=

I2 R

[3.3.19]

4πS

where: k = thermal conductivity (W m-1 K-1); Q = line source strength (W m-1); I =
current (A); R = heating wire resistance (Ω m-1); and S = slope (K) determined from the
data points. This method essentially provides a measure of the thermal diffusivity; which
will be discussed in further detail in the proceeding section of this report.
In practice, the medium to be measured has a finite size, while the line heatsource may be considered to have a finite length and mass. No axial heat flow is
presumed to occur with this method due to the length of the heat source and relatively
short testing duration. However, a time correction factor (t0) may be subtracted from the
observed time in order to compensate for the finite diameter of the line heat-source.
Modifying the equation to account for this correction term yields (Hooper and Lepper,
1950):

k=

Q

4π(T2 −T1 )
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t −t0

ln � 2

t1 −t0

�

[3.3.20]

Note that this time correction factor can be determined by trial and error from
experimental data, which ensures a straight line for the temperature versus logarithm of
time.
The transient method is based on one-dimensional linear heat transfer conditions
and allows for the thermal diffusivity to be determined from the measured temperature
data over a specified time at a known distance from the line heat source. This technique
assumes that: 1) the probe is sufficiently long for one-dimensional radial heat flow with
negligible probe diameter; 2) the probe has an inﬁnite thermal conductivity compared to
the thermal conductivity of the medium; 3) the heat generation in the probe remains
constant after initiation; and 4) the medium extends infinitely in the radial direction.
These assumptions have generally been considered adequate in terms of accurately
measuring thermophysical properties (Fontana et al., 2001). Based on these assumptions,
the temperature at any given radius can be expressed as (Carslaw and Jaeger, 1959):

T=

Q

4πk

Ei �−

r2

4αt

�

[3.3.21]

where: T = temperature (K); Q = power input (W m-1); k = thermal conductivity (W m-1
K-1); Ei = exponential integral; r = radial distance from line heat source (m); α = thermal
diffusivity (m2 s-1); and t= time (s). Nix et al. (1967) also expressed the thermal
diffusivity according to the following expression:

∆T =

I2 R

2πk

�−

Ce
2

− lnβ +

β2

2∙1!

−

β4

4∙2!

+⋯�

[3.3.22]

where: ΔT = temperature rise of secondary probe (°C); Ce = Euler’s constant (0.577215);
β = r⁄2√αt (dimensionless); r = radial distance between probes; and t = heating time (s).
These approaches are based on the Fourier heat conduction equation in terms of

the temperature distribution when energy is introduced into a system via an infinite line
source with heat transfer occurring by conduction. The heat conduction in a
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homogeneous and isotropic sample can be expressed by the following governing equation
(in cylindrical coordinates) assuming negligible end effects and hot wire mass:
δT
δt

δ2 T

= α�

δr2

+

1 δT
r δr

�

[3.3.23]

where: T = sample temperature in the cylinder (°C), t = time (s), r = radial distance from
the heat source (m); and α = thermal diffusivity (m2 s-1). Heat capacity can also be
estimated based on the maximum temperature rise at a known distance from the heat
source using the dual probe method (Campbell et al. 1991). As such, the heat capacity is
inversely proportional to the magnitude of the maximum temperature change according
to the following expression:

C = ρc =

Q

eπr2m ∆Tm

t

ln � 2 �
t1

[3.3.24]

where: ρ = mass density (kg m-3); c = mass heat capacity (kJ kg-1 K-1); Q = power
supplied to probe (W m-1); C = volumetric heat capacity (kJ m-3 K-1); e = base of the
system of natural logarithms; rm = fixed distance from heating probe, probe spacing (m);
and ΔTm = maximum temperature rise (K).
Hence, the thermal diffusivity and heat capacity can be directly calculated using
the dual probe method. Furthermore, the thermal conductivity can be calculated using
both of these values and the density of the material.
3.3.5

Method Selection for Current Study
Kluitenberg et al. (1993, 1995) addressed in detail several drawbacks associated

with dual-probe measurement methods which may lead to deviation from the actual
values of these thermal parameters. In particular, the dual probe method is sensitive to the
probe spacing with significant variation attributed to errors in measuring the radial
distance between the probes, variations in the local air-pathways, and inherent biological
variations of the material. Reliable average values of the thermophysical properties may
be obtained with additional thermocouples, replications and/or probes. Contact resistance
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errors (Steinmanis, 1982) and moisture migration errors (Philip and deVries, 1957) may
also result in poor agreement with true values (Bristow et al. (1994). This may be
attributed to the dependence on the probe-to-medium contact, in which case, an air gap
around the probe may lead to significant errors. Deviations from ideal boundary
conditions generally require high accuracy in measuring the temperature with carefully
calibrated correction factors (Mohsenin, 1980).
Moreover, high temperature measurements are especially prone to error due to the
greater thermally induced moisture movement within the sample, which may be caused
by increased temperature gradients as well as from the probe line heat source. Localized
drying around the probe may also have a significant effect particularly at higher
temperatures, where the heat transport is governed by the latent heat. Although a small
diameter probe may provide a better approximation of a line heat source, the drying
conditions near the interface could pose signiﬁcant issues, particularly with large power
inputs. As a result, lower thermal conductivity measurements are common with probe
methods. Woodside (1958, 1959) suggested larger probe diameters with lower power
inputs could compensate for the lower thermal conductivity measurements. The problems
associated with contact resistance and moisture migration are minimized when all pore
space is filled by a liquid. Using a saturated medium reduces the number of factors that
are sources of error. Thus, concerns about contact resistance and moisture migration are
minimized, and the validity of the infinite line-source solution permits for measurement
with this technique.
The transient method has the advantage of providing rapid results without the
need for the direct measurement of heat flux. In fact, most transient techniques are quick
and portable with probes generally imposing only minimal disturbance in the medium.
Probe methods also provide the ability to take repeated measurements while requiring
relatively small sample sizes. The benefit of dual probe techniques, relative to the single
probe approach, is the ability to measure all of the main thermophysical properties
including thermal conductivity, thermal diffusivity and heat capacity. Thus, the dualprobe method shows great promise for the evaluation of the thermophysical properties of
porous, biological materials such as baled switchgrass.
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3.3.6

Thermal Properties of Biomass
The reliability and accuracy of the heated probe method has been demonstrated

with various soils, grains and forages throughout the available literature. In fact, the
heated probe method was found to be the most effective method for soils (Mitchell and
Kao, 1978) with subsequent adaptations for field use (Goodrich 1986; Slusarchuk and
Foulger 1973). The heated probe method has previously been used in determining the
thermal conductivity of various soils including loam (Sepaskhah and Boersma,1979) and
sand (Bush et al., 1979); while the deVries theory (DeVries, 1963) has been successfully
applied to mineral soils (Skaggs and Smith, 1968). Tollner and Verma (1984, 1987) also
presented an analytical procedure for determining the thermophysical properties of
organic potting mixes (pine bark-sand) based on a steady-state approach involving a line
heat source. However, significant errors resulted due to the diffusion of water vapor when
testing required extended periods of time.
Successful application of the transient method has also been reported for various
sands (Butts, 1990), mineral soils (Abu-Hamdeh and Reeder, 2000; Campbell et al.,
1991) and clays (Bristow et al., 1994, Hiraiwa and Kasubuchi, 2000). The dual probe
method has also been used to evaluate the fundamental thermophysical properties of high
moisture materials including bentonite slurries, industrial sludges, peat soils and solid
wastes (Hanson, 2000). Thermal conductivity generally varies with the organic matter
content, salt concentration, texture of the material and water content. In fact, the thermal
conductivity is widely reported to be positively correlated with the moisture content and
bulk density of the material. Results of these studies have also indicated that the thermal
conductivity of organic soils is typically lower than soils with sand and silt due to the
large void ratios which prevent effective heat transfer (Hanson, 2000). Fibrous material
also has higher thermal conductivity than sedimentary material due to the structural
framework of the material. Organic soils typically have higher values of heat capacity
compared to sands and silts due to the inherently high water concentration within the
organic components.
The thermophysical properties of various organic materials such as grain have
also been determined using a variety of methods. Early research in this field involved the
solution of the one-dimensional, steady-state heat transfer equation for various grains
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held in cylindrical test chambers (Babbitt, 1945; Bakke and Stiles, 1935; Dua and Ojha,
1969; Moote, 1953; Ojha et al., 1967). Specific heat has also been determined for a
variety of grains primarily using the ice calorimetry method (Babbitt, 1945; Disney,
1954; Haswell, 1954; Moote, 1953; Pfalzner, 1951). Likewise, Sharma and Thompson
(1973) evaluated the thermal conductivity and specific heat of grain sorghum using the
line heat source theory and method of mixtures, respectively. The specific heat and
thermal conductivity were expressed as functions of the moisture content as follows:
C = 0.3337 + 0.0077 ∙ M

[3.3.25]

K = 0.0564 + 0.000858 ∙ M

[3.3.26]

where: C = specific heat (Btu lb-1 °F-1); K = thermal conductivity (Btu hr-1 ft-1 °F-1) and M
= moisture content (%-wb).
The thermal diffusivity of rapeseed was also measured over variable temperatures
and moisture contents, while calculating the corresponding values of thermal
conductivity (Timbers, 1975) and specific heat (Moysey et al., 1977). The line heat
source method has also been used to evaluate the bulk thermal conductivities of wheat,
corn and grain sorghum at variable densities (Brooker et al., 1992; Chang, 1986). The
thermal conductivity has been expressed as a linear function of density in the general
form:
k = C1 + C2 ρ

[3.3.27]

where: k = thermal conductivity (W m-1 K-1), ρ = bulk density (kg m-3); and C1 and C2 =
coefficients which were determined by linear regression analysis.
The line heat source method was also used to evaluate the thermal conductivities
of barley, lentils and peas which were subsequently related to temperature and moisture
content (Alagusundaram et al., 1991) according to the general linear equation:
k=a+b∙T+c∙M
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[3.3.28]

where: k = thermal conductivity (W m-1 K-1); a, b, c = empirical constants; T =
temperature (K); and M = moisture content (%-wb).
The fundamental thermophysical properties of borage seeds were also determined
at various moisture contents and temperatures (Yang et al., 2002) using the transient line
heat source technique and differential scanning calorimetry, respectively. The maximum
slope method was used to analyze the line source heating data with the specific heat and
thermal conductivity expressed as:
Cp = 0.58 + 7.36(10−3 )T − 4.11(10−5 )T 2 + 3.04(10−2 )M + 1.81(10−4 )M2 +

6.40(10−4 )T ∙ M − 1.49(10−5 )T ∙ M 2

[3.3.29]

k = 0.097 + 1.285(10−4 )T + 1.868(10−3 )M + 1.951(10−4 )T ∙ M

[3.3.30]

where: Cp = specific heat (kJ kg-1 K-1); k = thermal conductivity (W m-1 K-1); T =
temperature (K) and M = moisture content (%-wb).
The specific heat model previously developed by Yang et al. (1997) was found to
fit the specific heat data well; which further confirmed the practicality of the model for
seed and grain applications. The fundamental thermophysical properties of strip tobacco
were also evaluated as functions of the moisture content (Locklair et al., 1957), with the
specific correlation between thermal conductivity, moisture content and bulk density later
given as (Samfield and Brock, 1958):
k = 0.020 + 0.001M + 5.126(10−5 )ρ

[3.3.31]

where: k = thermal conductivity (W m-1 °C-1), M = moisture content (%-wb); and ρ =
bulk density (kg m-3).
The thermal conductivity of shredded flue-cured tobacco (Sykes and Johnson,
1973) and fibrous sheets of processed tobacco (Kobari et al., 1985) were likewise
measured using the line heat source method. In general, results have indicated that the
effective thermal conductivity is linearly related to the moisture content, but is

111

significantly higher in the direction parallel to the fiber orientation. Ott (1964) also
determined the thermal diffusivity of baled alfalfa hay assuming one-dimensional heat
transfer within an infinite plate; with results indicating that thermal diffusivity decreased
with increasing bale density according to the following regression equation:
α = 0.6014 − 0.001295 · ρ

[3.3.32]

where: α = thermal diffusivity (m2 s-1) and ρ = density (kg m-3). However, lower densities
within the specified range exhibited deviations due to the presence of air in the material
which governed the variability. Furthermore, the specific heat increased at high moisture
contents and decreased at high densities due to the transitions from bound water to free
water. The resulting regression model for specific heat was given as:
C = 2.10 − 0.281(10−2 )ρ + 0.466(10−1 )M

[3.3.33]

where: C = specific heat (kJ kg-1 K-1); ρ = density (kg m-3) and M = moisture content (%wb). The thermal conductivity of burley and flue cured tobacco lamina were also
determined by Duncan et al. (1966) and Childs et al. (1983), respectively.
The thermal diffusivity of a single alfalfa stem was also measured at constant
moisture content and density (Ford and Bilanski, 1969); while the specific heat and
thermal conductivity of alfalfa silage was investigated using the steady-state method at
variable moisture content and density (Scermely, 1975). Results indicated a linear
correlation between thermal conductivity and the moisture content and bulk density of the
silage.
Studies have also reported strong correlations between the moisture content and
specific heat of ground alfalfa (Bern, 1964; Mohsenin, 1980) according to:
Cp = 0.22 − 0.0142 M

[3.3.34]

where: Cp = specific heat (cal g-1 m-1 °C-1); and M = moisture content (%-wb) which is
valid between 4 and 20 %-wb. However, the implementation of such an equation in the
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current application of baled switchgrass would necessitate an assumption that the bale/air
mixture is a single solid with water representing the secondary material. This assumption
could be valid in those cases exhibiting minimal natural convective currents due to
elevated densities, but would need to be modified for forced ventilation models.
Muck et al. (1983) also predicted the specific heat of alfalfa haylage using a
weighted average of the specific heat of water and that of the dry matter. Measured
values of the thermal conductivity (parallel plate method) and thermal diffusivity
(Dickerson’s method) have also been used to indirectly determine the specific heat of
haylage (Jiang et al., 1986). Although the results indicated a significant moisture content
and bulk density effect on thermal conductivity, less significant correlations were
observed for thermal diffusivity. The following correlations were reported for each
fundamental thermophysical property in terms of the moisture content and bulk density as
follows:
Cp = 2.2573 − 3.237(10)−3 ρw + 1.197(10)−4 ρw M

[3.3.35]

α = 1.829(10)−2 − 9.22(10)−5 ρw + 0.6(10)−7 ρ2w − 1.08(10)−6 M 2 [3.3.36]

k = 2.236(10)−1 − 3.074(10)−4 ρw − 1.061(10)−3 M + 8.16(10)−6 ρw M

[3.3.37]

where: Cp = specific heat (kJ kg-1 °C-1); α = thermal diffusivity (m2 s-1); k = thermal
conductivity (W m-1 °C-1); ρw = wet density (kg m-3); and M = moisture (%-wb).
However, haylage has a different material composition compared with that of baled
biomass feedstocks.
The thermal conductivity and thermal diffusivity of burley tobacco bales were
measured simultaneously by Casada and Walton (1989a, 1989b) using a dual thermal
probe. Although biological variation of the material and probe fabrication uncertainties
resulted in some variation in the thermophysical assessment, these thermophysical
properties were expressed as functions of the moisture content and bulk density. In fact,
thermal conductivity increased linearly with moisture content while specific heat
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decreased. The thermal conductivity was also reported to be linearly correlated with bulk
density; although to a greater extent within the parallel orientation. In this case, the
effective thermal conductivity was significantly higher in the parallel orientation due to
the heat conduction through continuous solid leaf material, while the perpendicular
orientation involved heat conduction through successive air spaces. Likewise, the center
of the baled yielded the highest values of thermal conductivity since the oriented leaves
resulted in higher density at the center of the bale. However, the effects of temperature
were generally considered negligible in this study.
The thermal diffusivity of alfalfa was measured by Moore and Bilanski (1992) at
a range of moisture contents (30 to 80 %-wb) and densities (200 to 500 kg m-3) while
estimating the thermal conductivity. A multiple regression model was fitted to the data
which was found to be consistent with previously reported thermal properties of alfalfa.
The thermophysical properties of baled timothy hay have also been evaluated using the
dual thermal probe method at variable temperatures, moisture contents and bulk densities;
while specific heat was measured using the method of indirect mixtures (Opoku, 2004,
2006). Multiple regression models were developed to predict thermal conductivity and
diffusivity using the initial hay temperature, moisture content and bulk density. The
measured specific heats were higher than the calculated values, but generally increased
with temperature and moisture content while decreasing with bulk density.
Thermal conductivity of timothy hay was also measured by Iroba (2013) based on
the line source method with the results indicating significant temperature, moisture and
density effects. Thermal conductivity was positively correlated with each of the
independent parameters; while thermal diffusivity exhibited a nonlinear relationship
between these material properties. The specific heat capacity was also estimated from the
measured values to produce the following regression equation as a function of moisture
content:
Cp = 0.1929M − 0.5266
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[3.3.38]

where: Cp = specific heat (kJ kg-1 °C-1) and M = moisture content (%-wb). The specific
heat values increased with temperature and moisture content; but decreased with bulk
density.
The results obtained to date support the validity of the transient, line-source
theory while substantiating further use of the dual-probe method in porous, biological
materials. As noted in this review, previous studies have also indicated that the
temperature and moisture content significantly affect thermal conductivity measurements.
In fact, increases in the moisture content generally produce greater values of thermal
conductivity and specific heat. While thermal conductivity generally increases linearly
with temperature, moisture content and bulk density; the thermal diffusivity typically has
a nonlinear relationship with these parameters.
3.3.7

Practical Applications
The thermophysical properties of many agricultural and lignocellulosic materials

remain unavailable in the current literature. In fact, there is currently no data available for
baled biomass feedstocks. The empirical relationships that describe these thermal
properties as functions of the inherent physical characteristics of the material must also
be developed for baled switchgrass to enable prediction of the heat or moisture transfer
within bales. Therefore, a major objective of this study involved the determination of the
relevant thermophysical properties of baled switchgrass as functions of temperature,
moisture content, bulk density and physical orientation of the material. This involves
measurement of the thermal conductivity and thermal diffusivity using a transient, dualprobe, line heat-source method with the maximum slope approach. The specific heat as
calculated from the thermal conductivity and thermal diffusivity values was also
validated.
The thermal conductivity is expected to increase with increasing moisture content,
bulk density and temperature to a lesser extent. On the other hand, relatively small,
nonlinear variation in the thermal diffusivity is expected with changes in the moisture
content and bulk density. Convective heat transfer is also expected to be minimal with
high bulk densities; although this inverse trend, and the effect of moisture migration, will
both be accounted for in the ‘effective’ thermal conductivity term. Heat flow is also
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expected to vary according to the directional orientation through the bale since different
mechanisms of heat transfer will arise due to the stem orientation within the bales. Local
density variation within the bales may also affect the measurement of the thermophysical
properties.
These thermal properties are essential in developing accurate analytical and
empirical models of the heat and mass transfer in densified biomass; designing optimal
drying, storing and bioconversion operations; and improving production efficiency,
thereby, increasing economic return for farmers and processors. Accurate
characterization of the physical properties of lignocellulosic biomass must be pursued to
improve the engineering analysis and design of storage and/or processing facilities.
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3.4

Heat and Mass Transfer
Baled feedstocks may be stored on-farm or at bioconversion facilities for

extended periods of time (up to one year) in order to bridge periods between production
seasons. These prolonged storage periods necessitate a high degree of control over the
associated storage conditions. In general, baled biomass is considered a complex domain
involving unique physical, chemical and/or biological systems. Even in covered storage,
fluctuations in the ambient air temperature and/or relative humidity may prompt specific
changes in the physical characteristics (i.e., porosity, moisture absorption, etc.) and the
biochemical reactions (i.e., microbial activity, overall bale quality, etc.) of baled biomass
during storage, transportation and/or bioconversion. The temperature and moisture within
the biomass may consequently vary throughout storage to a significant extent.
Accordingly, the temperature and moisture content are known to be influenced by
specific environmental conditions (i.e., air temperature, relative humidity, solar radiation,
air flow, etc.), the properties associated with the hygroscopic material itself (i.e., bulk
composition and thermophysical properties of the material, natural convection
characteristics), and the microbial activity which may lead to localized heating within the
bulk material. Convective heat and moisture transfer may be dominant due to forced
and/or natural air flow; while heat conduction may also cause temperature fluctuations
which affect the material’s ability to adsorb/desorb moisture. In turn, the moisture content
of the biomass may strongly influence the degradation of the material; with optimal
feedstock and/or biofuel quality achieved through the removal of moisture.
While the low moisture content required for the safe storage is difficult to attain
through traditional field operations; artificial drying presents several problems associated
with moisture heterogeneity, over-drying, and non-uniform air distribution within bales
(Arinze et al., 1994). The thermal efficiency associated with forced-air techniques may be
improved with partial air recirculation, airflow inversion and by heat reduction
(Descôteaux and Savoie, 2003), but the energy demands are typically uneconomical (Hill,
1976; Muck and Shinners, 2001). Hence, a compromise must be made between the high
energy requirements for moisture removal and the increased susceptibility to quality
losses that arise through exposure to adverse weather conditions (Hill, 1976; Parker et al.,
1992; Wirleitner, 2010).
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The importance of heat and mass transfer within capillary porous materials has
been extensively studied due to its wide array of practical applications. In fact, various
agricultural products (e.g., wood and grain) have been modeled as porous hygroscopic
materials with model developments generally based on mechanistic approaches. In these
studies, the transfer phenomena are either derived from non-equilibrium thermodynamic
principles or from macroscopic descriptions of Fourier’s and Fick’s laws (Liu, 1990). A
model is essentially an abstract, simplified mathematical construct (or system) which
represents the relevant features of a physical phenomenon (Bender, 1978). It should also
be recognized that the application of such a theory must be consistent with the axioms
and theorems that have been used in its formulation and interpretation.
Although many studies have investigated the deterioration and weathering of
forage bales, few studies have researched the heat and moisture transfer within baled
biomass. The development of a comprehensive heat and mass transfer model is expected
to play a critical role in developing postharvest quality models for baled biomass.
Boundary conditions are also expected to influence the heat, mass and momentum
transfer within baled biomass. Changes in temperature can be modeled as heat transfer
due to conduction, convection or a combination of both mechanisms; while the total
moisture flux (including thermally-induced mass transfer) may be accounted for by some
form of the diffusion theory. It may also be noted that convective boundary conditions
may increase the temperature gradient across a porous material; thereby, contributing to
the development of natural convection currents and the associated heat transfer which is
of particular interest in the current study for baled switchgrass.
The current study is specifically concerned with describing the moisture and
temperature transfer within baled switchgrass; while accounting for natural convection,
fluid flow and the rapid effect of microbial heating within the bale. However, various
environmental factors (e.g., rainfall and solar radiation) will be neglected as the present
model represents a controlled environmental system in the absence of these
environmental factors. Therefore, the development of a relevant heat and mass transfer
model for baled switchgrass is suggested in the current study in order to promote efficient
storage and/or bioconversion, establish optimal storage conditions and bale quality, as
well as, to predict changes in the temperature and moisture content of baled switchgrass.
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The underlying theories and fundamental mechanisms governing the drying and/or
wetting of porous materials is discussed in this review, followed by an outline of
modeling theory for porous media with particular reference to diffusion theory. Currently
available models found in literature are also presented for various agricultural and
biological applications. The topics discussed in this review are considered fundamental in
obtaining suitable ‘constitutive’ equations for heat and mass transfer simulations within
baled biomass.
3.4.1

Temperature and Moisture Migration
Switchgrass (Panicum virgatum) has been identified as a lignocellulosic crop

representing great potential as a substrate for the sustainable production of cellulosic
ethanol (Tilman et al., 2009). Safe storage of switchgrass dictates that the moisture
content should generally remain below 18 % under typical storage conditions (Mitchell
and Schmer, 2012). However, seasonal variations in the ambient temperature may result
in the migration or redistribution of moisture within the biomass that jeopardizes storage
stability. In fact, a localized increase in moisture content may result in an environment
conducive to microbial and fungal growth under certain conditions. Temperature and
moisture are accordingly the most important factors governing the storage quality of
biomass. Agricultural forages such as switchgrass generally contain liquid water within
the vascular bundles (interstitial) and the cells themselves (bound), as well as, water
vapor in the intercellular spaces. The amount of water initially contained within
switchgrass may vary depending on specific environmental factors, as well as, the plant
variety, maturity, quality and storage format among other factors.
Pore-scale diffusion characteristics are also discussed briefly in this review since
a basic understanding of pore-scale mechanics is necessary for describing relevant
macroscale phenomena. In accordance with this topic, capillary tube geometry may be
considered an idealization of the actual pore-scale media represented as a set of parallel,
straight tubes; while tortuosity accounts for the complexity of those capillary paths.
Hence, tortuosity compensates for the ideal approximation by increasing the length of the
parallel, straight pores; which is particularly significant in media with a homogeneous
pore size (Epstein, 1989; Grathwohl, 1998). Likewise, constrictivity addresses the
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narrowing of the effective pore size which may significantly reduce the associated flow
rate through the media. However, the heterogeneity of agricultural material often
prevents an analytical description of the complete distribution of particles, aggregates and
pore spaces. Hence, an implementation of such elaborate spatial models (e.g., the
geometry of every pore) is typically unfeasible.
For these reasons, descriptions of the average/bulk properties are often used to
characterize a porous material (e.g., substrate bulk density accounts for the porosity);
while chemical and/or biological processes are often averaged and expressed as empirical
functions. It may be similarly be assumed that there is only one temperature for the entire
porous medium; thereby implying that separate phases are in thermal equilibrium.
Although a model based on such relevant assumptions (material geometry, functional
representation of diffusivity, etc.) can provide a general representation of a porous media,
a more realistic representation of the porous matrix is important in accurately modeling
anisotropic media. Although previous studies have typically involved homogeneous and
isotropic porous structures, non-homogeneous and anisotropic effects have received some
attention in recent years.
A fundamental knowledge of the temperature transfer and moisture migration
occurring within biomass is necessary for the design and management of an effective
storage operation with respect to the variable material properties and environmental
conditions. While moisture transfer has been the subject of numerous agricultural studies,
most of this research considers bulk/batch drying involving the average effect on a
relatively large quantity of material. Therefore, moisture movement occurring within
distinct units of the agricultural material must be considered in order to provide a
thorough understanding of the thermophysical properties. Moisture transport within
porous bodies and biological materials have been described by many theories including
the moisture transport through intercellular spaces and the interaction between the
biomass and the surrounding air (Fortes and Okos, 1980). However, the moisture
movement between a crop and its environment is generally reported by three interrelated
processes including diffusion, evaporation and condensation (Hill, 1976; Moore &
Peterson, 1995). Brief descriptions of these physical processes are presented here to
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provide a basic understanding of the wetting, drying and associated temperature transfer
phenomena occurring within porous media.
3.4.1.1 Diffusion Theory
Diffusion describes the process by which a fluid migrates from high moisture
regions to low moisture regions through the capillaries, vessels and cellular walls within a
porous media due to an imposed concentration gradient. Grathwohl (1998) has also
described diffusion as a mass transport process arising from Brownian motion (random
thermal molecular motion). This diffusion of moisture through a porous medium depends
on the amount of water present and the matric potential describing the water-holding
force within capillaries and surfaces of the material (Parr et al., 1981; Miller, 1989). More
specifically, longitudinal diffusion occurs as water is transported through the fibers; while
transverse diffusion results in the progressive crossing of several cavities.
Suggested mechanisms of moisture transfer include: 1) liquid transport by
capillary forces (i.e., moisture gradients, molar transport, molecular diffusion); 2) vapor
transport by temperature and moisture gradients (i.e., thermal and mass diffusion); and 3)
liquid and vapor transport by pressure differences (Parry, 1985).
Liquid diffusion formed the basis of early drying theories (Lewis, 1921;
Sherwood, 1929); although this term may be somewhat misleading since the traditional
definition refers to those processes occurring on a molecular level (e.g., mixing of gases).
While ‘true’ liquid diffusion may indeed occur within a porous solid due to the existence
of concentration gradients of a liquid mixture, the flow of liquid through a porous
medium is actually the result of complicated phenomena involving the surface tension of
the liquid and vapor properties of the solid structure. Vapor diffusion may also occur as a
result of a vapor pressure gradient within the porous solid. This mechanism has been used
in the formulation of several theories limited to the latter stages of drying (Harmathy,
1969; King, 1968). In contrast, capillary liquid movement is driven by surface tension
forces which represent an important role in those regions of a porous solid containing
continuous liquid paths. This mode of moisture transfer has been used in developing
several drying theories in combination with other mechanisms (Ceaglske and Hougen,
1937; Philip and DeVries, 1957; Van Arsdel, 1947). Liquid and/or vapor movement may

121

also occur in those situations involving large pressure gradients induced through the
porous solid (Chen and Pei, 1989; Whitaker, 1986). The movement of liquid by
gravitational effects is, however, negligible in porous bodies due to the large surface
tension effects which overcome the gravitational forces. This concept may be further
substantiated by relatively small values of the dimensionless Bond number which is
defined as:

Bo =

∆ρL2 g
σ

[3.4.1]

where: Δρ = difference in density (kg m-3); L = characteristic length (m); g =
gravitational acceleration (m s-2); and σ = surface tension (N m-1).
In general, the diffusion of moisture is controlled by both the internal biomass
resistance and the external resistance due to the boundary layer. Diffusion of the freely
available fluid within the intercellular spaces of the porous medium may specifically be
hindered by tortuous paths and small cross-sectional pore channels (Grathwohl, 1998). A
diffusion coefficient can be used to characterize this internal resistance to moisture
diffusion. Such terms are generally dependent on the temperature and moisture content
(Avramidis and Siau, 1987).
While diffusion coefficients are generally difficult to measure, predictive
equations have previously been formulated (Grathwohl, 1998). When the axial movement
of moisture through a fibrous media becomes inhibited, radial movement becomes the
major pathway for further moisture movement. However, the waxy epidermal layer on
plant stems severely restrains diffusion in the radial direction (Moore & Peterson, 1995).
Hence, removal of this epidermal layer can greatly increase moisture loss from grasses
(Haghighi, 1990). The rate of diffusion into the free atmosphere is also restricted by the
moisture concentration gradient, air resistance and stomata resistance in leaves (Hill,
1976).
3.4.1.2 Drying Theory
Drying is a heat and mass transfer phenomenon involving the migration of water
to the surface and subsequently evaporates depending on the current environmental
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conditions. Physical drying processes are now discussed in terms of a moist, porous,
semi-infinite slab stored within a controlled environment (fixed air temperature, humidity
and pressure) as shown in Figure 3.4.1.

Figure 3.4.1. Moisture movement during a drying process.
The water contained within the solid may be classified as either free water
(exerted vapor pressure is equivalent to the pressure to that of saturated liquid at the same
temperature) that exists within the void spaces; or bound water (vapor pressure is lower
than the pressure at saturated conditions) that is contained in very fine capillaries. A
sufficiently high initial moisture content may saturate the surface of the material; giving
rise to a constant rate phase of drying. In this phase, liquid evaporation is essentially
constant and equal to the evaporation from a free liquid surface. With materials of high
moisture content, the vapor pressure in the air over the solid is equivalent to the pressure
of saturated liquid at the same temperature. Continuous paths of liquid may exist with
capillary forces serving at the dominant mechanism of moisture movement in the ‘wet’
region of the porous medium (where free water exists). However, this intercellular
moisture is quickly removed during this initial phase as characterized by a rapid, almostconstant drying rate.
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The drying air within a sufficiently deep bed may become saturated in accordance
with the amount of water vapor that air can hold at a given temperature (Moore &
Peterson, 1995). Hence, drying air may emerge from the porous material near the wetbulb temperature; with the vapor pressure difference between the surface and ambient air
dependent on the internal air temperature and the ambient relative humidity of the
environment (Moore & Peterson, 1995). For individual particles, however, a constant rate
of drying will only be experienced in those cases involving a sufficiently high moisture
content which provides the surface layer of free water. In this case, the rate is only
dependent on the external conditions according to the following expression (BakkerArkema et al., 1976):
dM
dt

=�

h

hfg

� (T − Twb )

[3.4.2]

where: h = (volumetric) heat transfer coefficient (kJ m-3 °C-1 s-1); hfg = heat of
vaporization of free water (kJ kg-1); T = free stream temperature (K); and Twb = wet-bulb
air temperature (K).
As drying continues, a critical point is reached in which the water cannot be
conducted quickly enough to maintain a moist surface; resulting in the formation of dry
patches. In fact, the continuous paths of free liquid disappear during this sorption region;
with all remaining water existing within the cells. This remaining water is slowly moved
from the cells and into the intercellular space with an increased resistance to diffusion
that may be attributed to the cell walls and membranes. This reduced flux of water
corresponds to a slower drying rate (Hill, 1976) that can be considered to be directly
proportional to the area of the surface that remains normally wetted.
The drying rate is also dependent on the axial and radial fluid transfer rate along
the length of the stem and towards the surface of the material, respectively. This so-called
‘first falling rate’ period of drying continues until all wet patches disappear from the
surface, indicating that the ‘hygroscopic limit’ has been attained (Chen and Johnson,
1969). At this point, capillary theory dictates that the vapor-pressure lowering effect
becomes significant for capillary-porous bodies (Luikov, 1975); thus, marking the
initiation of the ‘second falling rate’ phase. Moisture transfer in this region occurs
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primarily as a result of vapor diffusion (water vapor diffuses from regions of ‘high’ to
‘low’ vapor pressures) and the movement of ‘bound’ liquid.
After reaching the plant surface, the moisture evaporates and moves away from
the porous medium by the principles of moisture diffusion. In accordance with this
theory, the moisture moves from the relatively high vapor pressure at the surface to the
low vapor pressure of the ambient air. Hence, the rate of drying increases with greater
vapor pressure deficits between the plant surface and ambient atmosphere. Sufficient
energy is needed for liquid water evaporation. In this case, the energy must be equivalent
to the latent heat of vaporization in order to overcome the bonds that are between
separate liquid water molecules. This energy may develop with a decrease in the material
and sorbed-moisture temperature, from heat generated by material respiration, and/or
from any heat that is conducted into the material. However, the enthalpy associated with
temperature change is typically neglected under the assumption that the air is near
dynamic equilibrium with the liquid phase and there is a negligible temperature
difference. Conversely, the vapor pressure gradient may reverse when the ambient
relative humidity is high (i.e., during rainfall or at night); thereby, condensing moisture
onto the plant surface and/or driving moisture back into the plant (releasing the same
amount of heat into the liquid phase).
The uptake of moisture by cotton bales has been described in terms of gaseous
diffusion through the pores of a solid body; although neglecting the role of temperature
gradients (Henry, 1939). The effect of temperature gradient on water movement within
soil was later evaluated by Gurr et al. (1952) using soluble tracers to distinguish liquid
and vapor transport. Results indicated that vapor moves to lower temperatures while
liquid moves oppositely as allowed by conducting water films. The driving force for
diffusion is generally attributed to moisture content gradients (Droin et al., 1988; Jia et
al., 2010; Vergnaud, 1991).
3.4.1.3 Sorption Theory
Local equilibrium between the biomass and the surrounding air requires cooler
and warmer regions of the biomass to gain and lose moisture, respectively. Accordingly,
a localized temperature increase will cause greater partial pressure of water vapor within
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the interstitial air. Thus, water vapor will diffuse from warmer to cooler regions of the
biomass due to the resulting vapor pressure gradient that is parallel to the temperature
gradient (Stewart, 1975). If the biomass was non-hygroscopic, most of the moisture could
migrate from warmer to cooler regions while leaving behind a dry region (Eckert and
Faghri, 1980). However, the hygroscopic nature of agricultural materials typically results
in the development of a moisture content gradient directionally opposing the temperature
gradient. Therefore, a net diffusion flux of water vapor at any location can be defined as
the sum of the opposing temperature and moisture gradient fluxes. Natural convection
currents may also develop in response to air density gradients. The moisture migration
process may be considered a diffusive and convective transport process through the
intercellular spaces of the biomass; with the biomass moisture acting as a water source
and/or sink.
Another important consideration involved in this study is the equilibrium moisture
content (EMC) which represents the limiting moisture content that the material
approaches when stored in a controlled environment of fixed temperature and relative
humidity. Hence, the EMC occurs when biomass has reached a water content equilibrium
with its environment, thereby inhibiting any further moisture exchange. Any moisture
content above the maximum sorptional moisture content indicates the presence of free
water; while any moisture content below this value indicates that only bound water exists
in the solid structure. Equilibrium between the vapor pressure of the surrounding air and
the pressure of the biomass water at the saturation temperature are specifically reached in
this process. It follows that the EMC is of great importance in developing mathematical
models describing the heat and mass transfer within hygroscopic agricultural materials.
A relationship between the relative humidity of the air and the moisture content of
the solid at specified temperature may be provided by a sorption isotherm. Many wellknown empirical and semi-empirical relationships currently exist in fitting isotherm
curves to the EMC data; including those based on the kinetic theory of gas adsorption by
a solid such as the BET model which assumes multilayer adsorption (Brunauer et al.,
1938). Various modifications have also been proposed and developed for the BET
equation including extensions for capillary adsorption (Brunauer et al., 1940). While the
details of these theories are considered outside the scope of the current review, distinction
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should be made between sorption (wetting) and desorption (drying) isotherms; with a
number of proposed theories explaining this hysteresis effect (Ngoddy and BakkerArkema, 1970). While most agricultural applications involve the transfer of moisture
from the material to the flowing air (desorption), this process may be reversed in those
circumstances involving the flow of moisture from air to a relatively dry crop
(adsorption). It may also be noted that the EMC in the desorption process may be
somewhat higher than the equilibrium moisture content in the adsorption process due to a
hysteresis effect.
3.4.1.4 Influential Factors
A number of internal (crop characteristics) and external (environmental
conditions) parameters influence the moisture equilibrium and drying behavior of
agricultural materials as outlined in the following discussion. Internal parameters include
specific material properties such as density, permeability, porosity and thermophysical
properties among others; while external parameters include air temperature, relative
humidity and air velocity. It should be noted, however, that the high level of correlation
between these material properties and the environmental factors often present a challenge
in analyzing the effect of the individual parameters on the drying rate (Borreani &
Tabacco, 1998).
Inherent properties of agricultural materials which impact the drying behavior
include the initial moisture content, plant variety and other physical characteristics
(Moore & Peterson, 1995; Wright et al. 2001). In fact, the initial moisture content of
timothy hay was shown to be negatively correlated with the drying rate (Savoie &
Mailhot, 1986); while dry matter loss was shown to exhibit positive correlations with
both the moisture content and the density of alfalfa bales (Shinners et al., 1996). The
drying of some hay crops may also be affected by the number of stomates and/or the leafto-stalk ratio that is unique to each plant variety. It may also be noted here, that the
mechanical crimping, crushing or conditioning performed during harvest operations may
improve the direct movement of water from the interior portions of the stems by
overcoming the fluid resistance imposed by the cuticle layer.
The drying of agricultural materials also depends on the packaging and handling
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of the biomass since the density and thickness of the material significantly impacts the
associated drying rate (Smith, 1990). For instance, the convective air currents become
more inhibited at higher densities. Previous studies have also shown that soft-core bales
experience greater axial airflow compared to uniform-density bales; thereby, achieving a
more even distribution of air while reducing drying times (Román, 2014). A bulk
material may also be classified as either hygroscopic or non-hygroscopic depending on its
ability to ‘bind’ water. The various factors contributing to the internal moisture diffusion
within a complex porous media may be lumped into an effective diffusivity term
(Coumans, 1987, 2000; Gigler et al., 2000; Keey, 1991; Lievense et. al, 1990).
External environmental factors (i.e., air temperature, relative humidity, wind
velocity, solar radiation) also impact the drying rate of biomass, as well as, affecting the
rate of internal moisture movement (Keey et al., 2000; Walker, 1993). Solar radiation has
previously been reported to have the greatest impact on thin-layer drying rates during
field drying (Bartzanas et al., 2010; Haghighi, 1990; Smith, 1990); although the vapor
pressure deficit (VPD) is also considered an important parameter affecting the drying rate
of biomass (Haghighi, 1990; Moore & Peterson, 1995). The VPD is essentially the
measure of the drying power of air obtained by the difference of actual and total vapor
pressure at a given air temperature (Wright et al., 2000). The gradient in vapor pressure is
controlled by the biomass temperature and surrounding relative humidity.
Solar radiation and vapor pressure deficit have both been reported to have a
positive correlation with the drying rate (Savoie and Mailhot, 1986). On the other hand,
the effects of wind speed (Savoie & Mailhot, 1986; Smith, 1990; Smith et al., 1988;
Wright et al., 2000) and soil moisture content (Womac et al., 2005) have generally been
shown to have weaker correlations with the drying rate of biomass. Nevertheless, the
resistance to moisture diffusion is typically inversely proportional to the wind speed.
Lower relative humidities may also result in higher drying rates due to the reduction of
surface moisture content and increased moisture gradient.
3.4.1.5 Coupled Heat and Mass Transfer
As shown in this review, the drying or wetting of a hygroscopic material involves
two distinct transport processes occurring simultaneously. The first component includes
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heat transfer from an external medium to the surface of the agricultural material, as well
as, heat transfer within the material. The other component involves mass transfer in terms
of moisture diffusion inside the material to the surface, as well as, the external transport
of moisture to the surrounding environment. Thus, drying may be considered a
simultaneous heat and mass transfer problem that can be expressed in terms of a system
of coupled nonlinear partial differential equations. An understanding of these
simultaneous heat and mass transfer processes within a porous agricultural material will
help to improve storage and quality parameters. The modeling of these transfer processes
requires a sufficient knowledge of the different drying regimes encountered, the principal
modes of mass transport that occur, and the type of porous structure to be dried. Once
these have been identified, a mathematical model of the overall process may be
formulated.
Heat transfer within agricultural materials generally occurs by conduction from
imposed temperature gradients; while convection from moisture migration generally
occurs to a lesser extent (Valentas et al., 1997). The heat generated by the biomass and
the latent heat of evaporation may also be considered significant in terms of the heat
transfer equations (Mason, 2006). These heat sources may be transferred by convection
and conduction in both the liquid and gas phases. Although radiative heat gain and/or loss
may be significant in outdoor field operations (Robinzon et al., 2000), this mechanism is
expected to be insignificant with material stored indoors.
The natural (buoyancy-driven) convection phenomena may also be induced by the
internal heat generation from exothermic reactions such as, heat generation from
respiration and microbial activity. Many relevant theories and applications have been
summarized by Nield and Bejan (2006); with the existing analyses typically focused on
horizontal porous layers and enclosures with uniform heating and/or cooling at the
boundaries (Bergholz, 1980; Rudraiah et al., 1980).
Likewise, moisture transport can occur by several different mechanisms such as
capillary flow (suction pressure differences), liquid diffusion (concentration gradients)
and vapor diffusion (partial pressure gradients) (Valentas et al., 1997). Many drying
applications of agricultural materials occur within the falling rate period; while
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predominately involving liquid diffusion. This moisture diffusion is affected by the
temperature, concentration difference, and product structure (Erbay and Icier, 2009).
Mass transfer to the surrounding atmosphere also occurs by convection processes.
In this case, a difference in partial vapor pressure exists between the boundary layer of
the material and the surrounding air. Although liquid water movement poses unique
modeling challenges due to the inhibition of capillary and surface tension forces; various
methods have been proposed for the diffusive transport of moisture through porous media
(Mason, 2006; van Genuchten, 1980). In fact, the diffusion through a porous medium was
recently modeled by the Buckingham-Darcy equation as defined by (Wu, 2003):

Jw = −𝐾𝐾u

δh
δx

[3.4.3]

where: Jw = water flux (m s-1); Ku = unsaturated hydraulic conductivity (m s-1); and h =
matric potential (m) which are functions of the volumetric water content.
The equilibrium between the liquid and gaseous water phases have also been
described with respect to water mass transfer kinetics (Petric and Selimbašić, 2008);
while Fick's law is considered a fundamental diffusion model that assumes diminished
flux with increased capillary length according to the diffusion coefficient. Fick's second
law has also been used in modeling diffusion within various composting materials,
particularly with the derivation of an effective diffusion coefficient that accounts for
specific properties of the porous medium as follows (Cussler, 1997):

De =

Dεδ
τ

[3.4.4]

where: De = effective diffusivity (m2 s-1); D = diffusivity (m2 s-1); ε, δ and τ = porosity,
constrictivity, and tortuosity, respectively (Grathwohl, 1998).
3.4.1.6 Microbial Activity and Solid State Fermentation
Although great efforts are being made to biologically convert biomass substrates
into liquid fuels, there is still a need to understand how the material biologically
decomposes. In many composting models, the substrate is regarded as one homogeneous
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compound acted upon by a microbial community. However, cellulose (glucose polymer)
and hemicellulose (pentose sugar heteropolymer) substrates are easier to decompose due
to their simple structures; while lignin (aromatic network polymer) is particularly
recalcitrant to microbial degradation (Adney et al., 2008; Chandra et al., 2007;
Gajalakshmi & Abbasi, 2008; Wyman et al., 2005).
As a result, substrate models have previously been partitioned into distinct
components (carbohydrates, sugars/starches, proteins/lipids, hemicelluloses, cellulose and
lignin) based on their degradability by microbial populations; although challenges exist in
obtaining the kinetic parameters for these sophisticated composting systems (Adney et
al., 2008; Kaiser, 1996; Sole-Mauri et al., 2007). In natural systems, degradation occurs
via a complex ecology of heterotrophic bacterial and fungal microorganisms that generate
heat and other gaseous products. While previous studies have shown a link between
microbial community structure and biomass degradation over time (Steger et al., 2005;
Yu et al., 2007); the available literature is still limited (Fontenelle et al., 2011a, 2011b;
Reddy et al., 2011).
The amount of moisture in a substrate is critical because decomposition involves
enzymatic action, biomass growth, and nutrient and gas transport (Bellon-Maurel et al.,
2003; Gervais & Molin, 2003). The mass transfer of nutrients, gases and enzymes occur
at the microscale (i.e., microbial growth mechanism) and the macroscale (i.e., bulk flow
of air, conduction, convection and diffusion) (Raghavarao et al., 2003); with variations in
water transport occurring as a result of water evaporation (mass transfer) and water
production from metabolism. The moisture migration process may be considered to be
inherently unsteady due to the time varying nature of the ambient (boundary) conditions.
It may also be noted that the microbial growth can be severely diminished at low
moisture contents (< 30 %) as some microorganisms may not have enough water to
sustain growth (Gervais & Molin, 2003); while oxygen transfer may be prohibited at high
moisture contents (> 70 %) as the void spaces within are filled with water (Tiquia et al.,
2002). Moisture migration may be considered a dynamic process in most practical
applications since the transport processes generally diminish water vapor gradients while
sorption relationships maintain gradients.
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Temperatures also influence microbial activity, the rate of substrate degradation,
and the extent of heat and mass transfer processes (Cen and Xia, 1999; Mitchell et al.,
2000; Pandey, 2003; Perez-Guerra et al., 2003). In fact, temperature variations, and the
associated formation of temperature gradients, may occur within the porous media due to
the non-uniform, localized heat accumulation arising from the metabolic activity.
Although axial convection and evaporation may serve as the main heat transfer
mechanisms occurring within aerated packed beds; traditional methods of conduction and
convection may only provide limited heat transfer within packed beds due to the poor
thermal conductivity of many substrates (Mitchell et al., 2000). Likewise, the rate of heat
transfer may be hampered by local and global heat transfer rates and/or the rate at which
heat is transferred between phases (e.g., transfer from the particle surface to the gas
phase) (Raimbault, 1998). Many heat transfer models have assumed thermal equilibrium
between phases (VanderGheynst et al., 1997); while the waste metabolic heat produced
through microbial activity can be indicated by a number of different factors (Petric and
Selimbašić, 2008; Saucedo-castaneda et al., 1990).
Forced aeration through a porous media may cause evaporative cooling effects
while supplying oxygen and supporting microbial growth at the inter- and intra-particular
levels (Raghavarao et al., 2003). A drying zone with constant depth may be established
under constant inlet conditions. This drying zone will progress through the bed with
constant velocity until emerging from the bed with the overall drying rate starting to fall.
However, high aeration rates can lead to significant drying of the porous matrix due to
rapid water evaporation and a subsequent reduction in microbial activity (Haug, 1993).
The flow of saturated air may prevent drying while helping to sustain humidity
requirements and evenly dissipate the metabolic heat. Microbial growth can also be
hindered when the void spaces are filled primarily with water as opposed to air. On the
other hand, the lower diffusion efficiency of natural aeration implies a limitation of mass
transfer processes while either slowing the microbial growth or generating additional heat
(Raghavarao et al., 2003).

132

3.4.1.7 Application in Current Study
To efficiently design and operate effective storage and/or bioconversion
operations, a heat and mass transfer model must be formulated that is general enough to
be applicable for storage applications and throughout the relevant drying regimes, while
being simple enough to be readily solved. Although simple analytical models of the
drying process have been proposed; these models are typically applicable over only a
narrow range of drying conditions. The temperature and moisture dependent transport
properties of biological materials further indicate the necessary coupling of non-linear
heat and mass transfer problems which preclude analytical solutions.
In formulating a relevant theory for baled switchgrass, the physical makeup of the
medium becomes important as it affects specific heat and mass transfer mechanisms. In
this case, baled biomass may be considered to be a porous structure composed of
individual stems; each of which is also a porous structure, but on a much smaller scale.
Typically, the stems themselves contain the moisture to be removed; whereas, no liquid
exists in between the closely packed stems throughout the bale. Thus, two disparate
length scales, one characterizing the overall bale structure and the other the individual
stems, emerge in this problem with different physical processes occurring on each scale.
3.4.2

Modeling Theory
Heat and mass transfer models are broadly categorized by two primary strategies;

the inductive (based on measured data) and deductive (based on theory) strategies. The
inductive approach generally employs a flexible modeling system (i.e., linear regression)
for evaluating the relationship between model inputs and outputs. Such an empirical
approach is useful when the underlying mechanisms are poorly understood; thereby
necessitating the calculation of empirical approximations for each specific application
(Hamelers, 2004). In contrast, the deductive (mechanistic) approach involves model
development through a fundamental theoretical basis. While deductive models typically
yield better extrapolations and representations of the governing processes (Ljung and
Glad, 1994), few deductive models have been developed for agricultural applications due
to their relative complexity (Hamelers, 2004).
Intermediate strategies have also been employed based on deterministic equations,
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lumped parameters and stochastic models (Mason, 2006; Seki, 2000). The heat and mass
transfer within baled switchgrass may be modeled according to such an intermediate
strategy while exploiting both the theoretical information and experimental data.
Therefore, the upscaling of pore-scale balance laws (conservation laws) are considered in
the current study in terms of the fluid flow models (Darcy's), diffusion-type models (thinlayer models) and empirical-based models presented in this review. These constitutive
equations will subsequently be used in developing models for temperature and moisture
transport within variably saturated bales of switchgrass. An understanding of a coupled
heat and mass transfer system, and a knowledge of the associated pore scale effects, are
evidently essential for the investigation of porous biomass.
3.4.2.1 Fluid Dynamic Modeling
Darcy’s Law (saturated fluid flow), Richards' equation (unsaturated fluid flow)
and Phillip and DeVries model (enhanced diffusion) are now discussed in regards to fluid
flow modeling within porous media. The relationship between pressure drop and flow
rate across a saturated porous medium was first established by Darcy (1856) with the
average fluid flux considered to be proportional to the hydraulic head gradient. Thus,
Darcy’s law is considered to be an empirical relationship between the pressure gradient,
bulk viscous resistance, and gravitational force. Recent studies have focused on this
relationship in a wide range of porous media applications (Poulsen and Moldrup, 2007;
Stombaugh and Nokes, 1996; Van Ginkel et al., 2002).
Extensions to the Darcy model have also been developed for applications with
sufficiently small flow velocities or in cases with high permeability. The Brinkman
(1947) and the Forchheimer (1901) extensions to Darcy’s law account for viscous
stresses at boundary walls (no-slip) and the non-linear drag effects, respectively. The
necessity of the simultaneous inclusion of all or some of these extensions has been
discussed in more detail in the available literature (Lai and Kulacki, 1991).
Richards (1931) also coupled Darcy's law with a liquid mass balance which has
become a standard modeling approach for fluid flow within porous media (e.g., soils and
compost piles). Richards’ equation was specifically implemented by replacing the flux
term in a postulated form of the mass conservation or continuity equation with Darcy's
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law; thus relying on the assumption that Darcy's law is valid for unsaturated media.
Hence, Richard’s equation assumes constant air pressure and an incompressible water
phase.
Limitations of this model involve the exclusion of the liquid-gas phase change,
the assumption of negligible humidity and temperature gradients, the hysteretic pressure
head-saturation curve, and the empirically-derived relationship between pressure and
saturation. Several notable extensions and functional modifications have also been
proposed in describing the dynamic and hysteretic pressure-saturation relationship
(Joekar-Niasar et al., 2007, 2008; Joekar-Niasar and Hassanizadeh, 2012).
Philip and DeVries (1957) formulated a moisture transfer model with
consideration given to vapor movement (diffusion) and liquid movement (capillary
action). Both terms were expressed as functions of the temperature and moisture content
gradients. Vapor diffusion was specifically modeled using a Fick's enhancement factor
accounting for the tortuosity and volume fraction of air. A mass-flow factor was also
expressed in terms of the pore-scale gradients. However, the assumption of liquid
continuity within pore and capillary space poses a significant limitation, particularly in
latter stages of drying. DeVries (1958) later generalized this approach by separately
considering the liquid and vapor phases with an extended model for coupled heat and
mass transfer in porous media based on the diffusive heat flux. While the heat transport
equation maintained similarity to the classical Fourier’s law, advective heat transport was
also included in the fluid phases. These models have been widely applied to diffusion and
evaporation problems, despite the empirically-based enhancements and continuity
assumptions (Cass et al., 1984).
The convective currents and thermal instabilities of superposed porous and fluid
layers have also been investigated with regards to Darcy’s Law (Derjani et al., 1986;
Masuoka, 1974; Nield, 1983). Neale & Nader (1974) also postulated that the tangential
components of the fluid velocity and Darcian velocity of a porous medium may be
considered equal. The resulting no slip-flow condition at the interface was assumed to
negate the application of Darcy’s law as adjacent velocity gradients were induced. Use of
the Brinkman-extended Darcy equation was subsequently proposed to account for the
macroscopic viscous stress within a porous medium. The proportionality of the slip
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velocity and shear rate was also proposed by Beavers and Joseph (1967) for those cases
involving fluid flow through a porous media in accordance with Darcy’s law.
Beckermann and Viskanta (1988) later coupled the momentum equation for the fluid
region (Navier-Stokes) and the porous medium (Darcy's law) through a set of matching
conditions at the interface between the porous material and fluid.
3.4.2.2 Diffusion Modeling
An energy balance is typically placed within a thermodynamic framework; with
the resulting equations solved in a deterministic manner using either a lumped parameter
approach or a distributed parameter design. The kinetic parameters associated with a
lumped parameter model have been estimated for the bulk materials (Higgins & Walker,
2001; Petric and Selimbašić, 2008; Sole- Mauri et al., 2007; Vlyssides et al., 2009); while
the kinetic parameters of distributive models are typically estimated for various regions
within the bulk material (Fanaei & Vaziri, 2009; von Meien & Mitchell, 2002). For this
reason, lumped parameter models are typically described by ordinary differential
equations (ODEs) whereas partial differential equations (PDEs) are used in distributed
parameter models.
In general, the important components of a heat balance include heat transport (by
conduction, convection or radiation), heat production/accumulation, and/or the
latent/sensible heat inputs/outputs. The inclusion of these various components in a model
depend of the specific application and the associated assumptions made. The full energy
equation can be expressed in both Cartesian and cylindrical coordinates as follows:
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[3.4.6]

which describes temporal changes in temperature with the inclusion of a heat generation
term.
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In general, the inherent properties of a sufficiently thin layer of porous material
may be considered constant; while the associated air properties may be assumed constant
for short time intervals. However, changes in specific material properties (i.e.,
temperature, moisture content) and air conditions (temperature and humidity) will occur
as the airflow through the porous material dries the thin layer of interest. These changes
may be described and evaluated according to several distinct equations (i.e., heat balance,
mass balance and drying rate among others).
Diffusion has been considered a primary heat and moisture transfer mechanism in
terms of many thin-layer drying models (Parry, 1985); although the complete description
of convection-based heat and mass transfer requires a more thorough assessment of the
momentum and energy transport. In fact, the effects of temperature gradients on moisture
diffusion may only be considered significant under specific conduction-based processes.
Thin-layer drying equations typically relate the material properties to the air conditions
using a specific drying rate for the given process. One such relationship that generally
holds for agricultural materials may be expressed in terms that are analogous to Newton’s
law of cooling as follows:

−

dm
dt

= 𝑘𝑘(m − me )

[3.4.7]

where: m = moisture content (%); k = drying rate constant (s-1); and the subscript e
represents equilibrium conditions. The drying constant may be based on specific thinlayer drying parameters associated with the material properties and/or environmental
conditions (Erbay and Icier, 2010).
However, practical agricultural applications typically contain deep beds of the
porous media with the spatial and temporal variations in the material and air properties.
Although, thin layer models alone are insufficient in describing deep bed transfer
processes, they may provide some useful information for predicting the drying rates
(Parry, 1985). Direct integration from thin layer experiments is possible in some cases,
but algorithms for the full scale process are needed. Deep-bed models are generally
categorized as logarithmic, heat and mass balance, or partial differential equation (PDE)
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models (Morey et al., 1978); although classification is somewhat arbitrary due to the
overlapping features of these model types.
A simple deep bed drying analysis was presented by Hukill (1954) under the
assumption that the spatial temperature change was proportional to the drying rate as
follows:

Ga ca

δT
δx

= ρp hfg

δM
δt

[3.4.8]

where: G = flow rate (kg m-2); c = specific heat (J kg-1 °C-1); ρ = density of grain (kg m-3);
hfg = latent heat of vaporization of water (J kg-1); T = air temperature (°C); M = moisture
content (%-db); and the subscripts a and p represent the characteristics of the air and
grain, respectively. In this case, the sensible heating of the solid material may be
neglected as only the latent heat of vaporization is accounted for. Although this type of
model is computationally simple and straightforward, such models are typically limited to
applications with low temperatures and/or airflow rates.
Boyce (1965) also presented a layer-by-layer model of temperature and moisture
content for grain drying applications which accounted for sensible heating of the
material. Simulations were performed for barley using an empirical expression of the heat
transfer coefficient. Thompson et al. (1968) and Henderson and Henderson (1968)
presented similar models, but incorporated several procedures for adjusting the predicted
air temperature and relative humidity values. Ohm et al. (1971) also proposed a
simplified mass and energy balance for hay stacks which indicated diminished drying
rates downward in the stack. Although logarithmic and heat/mass balance models have
provided insight and knowledge of the various processes involved in deep bed drying,
both model types suffer limitations in terms of the accuracy and range of applicability
due to the inherent assumptions associated with their respective derivations.
A one-dimensional model of moisture diffusion in bulk grain was presented by
Thorpe (1982) using the sorption isotherm for wheat and a steady state temperature
profile. Temperature models for packed beds have also been developed with and without
an assumed equilibrium between gas and solid phases (Sole-Mauri et al., 2007;
VanderGhenyst et al., 1997). Fanaei and Vaziri (2009) also developed a mathematical
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model to describe temperature profiles in a simple packed bed reactor assuming thermal
equilibrium between the gas and solid phases and negligible transport in the radial
direction. Their distributive model included convective, evaporative and heat generation
terms as follows:
δT

ρb Cpb � � = ρs (1 − ε)YQ
δt

dX
dt

− ρa cp,a Vz

δT
δz

− ρa fλVz

δT
δz

+ kb

δ2 T

[3.4.9]

δz2

where: ρb, ρs, ρa = density of the bed, substrate and moist air, respectively; cpb, cpa = heat
capacity of the substrate bed and moist air, respectively; YQ = metabolic heat yield
coefficient; ε = void fraction; VZ = moist air velocity; Z = bed height; T = temperature; f
= water carrying capacity; λ = latent heat of evaporation; and kb = thermal conductivity.
Various computational techniques have further promoted accurate drying models
in terms of the evaluation of partial differential equations (PDE). Van Arsdel (1955) and
Klapp (1963) were among the first to present PDE models describing simultaneous heat
and mass transfer in fixed beds of grain; which were later applied to pea beans (Ngoddy
et al., 1966), onions (Huang and Gunkel, 1974) and other particulate solids (Laws and
Parry, 1983). Numerical solutions of fixed bed models have been obtained by the centerdifference approximation of the spatial derivatives (Bagnall et al., 1970; Spencer, 1969)
and with explicit finite-difference techniques (Bakker-Arkema et al., 1974; Brooker et al.,
1974); while assuming constant heat transfer and heat capacity for the general
mathematical model given by:
δ2 T

δXδt

=−

δT
δt

+

δT
δx

−

hfg
h

m

[3.4.10]

where: T = air temperature (°C); x = depth variable (-); hfg = latent heat of vaporization of
water (J kg-1); h = volumetric heat transfer coefficient (J m-3 s-1 °C-1); and m = net density
of vapor formed per unit time (kg m-3 s-1).
While thin-layer models may provide a framework for deep bed simulations,
these integrated models rely on the complimentary assumptions associated with the basic
model (i.e., the geometry, mass diffusivity and thermal conductivity of a typical particle);
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thus requiring intensive computational processing. Bagnall et al. (1970) also found the
diffusivity to be directionally-dependent with greater radial (cuticular layers) values
indicating reduced moisture flow in the radial direction compared to the axial. However,
many of these diffusion-based theories represent physically unrealistic conditions since
the mass transfer is generally assumed to occur as a result of a single mechanism.
3.4.2.3 Empirical Modeling
In many deep bed applications, the heat and mass transfer occurring by diffusion
have been considered negligible compared to the principles of convection. However, the
derivation of a model describing the time evolution of evaporation or condensation may
be performed through the coupling of Fick's first law of diffusion (spatial gradient) with a
relevant mass balance equation. In fact, Ingram (1976) simulated the experimental results
from a deep barley bed (Boyce, 1965) with a moisture diffusion model which resulted in
better prediction accuracy than the empirical drying rate expression. Henderson and Pabis
(1961) also presented an empirical drying rate model based on Fick’s second law of
diffusion and the Lewis (1921) model of moisture content in a porous, hygroscopic
material assuming constant moisture diffusivity. This model has become widely used for
grain drying models particularly in describing the falling rate period (Smith, 1990) as
follows:
M−Me

M0 −Me

= ae−𝑘𝑘(t)

[3.4.11]

where: M = moisture content (%); k = drying rate constant (s-1); a = 1 representing a
geometric slab indication; and the subscripts e and 0 represent the equilibrium and initial
conditions, respectively.
Empirical drying models of this form typically assume thin material, high air
velocity, and/or constant drying conditions (i.e., temperature and relative humidity). It
may also be noted that the error in neglecting the equilibrium moisture content term is
typically minimal; particularly with those cases with an initial moisture content below 50
% (Mujumdar, 2004; Rotz and Chen, 1985). Therefore, assuming negligible equilibrium
moisture content, a simplified model follows:
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M = M0 ae−(𝑘𝑘t)

[3.4.12]

Further modifications of the Lewis Newton model have also been developed with
the inclusion of a dimensionless empirical constant (n) for shelled corn (Page, 1949) and
soybeans (Overhults et. al, 1973; White et al., 1980) as follows:
M−Me

M0 −Me

= e(−𝑘𝑘t

n)

[3.4.13]

Sherwood (1931) also developed the hypotheses of Lewis (1921) using a onedimensional diffusion equation; while McCready and McCabe (1933) later improved on
this approach by considering vapor and free water diffusion through the solid structure.
Capillary effects have also been noted according to the capillary potential (Buckingham,
1907) and Richards’ equation (Richards, 1931); while King (1968) and Harmathy (1969)
developed isotherm-based drying models assuming moisture movement by vapor
diffusion only. However, Hougen et al. (1940) reported that moisture transfer strictly by
liquid diffusion was physically unrealistic in the drying of porous solids. Thus, the
exclusion of bound liquid movement limited many of these models to the second falling
rate stage.
Hybrid Mixture Theory (HMT) has also been used in deriving various extensions
to Darcy's, Fick's and Fourier's laws in porous media (Bennethum and Cushman, 1999;
Cushman et al., 2002; Gray and Hassanizadeh, 1998; Sullivan, 2013; Weinstein, 2005).
HMT involves the volume-averaging of pore-scale balance laws with the derivation of
constitutive restrictions based on the second law of thermodynamics. Bennethum and
Cushman (1999) specifically applied HMT to an extended DeVries model for heat
transfer in saturated porous media using temperature gradients and the chemical potential
in describing the thermal diffusion process and the secondary processes (i.e., advection),
respectively.
Distributed models also consider simultaneous heat and mass transfer; thus
providing more accurate predictions of temperature and moisture gradients by
considering internal and external factors (Erbay and Icier, 2009). Many distributed
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models are derived according to Fick’s second law of diffusion (Luikov, 1975) with the
expressions for the change in moisture, temperature and pressure given as follows:
δM

= ∇2 K11 M + ∇2 K12 T+∇2 K13 P

[3.4.14]

δT

= ∇2 K 21 M + ∇2 K 22 T+∇2 K 23 P

[3.4.15]

δP

= ∇2 K 31 M + ∇2 K 32 T+∇2 K 33 P

[3.4.16]

δt

δt

δt

where: M = moisture content; T = temperature; P = pressure, t = time; K11, K22, K33 =
phenomenological coefficients; and K12, K13, K21, K23, K31, K32 = coupling coefficients.
Lumped parameter models further assume uniform temperature distributions that are
equivalent to the drying air temperature; thus simplifying the relevant expressions as:
δM

= K11 ∇2 M

[3.4.17]

δT

= K 22 ∇2 T

[3.4.18]

δt

δt

Here, the phenomenological coefficient K11 represents the effective moisture
diffusivity (Deff); while K22 represents the thermal diffusivity (α). The above equations
may also be arranged as follows for constant values of moisture diffusivity and thermal
diffusivity (Erbay and Icier, 2009):
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where: a1 = geometric indicator term (0-planar; 1-cylindrical; 2-spherical).
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[3.4.19]

[3.4.20]

Theoretical thin-layer models (based on Fick’s second law of diffusion) are
typically limited in considering the internal resistance to moisture content. Hence, many
of the associated theoretical model assumptions may result in substantial errors during
calculations (Erbay & Icier, 2010). In contrast, empirical models are strongly dependent
on experimental data while accounting for the external resistance to moisture transfer
(Erbay & Icier, 2010). Semi-theoretical models (based on Fick’s second law and
Newton’s law of cooling) are typically considered to be easier to implement; while
requiring fewer assumptions (Erbay & Icier, 2010). Various models have been developed
for simulating the environmental effects on drying alfalfa hay (Hill et al., 1977), timothy
hay (Savoie & Mailhot, 1986) and cut ryegrass (Wright et al., 2001) using vapor pressure
deficit among other environmental factors (Bartzanas et al., 2010).
3.4.2.4 Modeling Solutions
The modeling of a complex agricultural process often results in systems of
nonlinear equations which require simultaneous solutions. Analytical and differential
solutions may be computationally efficient, but these methods may become challenging;
particularly with nonlinear models. The development of nonlinear models and inclusion
of more variables has trended towards numerical solutions for many agricultural models
(Higgins & Walker, 2001; Mujumdar, 2004; Sole-Mauri et al., 2007). The finite
difference method (FDM) and finite element method (FEM) are two common numerical
solution strategies. Both schemes require discretization of the differential equation; with
the simultaneous solution of the algebraic equations providing approximate solutions to
the governing equations. Discretization may be performed by direct approximation
(derivatives are replaced by difference ratios), Taylor series (derivatives are expressed in
terms of a Taylor series expansion), or by finite volume approach (control volume) which
is particularly well-suited for discretization of conservation laws (e.g., mass
conservation) (Patankar, 1980; Whitaker, 1986).
Numerical approximations may be easily implemented through finite differences;
which is particularly useful when dependent parameters are unable to be described
algebraically (Gardner et al., 1981). The finite difference method is generally considered
for regular geometries (i.e., cases involving physical surfaces that coincide with constant
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coordinate planes); while the finite element method is typically used with materials
exhibiting variable properties and mixed boundary conditions. The finite difference
method is expected to suffice for rectangular-baled switchgrass while avoiding the
additional complexity associated with the FEM.
Model calibration may be performed in evaluating the ability of the model to
describe the associated data. It may be noted that model calibration serves a distinct
purpose during model development, as parameter values are determined to ensure optimal
correspondence of data and model prediction. Model validation can then be performed as
an assessment of model quality in terms of its intended use. A primary component for
model validation involves the comparison of the model predictions with new data that is
not associated with parameter estimation. Model validation can be further analyzed
through a rigorous statistical framework such as root mean square error analysis (Erbay
& Icier, 2010). Computational fluid dynamics (CFD) have also been applied in recent
years for simulating agricultural drying operations (Amanlou and Zomorodian, 2010;
Margaris and Ghiaus, 2006; Prukwarun et al., 2013; Román et al., 2012; Weigler et al.,
2011).
3.4.2.5 Available Biomass Models
Many of the modeling theories discussed in this review involve assumptions
which limit the applicability of their relevant theories. Some of these models have
assumed constant coefficients (i.e., diffusion coefficients) with no dependence on the
moisture content or temperature; while others implied continuous liquid paths; a
condition which is only valid in the constant and first falling rate phase of drying. While
many of these models involve a combination of transfer mechanisms, most of these
theories excluded the possibility of bound liquid movement. Alternative models have also
been proposed that allow for liquid movement (capillary flow), vapor movement
(diffusion) and bound liquid movement while assuming constant diffusion coefficients, a
linear sorption isotherm, and a moisture-independent void volume term (Chen and Pei,
1989; Krischer and Kast, 1963).
However, these theories become difficult to apply in practical situations as many
of the terms appearing in the governing equations are difficult to determine
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experimentally. Berger and Pei (1973) extended some of this previous work by replacing
the sorption isotherm relation with the Clausius-Clapyron equation. However, the
proposed numerical method would not converge for realistic values of the convection
coefficients. Therefore, many of these early modeling approaches for porous media are
highly idealized, represent limited applicability, and indicate a need for accurate models
that are relevant to densified agricultural material.
Little to no attempts have been reported for heat and mass transfer modeling
within baled biomass during storage and/or bioconversion. However, temperature and
moisture content have been modeled for various agricultural products including grain,
forage and composting materials throughout the available literature. In fact, grain storage
and drying models have been widely investigated; generally, in terms of an empirical
analyses. Deep bed predictions have been developed through the integration of
experimental results for shallow grain beds. Likewise, hay drying models (field and
densified) may involve superimposed thin layers; while woody biomass has been
modeled according to natural convective drying processes. However, many models have
neglected microbial activity and the subsequent heat development which could be rapid;
thereby inhibiting the prediction accuracy.
On the other hand, mathematical models of the physical and biological laws
governing compost processes (i.e., domestic solid waste, sanitary landfills, synthetic food
waste, etc.) have also been presented with relevant mass and energy conservation
equations coupled with simple dynamic models based on microbial kinetics. Aerobic
biodegradation has received a great deal of attention for high-solids environments with
the prevention of metabolic heat removal and limitation of oxygen availability. Storage of
lignocellulosic biomass may also involve components of solid-state anaerobic digestion
(i.e., municipal solid waste composting), although anaerobic models require extensive
microbial assessment through coupling of respiration quotients with precise
stoichiometry.
While anaerobic decomposition may occur in densified feedstocks, concerns may
arise regarding the energy requirement necessary in supplying reaction temperatures.
Anaerobic fermentation products may also oxidize and diffuse; thereby resulting in an
overall aerobic stoichiometry (Richard, 2003). In fact, anaerobic cultures developing
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within a few hours of an O2-exhausted state, typically do not reach a size that
quantitatively impacts bioconversion (Kaiser, 1996). Therefore, aerobic decomposition is
expected to have a much greater influence in modeling a high-solids environment such as
baled biomass due to the quick reaction rates.
Detailed analyses of porous media applications have also been developed in
recent years as based on conductive, convective (natural and forced), radiative and
various heat generation source terms. A brief review of these various models is provided
here with particular attention paid to those principles and model components which are
considered relative to the current application and modeling of temperature and moisture
transfer within baled switchgrass.
3.4.3

Grain Models

3.4.3.1 Grain Storage Theory
The heat and mass transfer processes occurring within stored grain are driven by
the differences in temperature and moisture content that arise from various physical,
chemical and/or biological activities. The subsequent accumulation of heat and moisture
may accelerate grain spoilage as temperature and vapor pressure gradients are known to
cause localized areas of spoilage. Thus, grain quality must be protected from insect and
microbial growth during storage; conditions that may be accomplished through the
assessment of temperature and moisture content.
Grain temperature and moisture changes are known to occur in response to
internal and external heat sources (Converse et al., 1973; Sinicio et al., 1995). Internal
heat sources arise from the respiration of grain, microorganisms and insects; while
external sources include ambient air temperature, solar radiation, storage structure, local
wind velocity and air convection (natural and/or forced convection by aeration) among
others. Specific driving forces for moisture transfer also include the temperature and
moisture gradient (i.e., vapor pressure gradient) and the potential for condensation to
form along the surface of the grain.
Accordingly, temperature, moisture content and gas composition are considered
primary abiotic factors which influence grain storage quality (Longstaff and Banks, 1987;
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Muir et al., 1980; Sun and Woods, 1997a, 1997b). The accumulation of heat in localized
areas may accelerate grain degradation since both the thermal conductivity and air flow
among the grain are generally minimal. Large differences between the grain and ambient
air temperature may also promote natural convection currents (Abbouda, 1992) which
drive the moisture movement (Sinha and Wallace, 1977). Thus, moisture migration
generally occurs as a result of thermal gradients; which are dependent on many factors
associated with grain quality, environmental conditions and storage configuration (i.e.,
ambient temperature and relative humidity). This regular moisture movement widens the
insect and microbial distributions; thereby, expediting grain deterioration (Brooker et al.,
1992; Converse et al., 1973; Jia, 1995; Muir et al., 1980).
Since respiration releases energy in the form of heat, localized regions may
experience significantly greater temperature and moisture content. The respiration of
grain, insects and/or microbial populations may also produce water vapor; thereby,
affecting the overall moisture content. Another mechanism of moisture migration
involves molecular diffusion resulting from vapor pressure gradients; predominately
through the inter-granular spaces (Thorpe et al., 1991a, 1991b). However, changes in
moisture content due to molecular diffusion are typically only significant over a few
centimeters due to the hygroscopic nature of grain kernels and their much higher
densities relative to air.
3.4.3.2 Grain Modeling Theory
Mathematical modeling and simulations are becoming more prevalent in a variety
of grain applications (i.e., deep-bed drying, thin-layer and equilibrium moisture content
models). Many heat, mass and momentum models have been used for grain storage
applications; although much of the available research on this topic has involved the
evaluation of heat conduction using the FDM for temperature prediction within grain bins
(Chang et al., 1993; Obaldo et al., 1990; Sun and Woods, 1997a, 1997b).
Comparisons of the predicted and measured grain temperatures have been
validated graphically (Jia et al., 2000; Khankari et al., 1995); with error quantifications
and standard errors widely reported (Alagusundaram et al., 1990; Jian et al., 2005;
Montross et al., 2002a, 2002b). Hence, these mathematical models enable the accurate
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predictions of temperature within stored grain while promoting the identification of
deteriorative conditions. These research efforts also promote the development of best
management practices (BMP) for grain storage; particularly with the evaluation of
comprehensive stored grain models (Montross et al., 2002a, 2002b).
3.4.3.3 Grain Models
Agricultural dryer performance has been simulated by O’Callaghan et al. (1971)
based on thin-layer drying rates and relevant heat and mass balances. Sutherland (1971)
also developed an analytical model with temperature and moisture equilibrium between
the grain and surrounding air. The effects of the sorption hysteresis, diffusion,
biochemical change and tortuosity were all considered negligible; while the porosity,
inter-granular pressure, bulk density and air density were all assumed constant. The water
and energy conservation was expressed for uniformly-moving air through a cylindrical
bed of grain as follows:
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where: w = moisture content of air (lb lb-1); W = moisture content of grain (lb lb-1); θ =
time (min); x = distance in direction of flow (ft); h = enthalpy of moist air (Btu lb-1); and
H = enthalpy of moist grain (Btu lb-1).
The temperature distribution of many grain storage applications have been
modeled by conduction alone; with minimal effect of natural convection (Smith and
Sokhansanj, 1989; Yaciuk et al., 1975). Alagusundaram et al. (1990) accordingly
presented two components of a heat conduction model for grain storage bins; with one
component based on the grain mass and the other based on the bin wall. A similar partial
differential equation for transient heat transfer was given by Bathe (1982) for an
anisotropic solid body:
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where: k = thermal conductivity (W m-1 K-1); q̇ = internal heat generation in an element
(W m-3); ρ = density of grain (kg m-3); and c = specific heat of grain (J kg-1 K-1).

Simulated results were compared with a previous finite difference model (Muir et al.,
1980) and validated with rapeseed (canola) and barley storage data.
Freer et al. (1990) used the method presented by Nguyen et al. (1987) to develop
a two-dimensional model of temperature and moisture changes during the storage of
rough rice. Inputs included the thermal properties of the grain and physical dimensions of
the bunker. The governing equations were numerically solved and simulated for various
grain temperatures and moisture contents; with results indicating increased spoilage and
microbial activity at elevated temperatures and moisture contents at the peak of the
bunker. Nguyen et al. (1987) and Beukema et al. (1983) also showed that air circulation
within stored grain may occur in response to strong convection flows within the
headspace. Montross et al. (2002a, 2002b) also developed a two-dimensional grain
temperature model; while three-dimensional heat transfer models were later developed
for similar grain storage applications (Andrade et al., 2002; Jian et al., 2005).
In fact, Thorpe et al. (1992) developed a three-dimensional model for free
convection within hygroscopic porous media; while Singh et al. (1993a, 1993b) later
developed a heat, mass and momentum transfer model for bulk grain with no boundary
heat losses, impermeable boundaries, and negligible solar radiation heat flux. In this case,
inter-granular airflow was assumed to be incompressible; while most physical properties
were assumed to be constant. Casada and Young (1994a, 1994b) also predicted the heat
and mass transfer within porous media in terms of the natural convection and diffusion
effects with for application with shelled peanuts.
Khankari et al. (1994) model the simultaneous heat and mass transfer within
stored grain with the integration of a sorption isotherm describing the moisture diffusion.
Local thermodynamic equilibrium was assumed between the grain and the surrounding
air; with stagnant inter-granular air and negligible convection. The resulting energy and
moisture balance were expressed as:
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[3.4.25]

where: ρ = density (kg m-3); C = specific heat (J kg-1 °C-1); k = thermal conductivity (W
m-1 °C-1); hfg = heat of vaporization/condensation of grain moisture (J kg-1); W = moisture
content (kg kg-1); Dv = diffusivity of water vapor in air (m2 s-1); ε = porosity (m3 m-3); the
subscripts a and g represent the air and ground, respectively; and the subscripts air and
bulk represent the properties of the dry air and bulk grain, respectively. In this case, the
diffusion of grain moisture through direct contact was considered negligible (Stewart,
1975).
Internal heat generation has also been simulated in stored wheat using an electric
heater (Jia et al., 2000); although subsequent mathematical models given by the theory of
heat transfer within cylindrical bins neglected internal heat sources with the following
heat transfer function (Jia et al., 2001):
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where: ρ = density of grain (kg m-3); c = specific heat of grain (J kg-1); and k = thermal
conductivity of grain (W m-1 °C-1). The boundary conditions were assumed to experience
a combination of solar radiation and ambient air convection as expressed by the general
form:

−k

δT
δn

= hs �T − Ts2 � − qw − qb (t > 0)

[3.4.27]

where: k = thermal conductivity of grain (W m-1 °C-1); h = convective heat transfer
coefficient (W m-2 °C-1); q = radiation (W m-2); the subscript s represents the respective
surface; and the subscripts w and b represent the wall and roof surfaces, respectively.
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While many of these previous models neglected the complex internal sources of
heat, Lawrence et al. (2013a, 2013b) developed a three-dimensional, transient heat, mass
and momentum model for stored grain which included heat and moisture generation.
Hourly weather data was used for the model input. The governing equations for threedimensional heat and mass transfer were modified from the Khankari et al. (1995) model
as follows:
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[3.4.28]

+ Qm

[3.4.29]

where: Qh = internal heat generation (J m-3); Qm = internal moisture generation due to
respiration (kg m-3); u = velocity of species (m s-1); DM = diffusion of moisture (m2 s-1);
DT = diffusivity of water vapor (m2 s-1); and j =1, 2, and 3 represents the three
dimensions. The momentum component of this comprehensive model was developed
with both forced and natural convection components. In this case, uniform and nonuniform velocity fields were implemented during forced convection, as based on the
procedure described by Garg (2005); while incompressible flow for natural convection
was based on the relationship of vorticity and vector potential (Singh et al., 1993). The
resulting mass balance, velocity loss (Darcy’s law), velocity fields (vector potential), and
momentum equation were expressed as follows:
∇∙v=0
K

v = − (∇p − ρf g)
µ

K

∇2 ψ = − βt g∇T
µ

151

[3.4.30]

[3.4.31]

[3.4.32]

u1 =

δψ3
δx2

−

δψ2
δx3

,

u2 =

δψ1
δx3

−

δψ3
δx1

,

u3 =

δψ2
δx1

−

δψ1
δx2

[3.4.33]

where: v = air velocity in the y-direction (m s-1); K = intrinsic permeability of the air (m2
s-1); μ = dynamic viscosity of air (Pa s-1); p = vapor pressure (Pa); ρf = density of air (kg
m-3); g = acceleration due to gravity (9.81 m s-2); ψ = vector potential function; βt =
coefficient of thermal expansion (K-1); and u = air velocity (m s-1).
Internal heat generation of this model was based on the evolution of carbon
dioxide as the carbohydrates were broken down according to the Steele formula
(Thompson, 1972), ASABE Standard D535 (ASABE Standards, 2005) and the associated
chemical reaction that details this process (Bhat, 2006). The moisture relationship
between the grain and surrounding air was accounted for according to the modified
Chung-Pfost equilibrium equation (Chung and Pfost, 1967); while structural and plenum
conditions were modeled by Lawrence and Maier (2011). Predicted temperatures and
humidities within the grain bin were used in evaluating the EMC, while providing the
prescribed boundary conditions during non-aeration. The moisture content of the lower
boundary was also evaluated in accordance with a thin-layer drying model (Montross et
al., 2002a).
The surface of the grain was also assumed to be impermeable in large bins; while
smaller bins employed a constant air infiltration according to the natural convection
currents (Montross et al., 2002a, 2002b). Results indicated that internal heat generation
did not improve the accuracy of the model, while natural convection had only minimal
influence on temperature prediction. The pressure difference formed inside the storage
bin also contributed to air infiltration and natural convection currents as was previously
approximated by Montross et al. (2002b). Model predictions were validated with
previous corn and wheat storage data with and without aeration (Reed and Pan, 2000).
3.4.3.4 Application in Current Study
Although various modeling approaches for grain are proposed in the available
literature, many of these attempts are limited in their dimensionality. The main
limitations associated with the one and two-dimensional models are the implementation
of three-dimensional variations with the boundary conditions and locations of higher
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temperature regions within the grain mass. Many of these models were also developed
based on simple, unrealistic boundaries such as those considering only the convection
effects of the mixed boundaries; while convection at the top or bottom surface has
typically been neglected. Although these modeling limitations may restrict the usage in
irregular boundary applications, the modification of a comprehensive heat, mass and
momentum transfer model may be adapted for baled biomass applications.
3.4.4

Forage Models

3.4.4.1 Forage Modeling Theory
Although current modeling techniques for the temperature and moisture
distribution within agricultural materials are rather limited, recent studies in hay drying
have presented several methods for predicting the drying time for various agricultural
forages. Much of the available research involves the assessment of field drying rates over
a wide range of environmental conditions. However, exponential drying rates have also
been approximated with functions based on the saturation vapor pressure deficit or latent
evaporation (Agena, 1968; Kemp et al., 1972). Further research has been conducted in
modeling the temperature and moisture distribution within densified forages. A brief
summary of these efforts is provided here to highlight the relevant accomplishments in
the field of heat and mass transfer in agricultural biomass.
3.4.4.2 Hay Drying Rate Models
Non-linear regression techniques have previously been used in developing
empirical models which fit the experimental drying data of agricultural forages to
exponential decay curves. These empirical models are typically presented as functions of
relevant environmental factors (i.e., ambient temperature, solar insolation, etc.). A variety
of different forage types have been considered in previous studies to dry according to the
thin-layer drying relationship as follows (Hill, 1976; Rotz and Chen, 1985):

MR =

M−Me

M0 −Me
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= 𝑒𝑒 −𝑘𝑘t

[3.4.34]

where: MR = moisture ratio (-); M = moisture content (%-db); the subscripts 0 and e
represent the initial and equilibrium conditions, respectively; t = time (hr); and k = drying
rate constant (hr-1) which serves as a single parameter that integrates all factors
influencing the drying rate.
In many cases, results have indicated that the equilibrium moisture generally has
minimal influence on drying, thus simplifying the drying theory (Rotz and Chen, 1985):
M = M0 e−𝑘𝑘(t)

[3.4.35]

The development and basic structure of many of these empirical drying models
have considered this fundamental drying theory.
3.4.4.3 Heat and Mass Transfer Models
Sokhansanj (2003) developed a one-dimensional heat and moisture balance
equations for alfalfa cubes based on thermal and vapor diffusion, as well as, natural
convection. Moisture transfer within an alfalfa cube pile was specifically modeled with
negligible convection mass transfer with the ambient air. The heat (conduction and
convection) and moisture balance equations were expressed by:
δT
δt

Dm

=k

δ2 M
δx2

=

δ2 T

− u�

δx2

δM
δt

=

δT
δx

γεDv δ2 P
R(T) δx2

[3.4.36]

[3.4.37]

where: k = thermal conductivity (W m-1 K-1); u� = velocity component (m s-1); Dm =
moisture diffusion coefficient (m2 s-1); M = moisture concentration (kg m-3); γ =

obstructive factor (tortuosity and constriction factors); ε = porosity of the bulk (-); Dv =
water vapor diffusion coefficient (m2 s-1); R = universal gas constant for water vapor (J
kg-1 K-1); T = temperature (K); P = partial pressure of interstitial water vapor (Pa).
The general format for heat transfer stipulated for the boundary conditions
included convection and radiative terms as follows:
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−k

δT

�

δx x=0

= h(Ta − Ts ) + εσ[(Tc )4 − (Ts )4 ]

[3.4.38]

where: T = temperature (K); k = thermal conductivity (W m-1 K-1); h = convection heat
transfer coefficient (W m-2 K-1); ε = net emissivity or absorptivity (-); σ = Stefan–
Boltzman constant (W m–2 K–4); and the subscripts a, c and s represent the air, ceiling and
surface conditions, respectively.
Morissette and Savoie (2008) developed a multiple thin-layer approach for
simulating the artificial drying of thick hay bales with the associated heat and mass
transfer based on a previous model that was proposed by Sokhansanj and Wood (1991).
In this case, several superimposed thin layers were considered with the heat balance of air
and hay, as well as, the moisture balance of air and hay proposed as:

δTa
δx

=

−hc a�Ta −Tp �−�hfg +cv �Ta −Tp ��ρa va
ρa va (ca +cv H)

δTp
δt

=

hc a+𝑐𝑐𝑤𝑤 ρa va

ρp �cp +cw M�

δH
δx

δM
δt

δH
δx

=−

δH
δx

�Ta − Tp �

ρp δM

ρa va δt

= −𝑘𝑘(M − Me )

[3.4.39]

[3.4.40]

[3.4.41]

[3.4.42]

where: T = temperature (°C); M = moisture content (g g-1); hca = volumetric convective
heat transfer coefficient (J m-3 °C-1 s-1); hfg = water enthalpy (J kg-1); ρ = density (kg m-3);
v = velocity (m s-1); H = air moisture ratio (kg kg-1); c = specific heat (J kg-1 °C-1); k =
drying constant (s-1); and the subscripts a, e, p, v and w represent air, equilibrium,
product, water vapor and water conditions, respectively.
The moisture transfer coefficient and the equilibrium moisture content were
estimated with experimental data from lab drying of Timothy grass since the EMC of
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baled hay remains widely unreported (ASABE, 2008). Hay density was found to be the
primary characteristic affecting the heat and mass transfer rates; while model validation
was performed with previous experimental data (Descoteaux et al., 2002; Morissette,
2006).
Román and Hensel (2014) simulated the air distribution and drying of round hay
bales with computational fluid dynamics (CFD); while assuming cylindrical porous
structures with soft cores and varying dry matter density. Although drying experiments
were conducted with alfalfa hay, model simulations were performed for grass hay with
the pressure drop through bales determined by experimental resistance coefficients
(VanDuyne and Kjelgaard, 1964) as follows:
1.6
∆P = aρ2.31
bd v

[3.4.43]

where: P = pressure (Pa); ρbd = bulk dry matter density (kg m-3); v = air velocity (m s-1);
and a = experimental parameter. It may also be noted here that the pressure drop through
rectangular bales was found to depend on the directional airflow relative to the bale (i.e.,
cut edge or side of the bale).
This drying simulation specifically involved the coupling of the CFD model with
an external drying model according to the moisture and heat source terms:

Sh = hs ρbd

dW
dt

dW

= ρbd 𝑘𝑘(W − We )

[3.4.44]

= −hs Sw = −hs ρbd 𝑘𝑘(W − We )

[3.4.45]

Sw = −ρbd

dt

where: Sw = moisture source (kg m-3 s-1); Sh = heat source (W m-3); W = moisture content
(kg kg-1); hs = heat of sorption (J kg-1); k = drying constant (s-1); and the subscript e
represents equilibrium conditions.
Results indicated optimal drying conditions were achieved in those bales with
central axial voids; thus permitting radial, outward movement of the drying front from the
center of the bale. Although moisture content in the specified range was found to have no
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effect on the airflow resistance, dry matter density had significant effects. In particular,
those bales with deficient density profiles (DLG, 2007) indicated air distribution
distortions which negatively affected the drying process.
3.4.4.4 Woody Biomass Models
The heat and mass transfer of convectional wood drying has also been modeled in
several studies (Gigler et al., 2000, 2004; Thomas, 1980; Younsi, 2006); while Bedane et
al. (2011) developed a two-dimensional model of natural convective drying of woody
biomass piles. In this case, the mechanical deformation (due to shrinking/swelling) and
internal heat generation were neglected. Capillary forces were assumed predominate as
the model simulation was governed by diffusion. The temperature (governing heat
balance) and moisture profile (Fick’s diffusion) for the woody biomass were expressed
as:

ρcp
δM
δt

δT
δt

δ2 T

= kT �

δx2

δ2 M

= Deff �

δx2

+

+

δ2 T

�

[3.4.46]

�

[3.4.47]

δy2

δ2 M
δy2

where: ρ = density (kg m-3); cp = specific heat capacity (J kg-1 K-1); kT = thermal
conductivity (W m-1 K-1); Deff = effective diffusivity of water in the wood (m2 s-1); T =
temperature (°C); M = moisture content of wood (%); and x and y = the distance in the xand y-directions, respectively.
The temperature and moisture transfer between the woody biomass and the
surrounding air:

−k T

δT

= h(T − T∞ )

[3.4.48]

−Deff

δM

= 𝑘𝑘(M − M∞ )

[3.4.49]

δn

δn
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Simulations were performed using constant drying air conditions with results
indicating that the temperature of the biomass followed the same trend as the ambient air.
However, the internal temperature development was neglected in this study.
3.4.4.5 Application in Current Study
The modification of these empirical and analytical equations may hold significant
potential in developing a comprehensive model of the temperature and moisture content
within baled biomass such as switchgrass. Predictive models could help to preserve the
storage quality and enhance bioconversion efficiency; specifically through the
development of a relevant heat and mass transfer model. However, many current models
neglect the porous nature of the biomass; while ignoring the underlying biological
activity that is known to occur in these environments.
3.4.5

Compost Models

3.4.5.1 Compost Defined
Composting involves the biological and microbial decomposition of organic
substrates (e.g., plant matter) into stable humic products. Hence, composting is generally
characterized as a solid-state fermentation (SSF) process involving environmental control
to achieve efficient substrate degradation in aerobic environments. Compost is a porous
system that consists of solid (feedstock), liquid (water film) and gas (air) components;
with an overall nonhomogeneous structure. The solid phase includes biodegradable
substrates, microbes and humic substances; while the gas phase consists of oxygen,
nitrogen, carbon dioxide and water vapor.
The organic solid phase slowly dissolves in the surrounding liquid phase (water
film) where the biomass activity occurs. Dissolved substrate and oxygen are consumed
during microbial growth; thereby releasing water and heat as byproducts which are
exchanged at the liquid-gas interface from convective transfer and the enthalpy
associated with the phase change (Petric and Selimbašić, 2008). Not all of these phases,
however, are necessarily represented in a model. Earlier studies modelled the gas phase
(Stombaugh and Nokes, 1996) and the combined liquid and gas phases (Petric and
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Selimbašić, 2008); while more elaborate models have implemented the solubilization of
the solid phase (Sole-Mauri et al., 2007).
Degradation occurs in compost through the development of complex microbial
communities consisting of various bacterial and fungal (including mold and yeast)
colonies. Molds are strictly aerobic while yeast can switch to anaerobic behavior as the
conditions require. Aerobic, mesophilic fungi are generally considered suitable for most
composting systems, while yielding metabolic products including carbon dioxide and
heat (Pandey, 1992). There are also numerous reports on thermophilic bacterial growth in
SSF suggested for the removal of heat (Gervais and Molin, 2003; Pandey et al.,
2000; Reddy et al., 1999).
Aerobic composting is generally faster and prevents the emission of noxious
gases; while the inhibition of oxygen in SSF is known to induce anaerobic degradation
(Tanaka et al., 1986). In early models, representation of only one strain of microorganism
in the biomass was common (Ishii et al., 2007; Stombaugh and Nokes, 1996); although
more recent models typically include the representation of multiple strains (Fazaeli et al.,
2004; Sole-Mauri et al., 2007).
Composting generally involves a low-temperature heating process (microbial
growth and respiration) and a high-temperature process (cellulosic oxidation) (Cassidy
and Hudak, 2001; Rynk, 2000). The exothermic nature of these chemical and biological
processes may be reinforced by simultaneous oxidation of the organic matter resulting in
spontaneous combustion. During the initial stage of composting, temperatures quickly
rise from ambient as the high-energy and easily-degradable compounds (e.g., sugar and
protein) are metabolized (Diaz and Savage, 2007). A subsequent decrease in temperature
may then occur toward more stable values (Herrero et al., 1998; Zanetti et al. 1997); with
water content having the potential to dictate the biological stability (Gervais and Molin,
2003). From an engineering point of view, the aerobic metabolic processes may be
improved by controlling the composting environment through the use of forced aeration
to remove the sensible and latent heat.
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3.4.5.2 Compost Modeling Theory
The basic approach for modeling the composting process involves the coupling of
substrate degradation kinetics with the fundamental mass and energy balances. Most
models describe internal composting processes in terms of specific environmental factors
with relevant parameters typically attributed to the fundamental air, water and insulating
properties; the raw material characteristics; and the substrate degradation rates (Mason,
2006). However, the actual number of parameters may widely vary between models with
environmental state variables generally including temperature, moisture content, oxygen,
biomass, porosity, particle size, airflow, and carbon-to-nitrogen ratio; among others
(Haug, 1980; Mason, 2006; Mohee et al., 1998; Stombaugh & Nokes, 1996).
Other differences between various composting models are associated with the
specific assumptions made regarding heat and mass transport and the particular system of
model evaluation (i.e., lumped-parameter or distributed-parameter). Distributed
parameter systems have been developed for compost models with bulk or conductive
mechanisms coupled with the heat generation term (Keener et al., 1993; Stombaugh and
Nokes, 1996; VanderGheynst, 1997), while lumped parameter models have been
developed with energy balances based predominately on evaporative mechanisms (Haug,
1993; Ishii et al., 2004; Oppenheimer, 1997). Many of these studies are based on enthalpy
balance; although more complex equations have been suggested by coupling heat and
mass transfer with the matric potential (Bongochgetsakul and Ishida, 2008).
Most composting models are considered within a thermodynamic framework
which requires an energy balance of the system. In this case, the heat transfer
(conductive, convective and evaporative), mass diffusion, energy accumulation and
microbial heat generation may be accounted for. Heat released from the biomass may
lead to significant buoyancy forces and natural convection effects which are capable of
renewing the oxygen supply within the porous matrix (Yu et al., 2005); although forced
aeration may be necessary in some composting applications that require additional
oxygen supply for sustained aerobic conditions (Bari et al., 2000). In essence, passive
aeration can be considered an extreme case of forced aeration with a negligible forced
component. There are a wide range of numerical modeling techniques for turbulent flow
including phenomenological approaches, direct numerical simulation (DNS) of the
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Navier–Stokes expressions, and variants of the lattice Boltzmann method (Choi and Lin,
2010).
The turbulence models generally balance the description of the mean flow physics
with reasonable computational resources; which is particularly relevant with complex
flow regimes that are coupled with heat and mass transfer. The κ–ε model introduced by
Jones and Launder (1972, 1973) is the most widely used among these methods.
The inclusion of microbial activity is essential for deriving an accurate energy
balance while providing a better understanding of the dynamic interactions occurring in
the composting environment. Early models indirectly incorporated microbial growth
kinetics using the rate of oxygen uptake (VanderGheynst et al., 1997), carbon dioxide
evolution rate (Richard and Walker, 2006) and/or the biological volatile solids (Haug,
1993; Higgins and Walker, 2001). Later efforts explicitly incorporated microbial growth
kinetics by considering microbial growth in terms of the logistic growth equation
(Dalsenter et al., 2005), the exponential growth equation (Sangsurasak and Mitchell et al.,
1998), Monod kinetics (Agamuthu, 2000; Hammerlers, 1993; Pommier et al., 2008; SoleMauri et al., 2007; Stombaugh and Nokes, 1996) or other empirical growth equations
(Ikasari and Mitchell, 2000). The development and application of these kinetic growth
equations is, however, complicated as microbial populations change spatially and
temporally during substrate decomposition (Adney et al., 2008).
3.4.5.3 Compost Models
Halvadakis (1983) and El-Fadel et al. (1995) developed systems of equations
describing microbial landfill dynamics with biokinetic models; while Mitchell et al.
(1991) presented a semi-mechanistic model describing microbial growth within SSF of
cassava starch. Georgiou and Shuler (1986) also presented a simple model for mold
growth on a surface with cellular differentiation and spatial heterogeneity. However,
these early SSF models generally neglected temperature effects on the physical, chemical
and biological processes involved. Saucedo-Castañeda et al. (1990) also simulated the
heat generation and transfer within a packed-bed, static bioreactor with a set of equations
describing the relevant physiological processes and a pseudo-homogeneous, monodimensional dynamic energy balance. Although a mass balance was not considered in
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this case, verification of the model was achieved by comparison with the experimental
temperatures of inoculated cassava, with results indicating that the main heat transfer
resistance through the fixed bed was conduction.
Aerobic composting models have also been reported in numerous studies
(Hamoda et al., 1998; Haug, 1993; Keener et al., 1993; Person and Shayya, 1994); with
some studies including biological components expressed at a particle level (Hamelers,
1993). Lindstrom (1992) also presented a one-dimensional mathematical model for a
homogeneous porous medium that included modified Monod kinetics in describing the
dynamic aerobic population. Likewise, Kaiser et al. (1995) coupled an organic
composting conversion process with the mathematical model describing heat and mass
transfer within a porous media context. A dynamic model for aerobic compost was also
developed by Stombaugh and Nokes (1996) based on Monod growth kinetics expressed
as functions of the concentration of the substrate and oxygen, as well as, the temperature
and moisture content of the composting material. The movement of air between each
layer was explicitly modeled, although fluid dynamics were not specified. Anaerobic
digestion models have also been presented for the temperature evolution of landfills
(Yoshida et al., 1997) and municipal solid waste in continuously-stirred tank reactors
(Kiely et al., 1997) with results indicating significant temperature rise in the media.
Oppenheimer (1997) proposed a moisture transport balance with the assumption
that water was only generated by metabolic activity, while water loss was reflected in the
humidity ratio, as follows:

dM
dt

=

d(BVS)
dt

mH(Tr )−H(Ta )+β
ρV

[3.4.50]

where: M = moisture content; m = mass flow rate of air, H = saturation humidity of air; T
= air temperature; β = moisture yield coefficient, BVS = biological volatile solids; V =
system volume; ρ = density of the dry bulk; and the subscripts r and a represent the
reactor and ambient air conditions, respectively.
Lefebvre et al. (2000) also characterized the temperature field in municipal solid
wastes; while Sidhu et al. (2007) later developed a two-dimensional, spatially dependent
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model of landfilling which contains thermal energy generation from the exothermic
microbial reactions (monotonic increasing/decreasing function) and cellulosic oxidation
(Arrhenius kinetics). Results were validated with spatial and temporal data from a study
of municipal solid waste which indicated microbial death and/or dormancy at high
temperatures. Petric and Selimbašić (2008) later distinguished the water present in the
gas phase from that present in the composting material. The resulting mass balance also
accounted for the dissolved gases, water generation from organic matter degradation and
the transfer rate of water between each phase according to the following equation:
dmw
dt

= −Yw

dmOM
dt

− k L aw (Ps − Pv )

[3.4.51]

Xi et al. (2010) similarly modeled domestic solid waste composting based on the
microbial process kinetics, mass conservation, energy conservation and water balance
equations. A series of aerobic composting experiments with domestic solid waste were
conducted to verify the model. Escudey (2011) also developed a transient heat and
oxygen diffusion model for sewage sludge that includes heat generation from aerobic
activity and cellulose oxidation.
Fontenelle (2011a, 2011b) combined empirically-derived microbial growth
kinetics for bacteria, fungi and yeasts with the relevant heat and mass transfer phenomena
occurring during aerobic composting of a switchgrass/dog food mixture. In this case, the
substrate bed was considered to be a homogeneous mixture with thermal equilibrium
assumed to exist between the solid phase and gas phase. Conduction and diffusion were
considered minimal due to forced aeration; while the energy transfer rate was expressed
as follows:

δT
δt

=

dQbio
δT
−Vρa (T)�cp,a +demT �Vz
dt
δz
V�ερa (T)�cp,a +demT cp,v �+(1−ε)ρs �cp,s +cp,w Md ��

[3.4.52]

where: T = temperature (K), V = system volume (m3), ρa and ρs = density of air and the
dry bulk, respectively; ε = porosity of the substrate bed; cp,a, cp,s, cp,w, cp,v = specific heat
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at constant pressure (kJ kg-1 K-1) of air, dry bulk, water and water vapor, respectively;
Vz = superficial air velocity; and Md = moisture content (%-db).
Zambra et al. (2011, 2012) developed a three-dimensional mathematical model
for porous compost based on unsteady, turbulent flow field, energy transport, and selfheating from biological activity. In this case, the Navier–Stokes equation was used to
describe the air flow over the compost pile, along with the k–ε turbulence model
(Launder and Spalding, 1974) as follows:
δ

δt

(ρui ) +

δ

δxj

δp

�ρuj ui � =

δxi

µt = ρCu

+

δτij

δxij

− ρgδi3

κ2

[3.4.53]

[3.4.54]

ε

where: ui = velocity vector field (m s-1); ρ = air density (kg m-3); p = pressure (Pa); τij =
deviatoric stress tensor (N m-2); μt = turbulent viscosity (N s m-2); Cu = phenomenological
constant (-); κ = turbulent kinetic energy (J kg-1); and ε = rate of dissipation (J kg-1 s-1).
Here, the subscript 3 represents the directional orientation associated with the
gravitational acceleration. The flow must also adhere to the principles of mass
conservation as expressed by the following equation:
δρ
δt

+

δ

δxi

(ρui ) = 0

[3.4.55]

In this case, the thermal energy for the air has been expressed as:
δ

δt
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�
δT

σt δxj
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[3.4.56]

where: σt = turbulent Prandtl number (-); and k = thermal conductivity of the air outside
the pile (W m-2 K-1). Here, the superscript bars represent the average values of the
respective parameters.
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Cellulosic oxidation and microbial activity were also included in a volumetric
heat generation source term, assuming negligible depletion of cellulose, biomass and
oxygen. Interphase temperature gradients have also been assumed to be negligible in
several studies with a single temperature often describing the local conditions in
accordance with the following for of the heat transfer equation (Escudey, 2011; Sidhu et
al., 2007; Zambra et al., 2011, 2012):

�ρCp �

δT

eff δt

−Ec

2

= k eff ∇ T + Q c (1 − ε)Ac ρc Cox exp �

RT

� + Q b (1 − ε)ρb ρc �

−E

A1 exp� RT1 �
−E

�

1+A2 exp� RT2 �

[3.4.57]

where: Ac = pre-exponential factor for the oxidation rate of cellulose; Cox = oxygen
concentration (kg m-3); Cp = specific heat capacity (J kg-1 K-1); T = temperature (K); Qc =
exothermicity from cellulose oxidation (J kg-1); R = ideal gas constant (J K-1 mol-1);
Ec, E1, E2 = activation energies for the cellulose oxidation, biomass growth and inhibition
of biomass growth, respectively; and the subscripts eff, 1 and 2 represent an effective
property, biomass growth and biomass inhibition, respectively.
3.4.5.4 Application in Current Study
The complex bioprocesses occurring within these SSF environments involve
numerous coupled physical and biological mechanisms which describe the heterogeneous
substrate and diverse microbial activity. Therefore, these coupled mechanisms are
generally difficult to empirically and theoretically and analyze. Specific modeling
complications are typically associated with the geometrically complex nature and the
non-homogeneous spatial distribution of SSF systems. Agricultural substrates may also
be structurally and nutritionally heterogeneous; thereby preventing accurate
determination of important process variables. Numerous challenges also exist with direct
experimental measurements within the SSF environment; while average parameter values
may inadequately reflect local conditions.
Despite understanding the general physical processes that occurring during
composting operations, the underlying microbial mechanisms that drive these changes are
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poorly understood and are often inadequately characterized. Hence, the modeling and
simulation of these composting processes remain rather challenging; particularly due to
the intricate complexities of the biotic and abiotic interactions occurring in the porous
matrix. However, the modification and integration of relevant composting model
components may contribute to the improved design, control and optimization of
underlying heat and mass transfer mechanisms that occur within baled biomass.
3.4.6

Porous Models

3.4.6.1 Porous Modeling Theory
A porous medium is characterized by several parameters including the porosity
and permeability of the material; with the latter term quantifying the ability to transmit
fluid. Constrictivity is another important parameter which is expressed as the ratio of
particle diameter to the pore size. Thus, constrictivity may be considered a scaling
parameter characterizing lower diffusive flow at boundaries. Similarly, tortuosity is an
evaluation of the complexity of the network of pores assessed by evaluating all the
pathways from one side of the porous medium to the other. The tortuosity of each
pathway is defined as the ratio between its total length and the direct distance between
the starting and ending points.
The number of heat and mass transfer models for porous media continues to grow
due to the wide array of applications across many fields of study. Early work performed
by Philip and DeVries (1957) addressed heat and water (liquid and fluid phases) transport
with porous media in response to the temperature and water content gradients. An
enhancement factor was implemented to account for the inadequate description of
Fickian diffusion in a porous media. One-dimensional heat and mass transfer within
porous hygroscopic materials was described by (Luikov, 1966; Prigogine, 1961) with no
free water considered to exist within the pores according to the principles of nonequilibrium thermodynamics as follows:

Jm = Lmq

δT
δx

+ Lmm
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δM
δx

[3.4.58]

Jq = Lqq

δT
δx

+ Lqm

δM

[3.4.59]

δx

where: Jm and Jq = moisture and heat fluxes, respectively; and Lmq, Lmm, Lqq, and Lqm are
phenomenological coefficients.
The moisture conservation (without chemical reaction) (Siau, 1983) and energy
balance conservation for a capillary porous medium (Luikov, 1966) were defined by:
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[3.4.61]

where: M = moisture content (%-db); D = transverse diffusion coefficient (cm2 s-1); ϕ is a
factor of Lmq; T = temperature (K); kT = transverse thermal conductivity coefficient (cal
cm-1 K-1 s-3); m = fractional moisture content (g g-1, db); CT = specific heat of wood (cal
g-1 K-1); λ = ratio between the vapor diffusion coefficient and total moisture diffusion
coefficient; and Eb = activation energy (cal mol-1).
Vafai and Tien (1981) established steady-state equations describing a porous
medium with the volume-averaging technique; while Darcy’s equation has been used in
several studies for modeling porous media flows (Durlofsky and Brady, 1987; Rajamani
et al., 1995; Vasseur et al., 1990). Avramidis et al. (1992) also developed a conductive
model for a hygroscopic porous material while considering the water chemical potential
gradient to be the dominate diffusion force. In this case, the temperature gradient
derivation was based on non-equilibrium thermodynamic principles, with the results
indicating thermal-diffusion throughout the initial stages of desorption.
Experimental and numerical investigations have also been performed in accessing
the heat transfer and fluid flow within porous enclosures. In fact, Chang and Liu (1994)
studied various effects of the convective heat transfer in rectangular porous cavities.
Numerical heat and mass transfer modeling has also been performed for various drying
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processes; although self-heating has generally been excluded in many models (Bae et al.,
2010; Bubnovich et al., 2008, 2009; Lamnatou et al., 2009; Lee et al., 2007).
3.4.6.2 Forced Convection
Forced convection flow in porous media has been widely investigated throughout
the available literature (Bejan, 2004; Ingham and Pop, 2005; Leu et al., 2009; Nield and
Bejan, 2006; Vadász, 2008; Vafai et al., 2005). Kaya et al. (2006) analyzed the heat and
mass transfer processes associated with the drying of a two-dimensional, rectangular
object exposed to forced laminar convection. In this case, the thermal and physical
properties were considered to be constant with incompressible flow. The partial
differential equations governing the drying fluid in two dimensions were given in terms
of the mass (continuity), momentum (x- and y- directional) and energy conservation:
δu
δx

+

δv
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ρ �u
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where: u and v = velocities in the x-and y- direction (m s-1); ρ = density (kg m-3); and p =
pressure (Pa). Numerical procedures were also developed for diffusion-based heat and
mass transfer assuming negligible material shrinkage/deformation, heat generation, and
radiation effects. Under these assumptions, the two-dimensional model of the porous
structure was expressed as:

u

1 δT

α δt

=
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δx2
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1 δM

D δt
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δx2

+
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[3.4.67]

δy2

with the following boundary conditions:

−k
−D

δT

= h(T − Tair )

[3.4.68]

= hm (M − Mair )

[3.4.69]

δn

δM
δn

where: n = directional coordinate normal to the surface; k = thermal conductivity (W m-1
K-1); D = moisture diffusivity obtained from the Arrhenius equation (m2 s-1).
3.4.6.3 Natural Convection
Considerable attention has also been given to the effects of natural convection
heat transfer within porous media (in terms of the internal heat generation) due to the
growing number of research applications in recent years (Nield and Bejan, 2006).
A review of the early research involving natural convective heat transfer in porous
media was conducted by Cheng (1978) while various models have been developed for
heat generation and the associated natural convection within confined porous mediums
(Acharya and Goldstein, 1985; Bejan, 1984; Beukema et al., 1983; El-Khatib and Prasad,
1987; Haajizadeh, 1984; Robillard, 1988). The dimensionless form of the governing
equations have typically been expressed in accordance with Darcy’s law (Darcy, 1830)
and the Boussinesq approximation as follows:
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[3.4.72]

where: ψ = stream function and R = Rayleigh number.
Numerical studies of free convection have also been performed for various
arrangements porous layers in accordance with Darcy's law (Chen and Chen, 1988;
Poulikakos et al., 1986). The Darcy flow model offers the advantage of linearizing the
momentum equation; thereby simplifying the solutions of the governing equations
(Haajizadeh, 1984; Prasad, 1987). However, the no-slip boundary condition cannot be
accounted for by Darcy’s law, which poses an issue for highly porous materials and
fibrous media (Vasseur and Robillard, 1987). An evaluation of natural convection heat
transfer within an enclosed porous media was also reported Chan et al. (1970) in
accordance with the Brinkman-extended Darcy model. Tatsuo et al. (1986) and Sathe et
al. (1988) also used the Brinkman-extended Darcy model (Brinkman, 1947) to describe
natural convection within a porous layer while a non-Darcian model was developed by
Beckermann and Viskanta (1988) for a rectangular enclosure that was considered to be
partially filled with a saturated porous medium. In this case, the Brinkman and
Forcheimer extensions for a high-permeability porous media were invoked.
Singh (1995) later described a comparative evaluation of the Darcy, Brinkmanextended Darcy and Brinkman-Forchheimer-extended Darcy models of natural
convection within a porous layer with all three models yielding similar results for low
Darcy numbers. However, the Brinkman Forchheimer- extended Darcy model was
preferable at higher Darcy numbers as it accounted for the effects of inertia. The Darcy
model applied with the B-J condition (Beavers and Joseph; 1967) resulted in a slip
velocity condition at the interface, as well as, at the impermeable walls. On the other
hand, the use of the Brinkman or Brinkman-Forchheimer models with the velocity
continuity at the interface satisfied the no-slip criteria, as well as, the impermeable
surface conditions.
Natural convection within homogeneous porous media subjected to discrete heat
sources have been investigated for rectangular enclosures (Basak et al., 2011; Cheikh et
al., 2007; Churbanov et al., 1994; Degan et al., 1995; Haghshenas et al., 2010; Lakhal et
al., 1995; Lin, 1993; Mobedi et al., 2010; Ni and Beckermann, 1993; Nield et al., 1993;
Sathiyamoorthy et al., 2007; Varol et al., 2009), inclined rectangular enclosures (Hsiao
and Chen, 1994; Oztop, 2007), wavy rectangular enclosures (Sompong and
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Witayangkurn, 2012), vertical cylinders (Chang and Hsiao, 1993), vertical cones (Kumari
and Jayanthi, 2005; Kumari and Nath, 2009) and isothermal spheres (Ghodeswar, 2010);
for both steady-state and transient conditions. These numerical models have involved
localized isothermal heat sources (Aydin and Yang, 2000) and constant flux heat sources
(Sharif and Mohammad, 2005). In most cases, the discrete heating sources were applied
on distinct cavity walls with a constant heat flux; with all remaining walls considered
adiabatic (Calcagni et al., 2005; Saeid and Pop, 2005).
The enclosures and porous media are typically assumed to be anisotropic; while
the thermophysical fluid properties are generally considered to be constant. The viscous
drag and inertia terms have also been neglected in many of these studies due to the
sufficiently slow flow and the local thermodynamic equilibrium between the porous
material and fluid. Based on these assumptions, the conservation of mass, momentum
(axial and transverse), energy and concentration for unsteady flow within a twodimensional porous medium have been expressed in the general form (Bejan, 1984; Jang
and Ni, 1989) as follows:
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where: u and v = Darcy's velocity in the x- and y-directions; κ = permeability of the
saturated porous media; μ = viscosity; D = equivalent thermal and mass diffusivities; σ =
heat capacity ratio between the porous medium and fluid; and ε = porosity (-).
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Zhang et al. (1993) investigated Benard convection in a cavity containing an
anisotropic porous medium; while Zhao et al. (2008) numerically evaluated the
convective flow within a porous enclosure subjected to localized heating. The DarcyBrinkman model was used for the momentum conservation while satisfying the no-slip
boundary condition. Mahapatra et al. (2011) evaluated the effects of natural convection
and thermal radiation within a square cavity containing a porous medium. Results
indicated that the Rayleigh number and porosity have considerable influence on heat
transfer.
Alam (2011) and Kalaoka and Witayangkurn (2013) numerically evaluated
natural convection within two-dimensional square enclosures filled with porous media
with constant heating and cooling from the side walls. Convective fluid flow and heat
flow were visualized with the stream function and heat function; respectively. All
thermophysical properties of the media were assumed to be constant with isotropic
effective thermal diffusivity and negligible internal radiation. The Brinkman extended
non-Darcy model was implemented according to the conversation of mass, momentum
(x- and y- directional) and energy as follows:
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where: u and v = Darcy's velocity in the x- and y-directions; κ = permeability of the
saturated porous media (m2); ν = kinematic viscosity (m2 s-1); ρ = density (kg m-3); p =
pressure (Pa); α = thermal diffusivity (m2 s-1); and βT = volume expansion coefficient
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(K-1). In general, the streamlines were found to increase as Darcy and Grashof numbers
increased; while heatlines typically decreased.
3.4.6.4 Mixed Convection
The numerical analysis of mixed (forced and natural) convection through variable
porosity media has also been reported for horizontal layers with multiple isothermal heat
sources (Lai and Kulacki, 1991; Lai et al., 1990), immersed spheres (Sano, 1996) and
two-dimensional rectangular cavities (Nithiarasu et al., 1997). These generalized nonDarcian models account for the inertial and viscous forces within the fluid.
3.4.6.5 Hybrid Mixture Theory
The Hybrid Mixture Theory (HMT) has also been used to extend Darcy's, Fick's
and Fourier's laws for porous media applications (Coleman and Noll, 1963; Cushman et
al., 2002; Hassanizadeh and Gray, 1979). Studies involving HMT have used volumeaveraged conservation laws to provide thermodynamically consistent equations for
saturated (Bennethum and Cushman, 1999) and unsaturated (Kleinfelter et al., 2007)
porous media. Extensions to Darcy's law have also indicated that the macroscale
chemical potential can be applied in those applications involving diffusive velocity
within saturated porous media (Schreyer-Bennethum, 2012; Weinstein, 2005). HMT
correction terms in Richards' equation also suggest that the capillary pressure rate of
change may impact the overall saturation dynamics (Beliaev and Hassanizadeh, 2001;
Hassanizadeh et al., 2002).
Sullivan (2013) also applied HMT and the macroscale chemical potential for the
case of unsaturated porous media (i.e., soil). In this study, the predominant physical
processes were coupled with a single physical measurement (chemical potential). Grillo
et al. (2012) also evaluated the mass transport within a saturated porous media that was
characterized as a deformable internal structure. The dynamic interaction of the porous
medium and saturating fluid were described on a coarse scale with the application of the
Mixture Theory and Continuum Mechanics.
Recent studies involving natural convection through a saturated porous medium
exposed to a uniform magnetic field have also been reported using the Brinkman model
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(Alchaar et al., 1995; Barletta et al., 2008; Nield, 2008). Numerical investigations of
laminar, two-dimensional magneto-hydrodynamic (MHD) convection in porous media
have been performed with rectangular cavities assuming constant fluid properties except
density with the buoyancy effects included through the Boussinesq approximation
(Grosan et al., 2009; Khanafer and Chamkha, 1998). Pressure work, viscous dissipation,
radiation and Joule heating effects were generally considered negligible; with the
conservation of mass, momentum and energy transfer generally given as:
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where: u and v = the velocity components along the x- and y-directions (m s-1),
respectively; g = gravitational acceleration (m s-2); κ = permeability of the porous
medium (m2); β = coefficient of thermal expansion (K-1); μ = dynamic viscosity (kg m-1
s-1); γ = angle of inclination to the horizontal of applied magnetic field (rad); σ =
electrical conductivity (Ω-1 m-1); ρ = fluid density (kg m-3); cp = specific heat at constant
pressure (kJ kg-1 K-1); αm = effective thermal diffusivity (m2 s-1); and q‴
0 = volumetric
heat generation rate (W m-3).

3.4.6.6 Application in Current Study
The relevant models reviewed here are expected to provide an adequate
understanding of the relevant characteristics and mechanisms that are associated with the
development of heat and mass transfer models for porous media such as baled biomass.
While many of the studies reviewed here provide practical insight into the heat and mass
transfer occurring within porous media, most of these models have not been validated
with experimental data. Additionally, many of the current modeling efforts in porous
media have focused on isotropic and homogeneous media; although agricultural products
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such as baled biomass may exhibit nonisotropic and heterogeneous characteristics in
most practical applications. Therefore, while some of the mechanisms discussed in this
review are not applicable, the fundamental theories that underlie these porous models
may provide a general framework for the current study. The effect of self-heating has
also been neglected in most porous models which may require further modification for
implementation in the current study.
3.4.7

Practical Application
The foregoing discussion illustrates the ongoing investigation of natural-

convection fluid flow and heat transfer within densified biomass. While many of these
models offer a representation of the relevant features of various biomass applications, no
comprehensive model is currently available; particularly for the baled format.
Furthermore, many of the previous diffusion-based models neglect fluid flow and are
relatively unsophisticated compared with a complete diffusion-convection model;
although requiring less computational effort. Many of these studies have also
unrealistically assumed constant heat and mass transfer coefficients. Therefore, the
motivation for the proposed work is based on the need for an accurate description of
underlying mechanisms driving energy and mass transfer within rectangular bales of
switchgrass. The development of an effective model should allow for the prediction of
storage effects (i.e., temperature and moisture migration patterns resulting from
diffusion); optimization of storage operations (minimization of storage losses); and the
assessment of biomass quality.
As such, the key objective of the current study was to describe the underlying
theories and mechanisms of heat transfer and moisture migration within the high-solids,
porous media environment of switchgrass stored in the rectangular baled format. Hence
the distribution of temperature and moisture within baled switchgrass is of particular
interest as based upon the assumed and empirically-derived physical and thermal
properties of the material. A specific objective of the current research was aimed at the
development of a comprehensive, two-dimensional model describing the relevant heat
and mass transfer mechanisms according to the fundamental theories of diffusion,
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conduction and convection for hygroscopic porous environments such as baled
switchgrass.
The resulting system of equations was to be numerically evaluated in accordance
with the finite difference method while assessing the impact of the initial moisture
content on model predictions. The ability to accurately describe process dynamics was
also validated in terms of the experimental storage data that was collected under
controlled environmental and constant drying air conditions (i.e., fixed temperature,
relative humidity, etc.). Model accuracy was further assessed with the inclusion of
microbial heat generation, liquid diffusion flow and a generalized framework for natural
convective flow.
The proposed model was expected to be in close agreement with experimentally
determined temperature and moisture data for baled switchgrass. Furthermore, the
inclusion of heat generation (from plant respiration and/or microbial activity), liquid
diffusion and natural convection modeling components was expected to improve model
validation and prediction accuracy. The integration of empirically-derived, internal heat
generation was only expected to contribute minimal heat gain at lower moisture levels;
with the primary driving force attributed to the fundamental principles governing heat
conduction and/or convection. Hence, temperature development within baled switchgrass
was expected to exhibit the same general trend as ambient air temperature; with moisture
content exhibiting a uniform decline throughout storage. The integration of natural
convection flow and liquid diffusion through the porous material was expected to further
improve the spatial and temporal simulation of temperature and moisture compared with
the simple case of a one-dimensional assessment of pure heat conduction and mass
diffusion.
Hence, the current model was based on a thermal conductivity approach although
heat development within the bale by other physical and/or biological processes was also
accounted for in order to achieve greater prediction accuracy which may be considered
novel in terms of similar biomass models. The primary input parameters for the model
were air temperature and relative humidity, as well as, specific characteristics of the
feedstock. The primary output parameters associated with this model were the
temperature and moisture content of the baled biomass as a function of time. The
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boundary conditions were primarily governed by a derivation of the typical heat and
moisture equations; while internal bale conditions were based primarily on Fick’s
moisture diffusion and the heat balance equation for temperature simulation. Specific
consideration was also given to the extended forms of Darcy’s equation of motion (with
convective terms), while simultaneously solving the stream function and energy
conservation in regards to the buoyancy-driven natural convection flow.
The analytical methods of Krischer and Kast (1963) and Berger and Pei (1973)
describing the drying of a hygroscopic porous solid were adapted and expanded in the
current study for a baled switchgrass with two distinct length scales. A generalized form
of the equations governing phase change was also presented in the current study to allow
diffusional coefficients to vary with both temperature and moisture content. An attempt
was also made to preserve the generalities of the proposed model in order to maintain
validity for any hydroscopic porous media. Hence, the current model was based on the
fundamental principles which govern the thermophysical processes occurring within a
porous media which can be easily modified for application in a wide variety of materials,
bulk formats and environmental conditions.
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CHAPTER 4:MODEL DEVELOPMENT
4.1

Physical Description
A mathematical model describing the heat and mass transfer within a rectangular

bale of switchgrass was developed in the current study. The bale itself was
conceptualized as a porous medium composed of individual porous elements (stems)
which contain free liquid. This study specifically considers a storage application of the
bale under controlled environmental conditions. In this case, the exposure of the bale to
dry, heated air was considered at the exposed surfaces of the bale and throughout the
porous structure as the air permeated into the material. Based on this proposed analysis,
two regions or domains were defined in this problem with each addressing a disparate
length scale. Figure 4.1 depicts a two-dimensional cross-section of a porous bale
(corresponding to the same vertical orientation as that of a flake) with identification of an
inner and outer domain.

Figure 4.1 A two-dimensional cross-section of a rectangular bale of switchgrass
identifying the outer domain (dry air and water vapor) and inner domain (solid stem
material, liquid water, water vapor and dry air).
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The ‘inner domain’ consists of the individual, cylindrical solid elements which
represent the stems of switchgrass. These elements collectively form the global porous
structure (bale). Moreover, the inner domain is itself considered a porous structure
composed of a solid matrix, liquid water, water vapor and air. The free liquid contained
within the elements of the inner domain was assumed to be removed during the storage
conditions proposed for this study. The heat and mass transfer processes occurring within
the inner domain were assumed to be one-dimensional since switchgrass stems have a
waxy coating that is relatively resistant to mass transfer (Shinners and Porter, 2012).
The ‘outer domain’ is considered to be everything external to the inner domain,
but internal to the overall structure of the bale. Hence, the outer domain represents the
void space within the bale. In this case, water vapor and dry air were considered to be the
only constituents existing within the outer domain. The global porous structure is
composed of the outer domain along with many inner domain elements which are
assumed to have random angular orientation within the vertical plane (flake) that is
formed by the plunging action of the baling process. Thus, these angular stem
orientations are aligned in parallel with the flake composition. The directionally-specific
thermophysical properties are further discussed in section 5.3 with regards to the
directional orientation of the stems.
The dynamic processes occurring during storage involve the simultaneous heat
and mass transfer mechanisms of the inner domain coupled with those of the outer
domain. These physical and thermophysical mechanisms proceed throughout storage as
ambient air comes into contact with the inner domain elements; either flowing across the
surface of the global structure or permeating into the outer domain. In the case of warmer
ambient conditions, particularly in the absence of excess environmental moisture, this
heat from the surrounding air will be convected to the inner domain elements. A portion
of this energy may cause vaporization of the free liquid water which subsequently
diffuses through the inner domain and is convected away at the interface between the
inner and outer domain.
The rate of heat and mass transfer may be either convection-limited by the outer
domain or conduction-limited by the inner domain depending on specific parameters
discussed in this study. The limiting mechanism may also vary throughout different
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regions of the porous structure, while modeling schemes which account for only one ratelimiting mechanism may not accurately represent the heat and mass transfer occurring
over a wide range of conditions.
Based on this physical description of the problem, a mathematical model was
developed to investigate the storage of rectangular bales of switchgrass under controlled
environmental conditions. The heat and mass transfer formulation proposed here is based
on previous porous media modeling theories (Kakaç et al., 2012; Nield and Bejan, 2006;
Phillips, 1989); although natural convection and heat generation components are also
incorporated. In this case, each domain was considered separately since the physical
processes occurring in each domain are different. Relevant assumptions are highlighted
throughout the discussion of this model development and are summarized in greater
detail at the end of this chapter.
4.2
4.2.1

Inner Domain
Mass Conservation
The heat and mass transfer formulation proposed here for the inner domain is

based on that of hygroscopic capillary porous solids (Berger and Pei, 1973; Krischer and
Kast, 1963; Phillips, 1989). The dominant modes of mass transfer for the inner domain
were assumed to include capillary liquid conduction, water vapor diffusion and bound
liquid movement. The inner domain was assumed to be isotropic and homogeneous
porous medium with the solid, liquid and vapor phases considered to be in
thermodynamic equilibrium. Under these assumptions, the capillary flux was expressed
as (Miller and Miller, 1955):

Jc = ṁ c = −k c ρs ∇M = −k c ρs

δM
δx

[4.1]

where: Jc = ṁ c = capillary mass flux (kg m-2 s-1); ρs = solid phase density (kg m-3); ∇ =

gradient operator (m-1); M = moisture content (kg3 kg-3); x = length coordinate (m); and
kc = capillary liquid conductivity (m2 s-1) which is a function of the temperature and
moisture content.
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Chen and Pei (1989) described bound liquid movement in terms of the bound
liquid flux expressed as a function of the moisture content gradient:

Jb = ṁ b = −k b ρs ∇M = −k b ρs

δM

[4.2]

δx

where: Jb = ṁ b = mass flux of bound liquid (kg m-2 s-1) and kb = bound liquid

conductivity (m2 s-1) which is also a function of the temperature and moisture content.
Negligible temperature gradients were assumed in the derivation of this bound liquid
expression. Thus, the inner domain elements were assumed to have negligible
temperature gradients in the present study. This assumption does not, however, rule out
the possibility of convective heat transfer from the outer domain to the inner domain or
by conduction through an inner domain element.
It should be noted, that Equations 4.1 and 4.2 have limited applications as capillary
conduction and bound water movement occur only in regions with continuous streams of
free liquid and in regions with no free water, respectively (Chen and Pei, 1989). The
dependence of both of these transfer mechanisms on the moisture content gradient
suggests the formulation of a comprehensive liquid movement term of the form:

JL = ṁ L = −DL ρs ∇M = −DL ρs

δM

[4.3]

δx

where: JL = ṁ L = mass liquid flux (kg m-2 s-1); and DL = liquid conductivity (m2 s-1)
which was assumed to be a function of the temperature and moisture content.

Although the liquid conductivity was expected to be of minimal practical value in
the current study since the liquid was assumed to be initially bound, the assessment of
this term was still given some consideration as will be discussed further in the application
of this model (see Appendix B.1).
The vapor diffusive flux can be expressed in terms of either the vapor pressure or
the vapor density as follows:

Jv = ṁ v = −Dv �εI −

ρs

ρL

P

M� ∇ � v � = −
RT
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with the assumption that the partial vapor pressure gradient is proportional to the vapor
density gradient for small (negligible) temperature gradients:
1 δpv
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where: Jv = ṁ v = vapor diffusive flux (kg m-2 s-1); Dv = vapor diffusivity (m2 s-1); εI =

porosity of the inner domain (m3 m-3); ρL and ρvI = liquid and vapor density of the inner

domain, respectively (kg m-3); P = pressure (N m-2); Rv = gas constant of the vapor (m2
K-1); T = temperature (K); and pv = partial vapor pressure (kg m-1 s-3).
A mass balance for a differential element of the inner domain was formulated in
accordance with these mass flux terms. A general schematic of this differential element
of the inner domain is shown in Figure 4.2. It should be noted, that this differential
element must remain large enough to retain characteristic material properties (e.g.,
porosity) as opposed to an arbitrarily small volume (Bear, 1972). The mass balance with
respect to this differential element is expressed in general terms as:
Rate of Change
Mass Flow
Mass Flow
�
�=�
�+�
�
Rate In
Rate Out
of Mass Stored

[4.6]

or in mathematical terms:

JL + Jv = �JL +

δJL
δxI

dxI � + �Jv +

δJv

δxI

dxI � +

δ(ρs M)
δt

dxI +

δ

δt

��εI −

ρs

ρL

M� ρvI � dxI

[4.7]

Rearrangement and simplification of this equation results in:

−�

δJL
δxI

+

δJv

δxI

� = ρs

δM
δt

+

182

δ

δt

��εI −

ρs

ρL

M� ρvI �

[4.8]

Substitution of the mass liquid flux (equation 4.3) and vapor diffusive flux (equation
4.4b) yields:
δ

δxI

�DL ρs

δM

δxI

�+

δ

δxI

�Dv �εI −

ρs

ρL

M�

δρvI
δxI

� = ρs

δM
δt

+

δ

δt

��εI −

ρs

ρL

M� ρvI �

[4.9]

which may be further simplified as:
δ

δxI

�DL ρs

δM

δxI

+ Dv �εI −

ρs

ρL

M�

δρvI
δxI

� = ρs �1 −

ρvI δM
ρL

�

δt

+ �εI −

ρs

ρL

M�

δρvI
δt

[4.10]

The left-hand side of the equation represents the mass liquid flux and the diffusive flux
effect of mass transfer; while the right-hand side represents the change of moisture
content and vapor density. This derivation inherently assumes that porosity is not a
function of time (rigid solid).

Figure 4.2 Mass balance for a differential element of the inner domain.
4.2.2

Energy Conservation
This study considers energy transfer by convection, liquid evaporation and heat

conduction; while radiative heat transfer is considered negligible. Two distinct sources of
conduction are specifically considered in this study including heat conduction through
inner domain elements (‘local’) and through the global porous structure (‘global’). The
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global conduction term develops from the physical contact established between many
inner domain elements. However, this global contribution to heat conduction is rather
challenging in practical applications due to the geometric and mathematical complexity
required in representing the actual points of contact between individual elements. Thus, a
simplified treatment of this phenomenon is formulated in the current study by considering
a succession of porous media.
At one limit, the global porous structure is considered to contain only a single
inner domain element. In this case, there is no global (i.e., element-to-element)
conduction. The addition of a second element; such that the two elements are in contact
with each other (at least at one point), causes a global conduction phenomena in response
to any temperature difference between the two elements. For a control volume
surrounding only the first element, global conduction then appears to be an energy source
(sink) at the point(s) of contact. As more elements are added, these energy sources (sinks)
become distributed more closely along the length of the first element.
In the other limiting case, the energy sources (sinks) are distributed across the
entire length of the element, with the global conduction term treated as an evenly
distributed energy source along its entire length. The amount of heat conducted to the
element from the neighboring elements can be assumed constant in this case. For many
porous media applications, a large number of elements (and associated contact points)
may indeed exist within a small volume of the porous media. In the current study, the
global conduction term may, therefore, be modeled as an energy source (sink) of constant
strength distributed along the entire length of an element.
A more detailed assessment of the conductive load may be necessary in strictly
conductive heat transfer applications. However, the consideration of the convective
contributions was expected to support this rather simplistic approximation of the
conductive load. An energy balance was developed for a differential element of the inner
domain (see Figure 4.3) based on these underlying principles. The general form of this
energy balance follows:
Rate of Change
Rate at which
Rate at which
�Energy Enters� = �Energy Leaves� + �of Energy Stored�
the Element
the Element
in the Element
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[4.11]

This expression of the energy balance can also be expanded to provide
differentiation between the distinct modes of heat transfer as follows:
Rate at which
Rate at which Energy
Rate at which
Energy
is Convected � +
Enters
the
Element
+
+
�
� �Energy is Conducted� �
from Respiration
to (from) the Element
into the Element

Rate of Change
Rate at which
Rate at which
�Latent Heat is used� = �Energy is Conducted� + �of Energy Stored�
in the Element
out of the Element
in the Element

[4.12]

or in mathematical terms,

δ

δxi

ST Ax dxI − k s Ax

�k s Ax

δTI
δxI

δTi
δxI

+ hc (Ta − TI )Px dxI − ṁ ev Lv Ax dxI = �−k s Ax

� dxI � + ρs Cps Ax

δTI
δt

dxI

δTI
δxI

−

[4.13]

Rearrangement and omission of opposing terms on either side of the equation
yields:

ST + hc (Ta − TI )

Px

Ax

− ṁ ev Lv = −

δ

δxI

�k s

δTI
δxI

� + ρs Cps

δTI
δt

[4.14]

where: ST = energy source (W m-3); Ax = cross-sectional area of an inner domain element
(m2); ks = thermal conductivity of the solid phase (W m-1 K-1); T = temperature (K); hc =
convective heat transfer coefficient (W m-2 K-1); Px = length of distance around an inner
domain element (m); ṁ ev = evaporative mass flow rate (kg m-3 s-1); Lv = latent heat of

vaporization (J kg-1); Cp = specific heat (J kg-1 K-1); and the subscripts s, a and I represent
the solid phase, ambient and inner domain respectively.
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Figure 4.3 Energy balance on a differential element of the inner domain.
A mass balance was also performed for the vapor phase of the inner domain in
order to obtain an expression of the evaporative mass flow rate (ṁ ev ). The general form

of this mass vapor balance follows:

Rate of Change of
Rate of Liquid
Mass Flow Rate
Mass Flow Rate
� Evaporation � + � of Vapor into � = � of Vapor out � + �the Mass of Vapor�
the Element
of the Element
in the Element
Stored in Element

[4.15]

or in mathematical terms:

ρs

ρL

ṁ ev Ax dxI − Dv Ax �εI −

M�

δρvI
δxI

� dxI � +

δ

δt

��εI −

ρs

ρL

ρs

ρL

M�

δρvI
δxI

= �−Dv Ax �εI −

M� ρvI � Ax dxI

ρs

ρL

M�

δρvI
δxI

−

δ

δxI

�Dv �εI −

[4.16]

Rearrangement and omission of any opposing terms results in the following simplified
expression for the evaporative mass flow rate:

ṁ ev = −

δ

δx

�Dv �εI −

ρs

ρL

M�

δρvI
δxI

186

�+

δ

δt

��εI −

ρs

ρL

M� ρvI �

[4.17]

Substitution of this evaporative mass flow rate into the energy balance equation
(4.14) yields:

δ

δxI

�k s

ST + hc (Ta − TI )
δTI
δxI

� = ρs Cps

δTI

Px

Ax

δt

+�

δ

δxI

�Dv �εI −

ρs

ρL

M�

δρvI
δxI

�−

δ

δt

��εI −

ρs

ρL

M� ρvI �� Lv +

[4.18]

This energy conservation equation can also be expressed in terms of the thermal
diffusivity (α) as follows:
δTI
ρs

ρL

δt

M� ρvI ��

=

Lv

ST

ρs Cps

ρs Cps

+

+ αs

hc

Px

ρs Cps Ax

δ2 TI
δx2I

(Ta − TI ) + �

δ

δxI

�Dv �εI −

ρs

ρL

M�

δρvI
δxI

�−

δ

δt

��εI −

[4.19]

The left-hand side of this equation represents the energy that is stored within the
specified control volume while the first term on the right-hand side represents the energy
source. The derivation of this energy source term will be discussed later in this study (see
Appendix B.7). The second term on the right-hand side represents the energy that is
convected between the inner and outer domain. The third and fourth terms represent the
mass of vapor flow and the vapor flow rate, respectively. The final term on the right-hand
side of the equation represents the conduction within the inner domain.
4.2.3

Boundary Conditions
The boundary conditions for equations 4.10 (mass conservation) and 4.19 (energy

conservation) are obtained by performing flux balances at the boundaries of the inner
domain. Assuming that xI = 0 is a plane of symmetry (see Figures 4.2 and 4.3); the liquid
conduction, vapor diffusion and energy conduction at the axial boundary can be
expressed as:

ρs DL

δM

δxI
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=0

[4.20]

Dv �εI −
ks

ρs

M�

ρL

δTI
δxI

δρvI
δxI

=0

=0

[4.21]

[4.22]

Likewise, the mass and energy balance at xI = L can be expressed as:

ρs DL

δM

δxI

+ Dv �εI −

ks

δTI
δxI

ρs

ρL

M�

− Lv ρs DL

δρvI

δM

δxI

δxI

= hm (ρva − ρvI )

= hc (Ta − TI )

[4.23]

[4.24]

where: ρva = ambient vapor density (kg m-3).
4.2.4

Initial Conditions

The initial conditions for the inner domain can be expressed as:
TI = TI 0

0 ≤ xI ≤ L

[4.25]

M = M0

0 ≤ xI ≤ L

[4.26]

ρvI = ρvI 0
4.2.5

0 ≤ xI ≤ L

[4.27]

Thin-Layer Drying Model
Equations 4.10 (mass transfer) and 4.19 (energy transfer) form a system of two

equations with three unknowns (TI, M and ρvI); thus, requiring another relation to
complete the mathematical model of the inner domain. A thin-layer drying model was
implemented in this case to fulfill the requirement by evaluating the moisture content of
the inner domain according to the general form of:

MR =

Mt −Me

M0 −Me
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= e−𝑘𝑘t

[4.28]

where: MR = moisture ratio (-); M = moisture content (%); k = drying rate constant (s-1); t
= time (s); and the subscripts 0, t and e represent the initial, time step and equilibrium
values, respectively.
Previous models have reported negligible effects with the omission of the
equilibrium moisture term (Me) due to fluctuations in ambient relative humidity
(Subahana et al., 2015); particularly in those cases in which the initial moisture content is
below 50 % (Mujumdar, 2004; Rotz and Chen, 1985). However, this equilibrium
moisture term was maintained in the current study as it was expected to improve model
accuracy under the steady ambient conditions considered. A sorptional isotherm was used
in this case to provide the necessary relationship for equilibrium moisture content as
based on the modified GAB model (type II curve). The general form of this model
follows:

Me =

C

A�T�(B∙RHe )

C

(1−B∙RHe )�1−(B∙RHe )+� �B∙RHe �
T

[4.29]

where: Me = equilibrium moisture content (%-db); RHe = equilibrium relative humidity
(dec.); T = temperature (°C); and A, B and C are model constants. The best fitting model
for milled switchgrass was developed by Godbolt et al. (2013) with constant values of
12.91, 0.38, and 160.7 for A, B and C, respectively.
In this case, the moisture content was assumed to be in equilibrium with the
relative humidity of the air within the inner domain. The validity of this assumption is
supported by the relatively small scale of the inner domain in comparison to the global
domain. In fact, the void space of within the inner domain is estimated to be roughly 1E6
times smaller than that of the global domain based on the respective porosities. Extended
storage assessment intervals were also expected to allow for equilibrium conditions to be
reached within these small volumes.
The drying rate constant (k) in this analysis was based on several previously
reported models (Khanchi et al., 2013; Khanchi, 2015; Subahana et al., 2015) which
follow the general form:
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𝑘𝑘 = exp(A ∙ Rad + B ∙ VPD − C ∙ WS − D ∙ M − E)

[4.30]

where: Rad = average daily radiation (W m-2); VPD = vapor pressure deficit (kPa); WS =
wind speed (m s-1); M = moisture content (dec., db); and the coefficients A, B, C, D and
E are empirical constants.
The radiation term was considered negligible in the current study, while the
natural convection velocity streams were used to simulate the wind speed. The empirical
coefficients used in the current study were based on values reported for the seeddevelopment and seed-shattered stages of switchgrass. Coefficient values for the seeddevelopment stage were 3.39E-3, 5.281E-1, 1.511E-1, 7.635E-5 and 8.74856 for A, B, C,
D and E, respectively; while those for the seed-shattered stage were 3.33E-3, 1.1141E-1,
1.4002E-1, 9.93E-3 and 6.64547 for A, B, C, D and E, respectively. The drying rate
constants obtained from both stages were averaged together for use in the current study.
4.2.6

Inner Domain Summary
The complete description of heat and mass transfer within the inner domain is

provided by the two governing equations (4.10, 4.19), the boundary conditions (equations
4.20 – 4.24), the initial conditions (equations 4.25 – 4.27) and the thin-layer drying model
(equation 4.28). It will also be noted here, once more, that the liquid conductivity (DL)
and vapor diffusion (DV) coefficients are dependent upon the characteristics of the porous
media, may vary with the temperature and moisture content, and must be determined
from empirical data. The consideration of these diffusional coefficients will be further
discussed in the Appendix of this study (section B.1). It also becomes evident that the
heat and mass transfer processes occurring within the inner domain are coupled to those
occurring in the outer domain; thus, requiring a simultaneous solution of the governing
equations for the outer domain. This interdependence between the inner and outer domain
is discussed in further detail following the development of the outer domain equations.
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4.3

Outer Domain
The global porous structure represents a rectangular cross-section of the bale

aligned parallel to the lateral, flake orientation as indicated in Figure 4.4. The justification
for the proposed geometry is based on the assumption that the distribution and angular
orientation of the inner domain elements may vary within a layer (flake) of the bale.
However, the axial orientation (z) of the bale, which corresponds to the direction of bale
compression, has not been considered in the current study. This axial orientation
represents a relatively long dimensional aspect with distinct rates of heat and mass
transfer; particularly in terms of the thermophysical properties (see section 5.3).

Figure 4.4 Mass and energy balance on a differential element of the outer domain.
The two-dimensional global porous structure was considered nonhomogeneous
due to the spatial variance in material properties (i.e., porosity and permeability), but
isotropic assuming no directional dependence due to the random distribution and angular
orientation of inner domain elements. The solid structure is likewise considered rigid
with negligible porosity variation with respect to time.
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In the present application, water vapor was assumed to be removed from the inner
domain by convection to the outer domain. The removal of this liquid was expected to
occur over extended periods of time with a relatively small rate of change of water vapor
mass within the outer domain. The volumetric flow rate of water vapor was also expected
to have negligible effects on the air flow through the outer domain. A mathematical
model for the outer domain was formulated based on similar agricultural models
(Buckmaster, 1986; Phillips, 1989); although natural convection and heat generation
compontents were also included. This model was developed in accordance with these
underlying assumptions with respect to the differential element shown in Figure 4.4.
4.3.1

Mass Conservation
A mass balance was developed for a differential element in terms of the

conservation of dry air and water vapor. Figure 4.5 depicts the two-dimensional control
volume of the outer domain with flow rates indicated. It may be noted that the velocity
field is considered unsteady in time due to the mass diffusion and natural convection
effects.

Figure 4.5 Differential element of the outer domain indicating flow through each surface.
The conservation of mass may be written in general terms as:
Rate of Change
Mass Flow
Mass Flow
�=�
�+�
�
Rate In
Rate Out
of Mass Stored

�

[4.31]

In accordance with this general mass balance, the mass transfer equation for dry air can
be expressed in mathematical terms as:
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εVx dy + εVy dx = �εVx +

δεVx
δx

dx� dy + �εVy +

δεVy
δy

dy� dx

[4.32]

where: ε = porosity of the outer domain (m3 m-3); V = velocity (m s-1); and the subscripts
x and y indicate the horizontal and vertical directions, respectively. This expression may
be simplified through the omission of opposing terms on either side of the equation as
follows:
δ

δx

(εVx ) +

δ

δy

�εVy � = 0

[4.33]

Air accumulation and diffusion-based gas transfer were assumed to be negligible in this
case.
Mass conservation principles were also applied to the water vapor in the outer
domain, with its density distribution directly influencing mass transfer from the inner
domain. The resulting mass conservation equation of water vapor in the outer domain
was expressed as:

ε

δρv
δt

+

δ

δx

(ερv Vx ) +

δ

δy

�ερv Vy � = SM I

[4.34]

where: SM I = volumetric mass source (kg m-3 s-1) which represents the water vapor

transfer from the inner domain to the outer domain. This source term may be defined as:

SM I =

hm (ρvI −ρv )NAs
V

[4.35]

where: hm = convection mass transfer coefficient (m s-1); N = number of inner domain
elements (-); As = surface area of an inner domain element (m2); and V = outer domain
control volume (m3). A discussion and evaluation of the mass transfer coefficient (hm) is
provided later in this study (see Appendix B.6).
Substitution of this source term into equation 4.34 yields:
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ε

δρv
δt

+

δ

δx

(ερv Vx ) +

δ

δy

�ερv Vy � =

hm (ρvI −ρv )NAs
V

[4.36]

The first term on the left-hand side of the equation represents the accumulation of
gas concentration over time. The remaining terms appearing on the left-hand side
represent the convective gas transfer phenomena which accounts for the natural
convection effect of mass transfer. Again, the right-hand side of this equation represents
the mass source of vapor from the inner domain to the outer domain. The assumption that
the water vapor and dry air are ‘well-mixed’ (i.e., have the same velocity at any point in
the outer domain) is also implicit in this formulation.
The number of inner domain elements (N) can be estimated based on the
proposed geometry of the porous material. In this case, the number of inner domain
elements can be expressed as a ratio of the size of the outer domain to that of the inner
domain as follows:

N=

V

2A𝑥𝑥 L

(1 − ε)

[4.37]

where: N = number of stems in the outer domain (-); Ax = cross-sectional area of an inner
domain element (m2); V = outer domain control volume (m3); L = half-length of an inner
domain element (m); and ε = porosity of the outer domain (m3 m-3).
4.3.2

Momentum (Darcy’s Law)
The thermally-conducting fluid was evaluated under the assumption of two-

dimensional, unsteady, laminar, incompressible flow through the porous media. In this
case, Darcy’s law replaces Newton’s Second Law with a proportional pressure drop and
velocity across the porous medium. The Darcy model is essentially an empirical formula
relating the pressure gradient, bulk viscous resistance and gravitational force. Although
extensions to this model, such as the Brinkman (no-slip boundary conditions) and
Forcheimer (drag force) terms may be necessary at high ﬂow velocities and
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permeabilities (Nield and Bajan, 2006), these conditions are not expected in the current
application with slow fluid flow and low Reynolds numbers.
The present study was also conducted under the assumption of hydrodynamic and
thermal isotropy with uniform porosity and permeability. The pressure work, viscous
dissipation (turbulent flow), inertial effects and mass diffusive flux (binary mixture
diffusion) were assumed negligible in this derivation. Darcy’s law was considered to be
valid under these assumptions; with the resulting momentum equation expressed in both
principal length coordinates as:

−

δP

= Vx

δP

= Vy − ρg

δx

−

δy

µ

[4.38a]

µ

[4.38b]

κ

κ

where: P = pressure (Pa); μ = dynamic viscosity (kg m-1 s-1); Vx and Vy = velocity
components in each respective direction (m s-1); ρ = density (kg m-3); g = gravitational
acceleration (m s-2); and κ = intrinsic permeability (m2); the assessment of which will be
further discussed in Appendix C.1.

Solving this form of Darcy’s law in terms of each velocity component follows:
κ δP

Vx = − � �

[4.39a]

µ δx

κ δP

Vy = − �

µ δy

+ ρ𝑎𝑎 g�

[4.39b]

Taking the derivative of each component with respect to its orthogonal length coordinate
leads to:
δVx
δy

κ

=− �

δ2 P

µ δxδy
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�

[4.40a]

δVy
δx

κ

=− �

δ2 P

+

µ δxδy

δρa g
δx

�

[4.40b]

Now, combining both terms into a single momentum expression yields:
δVx
δy

−

δVy
δx

=

κg δρa

[4.41]

µ δx

With the introduction of the stream function (Ψ) defined as:

Vx =

δΨ

[4.42a]

δy

Vy = −

δΨ

[4.42b]

δx

the momentum equation becomes:
δΨ

δ� δx �
δx

+

δΨ

δ� δy �
δy

=

δ2 Ψ
δx2

+

δ2 Ψ
δy2

=

κg δρa
µ δx

[4.43]

The change in density was assumed to be a linear function of the temperature
variation according to the well-known Boussinesq approximation:
ρ = ρ0 [1 − β(T − T0 )]

[4.44a]

ρ = ρ0 − ρ0 βT − ρ0 βT0

[4.44b]

or,

where the volumetric thermal expansion coefficient (K-1) is given as:

β=

1

T
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[4.45]

assuming the ideal gas model applies with the air at standard atmospheric conditions.
Substitution of the Boussinesq approximation (4.44) into the momentum equation
(4.43) yields:
δ2 Ψ
δx2

+

δ2 Ψ
δy2

=

κg δ(ρ0 )
µ

�

δx

−

δ(ρ0 βT)
δx

−

δ(ρ0 βT0 )
δx

�

[4.46]

which was further simplified by recognition of the negligible terms (derivative of the
constants are zero). The resulting expression describing the potential flow in terms of the
stream function follows:
δ2 Ψ
δx2

+

δ2 Ψ
δy2

=−

κgρ0 β δT
µ

δx

[4.47]

The mass conservation for dry air (equation 4.33), mass conservation of water
vapor (equation 4.36) and Darcy’s Law (equation 4.47) form a system of three equations
with four unknowns (Vx, Vy, T and ρv). Hence, the solution of the velocity component of
this model is interdependent on the solution to the temperature field.
4.3.3

Energy Conservation
An energy balance was developed for the outer domain based on a similar

rectangular differential element (see Figure 4.5) according to the general expression:
Rate at which Energy
Rate at which
Rate at which
� Enters the Element � + �Energy is Convected� + �Energy is Conducted� =
from ′Source′ Terms
into the Element
into the Element
Rate of Change
Rate at which
Rate at which
[4.48]
�Energy is Convected� + �Energy is Conducted� + �of Energy Stored�
out of the Element
out of the Element
in the Element
or in mathematical terms:
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δ

δx

STI dxdy + �ρa Cpa εVx T − k a ε

(ρa Cpa εVx T)dx − k a ε

kaε

δT
δy

−

δ

δy

�k a ε

δT
δy

δT
δx

−

� dy� dx +

δ

δx
δ

δT
δx

� dy + �ρa Cpa εVy T − k a ε

�k a ε

δT
δx

δT
δy

� dx = �ρa Cpa εVx T +

� dx� dy + �ρa Cpa εVy T +

(ρa Cpa εT)dxdy

δt

δ

δy

�ρa Cpa εVy T�dy −

[4.49]

Omission of those terms representing opposing energy flows into and out of the
differential element yielded:

STI +

δ

δx

�k a ε

δT
δx

�+

δ

δy

�k a ε

δT
δy

�=

δ

δx

(ρa Cpa εVx T) +

δ

δy

�ρa Cpa εVy T� +

δ

δt

(ρa Cpa εT)

[4.50]

where: k = thermal conductivity (W m-1 K-1); Cp = specific heat (J kg-1 K-1); ρ = density
(kg m-3); the subscript a represents the respective moist air condition; and STI = energy

source term (W m-3) which includes the energy transfer by convection to the inner
domain.

This source term consequently accounts for any heat sources (sinks) considered
within the inner domain such as evaporative effects and microbial heating from biological
activity. This source term is defined as:

STI =

hc I As (TI −T)N

[4.51]

V

where: hc = heat transfer coefficient (W m-2 K-1) and As = surface area of an inner domain
element (m2). Substitution of this source term into the energy equation (4.50) yields:
hc I As (TI −T)N
δ

δt

V

(ρa Cpa εT)

+

δ

δx

�k a ε

δT
δx

�+

δ

δy

�k a ε

δT
δy

�=

δ

δx

(ρa Cpa εVx T) +

Substituting thermal diffusivity into this energy equation yields:
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δ

δy

�ρa Cpa εVy T� +

[4.52]

hc I As (TI −T)N
ρa Cpa V

δ

+ αa � �ε
δx

δT
δx

�+

δ

δy

�ε

δT
δy

�� =

δ

δx

(εVx T) +

δ

δy

�εVy T� + ε

δT
δt

[4.53]

The first term on the left-hand side represents the convective source term
(volumetric energy source from the inner domain to the outer domain); while the second
term represents conduction in accordance with Fourier’s Law. The first two terms on the
right-hand side of the equation represent convection to the inner domain in terms of the
two lateral orientations (x and y); while the final term represents the energy stored
(enthalpy change). The directional dependence of the thermophysical properties was
assumed negligible in this derivation (see section 5.3).
Several parameters identified in this study of the outer domain are dependent on
specific parameters appearing in the inner domain (in particular, hc, hm and Ti). Thus, it is
evident that the convective mass and energy source terms couple the inner and outer
domain models.
4.3.4

Boundary Conditions
The boundary conditions for the outer domain were expressed as:
T = Ta

x = 0, x = W, y = 0, y = H

ρv = ρv a

x = 0, x = W, y = 0, y = H

[4.54]

[4.55]

δΨ

=0

x = 0, x = W

[4.56]

δΨ

=0

y = 0, y = H

[4.57]

δx

δy

In this case, all four boundaries of the global domain were assumed to be
representative of the ambient air which permeates the outer domain at the global
interface.
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4.3.5

Initial Conditions
The initial conditions for the outer domain were described as:
T = T0
ρv = ρv 0
Vx = Vy = 0

4.4

0≤x≤W,0≤y≤H
0≤x≤W,0≤y≤H
0≤x≤W,0≤y≤H

[4.58]

[4.59]

[4.60]

Analytical Summary
The model development presented in this chapter resulted in a set of seven

governing equations including the conservation of mass (4.10), the conservation of
energy (4.19), and thin-layer drying (4.28) for the inner domain; as well as, the
conservation of mass for dry air (4.33), the conservation of mass for water vapor (4.36),
the conservation of energy (4.53) and Darcy’s Law (4.47) for the outer domain.
According to this discussion, there are seven unknowns (Vx , Vy , T, TI , M, ρv , ρvI )

along with an appropriate set of initial conditions for the inner domain (4.25-4.27) and
outer domain (4.58-4.60); as well as, boundary conditions for the inner domain (4.204.24) and outer domain (4.54-4.57).
The overall solution to this model may be thought to consist of two essential

components: one for the determination of the velocity field and another for the heat and
mass transfer analyses. The velocity field is based upon the conservation of mass for dry
air (4.33) and Darcy’s Law (4.47) with respect to three unknowns (Vx , Vy , T). However,
the dependence on the outer domain temperature (T) indicates that the solution to the
velocity field is coupled with the remainder of the problem.
The other component of this model involves the coupled heat and mass transfer
mechanisms occurring in both domains. Hence, the solution of this mass and energy
component necessitates the simultaneous solution of the conservation of mass (4.10),
conservation of energy (4.19), and thin-layer drying equation (4.28) for the inner domain;
as well as, the conservation of mass (4.36) and conservation of energy (4.53) for the outer
domain. There are five unknowns is this set of equations (T, TI , M, ρv, ρvI ), however, not
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all the parameters appearing in these equations are independent. A discussion of some of
these dependent parameters may be found in the appendices at the end of this study;
including a discussion of the parameters appearing in the simple conduction model
(Appendix A), the inner domain (Appendix B) and the outer domain (Appendix C).
4.5

Assumptions
The basic assumptions made in the formulation of this mathematical model are

outlined in the following discussion.
4.5.1

Inner Domain
The inner domain (representing the physical structure of a switchgrass stem) was

assumed to be a homogeneous porous media, with the interior of the stem considered to
contain uniformly distributed material. Hence, this porous inner domain (containing
liquid water, water vapor and dry air) was assumed to be isotropic and homogeneous. The
liquid held within the inner domain was treated as pure water in terms of the energy
required for vaporization; an assumption based on previous studies indicating minimal
difference between liquid vaporization from a hay stalk and that of pure water (Bledsoe
and Hitch, 1989).
The next assumption concerns the physical makeup of the global porous structure.
In this case, the two-dimensional cross-section of the bale (see Figure 4.4) was assumed
to consist of random angular orientations of the inner domain elements. It should be
noted in this discussion, that distinct layers (flakes) of switchgrass are formed by the
plunging effect of the rectangular baling process. During the baling process, a portion of
the freshly harvested switchgrass is compressed onto the forming end of the bale. The
result is an apparently random angular orientation of stems within each composite layer
(flake). However, minimal change in flow may be assumed at the interface of these layers
due to the significant compaction of the bale. Further elaboration on this point is provided
in section 5.3 of this study.
Capillary liquid transfer, water vapor diffusion, and bound liquid movement were
assumed to be the dominate mass transfer mechanisms occurring in the present
application. While the typical pressure drop across a bale of switchgrass has been
reported on the order of 0.1 psi (Román, 2014); the pressure gradient along the outside
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(from end to end) of an inner domain element is assumed negligible in the current study.
Any resulting liquid or vapor flow induced by an external pressure gradient was
considered to be relatively small, while assuming negligible effusion flow and surface
diffusion since this term is only relevant in the final stages of drying where the liquid
content is very low.
Thermodynamic equilibrium was also assumed to exist between each phase of the
inner domain (solid, liquid, vapor and dry air), with gradual temperature changes
occurring throughout storage. The temperature gradient between inner domain elements
was assumed negligible; although the convective heat transfer with the outer domain and
the conductive heat transfer within the inner domain were both considered in this study.
The temperature gradient along an individual stem was also expected to be relatively
small; particularly considering the convective heat transfer occurring between the inner
and outer domain. The solid component of the inner domain was also assumed to be rigid
with negligible shrinkage and constant porosity with respect to time.
4.5.2

Outer Domain
The structure of the outer domain was considered to be isotropic since it was

assumed to consist of random angular orientations of the inner domain elements within
the lateral bale orientation. Current baling practice, however, may result in an uneven
distribution of material within a rectangular bale, causing spatial variation of the dry
matter density throughout the bale (Bledsoe et al., 1986). The porosity of the outer
domain was likewise considered to be a function of the spatial position with the
assumption of a nonhomogeneous porous media.
The axial direction of bale compression (z) was not considered in the current
study due to the increased length scale and the slow heat and mass transfer mechanisms
that were assumed to occur with respect to that direction. The addition of mass to the
outer domain as water vapor was also expected to be slow over the storage conditions;
particularly considering low temperature gradients and the presence of natural convective
currents within the porous media.
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CHAPTER 5:METHODS AND MATERIALS
5.1
5.1.1

Hydraulic Conductivity Analysis
Material Preparation
Switchgrass (Panicum virgatum L.) and miscanthus (Miscanthus x giganteus)

were harvested at the University of Kentucky Spindletop Research Farm near Lexington,
KY, USA (38°8′ N, 84°31′ W) in March 2013. Standard farm practices were carried out
during cultivation of each feedstock type which were cut with a New Holland H6830 disc
mower (with no conditioning rolls) at a height of approximately 15 cm (6 inches). Due to
the time of year, the crop was dry and was immediately baled with a New Holland
BC5070 baler (New Holland North America, Inc., New Holland, PA). Small rectangular
bales (~102 x 46 x 36 cm3) of each feedstock type were removed from the field within 24
h of production. The bales were transported to the University of Kentucky research farm
in Woodford County (KY, USA) where they were stored for a minimum of 50 days in a
single layer in a well-ventilated barn.
Following the storage period, the bales were transported to the Biosystems and
Agricultural Engineering Department at the University of Kentucky in Lexington (KY,
USA) and were stored indoors in an air conditioned laboratory. After storage, the bales
were further compressed in the transverse direction using a custom built 20.68 MPa
(3000 psi) hydraulic press as shown in Figure 5.1.1. Based on the bale weight and
moisture content, bales were recompressed until the desired density was achieved.
Nominal dry matter bulk density levels of 150, 175, 200 and 225 kg m-3 were targeted.
These values are in the range typically reported for large square bales of switchgrass and
similar types of biomass (Kemmerer and Liu, 2012; Sokhansanj et al., 2009).
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Figure 5.1.1 Compression of bales in the transverse direction using a 20.68 MPa (3000
psi) hydraulic press.
Rough areas of each bale were trimmed to achieve relatively flat surfaces. Bale
dimensions and weight were accessed after trimming using a platform scale (CKW30L,
Ohaus Corp., Parsippany, NJ) and measuring tape (average of 12 individual bale
measurements per rectangular dimension); respectively. Although the non-uniform
packing of baled material may result in distinct layers of variable density throughout a
bale, the ‘apparent’ bale density is reported in this study by considering the bulk
homogeneous properties of each bale. The average initial moisture content of each
feedstock type was determined by oven-drying at 103 ± 1 °C for 24 h, according to
standard S358.2 (ASABE Standards, 2006).
5.1.2

Saturated Conditions
Saturated moisture content and leaching characteristics were first assessed by

fully submerging 12 bales of each feedstock (3 reps per density level) in a water bath for
approximately 15 minutes to ensure initial saturation. The target dry matter density levels
were 150, 175, 200 and 225 kg m-3 as achieved with the hydraulic press. The fully
saturated bales were then placed on a platform scale stored indoors to permit excess water
to drain from the material. The weight of each bale was monitored for 36 hours which is
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expected to be appropriate and sufficient for on-farm bioconversion. Three subsamples
were then collected from each bale using a 2-inch-diameter bale probe and were stored at
-9°C for several days. After thawing to room temperature, samples were weighed, placed
in paper bags and oven-dried at 103 ± 1°C for 24 h. The initial and final mass of each
sample was then measured by weighing scale and correlated to the saturated moisture
content of each bale as a function of the bulk density and type of feedstock (switchgrass
or miscanthus).
The saturated hydraulic conductivity was also determined for each feedstock type
using a constant head technique with flow direction perpendicular to the consolidation
direction (vertical hydraulic conductivity). Each bale was first fitted within a plywood
frame leaving the top and bottom of the bale exposed. Spray insulation foam (Great Stuff,
Dow Chemicals) was then applied between the wooden frame and the vertical surfaces of
each bale to ensure a water-tight seal as shown in Figure 5.1.2. The insulation foam
effectively prevented boundary flow and allowed for the assumption of one-dimensional
flow through each bale from top to bottom. An aluminum box (with outlets at varying
heights) was firmly secured to the wooden box with the bale using ratchet straps in order
to provide a constant head.

Figure 5.1.2 Bale fitted in plywood frame with spray insulation foam preventing
boundary flow.
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Water was supplied to the experimental setup from a 1050 L (275 gal)
polyethylene reservoir located above the aluminum head control box which was attached
to the wooden bale frame as shown in Figure 5.1.3. Spacers in the bottom of the catch
basin allowed restriction-free flow through the bale. Constant head was maintained by
allowing excess water to drain from the head control box away from the catch basin.
Thus, a fixed hydraulic gradient was established through the cross-sectional area of the
bale. Steady-state flow conditions were confirmed by constant flow readings in order to
ensure the bales were fully saturated.
Tests were conducted at three head levels for each bale (50.8 ± 2.3, 57.9 ± 2.5 and
68.3 ± 2.8 cm). The volume of water flowing through each bale was determined by
collecting and weighing the runoff water from an outflow catchment over a specified
time period, typically between 30 to 90 seconds depending on the rate of flow. Triplicate
readings were taken to ensure constant flow within ± 50.0 g which corresponded to ±
50.0 ml based on the density of water. The saturated hydraulic conductivity of each bale
was then determined by Darcy’s law which describes the relationship between flow rate
and head loss through a saturated porous medium as follows:

𝐾𝐾s =

QL

AH

[5.1.1]

where: Ks = saturated hydraulic conductivity (cm s-1), Q = flow rate (cm3 s-1), A = crosssectional area of the bale, perpendicular to the direction of flow (cm2), and H/L = the
potential gradient or head loss per unit length (cm cm-1).
Darcy’s Law assumes laminar flow through the material, while turbulent flow
associated with higher flow rates results in nonlinear behavior. Each density level was
assessed in triplicate for a total of 12 observations for each feedstock type (3 reps per
density level). All data was analyzed by the GLM procedure of SAS (SAS Institute, Cary,
NC) with bale density and feedstock type treated as fixed effects. The pairwise t test was
used for means comparison with a 0.05 statistical significance.
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Figure 5.1.3 Constant head apparatus with reservoir supplying water to
the constant head sleeve which is positioned on top of the framed bale.
5.1.3

Unsaturated Conditions
Water retention data within baled switchgrass was also determined by the filter

paper method at three target dry matter density levels (175, 200 and 225 kg m-3). This
analysis was accomplished through the use of a water characteristic curve (WCC)
according to the American Society for Testing and Materials standard D5298 for soil
samples (ASTM, 1992). It should be noted that filter paper tests are highly sensitive
suction measurements which generally require a high degree of controlled protocol in
order to attain accurate results. Thus, care was exercised in performing these experiments
which are assumed to provide sufficient estimates of the matric suction within baled
biomass. Accordingly, bales were prepared at target moisture levels ranging from 10 to
40 %-wb with increments of 5 %-wb.
Individual filter papers (Whatman 42) were prepared by oven-drying overnight
(16 h), cutting, and then sandwiching between two larger size (5.5 cm diameter)
protective filter papers. The sandwiched filter papers were inserted into three locations
between the flakes of each bale while ensuring good contact with the biomass material.
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Hence, matric suction was measured since the flow of liquid water was expected to
significantly contribute to the establishment of equilibrium conditions, particularly at
higher moisture levels. The bales were wrapped in impermeable plastic to prevent water
exchange with the environment and stored in the lab for 10 days. Thus, the filter paper
was allowed to equilibrate with the porous material through liquid flow (matric suction)
while held at a relative constant temperature in the lab (21.7 ± 0.4 °C). The filter papers
were carefully extracted after equilibrium was established and the water content of each
filter paper was then measured by standard gravimetric analysis.
The corresponding matric suction values were identified using a WCC (ASTM D
5298) and were subsequently plotted against the average moisture content of three
replicate subsamples from the corresponding region within each bale. Inverse modeling
of the van Genuchten model was then carried out with a computational solver (Seki, K.,
SWRC fit 2007) in order to provide optimized values of the water content - pressure head
data using the least squares method. The van Genuchten equation is expressed as:

θe =

θ−θs

θs −θr

=�

1

1+(αh)n

m

�

,

m=1-1/n

[5.1.2]

where θ = the water content (%); θe = the effective water content (%); θs and θr = the
saturation and residual moisture (%), respectively; α (m-1), n (-) and m (-) are the
empirical parameters; and h is the pressure head (cm).
Infiltration tests were then performed on baled switchgrass by modifying the
experimental methods described by Hillel (1982). For each density level, a 3.1 cmdiameter infiltrometer (Mini Disk v9, Decagon Devices, Inc., Pullman, Wa) was used to
infiltrate water into bales at a tension of -2 cm of water. The treatments consisted of three
target dry matter densities (175, 200 and 225 kg m-3) and four target moisture levels (10,
20, 30 and 40 %-wb). Replicate infiltration tests were performed at three locations on
each bale, while each treatment was performed with triplicate bales for a total of 108
observations (12 treatments x 3 locations x 3 reps).
A 5.08 cm steel feedstock probe with a serrated tip was carefully drilled through
each bale with minimal disturbance to the material as shown in Figure 5.1.4. A thin layer
(5 mm) of fine silica sand was applied at each measurement location to smooth out
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surface irregularities and to ensure good contact with the infiltrometer membrane. The
volume of water (I) and infiltration time (t) were recorded at regular intervals (30
seconds) during infiltration. Philip’s two-term equation (Philip, 1957) was then applied to
the cumulative infiltration data as follows:
I = C1 t + C2 √t

[5.1.3]

where I = the cumulative infiltration (ml), t = time (s); and C1 (m s−1) and C2 (m s−½) are
the hydraulic conductivity and sorptivity coefficients, respectively. This model assumes
steady-state water flow, constant water content within the transport volume, and
minimum lateral mixing.

Figure 5.1.4 A) A 5.08 cm diameter probe inserted through baled switchgrass to limit
lateral flow while exhibiting minimal disruption of the material; and B) the infiltrometer
device positioned on the surface of the bale.
The Mualem hydraulic parameters, unsaturated hydraulic conductivity (Ku) and
sorptivity (S), were then estimated for baled switchgrass at variable densities using the
inverse modelling approach with the fitted values, C1 and C2 according to the following
equations:
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𝐾𝐾𝑢𝑢 (θ, h) =
S(θ, h) =

C1

[5.1.4]

A1

C2

[5.1.5]

A2

where A1 and A2 are dimensionless coefficients estimated as follows (Zhang, 1997):

A1 =
A1 =

11.65�n0.1 −1�exp[2.92(n−1.9)αho ]
(αro )0.91

11.65�n0.1 −1�exp[7.5(n−1.9)αho ]

A2 =

(αro )0.91

, n ≥ 1.9

[5.1.6]

, n < 1.9

[5.1.7]

1.4b0.5 (θo −θi )0.25 exp[3(n−1.9)αho ]
(αro )0.15

[5.1.8]

where n and α are the van Genuchten parameters which were calculated using the
equations listed, ro = the ring diameter (cm), b = 0.55 (Warrick and Broadbridge, 1992),
ho = the suction (tension with h<0) at the disk surface (-2 cm), and θo and θi = the water
content (%) at ho and hi, respectively. The data were analyzed by the GLM procedure
(SAS Institute, Cary, NC) with bale density treated as a fixed effect (α=0.05).
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5.2
5.2.1

Moisture Measurement
Instrumentation
The calibration of a time domain reflectometry (TDR) moisture probe was first

conducted by static and dynamic moisture measurements in a controlled lab setting. The
electronic configuration consisted of a CS615 TDR sensor (Campbell Scientific®, Logan,
Utah), a 12V lead-acid battery (Enercell, 12Vm/12Ah), and a CR10 data logger
(Campbell Scientific®, Logan, Utah) for monitoring the output of the sensor. The
specifications of these TDR soil moisture probes are summarized in Table 5.2.1. The
output of the CS615 sensor ranged between 0V (dry material) to 4.97V (water) as was
verified by a 2-point calibration between dry air and water (21.7 ± 1.2 °C).
Table 5.2.1 Specifications of the CS615 TDR soil moisture probe.
Property
Value
Units
Power Consumption
70
mA
Supply Voltage
9 to 18
VDC
Frequency Range
600 to1500
Hz
Period
0.7 to 1.6
ms
Output
± 2.5
VDC
Probe Length
30.0
cm
A CS615 sensor was then inserted into different compositions of switchgrass as
outlined in the following discussion along with a Type-T thermocouple (24 AWG,
Omega Engineering, Inc., Atlanta, GA) to ensure constant temperature during all
experiments. Measurements were conducted by applying a 12 V excitation voltage to the
sensors and recording the average of triplicate readings after 2 minutes in order to ensure
full stabilization. The CR10 data logger was used to collect the signal output of each
sensor with a PC used for programming and data retrieval according to the schematic
shown in Figure 5.2.1.
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Figure 5.2.1 Experimental setup for measuring the moisture in baled and ground
switchgrass using a CS615 TDR soil moisture probe.
5.2.2

Ground Switchgrass
Switchgrass was cut and baled in Lexington, KY in April 2013 before

transporting and storing at the University of Kentucky Biosystems and Agricultural
Engineering Department. After several months of storage indoors, preliminary trials were
conducted with ground switchgrass since this physical format was assumed to resemble
that of soil to a greater extent. Bales were ground through a 2mm screen using a knife
grinder mill (Dietz-motoren GmbH & Co KG, D-7319) and prepared at a total of 12
consecutive moisture contents ranging from 8 %-wb to fully saturated. The appropriate
amount of water was mixed with each ground sample of switchgrass and allowed to
equilibrate in separate jars for 72 hours. The actual moisture levels were verified by
gravimetric procedure at 103 °C for 24 hrs according to Standard S358.2 (ASABE
Standards, 2006).
Each sample of ground switchgrass was then packed into a cylindrical PVC tube
(H=12 in or 40.48 cm; D=4 in or 10.16 cm) at six dry bulk densities (75, 100, 125, 150,
175 and 200 kg m-3). Hence, with 12 moisture levels and six density levels, there were a
total of 72 treatment regimens of ground switchgrass that were each measured in
triplicate (72 x 3 = 216 readings). The bulk density of each sample was reported on a dry
basis according to:
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ρb = mdry ⁄Vt

[5.2.1]

where Vt = total volume of bulk sample (m³), mdry = mass of the dry switchgrass (kg);
and ρb = density of switchgrass (kg m-³).
A CS615 sensor was then inserted into each sample of ground switchgrass along
with a Type-T thermocouple (24 AWG, Omega Engineering, Inc., Atlanta, GA) to ensure
constant temperature during all experiments. In this case, the stabilized temperature was
approximately 23.9 °C. While numerous studies have indicated that TDR measurements
are largely insensitive to temperature variations compared to other calibration errors (Da
Silva et al., 1998; Dalton and van Genuchten, 1986; Davis and Chudobiak, 1975; Hook
and Livingston, 1996; Ledieu et al., 1986; Starr et al., 1999; Topp et al., 1984), it has
been noted that the temperature effects might impose an apparent change in the moisture
reading when employing a single probe (Persson et al., 2000).
While these baseline measurements of ground switchgrass were conducted at the
ambient temperature of the laboratory, additional measurements were performed at
increased temperature levels. All measurements were repeated by first allowing the
sealed jars containing each sample of ground switchgrass to equilibrate for approximately
30 minutes within a drying oven set at sequential temperatures of 32.2 and 40.6 °C. Thus,
three temperature treatments were evaluated for ground switchgrass.
5.2.3

Baled Switchgrass
Measurements were also conducted with small rectangular bales at variable

density and moisture levels under controlled lab conditions. Individual flakes of
switchgrass were first cut into 4x4 in2 sections on a table saw which was large enough to
handle one flake at a time, while minimizing leaf shatter. The small flakes were manually
packed into a bale chamber and hydraulically pressed in order to prepare miniature,
rectangular bales (38 x 46 x 94 cm3) according to a procedure documented by Coblentz et
al. (1993). Figure 5.2.2 shows the compaction of the flakes in the newly fabricated bale
chamber.
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Figure 5.2.2. Flake compaction to form miniature bales (38 x 46 x 94 cm3) using a newly
fabricated bale chamber.
The variables considered in the evaluation of baled switchgrass were moisture
content and bulk density; while the effect of temperature was dismissed based on the
results obtained from the ground switchgrass samples (see section 6.3).
Density was controlled by maintaining a constant bale volume and varying the
amount of plant material placed into the chamber. Nominal dry matter bulk density levels
of 125, 150, 175 and 200 kg m-3 were targeted. Lower density levels were not evaluated
in this study since the integrity of the miniature bales was poor at low densities due to the
loose binding of the material. However, the density values evaluated in this study were
within the range typically reported for large square bales of switchgrass and similar
agricultural materials (Kemmerer and Liu, 2012; Sokhansanj et al., 2009). Five replicate
bales were prepared for each density treatment with a total of 20 miniature bales prepared
for this assessment of the moisture content via TDR measurements.
Each miniature bale was initially saturated by submerging in a water tank for 15
minutes and then individually sealed inside impermeable polyethylene bags. The sealed
bales were stored within a controlled environmental chamber for approximately 24 hrs to
permit relative temperature and moisture equilibrium to be achieved throughout each
bale. Bale weights were measured before and after this short equilibrium storage period;
with dry matter losses assumed to be negligible. An environmental temperature of 20.3 ±
0.3 °C was maintained within the environmental chamber, while the effect of ambient
relative humidity was considered negligible with the bales sealed within impermeable
plastic.
After this brief equilibrium storage period, CS615 sensors were inserted into 32
gauge (2.95 mm) pilot holes in each miniature bale along with a Type-T thermocouple to
214

ensure constant temperature during readings. As mentioned previously, a 2 minute
stabilization period was maintained after the probes were inserted into the material to
achieve relative equilibrium between the probes and material. Three replicate
measurements were then recorded by the datalogger for each miniature bale. With three
replicate bales prepared for each unique level of bulk density level, a total of 36 readings
were taken at each moisture level.
The temperature and relative humidity within the environmental chamber were
also monitored by Type E thermocouples (24 AWG, Omega Engineering, Inc., Atlanta,
GA) and a CS-500L relative humidity probe (Campbell Scientific, Logan, UT);
respectively. An AM416 thermistor (Campbell Scientific, Logan, UT) was used as a
reference within the data acquisition box. The weight and temperature of each bale were
recorded before each equilibrium storage period.
After all measurements were performed for a given moisture level, lower moisture
was achieved by placing the miniature bales in a drying oven at 70 °C for approximately
30 minutes. Upon removal from the drying cabinet, the miniature bales were sealed once
again inside plastic bags and held within the controlled environmental chamber for
approximately 24 hrs to achieve relative temperature and moisture equilibrium.
Measurements were taken at this subsequent moisture level; with bale weights taken
before and after this brief storage. The experimental procedure was repeated in this
manner until each miniature bale was completely dry (weights within ± 0.01 g); which
required an average of 10 to 14 days to complete depending on the temperaturedependent rate of drying for each bale. The final moisture content of each miniature bale
was verified by standard gravimetric analysis and was used to retrospectively determine
moisture content at each interval.
This procedure was followed in the current study in order to minimize the actual
number of bales that had to be produced, as well as, minimize the variation associated
with the production of additional bales (i.e., bulk density variation and probe insertion
inconsistencies). The method of saturating the newly formed miniature bales was also
preferred in the current study since other methods of moisture conditioning could
contribute to several issues. For example, the wetting and conditioning of loose
switchgrass flakes prior to baling led to moisture inconsistencies between treatments. Pre-
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wetted flakes also presented a challenge in terms of hydraulically pressing the material to
desired density levels while leaching was observed when compressing higher moisture
treatments. The oven-drying process was also implemented in this study to expedite the
equilibration process while achieving target moisture levels.
5.2.4

Data Analysis
Although the water content in soils is often expressed in terms of the volumetric

water content (m3 m-3), the voltage output data in this study was correlated to the massbased moisture content (kg kg-1) of both the ground and baled formats of switchgrass on a
wet basis. A set of moisture-voltage calibration curves were developed for both physical
formats of the material since single prediction equations were unsuitable under all
experimental conditions. These calibration curves were also developed with respect to the
bulk density of the biomass using multivariate regression analysis (SAS 9.3). Thus, the
impacts of moisture content and bulk density on the voltage output were assessed through
analysis of variance (ANOVA).
5.2.5

Sensor Validation
Dynamic storage trials were also conducted in the lab to validate sensor accuracy

with larger bale sizes where more variability was expected. Additional rectangular bales
of switchgrass (~102 x 46 x 36 cm3) that had not used in preparing the ground and
miniature bales were used in this validation procedure. The bales were stored in a
controlled environment chamber according to the experimental procedure described in
section 5.4.5. In this case, the bales were stored on 91.44 cm (36 in) high, metal wire
shelves arranged in three rows (replications) within the chamber for 60 days. The specific
layout for this experiment is depicted in Figure 5.4.5.
The environmental chamber was initially maintained at approximately 22 °C and
51 % relative humidity for the first 36 hours to establish baseline storage conditions in
line with the ambient laboratory conditions. After this initial storage period, the
environmental conditions were adjusted and maintained for 60 days at 29.5 ± 0.6 °C with
the driest relative humidity possible under the proposed conditions and within the
limitations of the environmental chamber (23.2 ± 3.9 %). Bales were weighed upon
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entering the environmental chamber and approximately every two weeks (day 14, 31, 45
and 60) throughout the storage period. A 5.08 cm forage probe with a serrated tip was
used to collect three subsamples from each destructive bale replication on the same
sampling interval according to the coring pattern presented by Smith et al., (2013). Three
subsamples were also collected from each bale on day 60 of the storage experiment;
including the R1-R3 bale replications (3 sampling locations x 3 bale replicates = 9
subsamples per interval). These subsamples were used in determining the moisture
content at each sampling interval through gravimetric analysis.
Voltage output was measured with a CS615 TDR sensor at diagonal positions
throughout each bale at lower (~5 inch above the bottom surface), central (centered with
the height) and upper (~5 inch below the top surface) positions. The TDR sensors
provided an averaged value across the length of the probe corresponding to a depth of 12
inches into the bale; while accounting for any potential variation which could occur in the
three principle coordinates. Triplicate measurements of the voltage output from the TDR
sensor were recorded at the same time interval of every two weeks (day 14, 31, 45 and
60). The resulting voltage data was converted to moisture content using the previously
developed calibration curve for the TDR probe. This TDR-based moisture data was
compared and validated with the corresponding moisture content that was determined
from gravimetric analysis (oven-drying) of the subsamples.
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5.3
5.3.1

Thermal Analysis
Probe Construction
The dual thermal probe employed in the current study for the evaluation of the

thermophysical properties of baled switchgrass consisted of a thermal conductivity probe
with a heating element and a secondary probe for the evaluating the thermal diffusivity.
These two probes were spaced 7.27 mm (0.28 in) apart. Each probe was constructed from
a 152.4 mm (6 in) long cylindrical Type 304 stainless steel tube with 2.38 mm (0.094 in)
outer diameter and1.88 mm (0.074 in) inner diameter.
5.3.1.1 Thermal Conductivity Probe
For the construction of the thermal conductivity probe, a 0.254 mm (0.01 in)
diameter constantan heating wire was coated with a high thermally conductive silicone
paste (Thermalcote I, AAVID Thermalloy, LLC., Concord, NH) before being inserted
into a four-hole, 1.575 mm (0.062 in) diameter ceramic tube (Scientific Instrument
Services, Inc., Rigoes, NJ) with inner diameter holes of 0.406 mm (0.016 in). After
passing through one hole of the ceramic tube, the constantan heating wire was looped
back through a second hole; thereby, establishing a complete heating circuit as shown in
the schematic of Figure 5.3.1 and the photograph of Figure 5.3.2. Constantan was used
for the heating element due to its relatively low resistivity temperature coefficient (Lobo
and Cohen, 1990).

Figure 5.3.1 Schematic of the thermal conductivity probe shown as the longitudinal
cross-section (not to scale).
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Figure 5.3.2 Heating wire coated with silicone paste and inserted through ceramic tube.
Rubber silicone glue was applied at the terminal end of the probe to protect the heating
wire loop.
Two separate sets of 0.051 mm (0.002 in), copper/constantan thermocouples
(Omega Engineering, Inc., Springdale, CT) were also coated with silicone paste and
inserted into the remaining two holes of the ceramic tube. These T-type thermocouples
were selected for use in the current study as they provide a good deal of sensitivity in
measuring small temperature changes (43 µV °C-1). Each thermocouple was assumed to
provide an average reading of the entire probe length since each set of wires was
carefully twisted together to provide close contact between the copper and constantan
components (essentially serving as a thermopile).
The ceramic tube was subsequently coated with silicone paste and inserted into
one of the stainless steel tubes. The terminal end of the thermal conductivity probe was
sealed with a drop of silicone rubber caulk which presumably resisted temperature
transfer at the terminal end while providing the heating wire loop with at least some level
of protection from potential physical damage. The thermal conductivity of the stainless
steel and silicone rubber used is this study were approximately 16 and 0.2 W m-1 K-1,
respectively, within the temperature range that was considered.
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5.3.1.2 Thermal Diffusivity Probe
The thermal diffusivity probe was assembled in a similar fashion; with two sets of
constantan-copper thermocouples; separately twisted for good contact between the
individual thermocouple components, coated with silicone paste, and inserted into two
opposing holes of the secondary ceramic tube. This ceramic tube itself was, in turn,
coated with silicone paste and inserted inside the second stainless steel tube. Silicone
rubber caulk was also used to seal the terminal end of the thermal diffusivity probe.
5.3.1.3 Dual Thermal Probe
Both probes were inserted through plastic connectors and subsequently bonded
with epoxy glue (J-B Weld, Sulphur Springs, TX) to maintain parallel orientation. Epoxy
glue was also used to further seal the terminal ends of each probe, as well as, to protect
and stabilize all the bare wires at the proximal end of each probe. The dual thermal probe
described here is shown in Figure 5.3.3.

A

B

Plastic Connector
(Proximal End)

Plastic Connector
(Terminal End)

Heating /
Lead Wires

Epoxy
Coating

Figure 5.3.3 Dual thermal probes used to determine the thermal properties of baled
switchgrass. (A) Placement of plastic connectors to maintain positioning; and (B)
application of epoxy glue to the terminal and proximal ends for protection.
5.3.2

Material Preparation
Switchgrass (Panicum virgatum L.) was harvested at the University of Kentucky

Spindletop Research Farm near Lexington, KY, USA (38°8′ N, 84°31′ W) in March 2013.
Standard farm practices were carried out during cultivation using a New Holland H6830
disc mower (with no conditioning rolls) at a height of approximately 15 cm (6 inches).
Due to the time of year, the crop was dry and was immediately baled with a New Holland
BC5070 baler (New Holland North America, Inc., New Holland, PA). Small rectangular
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bales (~102 x 46 x 36 cm3) were removed from the field within 24 h of production. The
bales were transported to the University of Kentucky research farm in Woodford County
(KY, USA) where they were stored for a minimum of 50 days in a single layer in a wellventilated barn.
The bales were transported to the Biosystems and Agricultural Engineering
Department at the University of Kentucky in Lexington (KY, USA) and were stored
indoors in an air conditioned laboratory. Random bales were then removed from storage
in order to evaluate the thermophysical properties of the material (additional bales
remained in storage for later use in validation tests as discussed further in section 5.3.9).
The average initial moisture content of each bale was first determined by oven-drying
three subsamples collected from each bale using a 2-inch-diameter bale probe. These
subsamples were placed in paper bags, weighed and then oven-dried at 103 ± 1 °C for 24
h, according to standard S358.2 (ASABE Standards, 2006). The initial and final mass of
each subsample was measured by weighing scale and used to calculate the average
moisture content of the material which was found to be 10.1 %-wb.
5.3.3

Treatments
The variables assessed in this study included dry bulk density (150, 175, 200 and

225 kg m-3), moisture content (10, 20, 30 and 40 %-wb), temperature (20, 30 and 40 °C),
and direction of heat flow (parallel or perpendicular to the stem orientation). Individual
flakes were separated from the source bales and were subsequently cut into 4x4 in2
sections on a table saw which was large enough to handle one flake at a time, while
minimizing leaf shatter. These small sections of flake were manually packed into a bale
chamber and hydraulically pressed in order to prepare small, rectangular bales (38 x 46 x
94 cm3) according to a procedure documented by Coblentz et al. (1993).
Density was controlled by maintaining a constant bale volume and varying the
amount of plant material placed into the chamber. Nominal dry matter bulk density levels
of 150, 175, 200 and 225 kg m-3 were targeted. These values are in the range typically
reported for large square bales of switchgrass and other similar types of biomass
(Kemmerer and Liu, 2012; Sokhansanj et al., 2009). Five replicate bales were prepared
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for each density treatment with a total of 20 miniature bales prepared for this assessment
of the thermophysical properties.
To achieve target moisture levels, each miniature bale was initially saturated by
submerging in a water tank for approximately 15 minutes. The bales were then allowed to
dry at approximately 70 °C in a drying oven until reaching specified weights (within ±
0.1 g) which were predetermined to correspond with the desired moisture content of each
treatment (target moisture contents were 10, 20, 30 and 40 %-wb). After achieving one of
the target moisture contents through this drying process, the miniature bales were
removed from the drying oven and placed in a controlled environmental chamber for
approximately 3 days to achieve temperature and moisture equilibrium. A summary to
this measurement procedure is depicted in Figure 5.3.4.

Figure 5.3.4 Flow chart of the material preparation and measurement procedure.
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A constant temperature was maintained within the environmental chamber in
accordance with the particular target treatment level; while relative humidity was
maintained at corresponding equilibrium conditions based on the sorption isotherm of 8mm milled switchgrass (Godbolt et al., 2013). It should be noted that the application of
these sorption isotherms provided only a rough estimate of the desired equilibrium
relative humidity as the bulk material considered in the current study represents a unique
physical composition which holds water differently than the milled samples utilized in
previous studies. In those cases exceeding the saturated air conditions and/or the
operational limitations of the environmental chamber, the relative humidity was set at the
maximum attainable level of approximately 90 %. This regulation of the relative
humidity may be considered an additional level of control since the miniature bales were
sealed within impermeable polyethylene.
Bale weights were also measured before and after this storage period to ensure
minimal moisture exchange (wetting and/or drying processes) between the bales and the
air within the environmental chamber. Based on this information, dry matter losses were
assumed to be negligible during this short storage period. The final target moisture
content (10 %-wb) was verified for each bale by standard gravimetric analysis. This data
was also used to retrospectively validate the moisture content for each of the moisture
replications that were performed in this experiment.
After all measurements were performed for a given treatment (a methodology
discussed in section 5.3.4), the environmental chamber was adjusted and maintained at
the next sequential target temperature (20, 30 and 40 °C) for each respective treatment;
while the relative humidity was maintained at the corresponding equilibrium value based
on the sorption isotherm. Again, in those cases exceeding the saturated air conditions
and/or the operational limitations of the environmental chamber, the relative humidity
was set at the maximum attainable level of approximately 90 %. After the measurements
were performed for all of the target temperatures of interest, the miniature bales were
placed into a drying oven to attain lower moisture content treatments as described earlier.
This storage and equilibration procedure was repeated until all specified density,
moisture and temperature treatments were achieved. This specific procedure was
followed in the current study in order to minimize the actual number of bales that had to
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be produced; as well as, minimize the variation associated with the production of
additional bales (i.e., bulk density variation and probe insertion inconsistencies). The
method of saturating the newly formed miniature bales was also preferred in the current
study since other methods of moisture conditioning could contribute to several issues. For
example, the wetting and conditioning of loose switchgrass flakes prior to baling led to
moisture inconsistencies between treatments. Pre-wetted flakes also presented a challenge
in terms of hydraulically pressing the material to desired density levels while leaching
was observed when compressing higher moisture treatments. The oven-drying process
was also implemented in this study to expedite the equilibration process while achieving
target moisture levels within a reasonable degree of accuracy.
5.3.4

Measurement Procedure
Pilot holes were formed in each miniature bale using a 2.38 mm (3/32 in)

diameter solid brass rod (Model #163, K & S Precision Metals, Chicago, IL) which
allowed easier insertion of the dual thermal probes. The probes themselves were inserted
into the material until the plastic connector at the proximal end became flush with the
bale surface. In this case, the plastic connector between the two rods was essentially thin
enough to insert into the baled material. The probes were allowed to reach constant
temperature equilibrium with the switchgrass for several minutes.
A constant voltage power supply (Model 382260, Extech Instruments
Corporation, Nashua, NH) was connected to the heating wire in series with a standard
resistor (10 Ω) and activated with 2.0 V. This relatively low voltage was employed in the
current study to reduce any potential moisture diffusion to negligible levels. The current
through the heating wire was verified by measuring the voltage across the resistor and
applying Ohm’s law. In this case, the resistance of the heater wire was measured as 0.405
Ω m-1 based on the constant current of 0.135 A that was supplied. Figure 5.3.5 shows a
schematic of the experimental setup for this study.
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Figure 5.3.5 Instrumentation used in measuring thermophysical properties of baled
switchgrass (not to scale).
Each test was allowed to run for three minutes while the temperature of each
thermocouple, current through the heating wire, and voltage were all scanned and
recorded using a datalogger (Model CR10, Campbell Scientific, Inc., Logan, UT) at onesecond intervals. A period of approximately 5 min was maintained between each test to
allow stable thermal equilibrium to be reached by the probe. The temperature and relative
humidity of the environmental chamber were also monitored by several Type-E
thermocouples (Omega Engineering, Inc., Atlanta, GA) and a relative humidity probe
(CS500-L, Campbell Scientific, Logan, UT); respectively. Three replicate bales were
measured at each combination of bulk density, mean environmental temperature, and
moisture content (144 total readings).
It should also be noted that the thermal conductivity was measured with respect to
the directional orientation of the probe within each bale. The bale orientation and the
associated coordinates referenced in the current study are presented in Figure 5.3.6; with
the lateral plane (formed by the x and y axes) parallel to the flake orientation. In contrast,
the transverse direction (z-axis) represents the direction of bale compression which is
perpendicular to the stem and flake orientation.
The current study only considers the thermal conductivity in relation to the two
principal orientations (lateral and transverse). Under this general premise, both of the
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lateral coordinates (x and y directions) are assumed to be equal to each other. The validity
of this assumption is based on the apparently random angular orientation of stems within
each layer (flake) of the bale. However, the transverse direction (z-axis) is assumed to
represent a unique physical composition which is perpendicular to the stem orientation.

Figure 5.3.6 Directional components of switchgrass bales in line with the Cartesian
coordinates.
The experimental setup of the dual thermal probe is shown in Fig 5.3.7. The
thermal conductivity of the lateral orientation (x and y axes) was measured by inserting
the dual thermal probe into the front surface of the bale. This measurement essentially
accounts for the horizontal (x) and vertical (y) axes which are parallel to the stem
orientation. Again, both lateral orientations are assumed to be equal to each other as
similar heat transfer mechanisms are expected to occur in both of these directions. On the
other hand, thermal conductivities perpendicular to the stems (z-direction) were indirectly
evaluated by inserting the probe into the side surface of each bale. In this case, the
measurements were impacted by a combination of the two distinct directional
conductivities (y and z axes). As such, the evaluation of the transverse conductivities
required a relationship between the two distinct directional conductivities and the
measured combination.
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Figure 5.3.7 Experimental testing of the dual thermal probe in miniature bales of
switchgrass. A) Insertion of the dual probe into a bale to measure the lateral direction;
and B) connection of the voltage source to the heating wire.
5.3.5

Thermal Conductivity
Thermal conductivity was calculated from this data based on the line heat source

method which considers the rate of heat conduction from an infinitely-long and
infinitesimally-thin, cylindrical heating element (Lobo and Cohen, 1990). As such, this
method is based on a long-time solution of the radial heat diffusion equation in
accordance with Fourier’s law. In this approach, a constant amount of heat (Q) is
generated per unit length of the heating element over a relatively short time period. In this
case, a linear relationship describes the temperature change (ΔT) in terms of the natural
logarithm of the heating time (t) and the heat input (Q) is given as follows:

∆T = T2 − T1 =
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Q

4πk

t

ln � 2 �
t1

[5.3.1]

where: Q = heat input per length of the probe (W m-1); k = thermal conductivity (W m-1
°C-1); T = temperature (°C); t = time (s); and the subscripts 1 and 2 represent the initial
and final state of the heating process, respectively.
The deviation of the current experimental setup from ideal conditions was also
accounted for in the current study using a calibration constant. In this case, a probe
calibration was performed through the evaluation of specific reference materials
including distilled water with and without 1 % (w/b) agar at room temperature. A probe
constant (C) was investigated according to this calibration procedure; with the actual
value of the coefficient dependent on the characteristic properties of the reference
material, as well as, those of the probe (Wang and Hayakawa, 1993). Modification of this
fundamental relationship to incorporate the probe calibration yields (Lobo and Cohen,
1990):

∆T = T2 − T1 =

CQ

4πk

t

ln � 2 �
t1

[5.3.2]

This expression was rearranged and expressed in terms of the thermal conductivity as
follows:

k=

CQ

4π(T2 −T1 )

t

[5.3.3a]

t

[5.3.3b]

ln � 2 �
t1

or by replacing Q = I2R according to Ohm’s Law:

k=

CI2 R

4π(T2 −T1 )

ln � 2 �
t1

where: k = thermal conductivity (W m-1 °C-1); C = probe calibration constant; I = current
(A); and R = heater wire resistance (Ω m−1).
Here, the calibration coefficient represents the relationship between the true (kr)
as measured (km) value of thermal conductivity of the reference material as follows:
k r = Ck m
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[5.3.4]

In accordance with these calibration procedures, the thermal conductivity of
distilled water with and without 1 % (w/v) agar were measured at several temperatures.
The actual value of this calibration coefficient has been reported to depend on the
characteristic properties of the probe with generally no temperature sensitivity (Lobo and
Cohen, 1990). Measured values were compared with those previously reported in
literature (Emami et al., 2007; Iroba, 2013; Singh and Heldman, 2009); while the
percentage error was evaluated according to the following ratio (Fontana et al., 2001):
|kr −km |

ek =

kr

[5.3.5]

where: k = thermal conductivity (W m-1 °C-1) for the reference value (r) and measured
value (m) of the material, respectively.
The thermal conductivity of baled switchgrass was then measured and determined
for each respective treatment using the calibrated formulation of the fundamental
equation (5.3.3). The local slope (S) between the natural logarithm of time and the probe
temperature was calculated from the collected data points of each treatment using linear
regression analysis:

S=

(T2 −T1 )

ln(t2 ⁄t1 )

[5.3.6]

where: S = slope (°C) which was determined successively for each treatment. Substitution
of the slope term into Equation 5.3.3 yields:

k=

I2 R

4πS

=

Q

4πA

[5.3.7]

Each measurement was performed for a total of 4 min (240 sec) with the probe
temperature rise between 60 and 180 s considered in the least-squares best fit evaluation.
The slope corresponding to the highest coefficient of determination (R2) was used in
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calculating the thermal conductivity while the maximum slope was used for those
conductivity calculations involving the same R2 values (Wang and Hayakawa, 1993).
The measured thermal conductivity (km) in either direction of a two-dimensional,
anisotropic system can be expressed in terms of (Carslaw and Jaeger, 1959):

km =

kx +ky

[5.3.8]

ky l2 +kx m2

where: l and m indicate the directional cosines in relation to the principal axes; while kx
and ky represent the principal thermal conductivities. Integration of the measured thermal
conductivity expression over one symmetric quadrant follows as:
2

π⁄2

k r = ∫0
r

kx +ky

ky cos2 θ+kx sin2 θ

dθ

[5.3.9]

Integration of this expression results in the following:

2

k

k r = �k x k y �tan−1 � x tanθ��
π
k
y

π⁄2

[5.3.10]

0

Upon substitution of the limits of integration, the expression may be simplified as:
k r = �k x k y

[5.3.11]

Thus, the perpendicular conductivity can be evaluated based on the known lateral
(parallel) conductivity and the combined conductivity according to the following
expression which was developed for orthogonal anisotropic materials (Takegoshi et al.,
1982; Woodside, 1959) such as baled burley tobacco (Casada and Walton, 1989):

k per =

k2comb
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kpar

[5.3.12]

where: k = thermal conductivity (W m-1 °C-1); and the subscripts per, par and comb
represent the perpendicular, parallel, and combination orientation. Hence, Equation 5.3.7
directly provided as assessment of the parallel conductivities, while Equation 5.3.12 was
used to evaluate the perpendicular conductivities.
5.3.6

Thermal Diffusivity
Thermal diffusivity was determined according to the following expression (Nix et

al., 1967):

∆T =

I2 R

2πk

�−

Ce
2

− lnβ +

β2

2∗1!

−

β4

4∗2!

+ ⋯�

[5.3.13]

where: ∆T = temperature rise measured at a specified distance from the heater probe (°C);
Ce = Euler-Mascheroni constant (0.5772156649); and 𝛽𝛽 = dimensionless coefficient
defined as:

β=

r

2√αt

[5.3.14]

where: r = radial distance between the probes (m); t = heating time (s); and α = thermal
diffusivity (m2 s-1).
The thermal diffusivity of each miniature bale treatment was evaluated using the
data points that were obtained throughout the heating process (from approximately 60 to
180 sec) according to the aforementioned equation. The heating time was used to
estimate the β coefficient at each data point based on an assumed value of the thermal
diffusivity. This estimation of the β coefficient was then used to calculate the temperature
rise at each data point. The differences between the measured and calculated values of the
temperature rise were then summed for all data points. The results were subsequently
analyzed using the Goal Seek Add-In (Microsoft Excel, Microsoft Corp., Redmond,
WA). The thermal diffusivity of each particular treatment was evaluated according to the
final summation.
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5.3.7

Specific Heat
The specific heat of each miniature bales was also estimated according to the

indirect method (Singh and Heldman, 2009; Yang et al., 2002) with the application of the
fundamental thermophysical relationship:

Cp =

k

[5.3.15]

ρα

where: Cp = specific heat (J kg-1 °C-1); k = thermal conductivity (W m-1 °C-1); α = thermal
diffusivity (m2 s-1); and ρ = density (kg m-3).
Since the specific heat was calculated as a secondary quantity, the estimation
uncertainty of this parameter was considered with regards to the uncertainties of the
primary (measured) quantities including thermal conductivity, thermal diffusivity and
bulk density. The uncertainty associated with the specific heat evaluation (ωCp ) was
calculated by (Huggins, 1983; Ma et al., 1998):

δCp

ωCp = ��

δk

2

δCp

ωk � + �

δα

2

ωα � + �

δCp
δρ

ωρb �

2

[5.3.16]

where: ωk , ωα and ωρb = uncertainty of thermal conductivity, thermal diffusivity and

bulk density, respectively. Each error term was first replaced according to the following
thermophysical equalities:
δCp
δk

δCp
δα

δCp
δρ

1

ωk

[5.3.17a]

k

ωα

[5.3.17b]

k

ωρ

[5.3.17c]

ωk =

αρ

ωα =

α2 ρ

ωρ =

αρ2
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Substituting these equalities into the uncertainty equation (5.3.16) yields:

ωCp = ��

1

αρ

2

ωk � + �

k

α2 ρ

2

ωα � + �

k

2

2 ωρ �

αρ

[5.3.18]

In this case, the uncertainty of the specific heat (ωCp ) was evaluated at three

temperature levels (20, 30 and 40 °C), four bulk density levels (150, 175, 200, and 225 kg
m-3), and four moisture content levels (10, 20, 30 and 40 %-wb).
These indirect estimates of specific heat were also compared to previously
reported values of dried, ground switchgrass (200 μm) obtained by differential scanning
calorimeter techniques between 313 and 353 K (Dupont et al., 2014). These previously
reported values were adjusted using the method of indirect mixtures (Rodriguez et al.,
1995) which considers the influence of the moisture content with the inclusion of the
specific heat of water (Cpw ) and air (Cpa ) in terms of the relative weight fractions of each
constituent:

Cp = Cpw Xw + Cpa Xa + Cps (1 − Xw )

[5.3.19]

where: Cp = total specific heat (J kg-1 °C-1); X = weight fraction (%-wb); as correlated to
the porosity of each bale; and the subscripts w, s and a represent the properties of the
water, dry switchgrass, and air respectively. Linear regression techniques were then
applied to this adjusted data to obtain an overall expression of the specific heat of
switchgrass as a function of the temperature, moisture content and density. The resulting
model was then used to validate the values of specific heat that were estimated in the
current study based on the dual probe method.
5.3.8

Statistical Analysis
The experimental data was analyzed using analysis of variance (ANOVA) at a 5

% significance level (SAS Version 9.3, Cary, NC). A multiple regression analysis was
conducted in accordance with this assessment for each thermophysical parameter in terms
of the initial temperature, moisture content, bulk density, and direction of heat flow
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(lateral or transverse orientation) with three replications. Differences among means were
determined according to Duncan's new multiple range test; while least-squares techniques
were used to develop best fit regression equations.
5.3.9

Validation Tests
Additional bales were also removed from long-term storage and prepared for

further storage-based experiments aimed at the validation of these thermophysical
properties. A summary of the different storage evaluations conducted in this study are
summarized in Figure 5.3.8 including this assessment of the thermophysical properties.
The weight and physical dimensions of each small, rectangular bale (~102 x 46 x 36 cm)
were measured; while the bulk density was determined as the mass to volume ratio of
each bale. An estimate of the initial moisture content was also determined from three
replicate bales from storage. Three subsamples were extracted from each of these
replicate bales using a 5.08 cm steel feedstock probe with a serrated tip. All subsamples
were oven-dried at 103 ± 1 °C for 24 h, according to standard S358.2 (ASABE Standards,
2006). The initial and final mass of each subsample was measured by weighing scale and
used to calculate the average moisture content of the bales used in these validation
experiments. The average initial moisture content of the switchgrass was determined to
be 8.3 %-wb which was considered to be sufficiently low in terms of achieving minimal
microbial growth and/or heat generation.

Figure 5.3.8 Summary of the different storage experiments that were performed in
this study including the thermophysical property assessment and the model
calibration/validation.
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5.3.9.1 One-Dimensional Heat Transfer during Storage
The primary variable associated with this validation storage study was the
direction of heat flow; which was either lateral (x and y axes) or transverse (z-axis) in
relation to the stem/flake orientation (see Figure 5.3.6). One-directional heat transfer was
achieved in respect to each of these directional orientations by applying two inches of
low-pressure spray polyurethane foam (Handi-Foam Quick Cure, SPF-P10749, Fomo
Products, Inc., Norton, OH) to specific surfaces of each bale. The application of this foam
insulation was intended and assumed to effectively prevent the occurrence of heat and
mass transfer on the covered surfaces of the bale, while allowing heat and mass transfer
to occur on the exposed surfaces. This assumption was based on an assessment that 90 %
heat resistance could be achieved with only 1.01 inches of foam under the experimental
conditions considered in the current study.
All directional treatments were prepared according to the specific surface
coverage necessary as shown in Figure 5.3.9. An additional treatment was also covered
completely in foam on all surfaces (i.e., control) to effectively prevent heat and mass
transfer with the surrounding environment. Another treatment was also left completely
exposed to the environment with no spray foam application. In this case, heat and mass
transfer were possible in all directions (x, y and z). Three replicate bales were prepared
for each of these treatments; thereby, a total of 15 bales used in the storage validation
experiments.

235

A

B

C

D

Figure 5.3.9 Spray foam application applied to prevent heat and mass transfer from
respective surfaces of each bale treatment. (A) Treatment Y with the top and bottom
surface exposed; (B) treatment X with the left and right surface exposed; (C) treatment Z
with the front and back surface exposed; and (D) treatment C with no exposed surfaces.
5.3.9.2 Storage Layout
The bales were stored in a controlled environment chamber for 24 days on metal
wire shelving arranged in three rows (replications) and elevated approximately 91 cm (36
inches) above the floor. The different treatments (directional orientations) were randomly
assigned positions within their respective replication (row of bales) following a
randomized block design. The bales within each row were generally spaced an average of
10.2 to 15.2 cm (4 to 6 in) apart; while each row of bales was spaced an average of 13.34
to 21.0 cm (5.25 To 8.25 in) apart. This specific storage layout is depicted in Figure
5.3.10; where the different treatments are denoted by X, Y, Z, C, and O for directional
heat transfer in the x, y, and z axes, fully closed bale (spray foam on all sides), and fully
open bale (no spray foam applied), respectively. Likewise, the R1-R3 denotations
represent the three replications performed.
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Figure 5.3.10 Storage layout for spray foam bales (treatments are heat transfer in X, Y,
and Z directions, control (C), and open (O) with replicates noted as R1, R2, and R3).
A 30.5 cm (12 in) flexible air duct was extended through the lower central region
of the environmental chamber at a height of 24.1 cm (9.5 in) above the floor; and with 7.6
cm (3 in) diameter outlets installed on both horizontal sides along its entire length to
improve the uniform distribution of air throughout the chamber. These outlets were
installed at intervals of approximately 91.4 cm (36 inches). It should also be noted that
both of the 30.5 cm (12 in), square outlets for the environmental control chamber were
positioned at the top rear of the room. The air inlet and outlet positions helped to ensure
sufficient air circulation throughout the chamber as the incoming air was directed evenly
through the central duct, before exhausting through the rear of the chamber.
5.3.9.3 Storage Procedure
The environmental chamber was initially maintained at a constant target
temperature of 20 °C for 6 days; while the relative humidity was maintained at the
corresponding equilibrium condition of 40.4 %, based on the sorption isotherm of 8-mm
milled switchgrass (Godbolt et al., 2013). The moisture exchange between the bale and
the surrounding air within the environmental chamber was assumed to be effectively
prevented. A distinct series of step changes were then applied to the temperature and
relative humidity of the chamber throughout the remainder of the 24 day storage period.
In this manner, the temperature and relative humidity of the environmental chamber were
adjusted every 6 days in order to attain progressive temperatures of 25, 30, and 20 °C
along with the corresponding equilibrium relative humidity levels of 46.2, 51.3, and 40.4
%, respectively that limited moisture transfer.
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5.3.9.4 Storage Measurements
Bales were weighed within several hours of foam application, as well as, on days
6, 12, 18 and 24 of the storage experiment. Three type-E thermocouples (24 AWG,
Omega Engineering, Inc., Atlanta, GA) were inserted into each bale using rigid, 3.175
mm (1/8 in)-diameter, high-density polyethylene welding rods (Seelye Acquisitions, Inc.,
Ocoee, FL) which have improved tensile strength and the ability to continuously resist
heat transfer up to temperatures of approximately 110 to 120 °C.
The thermocouples were positioned diagonally through each bale with a low (~13
cm above the bottom surface), central (centered with the height) and upper position (~13
cm below the top surface) for each treatment. The thermocouples were imbedded to three
depths (~ 11, 23, and 34 cm) at three different distances on the side wall of each bale (~
13, 51, and 89 cm) as shown in Figure 5.3.11. This measurement scheme allowed
uniformity in measurement across the different treatments while accounting for any
positional variation which could occur.

Figure 5.3.11 Thermocouple positioning schematic shown in all three perspectives.
Air temperature was also monitored at three vertical heights (low, middle, and
high) and three horizontal positions (front, center, and rear) within the environmental
chamber. These thermocouples were generally positioned 46 cm (18 in) from the walls of
the environmental chamber for the relevant peripheral positions. Hence, this
measurement scheme required a total of nine air temperature positions for each
measurement interval. An additional relative humidity probe (CS500-L, Campbell
Scientific, Logan, UT) was also positioned centrally within the chamber. Thermocouple
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and relative humidity measurements were scanned and recorded to a datalogger (CR10,
Campbell Scientific, Inc., Logan, UT) every 5 minutes.
The experimental data was averaged to provide a mean daily temperature for each
treatment; further reducing the error caused by random variation. The resulting 60 data
points represented the mean daily treatment temperatures recorded at each thermocouple
location. This temperature data was subsequently used to determine the thermal
diffusivity for each treatment based on a simple conduction model as presented in section
5.4.1. In this case, the heat generation (within the material) and the moisture transfer
(between the environment and the material) were both considered negligible. The
application of this simple conduction model was assumed to provide average (constant)
approximate values of the thermal diffusivity in each directional orientation. These
results were compared with those values determined by the dual thermal probe.
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5.4

Numerical Analysis
An analytical solution to the heat and mass transfer model proposed in Chapter 4

was not feasible due to the complexity and interdependency of the characteristic
variables. Therefore, a numerical solution was undertaken in the current study using the
explicit finite difference method which is described here in terms of the baled,
rectangular format of switchgrass; while accounting for the potential variation in material
properties. Figure 5.4.1 represents the two-dimensional, rectangular cross-section of the
switchgrass bale. The calculation domain was considered symmetric about the y axis so
only half of the x domain was calculated; thereby, decreasing the number calculations
needed for obtaining a solution.

Figure 5.4.1 Finite difference model of an individual bale of switchgrass.
The surrounding air was assumed to have uniform temperature (Ta) and relative
humidity (RHa) which was in contact with the exposed porous boundaries on all three
sides of the domain with the center line insulated. The convective heat transfer coefficient
on all exposed sides was assumed to be equal. The resulting finite difference equation for
each component of the proposed model (see Chapter 4) was developed by applying the
principles of mass and energy conservation to small control volumes formed by the
discretized domain. In the first analysis presented here, heat transfer within the bales was
assumed to be entirely by conduction (section 5.4.1). This simple model provided a
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baseline analysis and framework for ongoing model development. This conduction model
also served as a validation of the thermophysical properties evaluated by the dual probe
method (see section 5.3.9). The next case involves heat transfer occurring by the coupled
mechanisms of conduction and convection (natural) as presented in Chapter 4 of this
study.
5.4.1

Conduction Model
The first numerical analysis considered in this study involved heat transfer within

baled switchgrass occurring entirely by conduction. For interior points of this baseline
conductivity model, the source of heat was only by conductive transfer from neighboring
control volumes; while points along the outside edge included an additional convection
heat source (or sink) to the ambient air. In this case, natural convection boundary
conditions were assumed at all exposed surfaces; while the center of the domain was
considered insulated due to symmetry. The general form of the conductive model is:

ρCp

δT
δt

= kx

δ2 T
δx2

+ ky

δ2 T
δy2

+

h

δn

(Ta − T) + G

[5.4.1a]

or,
δT
δt

= αx

δ2 T
δx

2 + αy

δ2 T
δy2

+h

αx,y

kx,y δn

(Ta − T) + G

αavg
kavg

[5.4.1b]

where: Cp = specific heat (J kg-1 K-1); k = thermal conductivity (W m-1 K-1); T =
temperature (K); ρ = density (kg m-3); h = convective heat transfer coefficient (W m-2 K1

); G = heat generation (W m-3); α = thermal diffusivity (m2 s-1); and the subscripts a, n,

x, y and avg represent those conditions related to the ambient, normal-to-surface, xdirection, y-direction and average of both directions, respectively. The heat transfer
coefficient appearing in the convective term of this simple model depends on the surface
of interest and the associated direction of heat transfer (see appendix A).
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5.4.1.1 Finite Difference Method
Applying the principles of energy conservation to a two-dimensional control
volume within the specified global domain led to the following explicit equations. Only
the left half of the domain was considered in this analysis with symmetry assumed to
exist along the axial center line. It may be also noted that at this point the convection term
was omitted in the evaluation of the interior points.
•

Interior points (x≠0; x≠w; y≠0; y≠H)∶

Ti,jn+1 = �

Ti,jn

αn
x Δt
Δx2

n
n
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n
n
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n
+
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[5.4.2a]

Similar expressions were also developed for those nodal positions along the symmetrical
center line of the domain, as well as, the nodes along the external boundaries of the
domain with the inclusion of heat convection as follows:
•

Left edge points, external boundary (x=0; y≠0; y≠H)∶
αn
y Δt

αn
x Δt
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[5.4.2b]

Right edge points, symmetrical center line (x=w; y≠0; y≠H)∶
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Bottom edge points (x≠0; x≠w; y=0)∶
αn
x Δt

Ti,jn+1 = �

n
Gi,j
�

αn
avg Δt
kn
avg

Δx

n
n
n
2 � �Ti+1,j + Ti−1,j − 2Ti,j � + 2 �

� + Ti,jn

αn
y Δt
Δy2
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[5.4.2d]

•

Top edge points (x≠0; x≠w; y=H)∶
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Bottom right corner (x=w; y=0)∶
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Top right corner (x=w; y=H)∶
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[5.4.2i]

where: Ti,jn = temperature (K) at x node i, y node j, and time step of n; h = convective heat
transfer coefficient (W m-2 K-1); G = heat generation rate (W m-3); Ta = ambient

temperature (K); Δt = time increment (s); Δx and Δy = grid length increments (m); k =
thermal conductivity (W m-1 K-1); α = thermal diffusivity (m2 s-1); and the subscripts L,
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R, T and B represent the conditions at the left, right, top and bottom surface of the
domain, respectively.
Density variations were assumed to be caused solely by the loss in moisture. That
is, dry matter density was assumed to remain constant; although this assumption may not
be entirely correct as some dry matter losses and settling could occur (particularly in
wetter treatments). However, the effects of settling and dry matter loss were generally
expected to offset one another and was beyond the scope of this study.
5.4.1.2 Thin-Layer Drying Equation
The moisture content was assumed to change exponentially over time based on
the thin-layer drying equation from Khanchi et al. (2013):

MR =

Mt −Me

M0 −Me

= e−𝑘𝑘t

[4.28]

where: MR = moisture ratio (-); M = moisture content (%); k = drying rate constant (s-1); t
= time (s); and the subscripts 0, t and e represent the initial, moisture at time t and
equilibrium values, respectively. In this case, the finite difference analysis yields:
n+1
n
Mi,j
= �Mi,j
− Me ni,j � e−𝑘𝑘i,j Δt + Me ni,j

[5.4.3]

In the case of this simple conductive model, the value of the exponential constant
for each treatment was determined based on the moisture content measured during the
storage experiment (see section 5.4.5).
5.4.1.3 Model Parameters
Grid length increments for the x- and y-axes (dx and dy) were allowed to differ
from each other to allow more flexibility in evaluating the distinct length scales in each
principle direction. The Δx and Δy grid increments were set as 1.524 and 1.905 cm;
respectively, since smaller grid sizes (Δx = 0.460 cm; Δy = 0.575 cm) only resulted in
minimal changes in the predicted temperature profile. Increasing the grid increments
above these values, however, was observed to cause significant differences in the
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temperature profile. The time increment (Δt) was set at 0.5 hr, which provided a stable
solution under the proposed conditions. The evaluation of the heat transfer coefficient for
this conductive model is detailed in Appendix A.
The thermal conductivity and thermal diffusivity of the bulk material was
evaluated based on the statistical analysis of experimental data collected from the dual
thermal probe analysis (see sections 5.3 and 6.3). In the present case, both lateral
orientations (x and y) were observed to have a similar structural composition. Hence, it
was assumed that the thermal conductivity in both directions were equivalent (kx = ky).
Although the transverse bale orientation (z) exhibited a statistical difference in terms of
these thermophysical properties, this model was limited to the two lateral orientations
based on the proposed two-dimensional domain. The implementation of the
thermophysical properties involved a functional dependency on the temperature, moisture
content and dry basis density based on the statistical analysis and corresponding
empirical equations described in section 6.3.
5.4.1.4 Heat Generation Rate
The heat conduction equation (5.4.1) was solved in terms of the heat generation
rate as follows:

G = ρCp

δT
δt

− kx

δ2 T
δx2

− ky

δ2 T
δy2

−

h

δn

(Ta − T)

[5.4.4]

or, in terms of the finite difference method:

n
Gi,j
=�

2Ti,jn � −

kn
avg

αn
avg Δt

hn
i,j
Δn

kn
y Δt

kn Δt

x
n
n
n
� �Ti,jn+1 − Ti,jn � − � Δx
2 � �Ti+1,j + Ti−1,j − 2Ti,j � − �

�Tan − Ti,jn �

Δy2

n
n
� �Ti,j+1
+ Ti,j−1
−

[5.4.5]

where: G = heat generation rate (W m-3); T = temperature (K); Δt = time increment (s); k
= thermal conductivity (W m-1 K1); α = thermal diffusivity (m2 s-1); the subscripts i and j
represent the positional indexing for the x and y axes, respectively; the subscript n
represents the normal-to-surface direction; and the superscripts n and n+1 represent the
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current and ‘target’ conditions, respectively. The heat generation rate is the unknown
variable in this analysis. Based on the target temperature (temperature measured at the
next time step), the heat generation rate was calculated.
5.4.1.5 Solution Scheme
Figure 5.4.2 shows the numerical procedure that was used in this study for
evaluating the heat generation rate which follows a similar procedure to that presented by
Buckmaster (1986). According to this procedure, the heat generation rate was calculated
n
n
at a given time using Equation 5.4.5, the immediate past temperatures (Ti,jn , Ti−1,j
, Ti+1,j
,

n
n
Ti,j−1
, Ti,j+1
) and the ‘target’ temperature (Ti,jn+1 ) for the next time step. In this case, past

temperatures were assessed in accordance with the finite difference model using the heat
generation rates corresponding to the previous time step. The experimental data provided
target temperatures for the following time step. Thus, the heat generation rate was used to
calculate new temperatures throughout the bale while the target temperatures for the next
time step were adopted from the experimental data until the total simulation time of 60
days was reached. It should be noted, however, that an initial estimate of the heat
generation rate was necessary to initiate this procedure.
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Figure 5.4.2 Procedural flowchart for estimating the heat generation rate (G) based on the
simple conductive model over time.
More accurate methods of predicting unknown thermal characteristics (such as the
heat generation rate) exist, but the curve form of how that specific property changes over
time must be assumed from similar studies (Beck, 1977). Since the specific form of the
heat generation curve was not known for the present case, the method described here was
used. It was assumed that the error associated with this calculation procedure was
relatively small compared to the variation in thermal properties within the bale.
Parameter estimation also assumes that nodal conditions surrounding the ‘target’ node
(i,j) remain constant over some time period.
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5.4.1.6 Heat Generation Model
The sensible heat generation rate was also expressed as a function of the moisture
content (%-wb) and storage time (days). This model was developed using 720 cases of
temperature data (12 bales x 60 days) for varying moisture content and storage time.
Nonlinear regression techniques were used in fitting an exponential model to this data
with the heat generation rate serving as the dependent variable. The independent
variables included moisture, storage time, interaction term (moisture*time), and the
square and square root of each of these three terms. Although, temperature influenced the
biological activity and subsequent heat generation, the temperature effect was excluded
from the current model in order to simplify the estimation of mean heat generation under
the proposed storage conditions.
5.4.2

Inner Domain

The analysis of the inner domain follows the model formulation presented in Chapter 4.
5.4.2.1 Mass Conservation
The general form of the mass conservation equation for the inner domain was given as:
δ

δxI

�DL ρs

δM

δxI

+ Dv �εI −

ρs

ρL

M�

δρvI
δxi

� = ρs �1 −

ρvI δM
ρL

�

δt

+ �εI −

ρs

ρL

M�

δρvI
δt

[4.10]

Solving this expression in terms of the change in vapor density with respect to time:

δρvI
δt

=

δρ
ρ
δ
ρ
δM
δM
�D ρ
+Dv �εI −ρ s M� δxvI �−ρs �1− ρvI � δt
δxI L s δxI
L
L
i
ρ

�εI −ρ s M�

[5.4.6]

L

while the finite difference method yields the following components constituting this
overall mass balance equation:
•

Mass Liquid Flux:
MF =

ρs

Δx2I

[(MDL )ni+1 + (MDL )ni−1 − 2(MDL )ni ]
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[5.4.7a]

•

Diffusive Flux:
DF =

εI
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[(ρvI Dv )ni+1 + (ρvI Dv )ni−1 − 2(ρvI Dv )ni ] −

(ρvI Dv M)ni−1 − 2(ρvI Dv M)ni ]
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[5.4.7b]

Moisture Content Change:
MC =
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ρL ∆t

[(ρvI M)n+1
− (ρvI M)ni ] −
i

ρs
∆t
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[5.4.7c]

The solution to the vapor density was then obtained by combining all of these different
components into a single expression as follows:

ρvI n+1
i
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ρ
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[5.4.7d]

where: DL = liquid conductivity (m2 s-1); Dv = diffusion coefficient of water vapor
in air (m2 s-1); ε = porosity (m3 m-3); M = moisture content, dm (kg kg-1); ρ = density (kg
m-3); P = pressure (N m-2); p = partial vapor pressure (kg m-1 s-3); Δt = time increment (s);
and Δx = grid length increment (m). The subscript I represents the inner domain
characteristics; and the subscripts s, L and v represent the solid, liquid and vapor phase
characteristics, respectively. A knowledge of the vapor pressure in the inner domain also
allows for an analysis of the air properties within the inner domain based on relevant
psychrometric relationships. Potential variations in the material properties were
considered in this case.
5.4.2.2 Energy Conservation
The general form of the energy equation for the inner domain was given as:
δTI
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δt
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while the finite difference method yields:
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[5.4.8]

where: T = temperature (K); ST = energy source (W m-3); hc = convective heat transfer

coefficient (W m-2 K-1); Px = length of distance around an inner domain element (m); Ax

= cross-sectional area of an inner domain element (m2); Lv = latent heat of vaporization (J
kg-1); Dv = diffusion coefficient of water vapor in air (m2 s-1); ε = porosity (-); M =

moisture content, dm (kg kg-1); ρ = density (kg m-3); α = thermal diffusivity (m2 s-1); Cp =
specific heat (J kg-1 K-1); Δt = time increment (s); and Δx = grid length increment (m).
The subscripts i and j represent the x and y node, respectively; the subscript I
represents a characteristic of the inner domain; the superscript n represents the current
time step; the subscripts a, v and s represent the characteristics of the ambient air, water
vapor and solid phase, respectively. Again, the variation in material properties was
considered in this formulation. The source term (ST) for the inner domain was based on
the aerobic respiration rate for switchgrass as discussed in the derivation of this source
term are included in Appendix B.
5.4.2.3 Thin Layer Drying
The general form of the thin-layer drying model was given as:

MR =

Mt −Me

M0 −Me

= e−𝑘𝑘t

[4.28]

while the finite difference method yields:
n+1
n
Mi,j
= �Mi,j
− Me ni,j � e−𝑘𝑘i,j Δt + Me ni,j
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[5.4.9]

where: MR = moisture ratio (-); M = moisture content (%); k = drying rate constant (s-1); t
= time (s); and the subscripts 0, t and e represent the initial, time step and equilibrium
values, respectively. In this case, the equilibrium moisture content (Me) was evaluated
using the sorption isotherm of milled switchgrass (see section 4.2.5).
Further details regarding the implementation of this thin-layer drying model were
outlined in section 4.2.5. Here, the drying coefficient (k) was expressed as a function of
radiation, vapor pressure deficit, wind speed and moisture content according to the
empirical equation (4.30) proposed by Khanchi et al. (2013). In this case, the radiation
effect was considered negligible, the vapor pressure deficit was based on psychrometric
relationships, wind speed was assumed as the average of the velocity components, and
moisture content was applied directly.
5.4.2.4 Model Parameters
The density of the solid phase (ρs), density of the liquid phase (ρL), length of
distance around an inner domain element (Px), cross-sectional area of an inner domain
element (Ax), inner domain porosity (εI), and grid length increment (ΔxI) were all
assumed to be constant physical properties of the inner domain. The density of the solid
phase was estimated as 437 kg m-3 based on the average particle density of switchgrass
reported by Lam et al. (2007, 2008). The density of the liquid phase (water) was also
assumed to be constant within the given temperature range with a value of 991.48 kg m-3.
The cross sectional area and distance around the inner domain element was based on the
average stem diameter of switchgrass reported by Lam et al. (2007, 2008) as 2.698 mm,
while the porosity of the inner domain was also assessed as:
εI = 1 −

ρb
ρs

[5.4.10]

where: ρb = bulk particle density which was taken as the average value reported by Lam
et al. (2007, 2008) of 203 kg m-3. In this case, the porosity of the inner domain was 0.535.
The grid length increment of the inner domain was approximately 2.1 mm.
Likewise, the time increment (Δt) was set at a constant value of 0.5 hr as discussed and

251

implemented in the conduction model (see section 5.4.1.3). The derivation of the heat
transfer coefficient for the inner domain is discussed in Appendix B; along with the other
parameters appearing in this model of the inner domain.
5.4.3

Outer Domain

5.4.3.1 Mass Conservation (Dry Air)
The mass conservation of dry air for the outer domain was given as:
δ

δx

(εVx ) +

δ

δy

�εVy � = 0

[4.33]

Application of the finite difference method yields:
n
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where: ε = porosity (-); V = velocity (m s-1); Δx and Δy = grid length increments (m); and
Δt = time increment (s). The subscripts i and j represent the x and y node, respectively;
and the superscript n represents the current time step. The central difference method was
used in developing this discretized formulation.
5.4.3.2 Mass Conservation (Vapor)
The mass conservation of water vapor for the outer domain was given as:

ε

δρv
δt

+

δ

δx
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δ
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V
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Substituting the geometric identity describing the number of inner domain
elements (Equation 4.37) and solving for the vapor density of the outer domain with
respect to time yields:
ε
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−

δ

δx
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(ερv Vx ) −

δ

δy

�ερv Vy �

[5.4.13]

Application of the finite difference method yields:

ρv n+1
i,j

∆t

=

n

As ∆t hm i,j
Ax L εn+1
i,j

n+1 ��εVy ρv �

2Δyεi,j

n

i,j+1

�1 − εni,j � �ρvI ni,j − ρv ni,j � −
− �εVy ρv �

n

i,j−1

�+�

εn
i,j

εn+1
i,j

∆t

2Δxεn+1
i,j

� ρv ni,j

�(εVx ρv )ni+1,j − (εVx ρv )ni−1,j � −

[5.4.14]

where: ρv = vapor density (kg m-3); ε = porosity (-); hm = mas transfer coefficient (m s-1);
As = surface area of an inner domain element (m2); Ax = cross-sectional area of an inner
domain element (m2); V = velocity (m s-1); Δx and Δy = grid length increments (m); and
Δt = time increment (s). The subscripts i and j represent the x and y node, respectively;
the subscript I represents a characteristic of the inner domain; the superscript n represents
the current time step; the subscript v represent the characteristics of the water vapor.
The central difference method was used in deriving the discretized form of the
convective gas transfer terms. The average values of those terms representing the
characteristics of the inner domain (hm and ρvI) were applied in the formulation of this
outer domain equation. In this case, the average values of these inner domain properties
were taken at each outer domain grid point. The variation in material properties was
considered in this formulation.
5.4.3.3 Energy Conservation
The energy equation for the outer domain was given as:
hcI As (TI −T)N
ρa Cpa V

δ

+ αa � �ε
δx

δT
δx

�+

δ

δy

�ε

δT
δy

�� =

δ

δx

(εVx T) +

δ

δy

�εVy T� + ε

δT
δt

[4.53]

Substituting the basic thermophysical relationship (k=αρCp) and the geometric
identity describing the number of inner domain elements (Equation 4.37); while solving
for the temperature change with respect to time yields:

ε

δT
δt

=

hcI As αa (TI −T)(1−ε)
ka Ax L

δ

+ αa � �ε
δx

δT
δx

�+
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δ

δy

�ε

δT
δy

�� −

δ

δx

(εVx T) −

δ

δy

�εVy T�

[5.4.15]

The finite difference method was applied to each of the terms appearing in this equation.
The resulting discretized form of each component forming this energy balance is:
•

Convective Source Term:
ST =

•

n
As αa i,j
hcI ni,j �1
Ax L ka n
i,j

− εni,j � �TI ni,j − Ti,jn �

[5.4.16a]

Conductive Heat Transfer:
αa n
i,j

αa n
i,j

COND = (Δx)2 �(εT)ni+1,j + (εT)ni−1,j −2(εT)ni,j � + (Δy)2 �(εT)ni,j+1 +

(εT)ni,j−1 −2(εT)ni,j �
•

[5.4.16b]

Convective Heat Transfer:
CONV =

n
n
�(εVx T)i+1,j
−(εVx T)i−1,j
�

2Δx

+

��εVy T�

n
n
−�εVy T�
�
i,j+1
i,j−1

2Δy

[5.4.16c]

The central difference method was used in deriving the convective heat transfer
term here. The solution to the vapor density was then obtained by combining all of these
different components into a single expression as follows:

Ti,jn+1

∆t

= n+1 (ST + COND − CONV) + �
εi,j

εn
i,j

εn+1
i,j

� Ti,jn

[5.4.16d]

where: T = temperature (K); hcI = convective heat transfer coefficient for the inner
domain (W m-2 K-1); ε = porosity (-); As = surface area of an inner domain element (m2);
Ax = cross-sectional area of an inner domain element (m2); L = length of inner domain
element (m); α = thermal diffusivity (m2 s-1); k = thermal conductivity (W m-1 K-1); V =
velocity (m s-1); Δx and Δy = grid length increments (m); and Δt = time increment (s).
The subscripts i and j represent the x and y node, respectively; the subscript I represents a
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characteristic of the inner domain; the superscript n represents the current time step; the
subscripts a, v and s represent the characteristics of the ambient air, water vapor and solid
phase, respectively.
It should be noted that the variation of material properties was considered in this
formulation of the outer domain model. The average values of those terms representing
inner domain characteristics (hcI, ρvI, and TI) were also applied here to the each outer
domain grid point.
5.4.3.4 Momentum Equation (Darcy’s Law)
The momentum equation for the outer domain was given as:
δ2 Ψ
δx2

+

δ2 Ψ
δy2

=−

κgρ0 β δT
µ

[4.47]

δx

Application of the finite difference method yields:

1
n
�Ψi+1,j
(Δx)2

1

n
n
n
+ Ψi−1,j
−2Ψi,jn � + (Δy)2 �Ψi,j+1
+ Ψi,j−1
−2Ψi,jn � = −

n

n

κgρ0 β �Ti+1,j −Ti−1,j �
µ

2Δx

[5.4.17]

in which case the central difference method was applied. Solving for the target nodal
position yields:

1

1

1

1

n
n
n
n
2Ψi,jn �(Δx)2 + (Δy)2� = (Δx)2 �Ψi+1,j
+ Ψi−1,j
� + (Δy)2 �Ψi,j+1
+ Ψi,j−1
�+

n

n

κgρ0 β �Ti+1,j −Ti−1,j �
µ

2Δx

[5.4.18]

Multiplying both sides of the equation by Δx and substituting kinematic viscosity (ν =
μ/ρ) yields:
(Δx)2

(Δx)2

n
n
n
n
2Ψi,jn �1 + (Δy)2 � = �Ψi+1,j
+ Ψi−1,j
� + (Δy)2 �Ψi,j+1
+ Ψi,j−1
�+
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κgβΔx
2ν

n
n
�Ti+1,j
− Ti−1,j
�

[5.4.19]

To simplify this expression, a geometric ratio was defined as:
(Δx)2

r = (Δy)2

[5.4.20]

Substituting this geometric ratio into the momentum equation yields:
n
n
n
n
2Ψi,jn (1 + r) = �Ψi+1,j
+ Ψi−1,j
� + r�Ψi,j+1
+ Ψi,j−1
�+

κgβΔx
2ν

n
n
�Ti+1,j
− Ti−1,j
�

[5.4.21]

Further simplification of the momentum conservation yields:

Ψi,jn =

n
n
n
�Ψn
i+1,j +Ψi−1,j �+r�Ψi,j+1 +Ψi,j−1 �

2(1+r)

+

n
κgβΔx�Tn
i+1,j −Ti−1,j �

4(1+r)ν

[5.4.22]

where: ψ = stream function (m2 s-1); g = gravitational acceleration (9.81 m s-2); Δx and
Δy = grid length increments (m); Vx and Vy = velocity components in each respective
direction (m s-1); β = volumetric thermal expansion coefficient (K-1); ν = kinematic
viscosity (m2 s-1); and κ = intrinsic permeability (m2); the assessment of which will be
further discussed in Appendix C.
This formulation of the momentum equation requires an iterative solution for the
stream line function (see section 5.4.4) which is subsequently translated back into the
velocity components (Vx and Vy) using Equation 4.39.
5.4.3.5 Model Parameters
The solution variables within the outer domain include the vapor density (ρv and
ρvI), temperature (T and TI), stream function (ψ), and velocity field (Vx and Vy). As
discussed in Chapter 4, the interdependency of the inner and outer domain becomes
evident with the coupled terms appearing in the outer domain model. The length of the
inner domain element (L), cross-sectional area of an inner domain element (Ax), surface
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area of an inner domain element (As), and grid length increments (Δx and Δy) were all
assumed to be constant physical properties of the inner domain.
The cross sectional area and distance around the inner domain element were based
on the average stem diameter of switchgrass of 2.698 mm as reported by Lam et al.
(2007, 2008). Although a length of 41.9 cm was assumed for the inner domain elements,
this value is somewhat arbitrary in the current formulation since the surface area of the
inner domain is calculated using this same length. In this case, the length terms are
canceled out by the geometry of the problem.
Grid length increments for the x and y axes (dx and dy) were allowed to differ
from each other to allow more flexibility in evaluating the distinct length scales in each
principle direction. The Δx and Δy grid increments were specifically set as 1.524 and
1.905 cm; respectively, since smaller grid sizes (Δx = 0.460 cm; Δy = 0.575 cm) only
resulted in minimal variation. Increasing the grid increments above these values,
however, was observed to cause significant error. The time increment (Δt) was set at 0.5
hr, which provided a stable solution under the proposed conditions. The spatial and
temporal discretization specified here represented the same conditions proposed for the
conduction model (see section 5.4.1).
The kinematic viscosity (ν) and thermophysical properties of the air (ka and αa)
were based on empirical functions of the air temperature; while the thermal expansion
coefficient (β=1/Tf) was estimated according to the ideal gas model and assuming the air
was at standard atmospheric conditions. The derivation of the heat and mass transfer
coefficients for the inner domain (hcI and hmI) are discussed in Appendix B; while the
other dependent parameters appearing in the outer domain model (ε and κ ) are discussed
in Appendix C.
5.4.4

Solution Scheme
The evaluation of this set of discretized equations specifically involves the

solution of the heat and mass transfer component (equation 5.4.7 - 5.4.9, 5.4.14, 5.4.16)
in terms of the temperature (T, TI), vapor density (ρv, ρvI) and moisture (M) fields; as well
as, the velocity component (equation 5.4.11, 5.4.22) in terms of the stream function (ψ)
and velocity field (Vx, Vy). The heat and mass transfer component of this model further
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involves two distinct sets of equations: one set for the outer domain, and a second set for
the inner domain. Each set of equations requires a distinct solution algorithm which will
be outlined in the following discussion.
The first step of this solution procedure is to establish the computational grid for
the inner and outer domain according to the parameters specified in section 5.4.2 and
section 5.4.3; respectively. In this case, the inner domain is considered to represent a
single element of the overall porous structure. As such, the inner domain represents a
physically distinct structure requiring a unique discretized grid. It may also be noted, that
each outer domain control volume contains a number of inner domain elements that must
be specified.
Now, the vapor density (ρv) and temperature (T) of the air flowing through the
outer domain directly influence the amount of mass and energy transferred between the
inner and outer domain. Therefore, a solution to the inner domain equations was
necessary at each outer domain grid point. Specific terms that were representative of the
inner domain (hcI, hm and TI) were each averaged to provide single representative values
of each variable at each outer domain grid point.
The next step was to evaluate the various solution fields in terms of each
component of the overall model. Evaluation of the outer domain involved the solution of
the outer domain equations governing mass conservation (5.4.14) and energy
conservation (5.4.16) in terms of the vapor density (ρv) and temperature fields (T),
respectively. The solution then proceeded with the evaluation of the inner domain in
terms of the moisture content (M) according to the thin layer drying model (equation
5.4.9). The application of this thin-layer drying model inherently assumes that
equilibrium conditions are achieved within an inner domain element based on the
discussion provided in Section 4.2.5.
Without this relationship between the temperature and moisture content of the
inner domain, the solution of the inner domain would necessarily become an iterative
process requiring the simultaneous solution of the mass and energy conservation
equations for the inner domain. If that were the case, any two of solution fields would
need to be evaluated through this iterative process since the inner domain vapor density
(ρvI), moisture content (M) and temperature (TI) are interdependent. Implementation of
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this thin-layer drying model, however, provides some simplification of the inner domain
model assuming equilibrium conditions within the inner domain over the specified time
increment. The solution procedure then continues with the assessment of the inner
domain equations governing mass conservation (5.4.7) and energy conservation (5.4.8) in
terms of the vapor density (ρvI) and temperature fields (TI); respectively.
The velocity field (Vx and Vy) was then solved in accordance with the heat and
mass transfer component of the porous model. The assessment of the momentum
equation (5.4.22) over the entire outer domain grid specifically required an iterative
solution since the stream function could not be solved analytically. The model solution,
therefore proceeded in an iterative manner until no significant change was found to exist
between the predicted streamline results and those obtained from the previous iteration.
In this case, a tolerance or threshold of 1E-9 m2 s-1 was specified for the stream function.
The full solution algorithm is summarized in terms of following steps which are
depicted in the flowchart shown in Figure 5.4.3:
1. All solution variables (T, TI, M, ρv, ρvI, Vx, Vy) were initialized in accordance with
the initial conditions for the inner domain (4.25-4.27) and initial conditions for the
outer domain (4.58-4.60).
2. The mass conservation of water vapor for the outer domain (5.4.14) was solved at
each outer domain grid point. The ‘new’ vapor pressure density field (ρn+1
v ) for the

outer domain was determined in this step. These updated values of vapor density were
then set equal to the values at the ‘current’ time step (ρnv = ρn+1
v ).

3. The energy conservation equation for the outer domain (5.4.16) was solved at each
outer domain grid point. The ‘new’ temperature field (Tn+1) for the outer domain was
determined in this step. These updated values of temperature were then set equal to
the values at the ‘current’ time step (Tvn = Tvn+1 ).

4. The thin-layer drying model (5.4.9) was solved for the inner domain at each outer
domain grid point. The ‘new’ moisture content field (Mn+1) of the inner domain was
determined in this step. These updated values of vapor density were then set equal to
the values at the ‘current’ time step (Mn = Mn+1 ).
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5. The mass conservation equation for the inner domain (5.4.7) was solved for the inner
domain elements at each outer domain grid point. This procedure accounted for the
amount of mass transferred from an inner domain element in each outer domain
control volume. The ‘new’ vapor pressure density field (ρn+1
vI ) for the inner domain
was determined in this step. These updated values of vapor density were then set
equal to the values at the ‘current’ time step (ρnvI = ρn+1
vI ).

6. The energy conservation equation for the inner domain (5.4.8) was solved for the
inner domain elements at each outer domain grid point. This procedure accounted for
the amount of energy transferred from an inner domain element in each outer domain
control volume. The ‘new’ temperature field (TIn+1 ) for the inner domain was

determined in this step. These updated values of temperature were then set equal to
the values at the ‘current’ time step (TIn = TIn+1 ).

7. The momentum conservation equation for the outer domain (5.4.22) was solved in
terms of the stream function (ψ) in accordance with the heat and mass transfer
components of the model. Convergence was then evaluated in terms of the specified
tolerance or threshold given for the stream function. Iterative changes at any grid
point within the outer domain exceeding this threshold indicated that convergence
had not been achieved. Consequently, this step was repeated until convergence was
achieved. The updated values of the stream function were then set equal to the values
at the ‘current’ time step (ψn = ψn+1 ).

8. The ‘new’ velocity field (Vxn+1 and Vyn+1 ) was determined based on the updated

solution of the stream function. These resulting velocity values were substituted into
the continuity equation (5.4.11) to check for convergence; otherwise, an apparent
‘mass source’ could arise. The updated values of the velocity components were then
set equal to the values at the ‘current’ time step (Vxn = Vxn+1 and Vyn = Vyn+1 ).

9. The time step was incremented each interval and steps 2 – 8 were repeated until the
total simulation time (60 days) had been reached.
10. At the termination of the calculation routine, the solution fields were output.
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Initialize Variables
Outer & Inner Domain
(Eqn 4.20-4.27,4.54-4.60)
Mass Conservation, Vapor
Outer Domain
(Eqn 4.36)
Energy Conservation
Outer Domain
(Eqn 4.53)
Thin Layer Drying
Inner Domain
(Eqn 4.28)
Mass Conservation
Inner Domain
(Eqn 4.10)
Energy Conservation
Inner Domain
(Eqn 4.19)
Momentum Conservation
Outer Domain
(Eqn 4.47)
Check Convergence
Increment Time
Check Total Time
Output Solution
Figure 5.4.3 Overview of the solution algorithm for the porous media model.
More specific details of this solution procedure are shown in Figure 5.4.4 which
depicts a flowchart of the calculation routine implemented in this study. The specific
variables associated with each step in this process are indicated along with the respective
discretized equations where relevant.
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Define Physical Dimensions
W H L DI

1

Heat Transfer Coefficient
hcI n

11

Discretize Domain
dx dy dxI

2

Mass Transfer Coefficient
hmIn

12

Define Material Properties
ρb ρs

3

Update Vapor Density, Outer 13
(5.4.14)
ρvn ρvIn → ρvn+1

Define Ambient Conditions
Ta RHa

4

Update Temperature, Outer 14
(5.4.16)
Tn TIn → Tn+1

Initial Conditions
T TI M MI RH Vx Vy

5

15
Update Moisture Content
TIn MIn → MIn+1
(5.4.9)

Sorption Isotherm
RHI

6

Update Vapor Density, Inner 16
MIn MIn+1 ρvIn → ρvIn+1 (5.4.7)

Density of Air
ρaO ρaI

7

Update Temperature, Inner 17
TIn ρvIn ρvIn+1 → TIn+1
(5.4.8)

Vapor Fraction
wvO wvI

8

Update Relative Humidity
18
(Psych)
Tn+1 ρvIn+1 → RHn+1

Vapor Density
ρv ρvI

9

Calculate Stream Function
19
(5.4.22)
Tn → Ψ

Temporal Domain
Time dt

10

Check Convergence
Ψne w ≈ Ψ

Update Velocity Field
Ψ = Vxn+1 Vyn+1

20

21
(4.42)

Figure 5.4.4 Detailed solution procedure of the porous media model in terms of the heat,
mass and momentum conservation components described in this study.
.
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Modeling and simulation of the current study was performed using the MATLAB
program (MATLAB R2013b, MathWorks, Inc., Natick, MA) with LiveLink (COMSOL
Multiphysics, Palo Alto, CA). The simulation domain was first generated and a finite
numerical scheme was used to solve all of the governing equations and relevant
parameters. The system was treated as a quasi-steady process over the specified time step
with the simulation results of the previous time step set as the next time step’s initial
conditions.
In step 5, a moisture content (M) was defined for outer domain even though the
outer domain contains no solid phase which would be represented by this term. In this
case, the moisture content of the outer domain simply represents the average value of the
moisture content of the inner domain (MI) at each outer domain grid point. The initial
relative humidity of the outer domain (RH) was assumed to be equivalent to the relative
humidity of the ambient air (RHa). The relative humidity of the inner domain (RHI) was
initialized in step 6 using the sorption isotherm of milled switchgrass (Godbolt et al.,
2013) based on the temperature (TI) and moisture content (MI) of the inner domain.
This evaluation is based on the assumption that the moisture content of the inner
domain is in equilibrium with the relative humidity of the inner domain since the inner
domain (stem) represents a much smaller volume relative to the global domain (bale
cross-section). In fact, the void space of the inner domain is roughly 1E6 times smaller
than the void space of the global domain. A large time step also allows sufficient time for
equilibrium conditions to be reached within the relatively small volume of the inner
domain. The relative humidity was simply set at 100 % in those cases exceeding the
saturated state.
The density of the air in the inner domain (ρaI) and outer domain (ρaO) were
evaluated in step 7 based on empirical functions of their respective temperature terms.
The distinct phases composing the inner domain (solid, vapor, liquid and dry air) were
assumed to be in local thermodynamic equilibrium with each other. Hence, the density of
the air in the inner domain was based on the temperature of the inner domain (TI). The
density of the air in the outer domain was evaluated similarly.
The vapor fraction or humidity ratio of the inner domain (wvI) and outer domain
(wvO) were evaluated in step 8 based on psychrometric relationships in terms of the dry
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bulb temperature and relative humidity of each domain. These psychrometric calculations
were primarily derived from ASHRAE Fundamentals (2011). The vapor density of the
inner domain (ρvI) and outer domain (ρv) are then determined in step 9 as a product of the
relative air density and vapor fraction.
The heat transfer coefficient for the inner domain (hcI) is evaluated in step 11
according to the boundary layer theory and packed bed formulation described in
Appendix B. The mass transfer coefficient for the inner domain (hmI) is evaluated in step
12 based on the Chilton-Colburn factor which relates to the heat transfer coefficient
(Carlton and Oxley, 1967; Kandula, 2011; Lees, 2012; Rao, 2015). A detailed description
of the derivation of the mass transfer coefficient is also discussed in the Appendix B.
The vapor density of the outer domain (ρv) is updated for the next time interval
(n+1) in step 13 based on mass conservation of water vapor (equation 5.4.14). The
temperature of the outer domain (T) is updated for the next time interval in step 14 based
on the energy conservation of the outer domain (equation 5.4.16). The moisture content
of the inner domain (MI) is updated for the next time interval in step 15 based on the thinlayer drying model (equation 5.4.9). The vapor density of the inner domain (ρVI) is
updated for the next time interval in step 16 based on the mass conservation of the inner
domain (equation 5.4.7). The temperature of the inner domain (TI) is updated for the next
time interval in step 17 based on the energy conservation of the inner domain (equation
5.4.8). The relative humidity of the outer domain (RH) is updated for the next time
interval in step 18 based on the relevant psychrometric relationships.
The stream function (ψ) is updated for the next time interval in step 19 based on
the momentum conservation of the outer domain (5.4.22). An iterative procedure is
initiated in step 20 to achieve convergence within a specified threshold or tolerance.
Steps 19 and 20 will continue until the solution of the stream function converges. The
velocity field (Vx and Vy) is updated for the next time interval in step 21 based on the
definition of the stream function (equation 4.42). The time step is incremented while
steps 11-21 are repeated until the total simulation time is reached.

264

5.4.5

Model Validation
Model validation was performed with baled switchgrass stored in the same

controlled environment chamber as was discussed in section 5.2.5 using the following
experimental procedure.
5.4.5.1 Material Preparation
Switchgrass (Panicum virgatum L.) was harvested at the University of Kentucky
Spindletop Research Farm near Lexington, KY, USA (38°8′ N, 84°31′ W) in March 2013.
Standard farm practices were carried out during cultivation using a New Holland H6830
disc mower (with no conditioning rolls) at a height of approximately 15 cm (6 inches).
Due to the time of year, the crop was dry and was immediately baled with a New Holland
BC5070 baler (New Holland North America, Inc., New Holland, PA). Small rectangular
bales (~102 x 46 x 36 cm3) were removed from the field within 24 h of production and
transported to the University of Kentucky research farm in Woodford County (KY, USA)
where they were stored for a minimum of 50 days in a single layer in a well-ventilated
barn. The bales were then transported to the Biosystems and Agricultural Engineering
Department at the University of Kentucky in Lexington (KY, USA) and were stored
indoors in an air conditioned laboratory for several days.
The average initial moisture content of the bales was determined by extracting
three subsamples from three replicate bales (3 x 3 = 9 subsamples) using a 5.08 cm steel
hay sampling probe with a serrated tip. All subsamples were oven-dried at 103 ± 1 °C for
24 h according to standard S358.2 (ASABE Standards, 2006). The initial and final mass
of each subsample was measured by weighing scale and used to calculate the average
initial moisture content of the bales used in the storage validation experiments. In
accordance with this assessment, the average initial moisture content of the switchgrass
was estimated to be 10.1 %-wb which was considered to be sufficiently low in terms of
achieving minimal microbial growth and/or heat generation.
5.4.5.2 Storage Treatments
The primary variable associated with this storage validation test was moisture
content; which was assessed at four target levels including 10, 20, 30 and 40 %-wb. To
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achieve these moisture levels, the bales were cut open and spread into four separate
windrows on an asphalt surface. Each windrow was conditioned with a different amount
of water based on the mass-based ratio of water to dry matter corresponding to the
targeted moisture content. The conditioning or rewetting process has previously been
shown to provide material that behaves similarly to naturally wet material (Abbasi, et al.,
2009; Baker et al., 2008; Turner, 2014). The windrows were conditioned with the use of a
4 gallon garden sprayer with manual hand pump; while windrows were frequently turned
by hand during the rewetting process. It should be noted here, that no water was added to
the target treatment of 10 %-wb under the assumption that the initial moisture content of
the material was sufficiently close to this target moisture level.
Each windrow was immediately re-baled (using the same baler as was used in the
field operations) to form small rectangular bales (~102 x 46 x 36 cm) that were stored
overnight (~12 hr) in an air conditioned laboratory. The weight and physical dimensions
of each experimental bale were measured; while the bulk density was assessed as the
mass-to-volume ratio. The initial moisture content of each treatment was also determined
from six subsamples (~350 g) collected from each windrow at the time of baling. In
accordance with this assessment, the average initial moisture content for each bale
treatment was 10.7 ± 0.1, 22.6 ± 1.0, 31.6 ± 2.0, and 41.8 ± 2.1 %-wb.
5.4.5.3 Storage Layout
The bales were stored on 91.4 cm (36 in) high, metal wire shelves arranged in
three rows (replications) within a controlled environmental chamber for 60 days. Each
replicate bale treatment (moisture content) was randomized within its respective row. The
bales within each row were spaced an average of 13 cm (5 in) apart; while each row was
spaced 21.0 cm (8.25 in) apart as depicted schematically in Figure 5.4.5 and shown in the
photograph of the actual experimental setup in Figure 5.4.6. It was assumed that
sufficient distance was maintained between each treatment with uniform temperature and
relative humidity throughout the environmental chamber. The different treatments are
denoted by M10, M20, M30, and M40 for the target moisture content levels of 10, 20, 30,
and 40 %-wb, respectively. Likewise, the R1-R3 denotations represent the three
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replications performed; while D represents the bales used for destructive sampling at
specific intervals during the storage period.

Figure 5.4.5 Storage layout for moist bales in environmental chamber. M10, M20, M30,
and M40 represent the target moisture content levels of 10, 20, 30, and 40 %-wb,
respectively, R1-R3 are replicates, and D represents destructively sampled bales.

Figure 5.4.6 Photograph of experimental storage setup. A) Two air exhaust openings in
the rear of the environmental chamber and three replications of each moisture treatment.
B) Supply duct for air distribution within the environmental chamber with airflow ports
installed along its length.
A 30.5 cm (12 in) flexible air duct was extended through the lower central region
of the environmental chamber at a height of 24.1 cm (9.5 in) above the floor; and with 7.6
cm (3 in) diameter outlets installed on both horizontal sides along its entire length to
improve the uniform distribution of air throughout the chamber. These outlets were
installed at intervals of approximately 91.4 cm (36 inches). It should also be noted that
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both of the 30.5 cm (12 in), square outlets for the environmental control chamber were
positioned at the top rear of the room. The air inlet and outlet positions helped to ensure
sufficient air circulation throughout the chamber as the incoming air was directed forward
through the central duct, before exhausting through the rear of the chamber.
5.4.5.4 Storage Procedure
The environmental chamber was maintained at approximately 22 °C and 51 %
relative humidity for the first 36 hours to establish baseline storage conditions in line with
the ambient laboratory conditions. After this initial storage period, the environmental
chamber was adjusted to a target storage temperature of 30 °C and the lowest achievable
relative humidity under the given conditions for 60 days. The actual conditions recorded
during storage were 29.5 ± 0.6 °C and 23.2 ± 3.9 %. These particular conditions were
selected for the current study in order to expedite the natural heating and drying processes
that were expected to occur in storage; while avoiding more severe conditions which
could result in rapid dry matter loss and/or spontaneous combustion.
5.4.5.5 Storage Measurements
Bales were weighed upon entering the environmental chamber and approximately
every two weeks (day 14, 31, 45 and 60) throughout storage. A 5.1 cm forage sampling
probe with a serrated tip was used to collect subsamples from the destructive bale
replications at these same time intervals according to the coring pattern presented by
Smith et al., (2013). Three subsamples were also collected from each bale after 60 days
of storage; including the R1-R3 replications. Type-E thermocouples (24 AWG, Omega
Engineering, Inc., Atlanta, GA) were inserted into the bales using rigid, 3.175 mm (1/8
in)-diameter, high-density polyethylene welding rods (Seelye Acquisitions, Inc., Ocoee,
FL) which have improved tensile strength and the ability to continuously resist heat
transfer up to temperatures of approximately 110 to 120 °C.
Three thermocouples were positioned diagonally through each bale with a low
(~13 cm (~5 inch) above the bottom surface), central (centered with the height) and upper
position (~13 cm (~5 inch) below the top surface) for each treatment. The thermocouples
were imbedded to three depths (~ 11, 23, and 34 cm (~ 4.5, 9.0, and 13.5 in)) at three

268

different distances on the side wall of each bale (~ 13, 51, 89 cm (5, 20, and 35 in)).This
particular measurement scheme allowed for uniform measurements across all treatments
while accounting for any potential variation which could occur in one or more of the
principle coordinates. This measurement scheme is depicted in Figure 5.4.7. Thus,
experimental time/temperature data were collected at three locations within each bale
with three replications per treatment (moisture content level).

Figure 5.4.7 Thermocouple positioning schematic shown in all three Cartesian
coordinates.
Air temperature was monitored at three vertical heights (low, middle and high)
and three horizontal positions (front, center and rear) within the environmental chamber.
The thermocouples were generally positioned 46 cm (18 in) from the walls of the
environmental chamber for the peripheral positions. Hence, this measurement scheme
required a total of nine air temperature positions for each measurement interval. An
additional relative humidity probe (CS500-L, Campbell Scientific, Logan, UT) was also
positioned centrally within the chamber. Thermocouple and relative humidity
measurements were scanned and recorded to a datalogger (CR10, Campbell Scientific,
Inc., Logan, UT) every 5 minutes.
The experimental data was averaged to provide a mean daily temperature for each
treatment; further reducing the error caused by random variation. The resulting 60 data
points for each treatment were assumed to represent the mean daily treatment
temperatures recorded at each thermocouple location. The null hypotheses for testing
model validity were that the intercept and slope of the predicted temperature versus
measured temperature were different from 0.0 and 1.0, respectively.
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CHAPTER 6:RESULTS AND DISCUSSION
6.1
6.1.1

Fluid Analysis
Material Preparation
The average moisture content was 10.9 ± 0.3 %-wb and 9.6 ± 0.3 %-wb for

switchgrass and miscanthus, respectively. The levels were low and uniform due to
extended storage within a climate controlled laboratory.
6.1.2

Saturated Results
The average saturated moisture content of both feedstock types was plotted in

Figure 6.1.1 as a function of the dry bale density. Based on preliminary tests, accurate
measurements were unattainable at bale densities below 150 kg m-3 (db) due to rapid
leaching. However, the elevated density levels presented here are assumed to be desirable
since they would be ideal in terms of minimizing transportation costs. The average
saturated moisture content ranged between 55.9 and 71.9 %-wb for switchgrass and
between 60.5 and 73.9 %-wb for miscanthus bales, depending on the density. Linear
models were applied to both feedstock types in order to describe the inverse correlation
between saturated moisture content and bale density as follows:
MS = 175.9 − 0.501ρb

[6.1.1]

MM = 101.6 − 0.203ρb

[6.1.2]

where: ρb = dry bale density (kg m-3) and MS and MM = saturated moisture content (%wb) for switchgrass and miscanthus, respectively.
The corresponding R2 regression coefficients were 0.99 for both feedstocks. This
inverse correlation between saturated moisture content and bale density (p < 0.01) was
attributed primarily to the water entrapment in the void spaces. The larger and more
extensive void spaces associated with lower density bales allowed increased water
storage. Likewise, the miscanthus bales offered increased void space for water to fill,
thereby increasing the saturated moisture content at all density levels.
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Figure 6.1.1 Saturated moisture content (M) of baled switchgrass and miscanthus as a
function of the dry bale density with linear regression coefficients (R2) of 0.99 for both
feedstocks.
The average leaching behavior of saturated bales is shown in Figure 6.1.2 for the
first five hours. Each curve represents the average of three replicate bales. Rapid leaching
of water was observed within the first three hours with average reductions in moisture
content of 9.8 and 10.3 percentage points (wb) for switchgrass and miscanthus,
respectively. Leaching then continued at steady-state for the remaining time (analysis
concluded at 62 hours) with further reductions of 1.9 and 2.1 percentage points (wb) for
switchgrass and miscanthus, respectively. Based on these results, the density and
feedstock-type interactions were both significant at α = 0.05 (p < 0.01).
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Figure 6.1.2 Leaching curves for fully saturated miscanthus (A) and switchgrass (B) bales
at four target dry matter densities (150, 175, 200 and 225 kg m-3).
The hydraulic flux (Q/A) was plotted as a function of the hydraulic gradient (H/L)
for both feedstock types as shown in Figure 6.1.3 with respect to the density level.
Preliminary trials indicated that density levels below 150 kg m-3 (db) resulted in turbulent
flow which violated the assumption of Darcy’s Law. Thus, the effect of bale density for
values below 150 kg m-3 (db) could not be accurately determined due to rapid flow rates.
However, each data set presented here represents the average of three replicate
observations (bales) for both feedstock types assessed at three hydraulic gradients.
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Saturated hydraulic conductivity was then determined for each data set by linear
regression to determine the associated slopes (saturated hydraulic conductivity) which
were fit to the experimental data (forced through zero).
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Figure 6.1.3 Water flux and standard deviation versus hydraulic gradient of baled
miscanthus (A) and switchgrass (B) at target densities of 150, 175, 200 and 225 kg DM
m-3 with linear regression lines.
The estimates of hydraulic conductivity are summarized in Table 6.1.1 based on
the results of linear regression models of both feedstock types. The average saturated
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hydraulic conductivity ranged between 0.103 and 0.616 cm s-1 for baled switchgrass and
between 0.219 and 0.658 cm s-1 for baled miscanthus, depending on the dry bale density.
As expected, these results are slightly lower than values reported for various wood media
which ranged between 2.4 ± 2.0 and 11.01 ± 3.0 cm s-1 (Chun et. al, 2009; Robertson et
al., 2005; Van Driel et al., 2006), but are elevated compared with that of alfalfa silage
(Yao and Jofriet, 1992), chopped sorghum (Custer et. al, 1990) and fill media
(Christianson et. al, 2010). These differences are attributed to the inherent material
properties of the bales and the variable density levels.
Table 6.1.1 Mean values of saturated hydraulic conductivity (Ks) for switchgrass and
miscanthus at four apparent dry matter bale densities; with the linear regression
coefficient and standard error.
Density
(kg m-3)
144.2
173.0
201.8
225.9

Se
(kg m-3)
6.7
4.4
3.8
3.4

Ks
(cm s-1)
0.616
0.425
0.278
0.103

Switchgrass
Se
(cm s-1)
0.136
0.084
0.062
0.012

R2
(-)
0.96
0.98
0.99
0.98

Ks
(cm s-1)
0.658
0.531
0.318
0.219

Miscanthus
Se
(cm s-1)
0.146
0.099
0.070
0.046

R2
(-)
0.98
0.90
0.99
0.97

The saturated hydraulic conductivity of both feedstock types was plotted versus
the apparent density in Figure 6.1.4. Results indicated that the saturated hydraulic
conductivity was strongly influenced by the apparent bale density (p < 0.02). In fact, the
Ks values at the lowest target dry matter density (150 kg m-3) were only 16.7 and 33.3 %
of the values recorded at the highest target dry matter density (225 kg m-3) for
switchgrass and miscanthus, respectively. Furthermore, the feedstock type effects were
found to be minimal particularly at the lower bale densities; while a significant feedstock
type effect (p < 0.0001) was observed at the highest target dry matter density (225 kg
m-3). Linear models were fitted to the conductivity data which was inversely related to
bale density; a scenario which was valid for most soils (Lambe and Whitman, 1979). The
two best-fit models are:
𝐾𝐾S(S) = 1.5728 − 0.0066ρb

[6.1.3]

𝐾𝐾S(M) = 1.5898 − 0.0062ρb

[6.1.4]
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where: KS(S) and KS(M) are the saturated hydraulic conductivities for switchgrass and
miscanthus (cm s-1), respectively, while ρb is the apparent dry bale density (kg m-3).
These prediction equations for density-dependent hydraulic conductivity were
found to fit the data very well with R2 values of 0.99 and 0.97 for switchgrass and
miscanthus, respectively. The standard deviations of the two feedstock types were
observed to overlap, although the hydraulic conductivity for switchgrass was statistically
lower (p < 0.01) than miscanthus bales at the highest target dry matter density (225 kg
m-3).
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Figure 6.1.4 Saturated hydraulic conductivity (Ks) of baled switchgrass and miscanthus,
and regression lines as a function of the dry bale density with R2 values of 0.99 and 0.97;
respectively.

6.1.3

Unsaturated Results
The matric suction of baled switchgrass resulting from the filter paper tests is

plotted versus volumetric water content in Figure 6.1.5; along with the water retention
curve developed by inverse modeling of van Genuchten. Results showed a satisfactory
agreement between the van Genuchten model and experimental data at each density.
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Figure 6.1.5 Measured matric suction values versus volumetric water content for baled
switchgrass at target densities of 175, 200 and 225 kg m-3 (db). Lines are the water
retention curve developed by inverse modeling of van Genuchten parameters.
The van Genuchtan parameters, α and n, were both plotted as functions of the bale
density in Figure 6.1.6. Each data set represents the average of three replicate
observations (bales) which have been described by linear trendlines with regression
coefficients of 0.93 and 0.99 for α and n, respectively. These results indicate a significant
correlation with the bulk density (p<0.05). Table 6.1.2 also presents the fitted van
Genuchten parameters along with the standard errors.
Table 6.1.2 Average values of the van Genuchten parameters, α and n,
for baled switchgrass at three target dry matter densities; with standard error.
Density
(kg m-3)
175
200
225

α
(m-1)
0.270
0.245
0.235

SE
10-3 (m-1)

9.600
9.987
11.024
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n
(-)
10.345
7.913
5.415

SE
(-)
1.647
1.260
1.965

0.29

14

A

0.28

B

12

0.27

n (-)

-1
 (m )

10

0.26
8

0.25
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0.24
4

0.23

0.22
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Figure 6.1.6 The van Genuchten parameters, α (A) and n (B), of baled switchgrass plotted
as functions of dry matter density.
Figure 6.1.7 presents the average values of the hydraulic parameters, C1 and C2,
as functions of the bale density. Each curve represents the average of three replicate
bales, as determined from the cumulative infiltration data. The average value of C1
ranged between 0.086 and 0.779 cm s-1 and between 0.200 and 5.805 cm s-½ for C2
depending on the bale density and moisture content. In fact, bale moisture (p<0.01) and
density (p<0.02) were both observed to have a significant impact on these hydraulic
parameters according to the two-way analysis of variance. The average hydraulic
parameter values are also summarized in Table 6.1.3. These results are greater than those
reported for soil (Zhang, 1997) which was expected due to the larger pore space within
baled switchgrass.
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Figure 6.1.7 Curve fitting parameters, C1 and C2, of Philip’s two-term equation for baled
switchgrass as functions of dry matter density at four moisture levels (10.6, 22.2, 29.7
and 40.5 %-wb). Standard errors of C1 and C2 are minimal with averages of only ± 0.5%
and ± 1.0% of the reported values, respectively.
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The hydraulic conductivity and sorptivity of baled switchgrass, as estimated from
the cumulative infiltration data are shown in Figure 6.1.8 and Figure 6.1.9; respectively.
The average unsaturated Ku value ranged between 0.019 and 0.272 cm s-1 depending on
the bale density and moisture content. The calculated Ku values resulted in a good
description of the infiltration data and are in agreement with literature values for other
materials such as soil, with typical Ku values between 3.32 x10-6 and 6.79 x10-6 m s-1
(Zhang, 1997). As expected, the Ku values for baled switchgrass were higher than those
reported for soil, likely due to the increased pore space and corresponding higher water
flow rate through the material. Likewise, these results are consistent with the saturated
values reported earlier in this study, which were higher due to the fully-saturated, steadystate flow conditions. Thus, the unsaturated Ku values developed for baled switchgrass
may be considered appropriate for use in unsaturated flow calculations. The estimates of
unsaturated hydraulic conductivity and sorptivity are also summarized in Table 6.1.3.
Table 6.1.3 Hydraulic parameters (C1 and C2), unsaturated hydraulic conductivity (Ku)
and sorptivity (S) values calculated from the cumulative infiltration data in baled
switchgrass at -0.2 cm of tension and variable moisture contents (M) and dry matter
densities.
M

C1

(%-wb)

ͯ 10-6
(cm s-1)

10.6
22.2
29.7
40.5

0.779
0.726
0.539
0.299

174.1 (± 3.2)
kg m-3
Ku
C2
(cm s )

ͯ 10-6
(cm s-½)

0.272
0.184
0.145
0.073

5.805
4.948
2.958
1.601

-1

C1

S
(cm s )

ͯ 10-6
(cm s-1)

2.103
1.276
0.990
0.677

0.437
0.361
0.246
0.157

-½

199.1 (± 1.4)
kg m-3
Ku
C2
(cm s )

ͯ 10-6
(cm s-½)

0.126
0.103
0.084
0.061

2.916
2.485
1.485
0.567

-1
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C1

S

224.3 (± 1.1)
kg m-3
C2
Ku

S

(cm s )

ͯ 10-6
(cm s-1)

(cm s )

ͯ 10-6
-½
(cm s-½) (cm s )

1.219
0.939
0.465
0.155

0.172
0.107
0.100
0.086

0.024
0.028
0.011
0.019

0.223
0.333
0.252
0.200
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-1

0.539
0.465
0.168
0.048
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Figure 6.1.8 Unsaturated hydraulic conductivity (Ku) of baled switchgrass as a function of
dry bale density at four moisture content levels (10.6 ± 1.2, 22.2 ± 1.6 29.7 ± 2.2 and 40.5
± 1.6 %-wb).
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Figure 6.1.9 Sorptivity (S) of baled switchgrass as a function of dry bale density at four
moisture content levels (10.6 ± 1.2, 22.2 ± 1.6 29.7 ± 2.2 and 40.5 ± 1.6 %-wb).
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Bale density (p<0.01) and moisture content (p<0.02) were both found to
significantly affect the unsaturated hydraulic conductivity and sorptivity according to a
two-way analysis of variance. The inverse relationship between hydraulic parameters and
bale density is associated with the void and inter-particle space in which fluid flow
occurs. Accordingly, the higher density bales have less inter-particle space thereby
inhibiting fluid flow. This effect is reversed in lower-density bales as the large void space
permits greater fluid flow through the bales. Initially, the moisture content was observed
to inhibit the flow of water through the material, thereby resulting in lower Ku values.
This is expected to be a result of various adhesive forces between the water and surfaces
of the switchgrass. Additional fluid must either be redirected into new pore channels or
overcome these surface forces. This effect is at least minimized in saturated conditions in
which steady-state flow is established through all pore channels. For most cases, the
standard errors were within 1 %, while the maximum standard error was 1.6 %. In
general, the computation of Ku is more sensitive to the moisture content, and less
sensitive to density, than that of S.
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6.2
6.2.1

Moisture Measurement
Calibration
The relationship between moisture content and the voltage output from the TDR

probe is graphically presented in Figure 6.2.1 for ground switchgrass and Figure 6.2.2 for
miniature baled switchgrass. Both physical formats (ground and baled) are shown in the
respective figure with each density treatment fitted with a quartic calibration curve. Some
density levels were unattainable in the course of this evaluation due to the physical
limitations associated with the packing ability and the saturated state (amount of moisture
capable of being held within the material); a factor that becomes particularly relevant at
the lower density treatments which hold less water at saturation. It should also be noted
that the data presented for ground switchgrass is averaged over all three temperatures
evaluated in this study (23.3, 32.2 and 40.6 °C) since no statistical difference (p = 0.24)
was observed with the temperature effect.
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Figure 6.2.1 Calibration curves describing the relationship between moisture content and
the voltage output from a CS615 TDR probe for 2-mm ground switchgrass at variable
bulk densities.
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Figure 6.2.2 Calibration curves describing the relationship between moisture content and
the voltage output from a CS615 TDR probe for miniature baled switchgrass at variable
bulk densities.
All sensors appeared to perform well within the whole range of moisture contents
assessed in this study. The inverse relationship with density indicates the importance of
good contact between the sensor and the material, which is difficult to achieve with loose
packing. As such, a single prediction equation was not suitable to estimate the moisture
content under all experimental conditions. Measurement error may also have been
introduced by the shrink-swell nature of the material as well as the development of air
gaps as the probes were repeatedly inserted and removed from the material. A summary
of the quartic polynomial curve parameters are given in Table 6.2.1 for each density level
of both physical formats of switchgrass.
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Baled

Ground

Table 6.2.1 Forth-order polynomial coefficients fitted to the voltage-moisture
content data obtained from the TDR readings for ground and miniature baled switchgrass.
Density Intercept
Linear
Squared
Cubic
Quartic
R2
(kg m-3)
(mV)
Coefficient Coefficient Coefficient Coefficient
(-)
75
0.2015 -5.7488E-3 4.8190E-4 -1.1411E-5 8.7862E-8 0.9859
100
0.2015 -1.7354E-3 1.5190E-4 -2.6179E-6 1.7226E-8 0.9978
125
0.2015 -1.7595E-3 2.0803E-4 -4.1549E-6 2.9433E-8 0.9989
150
0.2015 -1.4044E-3 1.8166E-4 -3.2621E-6 2.2420E-8 0.9984
175
0.2015 -1.6770E-3 2.3063E-4 -4.5266E-6 3.2305E-8 0.9994
200
0.2015 -2.2834E-3 3.1337E-4 -6.4009E-6 4.5210E-8 0.9998
128.0
0.0348
1.1030E-5 6.1796E-5 -1.8132E-6 1.7872E-8 0.9982
154.8
0.0355
4.1599E-4 6.4259E-5 -1.8919E-6 2.0626E-8 0.9993
175.4
0.0356 -3.6484E-4 1.8640E-4 -5.1600E-6 4.8290E-8 0.9974
211.8
0.0366
1.1030E-3 6.0437E-5 -2.2885E-7 3.8171E-9 0.9995
Significant correlation was observed between the voltage output and the moisture
content (p < 0.0001) and bulk density (p < 0.0001) for both physical formats of the
switchgrass. However, the measurement accuracy was somewhat compromised at the
lower levels of bulk density as indicated by a greater standard error.
6.2.2

Validation
The moisture content of full sized baled switchgrass at the highest initial moisture

treatment (initial target of 40 %-wb) over the 60 day storage evaluation is shown in
Figure 6.2.3. The two data sets represent the gravimetrically determined moisture content
and the moisture content determined from the empirical TDR calibration. In this case, the
gravimetric evaluation was based on the moisture content determined from triplicate
subsamples cored from each bale that were destructively sampled on a two-week interval
(day 14, 31, 45 and 60). Although the initial moisture profile of each bale was spatially
variable with slightly higher moisture content in the base and below the major axis of
each bale, the average moisture content for each bale is presented here in order to limit
the apparent variation in the data. Hence, the gravimetric line represents the average of
three subsamples from three replicate bales at each interval (3 subsamples x 3 replicate
bales = 9 readings per interval). The initial moisture content was based on samples
collected from the windrow at the time of baling.
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On the other hand, TDR measurements were performed within a single bale
replicate (3 positions x 1 replicate bale x 1 treatment = 3 total measurements) due to the
limited number of TDR probes available in the current study. In this case, three
measurements were recorded at each sampling interval according to the positional
arrangement discussed in section 5.2.5. Measurements were taken at all three locations on
a 10 minute sampling interval. Daily average values were obtained from the voltage
output data and subsequently used in determining the moisture content according to the
appropriate TDR calibration curve.
Although periodic measurements were also taken for each bale replication of the
other moisture treatments (on days 14, 31, 45 and 60), the data presented here pertains
only to a single bale prepared at the highest initial moisture treatment (initial target of 40
%-wb). While the use of additional TDR sensors could have provided more frequent
assessments of the other moisture treatments, no further measurements were pursued in
this study due to the poor fit of the data observed in the preliminary results. It will also be
noted here that the average air temperature within the environmental chamber during the
monitoring period was 29.5 ± 0.6 °C.
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Figure 6.2.3 Moisture content of baled switchgrass at the highest moisture treatment
(initial target of 40 %-wb) measured gravimetrically and with TDR probe (CS615) over
the 60 day storage evaluation.
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The drying curves obtained from the gravimetric method and the TDR calibration
were significantly different based on these results. In this case, the values determined by
the gravimetric method provided reliable moisture data; indicating a gradual reduction in
the moisture content over the storage period (41.8 to 5.2 %-wb). However, the TDRbased approximation of the moisture content indicated an average decline of only 16.7 %wb over the storage period. The moisture data obtained from the TDR calibration
evidently resulted in overvalued approximations of the moisture content with significant
standard error.
This deviation from the true moisture content was attributed to the high degree of
inherent variability with the larger bale size which significantly affected the TDR
readings. While a separate calibration of the TDR sensor could be performed with this
larger bale size, the high degree of error would still be a limiting factor in the application
of this technology. Although a validation of the TDR method was unable to be achieved
with the larger bale size in this study, these results at least indicated a high degree of
sensitivity to the material properties which must be tightly controlled in order to obtain
reasonable estimates of the moisture content. This level of control was only attainable in
the calibration procedure with the smaller sample sizes.
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6.3
6.3.1

Thermal Property Analysis
Calibration
The average thermal conductivity (k) values determined for each calibration

medium (distilled water and distilled water containing 1 % w/v agar) are shown in Table
6.3.1. The measured (km) and reference (kr) values of thermal conductivity were both
observed to increase as the temperature increased. The calibration coefficient (C) and
percentage error (ek) were calculated using equations 5.3.4 and 5.3.5; respectively, for
each medium and temperature level evaluated in this study.

Water
Water
& Agar

Table 6.3.1 Thermal conductivity (k) of distilled water with and without 1 % (w/v) agar
at various temperatures.
Temp
Measured, km
Reference, kr *
Error †
Calibration ‡
(°C)
(W m-1 °C-1)
(W m-1 °C-1)
ek (%)
C (-)
20
0.607 (0.003)
0.597 (0.0045)
1.66
0.984
25
0.621 (0.004)
0.606 (0.0067)
2.49
0.976
90
0.744 (0.019)
0.678 (0.0155)
9.75
0.911
4
0.582 (0.004)
0.572 (0.0038)
1.75
0.983
22
0.615 (0.005)
0.603 (0.0055)
2.13
0.979
40
0.657 (0.005)
0.625 (0.0077)
5.09
0.952
§ Values in parenthesis represent standard error, n = 3
*
Reference: Rahman (1995); Singh and Heldman (2009)
†
Error values (ek) calculated from equation 5.3.5
‡
Calibration coefficient (C) calculated from equation 5.3.4.
The average thermal diffusivity (α) values determined for distilled water are
shown in Table 6.3.2. The measured (αm) and reference (αr) values of thermal diffusivity
were also observed to increase as the temperature increased. The percentage error (eα) at
each temperature level was calculated using an analogous expression to equation 5.3.5.
Table 6.3.2 Thermal diffusivity (α) of distilled water at different temperatures based on
the temperature-dependent specific heat, density and reference thermal conductivity.
Temp
Measured, αm
Reference αr *
Error
-7
2 -1
(°C)
10 (m s )
10-7 (m2 s-1)
eα (%)
22
1.485 (0.003)
1.430 (0.0108)
3.85
25
1.515 (0.007)
1.454 (0.0161)
4.20
90
1.797 (0.019)
1.670 (0.0382)
7.63
§ Values in parenthesis represent standard error, n = 3
*
Reference: Emami et al. (2007); Singh and Heldman (2009)
†
Error values (eα) calculated from an analogous expression to equation 5.3.5
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The calibration coefficient ranged between 0.911 and 0.984 for both mediums;
indicating that the dual probes were suitable for measuring thermal conductivity and
diffusivity. The average calibration coefficient was implemented in the current study with
a value of 0.964. The error and variability observed in this study may be attributed to
imprecise construction of the probe or natural convection currents which could affect the
measurements of the diffusivity probe.
Following the calibration procedure, three replicate bales were measured at each
combination of dry bulk density (157.2, 172.4, 197.2 and 230.1 kg m-3), mean
environmental temperature (20.3, 30.2 and 40.1 ºC) and moisture content (11.4, 20.8,
29.0 and 42.3 %-wb) for a total of 144 readings. Measurements were performed in both
the lateral plane (parallel to the flake orientation) and the transverse orientation (axial
direction of bale compression) in order to determine the relevant thermal properties in
relation to both directional orientations.
A typical measurement of the temperature rise in both probes is shown in Figure
6.3.1. The temperature rise data for the thermal conductivity probe typically exhibited
linearity after 80 s. This linear trend continued until approximately 240 s when the tests
were concluded. Based on this analysis, the linear portions (approximately 80 to 200 s) of
all data sets were used for determining the thermal properties. The R2 values for all tests
were at least 0.9994; indicating sufficient temperature predictions were achieved with the
mathematical model (equation 5.3.2).

Temperature Rise (°C)

40
Conductivity Probe
Diffusivity Probe
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120
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180

240

Figure 6.3.1 Typical temperature measurements within baled switchgrass as were
measured with the dual thermal probe.
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6.3.2

Thermal Conductivity

6.3.2.1 Overview
The average values and variation of the thermal conductivity are discussed here
with respect to each independent variable assessed in this study; including the dry bulk
density, moisture content, temperature and bale orientation (lateral or transverse). A
summary of the average thermal conductivity values obtained for all three replicate bales
is given in Table 6.3.3 with respect to each of these independent variables. The thermal
conductivity ranged from 2.73E-2 to 6.10E-2 W m-1 °C-1 for the lateral orientation; and
from 1.04E-2 to 5.96E-2 W m-1 °C-1 for the transverse orientation.
Table 6.3.3 Thermal conductivity (k) of baled switchgrass in the lateral and transverse
orientations at variable temperature, moisture content and dry bulk density levels.
Moisture
Effective Thermal Conductivity, k (W m-1 °C-1)
Temp
Content at 157 kg m-3
at 172 kg m-3
at 197 kg m-3
at 230 kg m-3
(°C)
(%wb)
Lat
Tran
Lat
Tran
Lat
Tran
Lat
Tran
20.3 11.4
0.027 0.010
0.032 0.021
0.034 0.033
0.037
0.036
30.2 11.4
0.032 0.024
0.034 0.015
0.036
2.31
0.040
0.024
40.1 11.4
0.039 0.032
0.046 0.032
0.045 0.042
0.051
0.034
20.3 20.8
0.029 0.026
0.033 0.030
0.034 0.032
0.039
0.038
30.2 20.8
0.034 0.032
0.039 0.038
0.040 0.033
0.042
0.036
40.1 20.8
0.044 0.040
0.044 0.043
0.051 0.045
0.052
0.050
20.3 29.0
0.031 0.026
0.037 0.035
0.033 0.030
0.037
0.036
30.2 29.0
0.036 0.035
0.042 0.040
0.040 0.039
0.044
0.043
40.1 29.0
0.047 0.047
0.047 0.043
0.054 0.051
0.055
0.053
20.3 42.3
0.030 0.028
0.033 0.032
0.037 0.035
0.039
0.037
30.2 42.3
0.039 0.038
0.040 0.038
0.042 0.040
0.045
0.045
40.1 42.3
0.049 0.048
0.048 0.041
0.047 0.045
0.061
0.060
†
Each thermal conductivity value represents the average measurement of 3 replicate
bales.
Similar values of thermal conductivity have been reported in the range of 0.028 to
0.061 W m-1 °C-1 for baled timothy hay (Opoku et al., 2004) and between 0.045 to 0.076
W m-1 °C-1 for baled tobacco (Casada and Walton, 1989). It may also be noted that these
values are lower than those for ground barley straw reported in the range of 0.641 to
0.845 W m-1 °C-1 (Iroba et al., 2013) since the inherently tighter compaction of ground
material promotes heat transfer by conduction to a greater extent.
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6.3.2.2 Density Effect
Figure 6.3.2 shows the thermal conductivity in both directional orientations as a
function of the square root of dry bulk density. This particular analysis considers the
averaged values of thermal conductivity across all moisture content and temperature
levels. In this case, the lower bulk density levels exhibited lower thermal conductivity at
all moisture and temperature treatments. This positive correlation between bulk density
and thermal conductivity was attributed to the improved level of heat conduction that is
established by greater amounts of solid material that become available for conductive
heat transfer at higher densities. On the other hand, lower bulk densities treatments
exhibited lower values of thermal conductivity as a consequence of the increased
porosity.

Thermal Conductivity (W m-1 °C-1)
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Figure 6.3.2 Thermal conductivity (k) of baled switchgrass as a function of the dry bulk
density in both directional orientations (lateral and transverse) averaged across all
temperature and moisture content levels.
These results also indicated a nearly linear dependence on the square root of dry
bulk density with the regression lines for the lateral and transverse orientations having R2
values of 0.977 and 0.999, respectively. The slope of the least-squares best fit line was
greater for the lateral plane (parallel to the flake orientation) compared to the slope for
the transverse direction (perpendicular to the flake orientation) since the heat transfer
mechanisms were different with respect to each directional orientation.
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6.3.2.3 Moisture Effect
Figure 6.3.3 shows the average thermal conductivity across all temperature and
bulk density levels in both directional orientations as a function of the moisture content.
In this case, the lower moisture content levels exhibited lower thermal conductivity for all

Thermal Conductivity (W m-1 °C-1)

temperature and bulk density treatments.
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Figure 6.3.3 Thermal conductivity (k) of baled switchgrass as a function of moisture
content in the lateral and transverse bale orientation averaged across all temperature and
bulk density levels.
These results also indicate a curvilinear dependence on the moisture content with
less difference between the lateral and transverse orientations observed at the higher
moisture contents. The seemingly convergent nature of the trendlines indicates that the
thermal conductivity at high levels of moisture content is influenced to a greater extent by
the water contained within the material. The second-order polynomial regression for the
lateral and transverse orientations had R2 values of 0.9920 and 0.9916, respectively.
6.3.2.4 Temperature Effect
Figure 6.3.4 shows the thermal conductivity in both directional orientations
(lateral and transverse) as a function of the temperature averaged across all levels of
moisture content and bulk density. Results indicated a slightly positive correlation
between thermal conductivity and temperature over the given range (20.3 to 40.1 °C)
which is a typical trend for a narrow temperature range (Carslaw and Jaeger, 1959). This
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trend occurs as the elevated temperatures contribute to increased atomic motion within

Thermal Conductivity (W m-1 °C-1)

the biomass; thus, promoting heat transfer within the material.
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Figure 6.3.4 Thermal conductivity (k) of baled switchgrass as a function of temperature
in the lateral and transverse orientations averaged across all moisture content and bulk
density levels.
Casada and Walton (1989b) reported a positive linear correlation between the
temperature and thermal conductivity of burley tobacco leaf with values ranging from
0.0554 to 0.0704 W m-1 °C-1 depending on the moisture content (17.0 to 24.0 %-wb) and
the dry bulk density (values not given). Positive correlations between temperature and
thermal conductivity were also reported for apple (Ramaswamy and Tung, 1981);
chickpea flour (Emami et al., 2007), granular starch (Drouzas and Saravacos, 1988; Lan
et al., 2000); rhizomes (Izadifar and Baik, 2007), sucrose gel (Renaud et al., 1992),
sugarbeet roots (Tabil et al., 2003) and tomato paste (Drusas and Saravacos, 1985). In the
present case, the second-order polynomial regression for the lateral and transverse
orientations had R2 values of 0.999 and 0.999, respectively.
6.3.2.5 Statistics
The analysis of variance indicated that dry bulk density, moisture content and
temperature all had significant effects (P < 0.0001) on thermal conductivity at a 0.05
significance level; except for some levels of the moisture content with the lateral
orientation. The analysis of variance further indicated a significant directional effect
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(lateral or transverse) at the 0.05 level. The average thermal conductivity values across all
temperature, moisture content and bulk density treatments were 0.041 and 0.036 W m-1
°C-1 for the lateral and transverse orientations, respectively. Based on this analysis, the
thermal conductivity in both directional orientations was modeled as a function of the dry
bulk density, moisture content and temperature as follows:
k L = −1.155(10−2 ) − 7.1158(10−4 )T + 2.435(10−5 )T 2 + 4.2222(10−4 )M −

4.94(10−6 )M2 + 3.12(10−3 )ρ0.5
b

[6.3.1a]

k T = −2.618(10−2 ) − 1.41(10−3 )T + 3.502(10−5 )T 2 + 1.70(10−3 )M −

2.385(10−5 )M2 + 3.33(10−3 )ρ0.5
b

[6.3.1b]

where: kL and kT = lateral and transverse thermal conductivity (W m-1 °C-1), respectively;
ρb = dry bulk density (kg m-3); M = moisture content (%-wb); and T = temperature (°C).
6.3.3

Thermal Diffusivity

6.3.3.1 Overview
The thermal diffusivity of the baled switchgrass was also evaluated using the data
collected from the diffusivity probe at the same temperatures (20.3, 30.2 and 40.1 °C),
moisture contents (11.4, 20.8, 29.0 and 42.3 %-wb) and dry bulk density levels (157, 172,
197 and 230 kg m-3) as discussed earlier. Table 6.3.4 shows the resulting values of the
thermal diffusivity in relation to these independent variables. The thermal diffusivity
ranged from 1.443E-7 to 2.031E-7 m2 s-1 for the lateral orientation; and from 0.863E-7 to
2.284E-7 m2 s-1 for the transverse orientation.
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Table 6.3.4 Thermal diffusivity (α) of baled switchgrass in the lateral and transverse
orientations at variable temperature, moisture content and dry bulk density levels.
Moisture
Thermal Diffusivity, α (m2 s-1) x 10-7
Temp
Content at 157 kg m-3
at 172 kg m-3
at 197 kg m-3
at 230 kg m-3
(°C)
(%wb)
Lat
Tran
Lat
Tran
Lat
Tran
Lat
Tran
20.3 11.4
1.723 1.650
1.724 1.045
1.881 2.284
1.531
1.233
30.2 11.4
1.583 0.863
1.554 1.505
1.443 1.473
1.597
1.419
40.1 11.4
1.684 1.468
1.695 1.553
1.673 1.288
1.703
1.550
20.3 20.8
1.802 1.685
1.758 1.379
1.599 1.536
1.634
1.714
30.2 20.8
1.706 1.308
1.767 1.721
1.597 1.186
1.781
1.410
40.1 20.8
1.752 1.905
1.851 1.267
1.657 0.995
1.476
1.550
20.3 29.0
1.830 1.628
1.628 1.469
1.807 1.340
1.566
1.296
30.2 29.0
1.843 1.520
1.885 1.863
1.581 1.675
1.565
1.478
40.1 29.0
1.682 1.574
1.713 0.998
1.749 1.634
1.813
1.257
20.3 42.3
1.705 1.471
1.784 1.599
1.748 1.165
1.655
1.152
30.2 42.3
2.031 1.451
1.807 1.464
1.650 1.650
1.592
1.452
40.1 42.3
1.959 1.755
1.769 1.839
1.730 1.560
1.748
1.486
†
Each thermal diffusivity value represents the average measurement of 3 replicate bales.
Similar values of thermal diffusivity have been reported for baled timothy hay in
the range of 1.042E-7 to 3.031E-7 m2 s-1 (Opoku et al., 2004) and single alfalfa stems
between 0.789E-7 and 1.076E-7 m2 s-1 as assessed at variable temperatures (20 to 50 °C)
and moisture contents (46.75 to 58.54 %-wb) (Ford and Bilanski, 1969). The thermal
diffusivity values reported in the current study for baled switchgrass are somewhat lower
than those for ground barley straw which have been reported in the range of 3.511E-3 to
1.8714E-4 m2 s-1 (Iroba et al., 2013), this was expected since ground material reacts to
changes in temperature more readily.
6.3.3.2 Density Effect
Figure 6.3.5 shows the average thermal diffusivity across all levels of moisture
content and temperature in both directional orientations as a function of the dry bulk
density.
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Figure 6.3.5 Thermal diffusivity (α) of baled switchgrass as a function of the dry bulk
density in both directional orientations (lateral and transverse) averaged across all
temperature and moisture content levels.
In this case, the lower bulk density levels exhibited slightly greater values of
thermal diffusivity. In fact, the thermal diffusivity of many biological materials is
influenced by the local variation in the physical structure (Kostaropoulos and Saravacos,
1997). For instance, Emami et al. (2007) reported an inverse correlation between the
thermal diffusivity and bulk density of chickpea flour (416.49 to 504.12 kg m-3), isolated
starch (346.68 to 427.10 kg m-3) and isolated protein (335.06 to 414.98 kg m-3). The
thermal diffusivity for baled switchgrass followed a similar trend in this study.
The linear regression lines for the lateral and transverse orientations in baled
switchgrass had R2 values of 0.9661 and 0.8547, respectively. However, minimal
influence was observed in the transverse orientation due to the inherently unique physical
composition of the material within the axial direction of bale compression. This particular
response to the bulk density may be attributed to the variation in porosity and material
heterogeneity in the transverse orientation. For instance, the existence of discontinuous
porous cavities in the transverse orientation could result in a slower response to
temperature change. While higher densities could potentially indicate a strong correlation
to bulk density in the transverse orientation.

295

6.3.3.3 Moisture Effect
Figure 6.3.6 shows the average thermal diffusivity across all temperature and bulk
density levels in both directional orientations as a function of the moisture content. The
thermal diffusivity generally showed minimal correlation with the moisture content over
the range evaluated in this study (11.4 to 42.3 %-wb). Linear regression lines for the

Thermal Diffusivity (m2 s-1) x 10-7

lateral and transverse orientations had R2 values of 0.9819 and 0.9682, respectively.
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Figure 6.3.6 Thermal diffusivity (α) of baled switchgrass as a function of the moisture
content in both directional orientations (lateral and transverse) averaged across all
temperature and bulk density levels.
6.3.3.4 Temperature Effect
Figure 6.3.7 shows the thermal diffusivity in both directional orientations as a
function of temperature averaged across all levels of moisture content and bulk density.
In general, the thermal diffusivity showed no correlation with the temperature over the
range evaluated in this study (20.3 to 40.1 °C).
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Figure 6.3.7 Thermal diffusivity (α) of baled switchgrass as a function of temperature in
the lateral and transverse orientations averaged across all moisture content and bulk
density levels.
Random correlations between thermal diffusivity and temperature have been
reported in the literature for various biological materials (Emami et al., 2007; Lan et al.,
2000). Average values of thermal diffusivity may be considered adequate in such cases;
particularly with small effects relative to the moisture and density effects. Moreover,
random variation in the data could make the consideration of the small temperature effect
superfluous.
6.3.3.5 Statistics
The analysis of variance generally indicated that there were significant moisture
and density effects (P = 0.0002) on the thermal diffusivity of baled switchgrass in the
lateral orientation at a significance level of 0.05. However, the transverse orientation
indicated no significant correlation between the independent parameters. In this case,
measurement variation was attributed to the physical and biological variation of the
material within the bale, as well as, limitations in the probe construction. Based on this
analysis, the thermal diffusivity in the lateral orientation was modeled as function of the
moisture content and dry bulk density as follows:
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αL = 2.34974 + 3.63(10−3 )M − 5.362(10−2 )ρ0.5
b

[6.3.2]

where: αL = lateral thermal diffusivity (10-7 m2 s-1); M = moisture content (%-wb) and ρb
= dry bulk density (kg m-3). Since no significant correlation was observed for the
transverse orientation, the average value of 1.474 x 10-7 m2 s-1 in this directional
treatment was assumed sufficient for this study. Similar results have been reported for the
thermal diffusivity of haylage with the moisture content and bulk density having a
significant effect at a 1 % level according to a nonlinear relationship (Jiang et al., 1986).
6.3.4

Specific Heat

6.3.4.1 Overview
The specific heat of baled switchgrass was estimated from the experimentallydetermined values of thermal conductivity and thermal diffusivity according to the
fundamental thermophysical relationship (k=αρC). The resulting values of specific heat
are shown in Table 6.3.5 for the various levels of temperature, moisture content and dry
bulk density evaluated in this study. The specific heat varied from 0.92 to 1.79 kJ kg-1
°C-1 for the lateral orientation and from 0.40 to 2.51 J kg-1 °C-1 for the transverse
orientation depending on the particular values of the independent parameters that were
assessed in this study. The lateral and transverse orientations are presented separately to
maintain a consistent analysis; although no significant differences were observed between
these two principal orientations.
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Table 6.3.5 Specific heat (Cp) of baled switchgrass in the lateral and transverse
orientations calculated from experimentally-determined values of thermal conductivity
and thermal diffusivity at variable temperature, moisture content and bulk density levels.
Moisture
Specific Heat, Cp (kJ kg-1 °C-1)
Temp
-3
Content at 157 kg m
at 172 kg m-3
at 197 kg m-3
at 230 kg m-3
(°C)
(%wb)
Lat
Tran
Lat
Tran
Lat
Tran
Lat
Tran
20.3 11.4
1.008 0.40
1.071 1.191
0.926 0.731
1.056
1.252
30.2 11.4
1.266 1.733
1.280 0.583
1.277 0.796
1.076
0.729
40.1 11.4
1.480 1.365
1.578 1.190
1.359 1.636
1.310
0.965
20.3 20.8
1.006 0.974
1.075 1.257
1.070 1.064
1.032
0.951
30.2 20.8
1.276 1.570
1.280 1.270
1.278 1.400
1.023
1.113
40.1 20.8
1.590 1.349
1.379 1.964
1.575 2.286
1.517
1.394
20.3 29.0
1.081 1.016
1.318 1.373
0.924 1.129
1.033
1.201
30.2 29.0
1.236 1.460
1.280 1.261
1.275 1.167
1.231
1.256
40.1 29.0
1.789 1.892
1.579 2.510
1.573 1.569
1.310
1.840
20.3 42.3
1.123 1.210
1.072 1.171
1.072 1.503
1.033
1.404
30.2 42.3
1.231 1.644
1.278 1.502
1.277 1.228
1.230
1.333
40.1 42.3
1.591 1.747
1.581 1.296
1.391 1.477
1.518
1.744
†
Each specific heat value represents the average measurement of 3 replicate bales.
Similar results have been reported for the specific heat of tobacco with values
ranging from 2.1143 to 2.4493 kJ kg-1 °C-1 at a temperature of 23.3 °C and variable
moisture content (7.4 and 16.7 %-wb) (Brock and Samfield, 1958). Likewise, the specific
heat of baled timothy hay has been reported in the range 2.31 and 5.17 kJ kg-1 °C-1
(Opoku et al., 2004); while the specific heat of baled alfalfa has been estimated as 2.105
to 2.402 kJ kg-1 °C-1 (Buckmaster, 1986).
Some of these materials that have previously been investigated have slightly
higher values of specific heat due to the tighter compaction of the material compared to
that which was achieved with switchgrass in the current study. In this case, the porosity
of the baled switchgrass was expected to be somewhat larger due to the nature of the
material which generally had larger stem sizes. The increased porosity within baled
switchgrass indicates that greater amounts of air are present within the bulk material.
Hence, the relatively low value of the specific heat of air contributed to relatively low
values of specific heat for the baled switchgrass.
The specific heat of ground barley straw has also been reported in the range 0.821
to 2.856 kJ kg-1 °C-1 (Iroba et al., 2013), between 1.370 to 1.536 kJ kg-1 °C-1 for ground
switchgrass (Dupont et al., 2014), and from 1.431 to 2.598 kJ kg-1 °C-1 for tobacco
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(Chakrabarti and Johnson, 1972). In general, the specific heat increased with increasing
temperature and moisture content, but decreased with increasing dry bulk density. Similar
correlations with the moisture content and bulk density have been reported for the
specific heat of haylage (Jiang et al., 1986).
6.3.4.2 Density Effect
Figure 6.3.8 shows the specific heat of the baled switchgrass in both directional
orientations as a function of the dry bulk density. This particular analysis was based on
experimental values of thermal conductivity and thermal diffusivity averaged across all
moisture content and temperature levels. Since baled switchgrass is a compound rather
than a pure substance, the specific heat may vary with the density of the material. In this
case, greater values of specific heat were observed at the lower bulk density levels. In this
case, the decrease of specific heat with increase in density may be explained by the
change of bound water into free water and the change of inner structure at higher
densities. This inverse correlation between bulk density and specific heat has also been
reported for baled timothy hay (Opoku et al., 2004) and haylage (Jiang et al., 1986).
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Figure 6.3.8 Specific heat (Cp) of baled switchgrass in the lateral and transverse
orientations for each temperature treatment averaged across all moisture content levels.
Table 6.3.6 also summarizes the average specific heat for the baled switchgrass
across all temperatures and moisture contents with respect to the dry bulk density of the
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material. The standard error and uncertainty error are also provided at each level of dry
bulk density evaluated in this study.
Table 6.3.6 Specific heat (Cp) of baled switchgrass at different dry bulk density levels
averaged across all temperatures and moisture contents.
Dry Bulk
Density
(kg m-3)

Lateral
Cp
(kJ kg-1 s-1)

Transverse

SE
ωCp x 10-3
(kJ kg-1 s-1) (kJ kg-1 s-1)

Cp
(kJ kg-1 s-1)

157.2
1.279
0.246
1.217
1.228
172.4
1.338
0.186
2.016
1.120
197.2
1.263
0.239
0.400
0.979
230.1
1.227
0.170
0.362
0.839
ωCp = the error of measurement or uncertainty of specific heat
SE = standard error, n = 3

SE
(kJ kg-1 s-1)

ωCp x 10-3
(kJ kg-1 s-1)

0.213
0.149
0.153
0.127

1.444
0.606
0.318
0.244

6.3.4.3 Moisture Effect
Figure 6.3.9 shows the specific heat in both directional orientations as a function
of the moisture content averaged across all other explanatory variables. A positive
correlation was generally observed between the specific heat and moisture content with
the lower levels of moisture content exhibiting lower values of specific heat for all
temperature and bulk density treatments. In fact, the increase of biomass moisture is
generally found to lead to a linear increase of heat capacity (Aviara and Haque, 2001;
Bitra et al., 2010; Guo et al., 2013; Izadifar and Baik, 2007). Thus, in some cases, the
measurement of dry biomass has been considered sufficient for the prediction of the heat
capacity for moist biomass with water content below 60 % (Njie et al., 1998).
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Figure 6.3.9 Specific heat (Cp) of baled switchgrass as a function of moisture content in
the lateral and transverse orientations averaged across all temperature and bulk density
levels.
Table 6.3.7 also summarizes the specific heat values of the baled switchgrass as a
function of the moisture content averaged across all levels of temperature and dry bulk
density. The standard error and uncertainty error are also provided at each level of
moisture content evaluated in this study.
Table 6.3.7 Specific heat (Cp) of baled switchgrass at different moisture contents
averaged across all temperatures and dry bulk densities.
Moisture
Content
(%-wb)

Lateral
Cp
(kJ kg-1 s-1)

Transverse

SE
ωCp x 10-3
-1 -1
(kJ kg s ) (kJ kg-1 s-1)

Cp
(kJ kg-1 s-1)

SE
(kJ kg-1 s-1)

1.230
0.047
0.839
11.4
2.885
1.284
0.022
0.935
20.8
0.875
1.281
0.063
1.093
29.0
0.608
1.312
0.063
1.301
42.3
1.464
ωα = the error of measurement or uncertainty of thermal diffusivity
SE = standard error (10-3), n = 3

0.118
0.132
0.154
0.183

ωCp x 10-3
(kJ kg-1 s-1)

1.018
0.913
1.832
0.779

6.3.4.4 Temperature Effect
Figure 6.3.10 shows the average specific heat in both directional orientations as a
function of the temperature averaged across all levels of moisture content and bulk
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density. Results indicated a positive correlation between the specific heat and temperature
over the specified range (20.3 to 40.1 °C). Previous studies have reported similar trends
with flax fiber-HDPE biocomposites (Li et al., 2008), rhizome particle beds (Izadifar and
Baik, 2007) and chickpea flour (Emami et al., 2007).
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Figure 6.3.10 Specific heat (Cp) of baled switchgrass as a function of temperature in the
lateral and transverse orientations averaged across all levels of moisture content and bulk
density.
Table 6.3.8 also summarizes the average specific heat for the baled switchgrass
across all moisture content and dry bulk density levels with respect to temperature. The
standard error and uncertainty error are also provided at each level of moisture content
evaluated in this study.
Table 6.3.8 Average specific heat (Cp) of baled switchgrass at different temperatures for
all moisture contents and dry bulk densities.
Lateral
Temperature
(°C)

Cp
(kJ kg-1 s-1)

Transverse

SE
ωCp x 10-3
(kJ kg-1 s-1) (kJ kg-1 s-1)

Cp
(kJ kg-1 s-1)

SE
(kJ kg-1 s-1)

1.035
0.030
0.822
0.116
20.3
2.163
1.245
0.032
1.117
0.157
30.2
1.266
1.550
0.094
1.187
0.167
40.1
1.465
ωα = the error of measurement or uncertainty of thermal diffusivity
SE = standard error (10-3), n = 3
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ωCp x 10-3
(kJ kg-1 s-1)

1.271
1.934
2.039

6.3.4.5 Statistics
The analysis of variance indicated that dry bulk density, moisture content and
temperature all had a significant effects (P < 0.0001) on the specific heat at a significance
level of 0.05; except for some treatment levels. This statistical analysis also indicated that
the directional orientation had a significant effect (P < 0.05); although not all treatment
levels exhibited this trend. Multiple regression models of the specific heat were
developed as follows:
CpL = 1.15581 + 3.8064(10−4 )T 2 + 2.02(10−3 )M − 1.65(10−3 )ρb [6.3.3a]

CpT = 2.204 + 4.4899(10−4 )T 2 + 6.295(10−2 )M − 9.4372(10−4 )M2 [6.3.3b]

where: CpL and CpT = lateral and transverse specific heat (kJ kg-1 °C-1), respectively; M =
moisture content (%-wb); T = temperature (°C); and ρb = dry bulk density (kg m-3).
6.3.5

Application of Heat Conduction Model Validation
The initial model validation was performed using only one-dimensional heat

conduction. However, the tests were designed so that one dimensional heat transfer
models could be evaluated in the lateral (x and y direction) and transverse orientation (zdirection). This simple modeling step was performed to evaluate the measured
thermophysical parameters and evaluate the anisotropic behavior within the bale.
Temperature data collected during the storage experiment from Section Error!
Reference source not found. is shown in Figure 6.3.11 with each line representing the
mean daily temperature evaluated for each directional treatment. In this case, random
variation in the temperature data was minimized by averaging all thermocouple positions
(n = 3) and treatment replications (n = 3). The results indicated a slower response to the
temperature change in the transverse orientation (z-direction); while the lateral
orientations (x and y directions) responded somewhat quicker. This difference was
attributed to the greater values of thermal conductivity that were measured in the lateral
orientation, as well as, the promotion of convective heat transfer through the continuous
pore channels formed within the lateral orientation. The similar response time for both of
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the lateral components (x and y directions) also indicated that the thermophysical
properties are relatively similar within the plane parallel to the flake orientation.

Temperature (°C)

35

X-AVG
Y-AVG
Z-AVG
C-AVG
ROOM-AVG

30
25
20
15

0

6

12
Time (days)

18

24

Figure 6.3.11 Temperatures recorded in the storage evaluation of baled switchgrass with
respect to the three directional treatments (x, y and z); as well as the average room
temperature.
The resulting temperature data for each directional treatment was implemented in
the simple conduction model presented in section 5.4.1 in order to generate the daily
average thermal diffusivity for each respective treatment (x, y and z). In this case, the
heat generation (within the material) and the moisture transfer (between the environment
and the material) were both considered negligible. The validity of this assumption was
substantiated by the fact that no weight change was observed for any treatment over the
storage period. It was also evident that the temperature changes observed in each
treatment were in direct response to changes in the environmental temperature rather than
other sources such as microbial activity.
The resulting values of thermal diffusivity according to the conduction model
(αm) are shown in Figure 6.3.12, along with the results obtained from the dual probe
method (αp).
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Figure 6.3.12 The thermal diffusivity of baled switchgrass determined from the statistical
analysis of the dual thermal probe method (αp) and those values determined from a
simple conduction model (αm). Values are referenced at the center position of each bale.
In this case, the dual probe method provided constant thermal diffusivity values in
both directional orientations since there were no significant correlations observed with
respect to temperature. The daily average thermal diffusivity values for both lateral
components (αx and αy) determined from the conduction model were generally similar to
the statistical results, but only during the periods of relative temperature stability. In fact,
the model estimated values of thermal diffusivity were generally within ± 30 % during
the constant temperature periods. However, more significant errors resulted in the
conduction model during the transitional periods (day 6, 12, and 18).
The failure of the conduction model during each transitional period is largely
attributed to the limited number of thermocouple positions that were used to measure the
temperature during this storage experiment. Further refinement of the spatial
discretization could be achieved with additional instrumentation; thereby, improving the
model predictions. The thermal diffusivities of both components of the lateral orientation
were also slightly underpredicted compared with the statistical model during those
periods of stable temperature. While these low calculations of thermal diffusivity
according to the simple conduction model may be attributed in part to the limited grid
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refinement, the oversimplification of this conduction model was also considered to
impact these results.
It may also be noted that the solution of this simple conduction model in terms of
the thermal diffusivity of the transverse orientation (αz) resulted in much greater error. In
this case, the results obtained for the periods of temperature stability were greatly
overvalued; while the transitional temperature periods experienced more significant error.
Thus, conclusive validation of the thermal diffusivity was not obtained from this analysis;
particularly in regards to the transverse orientation. However, there was a clear indication
that different heat transfer mechanisms are involved in the transverse orientation. Hence,
the results of this modeling study further demonstrated the anisotropic nature of the
miniature bales of switchgrass with regards to the lateral and transverse orientations.
These results also indicate the involvement of other heat transfer mechanisms since the
thermal diffusivity was generally undervalued in both lateral orientations during the
constant temperature periods.
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6.4
6.4.1

Heat and Mass Transfer Model
Experimental Data
Experiments were performed with baled switchgrass stored inside a controlled

environment chamber for 60 days according to the procedure outlined in section 5.4.5.
Three replicate bales were prepared at each initial moisture treatment with the average
value of each treatment measured as 10.7 (± 0.1), 22.6 (± 1.0), 31.6 (± 2.0) and 41.8 (±
2.8) %-wb. These initial moisture content values were relatively close to the target levels;
particularly considering the potential for significant material variation during the
conditioning and baling processes. The average densities for these unique treatments
were approximately 100.2 (± 3.3), 123.5 (± 4.6), 152.1 (± 4.2), and 172.3 (± 9.2) kg m-3
on a dry basis as achieved by the rectangular baler.
6.4.1.1 Temperature
The temperature within each bale was monitored at 10 minute intervals for 60
days according to the procedure described in section 5.4.3. Average daily temperatures
were obtained from this data to minimize random variation. The air temperature within
the environmental chamber was also monitored in this storage assessment following a
similar procedure. It should be noted here that the peripheral thermocouple positions
within each bale were not employed in this analysis due to an apparent random variation
in the measured temperatures at those positions. This random temperature variation may
be attributed to a significant variation of the characteristic physical properties of the
material along the edges of each bale. In this case, the baling process was believed to
cause significant variation in the bulk density and porosity, among other factors, at the
peripheral surfaces of the bale. In addition, the inaccurate/inconsistent placement and
material disturbance due to the thermocouples could have led to random temperature
variations. These conditions were expected to affect the heat and mass transfer within the
material and were therefore omitted from the current analysis. However, the center
temperatures were expected to provide more reliable temperature data as the bulk
properties were more consistent within the interior of each bale.
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The average daily temperatures for each moisture treatment are shown in Figure
6.4.1 along with the average daily air temperature within the environmental chamber. A
more detailed view is also depicted in Figure 6.4.2 for the first 48 hours of the storage
evaluation. Each line presented in this set of figures represents the average temperatures
recorded at the center position of all three bale replications. The line representing room
temperature was also averaged for all nine thermocouple positions within the
environmental chamber. It may be noted here that a minimal temperature difference was
observed between the different thermocouple positions within the environmental
chamber. In fact, the average temperature difference between the front and back of the
environmental chamber was only 0.8 °C throughout the storage evaluation. The effects of
this small temperature difference were further minimized through random distribution of
the bale treatments within the environmental chamber. The average room temperature
was maintained at approximately 29.5 (± 0.6) °C throughout the storage evaluation.
The initial bale temperature for all treatments was approximately 23 °C in
accordance with the environmental conditions at the time of baling. The average
temperature of each bale treatment was then observed to increase for at least 40 days
before reaching a relative temperature equilibrium with the ambient air. This equilibrium
process was believed to be expedited with the relatively small bale size that was used in
the current study. These daily average temperatures for each moisture treatment, as well
as, those temperatures measured at the central position of each bale, were specifically
used for model validation
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Figure 6.4.1 Average daily temperature at the center of baled switchgrass stored for 60
days in a controlled environmental chamber that was maintained at 29.5 ± 0.6 °C and
relative humidity of 23.2 ± 3.9 %. Each line represents the average of three replicate
bales prepared for each target moisture treatment (M10=10%, M20=20%, M30=30%, and
M40=40%-wb).
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Figure 6.4.2 Average hourly temperature at the center of baled switchgrass for the first 48
hours in a controlled environmental chamber that was maintained at 29.5 ± 0.6 °C and
relative humidity of 23.2 ± 3.9 %. Each line represents the average of three replicate
bales prepared for each target moisture treatment (M10=10%, M20=20%, M30=30%, and
M40=40%-wb).
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Two distinct trends were observed in the temperature data. The first trend involves
a temperature rise occurring in the initial storage period up to approximately 10 days.
This initial temperature rise was believed to be strongly influenced by the microbial
(mesophilic) heat generation occurring within the higher moisture material. The varying
extent of this initial temperature rise for each respective treatment indicates a strong
influence and correlation with the moisture content which has been previously
documented in baled hay (Farm and Ranch Extension, 2012).
As discussed earlier in this report, moist environments (such as the rewetted bales
of switchgrass) are more conducive to microbial growth and respiration. As a result,
considerable amounts of heat are generated in moist material with the consumption of dry
matter occurring through various biological processes. Since microbial activity and
respiration contribute to dry matter losses, a positive correlation can be made between the
moisture content, rise in temperature and the amount of dry matter loss.
The maximum temperatures achieved in this initial stage of the storage evaluation
were approximately 25.9, 25.8, 27.7 and 33.4 °C for the target moisture treatments of 10,
20, 30 and 40 %-wb, respectively. The high moisture treatment experienced the greatest
temperature change during this period. The maximum temperature is an important
parameter for many storage and bioconversion applications since it indicates the effective
(i.e., nutrient retention) and safe (i.e., no combustion) storability of the biomass.
Further analysis indicated that an increase in the moisture content at the time of
baling increased the maximum temperature observed in storage (r = 0.743). In fact,
results of a one-way analysis of variance indicated significant effects of the moisture
treatment on the maximum temperature (p = 0.05). A subsequent drop in temperature was
then observed for each treatment between days 4 to 8; which has commonly been
attributed to diminished microbial activity within stored bales (Buckmaster, 1986).
The next phase of temperature development observed during this storage
evaluation indicated a gradual heating towards the constant temperature of the air within
the environmental chamber; hereafter referred to as room temperature. Minimal heat
generation was assumed to occur in this secondary heating period; particularly beyond
the first 20 days of storage. This assumption was substantiated by an apparent reduction
in the moisture content for each initial moisture treatment. Average bale temperatures
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during this phase were also higher in the wetter treatments; further supporting the idea
that higher respiration rates and increased microbial activity are promoted in wetter
biomass.
6.4.1.2 Moisture Content
Moisture content was also evaluated gravimetrically every two weeks (day 14, 31,
45 and 60) by removing subsamples from each destructive bale replicate according to the
procedure discussed in section 5.4.3. Three subsamples were also collected from every
replicate bale on day 60 for gravimetric analysis. The average moisture content between
these three sampling locations is shown in Figure 6.4.2 for each of the target moisture
treatments prepared in this study. In this case, each line represents the average moisture
content measured between the three sampling locations within the bale. It may also be
noted, that the initial moisture content was based on subsamples taken from the windrow
at the time of baling.
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Figure 6.4.3 Average moisture content based on triplicate subsamples cored from each
bale. Each line represents the average of three replicate bales with the associated SE
indicated with vertical bars (data includes peripheral sampling). The initial moisture
content (time zero) and SE were based on hand samples from the windrow prior to
baling.
The gravimetrically-determined values of moisture content for each treatment
were found to be in good agreement with the average values that were determined in
accordance with the change in bale weights (assessed at the same sampling interval). In
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this case, there were generally no significant differences between the values of moisture
content determined from gravimetric analysis and those values determined from bale
weights at a significance level of 0.05. The minimal differences that were observed
between these two methods of measurement were attributed to the material loss that
occurred from the physical handling of the bales. The overall agreeance of these two
methods of measurement supported the use of the gravimetrically-determined values of
moisture content from the destructive bale replicates.
In general, minimal variation in the moisture content was observed throughout
each bale; particularly at the lower moisture treatments. This observation was attributed
to the relatively small bale size used in this study. However, the moisture was generally
found to be the highest in the center of the bale; a condition that was more pronounced at
the highest moisture level. This moisture data was also used to calculate a simple drying
coefficient according to the standard form of the drying equation:
M = M0 e−𝑘𝑘t

[6.4.1]

where: M = moisture content (%-wb); k = drying coefficient (s-1); t = time (s) and the
subscript 0 represents the initial value. In this case, the average value of the drying
coefficient was 5.711E-8, 3.953E-7, 1.879E-7 and 2.099E-7 s-1 for the target moisture
treatments of 10, 20, 30 and 40 %-wb, respectively. Hence, larger drying constants were
observed in the wetter bales.
These values of the drying coefficient were also compared with the more
sophisticated model described in Chapter 4 of this study (equation 4.30). The radiation
term was considered negligible in this evaluation; with an assumed wind speed of 1 m s-1
which was considered to be a reasonable estimate of the flow rate of air moving through
the environmental chamber. In this case, the resulting values of the drying coefficient
ranged from 1.082E-3 to 1.085E-3 s-1 which was somewhat higher than the rates that
were determined according to the periodic assessments made in the storage evaluation.
This difference was attributed to the much higher levels of density for the baled format of
switchgrass which was expected to slow the rate of drying.
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6.4.1.3 Dry Matter Loss
The average dry matter loss (DML) for each treatment was also determined based
on the difference between the initial and final mass of the solid content assessed on day
60. The mass of the solid content for each treatment was evaluated using the bale weights
and the corresponding moisture content for each respective bale replication. A moisture
content of 18 %-wb is generally considered to be the upper limit of the acceptable level
for baled switchgrass in order to effectively prevent quality changes or excessive DML
from occurring. On the other hand, baling above 20 % moisture may lead to significant
quality changes.
The relatively short duration of this storage evaluation, and the promotion of a
relatively dry environment, resulted in minimal DML even at the highest moisture
treatments with values of only 0.73 (± 0.5), 0.51 (± 0.11), 1.82 (± 0.20) and 2.68 (± 0.45)
% for the target moisture treatments of 10, 20, 30 and 40 %-wb, respectively. In this case,
DML consistently increased with an increase in the initial moisture content. It may also
be noted that no moisture treatments resulted in a DML value of zero, even with the
lowest moisture treatment. Of course, it should also be noted that some of the observed
losses were associated with the physical handling of the material. Regardless, a higher
DML was observed in the wetter bale treatments.
Results of one-way analyses of variance indicated a significant treatment effect of
the moisture content on DML (p = 0.05). Based on these results, the moisture content was
considered to be an important factor affecting DML. Two-way analysis of variance
further suggested that DML had a significant positive correlation with the initial moisture
content (r=0.92) and the maximum temperature (r=0.96). In this case, the increased
microbial activity occurring at high moisture levels contributed to elevated levels of
temperature and DML. On the other hand, lower levels of temperature and moisture
content indicate that DML will be reduced since it is correlated to temperatures and
heating.
6.4.2

Heat Generation Calibration
The simple conduction heat transfer model developed in this study (see section

5.4.1) was applied to this experimental data for empirical calibration of the heat
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generation rate. This heat generation model was evaluated with respect to the four unique
moisture treatments that were assessed in this storage evaluation. All bales were
considered to be in thermal equilibrium with the air temperature of 23 °C at the onset of
storage. The ambient temperature within the environmental chamber was subsequently
maintained at a constant 29.5 °C throughout the simulation of this storage evaluation,
which eliminated any potential discrepancies that could otherwise be introduced with a
dynamic environmental temperature. Likewise, the moisture content of each treatment
was initialized as 10.7, 20.6, 31.6, and 41.8 %-wb in accordance with the experimental
data.
The heat generation rates determined from the simple conductive model were
averaged for each day; with the resulting heat generation rate plotted over time as shown
in Figure 6.4.3 for each respective moisture treatment. Only the first 30 days of storage
are presented in this figure since the heat generation values remained fairly constant
beyond that time period. This plot illustrates the important effect of time and moisture
content on heating. It may also be noted that the heat generation rate was not monotonic
with an initial linear increase in the heat generation rate for several days and subsequent
linear decrease thereafter. In this case, the maximum heat generation rates were observed
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Figure 6.4.4 Heat generation rates of the baled switchgrass over time for the first 30 days
of storage.
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The heat generation rate calculated for day 14, 31, 45 and 60 are also summarized
in Table 6.4.1 along with those values that were calculated according to the formulation
presented in Appendix B (see section B.7) for aerobic respiration. In this case, the aerobic
respiration rate was expressed as a function (equation B.15) of the temperature and
moisture contents that were evaluated on those same days.
Table 6.4.1 Heat generation rates of baled switchgrass on the specified days during the
storage evaluation with respect to each initial moisture treatment.
DAY

YT *

M10

(W kg-1)

G†

(W kg-1)

YT *

M20

(W kg-1)

G†

(W kg-1)

M30
YT *
G†

(W kg-1)

(W kg-1)

M40
YT *
G†

(W kg-1)

2
3.79
4.58
11.67
4.65
10.19 6.49
5.49
14
3.99
4.88
9.27
5.07
12.70 6.91
3.44
31
2.12
2.70
8.67
1.68
12.57 3.07
3.54
45
2.18
1.77
3.67
2.49
4.46
2.68
5.89
60
1.69
2.01
5.62
2.41
3.88
1.81
4.42
*
Evaluation according to the aerobic respiration formulation (see section B.7)
†
Evaluation according to the simple conduction model (see section 5.4.1)

(W kg-1)

16.10
2.89
2.71
3.78
1.70

The heat generation rates determined from both methods were generally similar,
while the average heat generation rates over the entire 60-day storage period were
determined (in accordance with the conductive model) to be 3.65, 3.88, 4.47 and 5.66 W
kg-1 for the target moisture treatments of 10, 20, 30 and 40 %-wb, indicating that both
methods resulted in a strong positive correlation with the moisture content. It may also be
noted that the values presented here for baled switchgrass were lower than those reported
for paper mill sludge with broiler litter at 28.18 W kg-1 (Ekinci et al., 2006), straw and
poultry manure composting at 32.30 W kg-1 (Harper et al., 1992) and municipal waste
composting at 69.44 W kg-1 (Irvine et al., 2010).
The heat generation rate data (12 bales x 60 days each = 720 data points) were
analyzed for statistical significance using analysis of variance. In this case, the sensible
heat generation rate was expressed as a function of both the moisture content and storage
time by means of nonlinear (stepwise) regression analysis. It may be noted, however, that
the heat generation rate could not be expressed in terms of a single independent moisture
variable, nor could the storage time be expressed in terms of a constant power, since the
overall trend was not monotonic. Therefore, two distinct sets of data were considered
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with the first set corresponding to the increasing trend (t ≤ 4 days) and the other set
corresponding to the decreasing trend (t ≥ 4 days). Data from day 4 of the storage
evaluation was used in both equations to provide continuity.
This stepwise regression was specifically developed with an assessment of the
following independent variables: moisture content, bulk density, an interaction term
(moisture content times bulk density), the square and square root of each of these terms,
and storage time. The resulting best fit equations (p = 0.05) predicting the sensible heat
generation rate of baled switchgrass as a function of the significant independent variables
were determined according to the following expressions:
G = C0 + C1 t + C2 M + C3 ρ2 + C4 Mρ

[6.4.2a]

G = Γ0 + Γ1 t + Γ2 M − Γ3 ρ + Γ4 M2 − Γ5 (Mρ)2 + Γ6 (Mρ)0.5

[6.4.2b]

(t ≤ 4)

(t ≥ 4)

where: G = heat generation rate (W kg-1); M = moisture content (dec. wb); ρ = density
(kg m-3); t = storage time (days) and the subscript i represents the initial conditions. The
coefficients C0 to C4 are given as 14.11368, 3.615, -1.511, -1.68E-3 and 1.535E-2,
respectively; while the coefficients Γ0 to Γ6 were given as 4.68691, -0.10778, -10.91246,
-0.51698, 0.17547, -3.18E-6 and 4.69077, respectively. The R2 values were 0.78 and 0.55
for equations 6.4.2a and 6.4.2b, respectively. Both portions of this model generally
indicated a positive correlation between the moisture content and heat generation rate.
The total heat generated within baled switchgrass was also determined by
integrating this set of equations over the specified storage time (60 days), yielding:
Q = β0 + β1 M + β2 ρ + β3 M 2 + β4 ρ2 + β5 Mρ + β6 (Mρ)2 + β7 (Mρ)0.5

[6.4.3]

where: Q = total sensible heat generated (kJ kg-1) and the coefficients β0 to β7 are given as
128.926, -614.121, -28.951, 9.826, -0.003, 0.031, -1.781E-4 and 262.683, respectively.
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The accuracy of the heat transfer model directly affects the accuracy of this heat
generation model with the application of the relevant thermophysical property (expressed
in terms of either the thermal conductivity or thermal diffusivity) expected to cause the
largest source of error in this finite difference model. Hence, the sensitivity of this simple
heat generation model was assessed by changing the value of thermal diffusivity by 10%
and observing the change in estimated heat generation rate. On average, a 10% increase
in thermal diffusivity yielded an increase of 5.2 % in estimated heat generation rate;
while a 10 % decrease in thermal diffusivity led to a 7.2 % decrease in the estimated heat
generation rate.
6.4.3

Model Simulation
The two-dimensional finite difference model describing heat and mass transfer

within a porous bale (see Chapter 4) was also validated with the storage data obtained in
this study. The model was specifically used in predicting the temperature and moisture
content within baled switchgrass with respect to each unique moisture treatment
considered in the storage evaluation. As such, the moisture content of each treatment was
initialized as 10.7, 20.6, 31.6, and 41.8 %-wb in accordance with the experimental data.
All bales were considered to be in thermal equilibrium with the air temperature of 23 °C
(296.15 K) at the onset of the storage simulation.
The model simulation was then performed with the ambient air set at a
temperature of 29.5 °C and a relative humidity of 23.2 % in accordance with the
experimental conditions maintained within the environmental chamber throughout the
storage evaluation. The simulated temperature and moisture distribution for each target
treatment is shown in Figure 6.4.4 and Figure 6.4.5, respectively. In this case, data is
presented at the same two-week interval (day 14, 31, 45 and 60) in which measurements
and subsampling were performed during the storage evaluation.
Higher temperatures were initially observed in the central region of each domain
due to the increased levels of microbial heating; particularly with the higher moisture
treatments. This prominent trend indicated that the effects of microbial heating were
rather significant during the initial storage period (t ≤ 4 days). However, these microbial
heating effects appeared to diminish over the course of this model simulation as drying
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progressed within each treatment. Hence, the effects of microbial heating became
somewhat negligible throughout much of the simulation with the overall material
observed to be rather dry (< 18 %) in most treatments by approximately two weeks. The
resulting temperature variation observed in the wetter treatments on day 14, indicated the
residual effects of the microbial contributions to heat development within the material.
Higher temperatures were also observed at the peripheral surfaces of each domain
in response to the elevated temperature of the ambient air. This trend was maintained
throughout the course of the storage simulation with a gradual temperature flux moving
inwards toward the center of each domain. This heating flux further progressed as the
moisture was removed from each treatment. It may also be noted that the central region
of each domain responded relatively slowly to the imposed temperature flux compared
with the response of the surrounding material. This trend may indicate a dominant effect
of conductive heat transfer, while a more even distribution would have indicated
significant convective effects. The heated air would more readily permeate throughout
the material under dominant convective forces.
The remaining moisture within each domain generally accumulated within those
regions with large temperature gradients. High moisture levels were typically observed in
the center region of each bale with a relatively slow diffusion of moisture away from the
center of the domain. Higher concentrations of moisture were also observed below the
central axis of each domain during the first several days of the simulation; particularly in
the higher moisture treatments. The moisture in these regions slowly diffused as the
simulation time progressed. Although the average temperatures within each time iteration
were generally higher than the calculated dewpoint temperature, the moisture content
may have been underestimated in some cases in which condensation could occur.
The dryer initial moisture treatments (10 and 20 %-wb) generally exhibited a
uniform distribution of heat flux throughout the simulation. However, the wetter initial
moisture treatments (30 and 40 %-wb) exhibited a somewhat uneven heat distribution
with an apparent vertical temperature gradient; particularly in the latter stages of the
simulation. This uneven temperature distribution in the wetter treatments may be
attributed to the higher moisture regions that are observed in the upper portions of each
domain towards the completion of the storage evaluation on day 60.
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Figure 6.4.5 Simulated temperature distributions (K) for each initial moisture treatment
(10, 20, 30 and 40%-wb target) at two-week intervals (day 14, 31, 45 and 60). The box in
each contour plot represents half the domain with the right side treated as the symmetrical
center line.
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Figure 6.4.6 Simulated moisture content distributions (%-wb) for each initial moisture
treatment (10, 20, 30 and 40%-wb target) at two-week intervals (day 14, 31, 45 and 60).
The box in each contour plot represents half the domain with the right side treated as the
symmetrical center line.
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A comparison of the DML rates and the accumulated DML for each moisture
treatment is also presented in Figure 6.4.6. In this case, the accumulated DML (%) for
each moisture treatment was evaluated according to the following equation:
∆V
DMLT = ∑tn=0 ������
DML = ∑tn=0 YDML ∆t
V

[6.4.4]

������ = average dry matter loss rate for
where: DMLT = accumulated dry matter loss (%); DML
each respective day (%); YDML = dry matter loss rate due to respiration (% day-1); t =

storage time (day); Δt = time step (day); ΔV = control volume (m3); and V = total volume

(m3).

Figure 6.4.7 Comparison of dry matter loss (DML) rates and accumulated dry matter loss
(DMLT) for each moisture treatment (10, 20, 30 and 40 %-wb target) of the 60 day
storage evaluation.
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Based on this analysis, larger DML rates were generally observed in the higher
moisture treatments due to an increased level of microbial activity within the wetter
biomass. Although the accumulated DML at the surface of each bale was generally
similar, higher DML was specifically predicted within the central regions of each domain
in accordance with the temperature and moisture content distributions. In fact, the DMLrates typically followed the simulated moisture content due to the strong correlation that
was attributed to microbial activity; particularly at the higher moisture treatments.
The accumulated DML values after 60 days was determined to be 0.09, 0.46, 4.30
and 143.22 % for the 10, 20, 30 and 40 %-wb moisture treatments, respectively.
Obviously a dry matter loss greater than 100% was not realistic. The DML model utilized
in this study was based on aerobic respiration of glucose to carbon dioxide, heat, and
water. The moisture content and density of the 40 %-wb treatment could have been
conducive to degradation by processes other than the aerobic respiration of glucose.
Savoie et al. (2006) alternatively reported a diminishing rate of dry matter loss
approaching an asymptotic maximum in corn silage. A moisture content of 40 % is
known to be aerobically unstable and would lead to storage problems (Miller et al., 1967;
Nehrir et al., 1978; Nelson, 1968; Rohweder et al., 1978). Hence, the overall accumulated
DML for the highest moisture treatment was over 1000 times higher than for the lowest
moisture treatment (10 %-wb); while the accumulated DML for the 30 %-wb treatment
was approximately 47 times greater. It may be noted, however, that the overall DML for
each treatment may have been underpredicted since condensation was largely ignored in
this simulation. Despite the potential underestimation of the moisture content, these
results may still predict reasonable estimates of the likely magnitudes of DML within the
lower moisture treatments.
6.4.4

Model Validation

6.4.4.1 Temperature
The simulated temperatures were also compared to the measured temperatures for
each initial moisture treatment. In this case, the measured daily temperature at the center
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of each bale was averaged between the three replicate bales prepared for each respective
moisture treatment. The resulting data for the center position of each bale treatment is
shown in Figure 6.4.7 for the respective moisture treatments. The simulated temperatures
were generally in good agreement with the measured temperatures at the lower moisture
treatments (10 and 20 %-wb), but considerable deviation was observed in the higher
moisture treatments (30 and 40 %-wb).

Figure 6.4.8 Temperature data at the center position of the bale from thermocouple
measurements and model simulations at each treatment level.
The average daily temperatures that were measured at the central position within
each bale were also plotted against the model-predicted values in Figure 6.4.8 for each
moisture treatment. In this analysis, the temperature measured at each thermocouple
position was averaged between the three replicate bales that were prepared for each
treatment. The ideal case for model validation would provide an intercept and slope of
0.0 and 1.0, respectively.
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Figure 6.4.9 Measured vs simulated daily temperatures for baled switchgrass (means of
three replicate bales) for each respective moisture treatment. The dashed lines represent
the ideal case for model validation with an intercept and slope of 0.0 and 1.0,
respectively. The solid lines represent the actual regression between the measured and
predicted temperatures.
In general, these results indicated that the simulated predictions of temperature
were considerably more accurate at the lower moisture treatments (10 and 20 %-wb),
moderately accurate at the intermediate moisture treatment (30 %-wb) and much less
accurate at the highest moisture treatment (40 %-wb). Model validity was specifically
investigated for each of these moisture treatments according to the linear regression
performed between the measured and predicted temperature data. The regression results
for each treatment are summarized in Table 6.4.1 along with the coefficients of
determination (R2) and the associated standard errors (SE).
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Table 6.4.2 Model validation by regression of predicted daily temperatures vs. measured
daily temperatures for each moisture treatment during the 60 day storage evaluation.
Linear Regression
10 %-wb
20 %-wb
30 %-wb
40 %-wb
Results
Target
Target
Target
Target
Slope †
1.1747
1.2769
1.1916
0.5202 *
Slope S.E.
0.0520
0.0684
0.1517
0.0954
Intercept †
-5.4211
-8.2116
-5.9659 *
13.0302 *
Intercept S.E.
1.4684
1.9377
4.3955
2.8669
R2
0.8979
0.8572
0.5155
0.3388
Standard Error (°C)
0.5220
0.6069
0.6504
1.2270
*
Slope was different from unity (p < 0.05) or intercept was different from zero (p < 0.05)
†
Values represent the average measurement of 3 replicate bales
· S.E. = standard error; R2 = coefficient of determination
The null hypotheses used in evaluating the validity of the model were that the
intercept and slope were different from 0.0 and 1.0 respectively. The null hypotheses
were rejected at the lowest moisture levels (10 and 20 %-wb) using the student’s t-test
with n-2 degrees of freedom. In accordance with this assessment, the model was
considered valid for temperature prediction at these low levels of moisture content.
However, the null hypotheses were not rejected at the intermediate (30 %-wb) and
highest (40 %-wb) moisture treatments; indicating invalid temperature predictions at
those elevated levels.
The residuals between measured and predicted temperatures (as shown in Figure
6.4.10) further indicated that the most significant error occurred within the initial stage of
the storage evaluation (t ≤ 4 days). The error arising in this period may be attributed to an
overestimation of the heat generation within the biomass and/or the neglecting liquid
water movement which could exist in the global domain at these moisture levels.

326

Figure 6.4.10 Residuals between the measured and predicted temperatures for each
respective moisture treatment.
Based on these results, the temperature trends of the lowest moisture treatments
(10 and 20 %-wb) were considered to be predicted to a reasonable extent, with rather
high values of coefficients of determination for each treatment. The slope and intercept
test generally resulted in a valid model with an explanation of 90 and 86 % of all
temperature variation for the 10 and 20 %-wb treatment, respectively. Although the
comparison of the measured and predicted temperature data at these low moisture levels
indicated some error in the model, the deviations were generally on the same order as the
deviations observed within the validation data. The 95 % confidence interval for each
moisture treatment is shown in Figure 6.4.11. These results further indicate the good
agreement between the simulated and measured temperatures of the lower moisture
treatments given the errors in measurement.
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Figure 6.4.11 Confidence intervals (95 %) for measured and predicted temperatures for
each respective moisture treatment.
While the model predicted the temperature trends of the intermediate moisture
treatment (30 %-wb) to a reasonable extent, the coefficient of determination was
relatively low with a value of approximately 0.52. Regardless of the indication that this
model was invalid at the 30 %-wb level, an explanation of 52 % of all temperature
variation was considered reasonable in the current study; particularly in light of the
general complexity of the porous structure as the associated model. Hence, this model
was generally considered to be sufficient for temperature estimation within baled
switchgrass; particularly at the lower levels of moisture content. Of course, further
developments are expected to improve the temperature predictions.
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6.4.4.2 Moisture Content
The simulated moisture content data was also compared to the moisture contents
that were measured during the storage evaluation. In this case, the moisture content
determined at each particular sampling position within a bale (sampling positions are
discussed in section 5.4.5.5) was averaged between three replicate bales. The measured
and simulated moisture content for the center position of each moisture treatment is
shown in Figure 6.4.11. In this case, each line represents a unique moisture treatment
with the average moisture content measured in three replicate bales and the simulated
moisture content according to the model results.
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Figure 6.4.12 Simulated and measured moisture content data for the center position of
each bale moisture treatment.
Simulated moisture content was generally in good agreement with the measured
values at the lower (10 and 20 %-wb) and intermediate (30 %-wb) moisture content
levels throughout the model simulation. It may be noted, however, that the predicted
values of moisture content were generally lower than the measured values. Despite these
minor discrepancies between the measured and predicted values of moisture content, the
model simulation and analyses presented in this study are expected to provide a sufficient
framework for the assessment of a variety of storage conditions for baled switchgrass
within the range of the lower moisture contents. On the other hand, the simulated
moisture content at the highest moisture treatment (40 %-wb) was significantly
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undervalued compared with the measured values. This indicates that the actual rate of
drying for the high moisture treatment occurred more slowly.
The variation in moisture content at the conclusion of the storage evaluation (day
60) has also been summarized in Table 6.4.2 for each initial moisture treatment. Based on
the three distinct sampling locations within each bale, the mean moisture contents were
found to be 5.5, 5.6, 5.7 and 5.6 % for each respective moisture treatment. These values
were not significantly different from each other, even considering the differing drying
rates associated with each treatment. These results indicated that the material represented
in each moisture treatment dried to the same extent, while the overall results indicated
that the model could predict moisture changes fairly well in the lower moisture
treatments since the measured and simulated temperatures were similar.
Table 6.4.3 Variation in the moisture content (%-wb) of baled switchgrass after 60 days
of storage in a controlled environmental chamber at 29.5 °C and 23.2 % RH.
20 %-wb Target
30 %-wb Target
40 %-wb Target
Sampling 10 %-wb Target
Location* Predict Observe † Predict Observe † Predict Observe † Predict Observe †
1
5.3
5.5
6.0
5.8
5.5
5.4
5.1
5.1
2
5.3
5.5
5.3
6.0
6.2
5.6
6.3
5.3
3
5.8
5.1
5.4
5.7
5.5
5.5
5.4
5.2
Mean
5.5
5.4
5.6
5.8
5.7
5.5
5.6
5.2
†
Values represent the average measurement of 4 total bales
*
Sampling locations are depicted in Figure 5.4.7
6.4.4.3 Dry Matter Loss
The simulated DML data was also compared to the average measurements
recorded during the storage evaluation. In general, the simulated DML data was in
reasonable agreement with the average measurements recorded for the lower moisture
treatments. However, more significant discrepancies were observed for the highest
moisture treatment (40 %-wb). In fact, the total simulated DML at the end of the storage
evaluation (day 60) was observed to be 0.09, 0.46, 4.30 and 143.22 %; while the
measured values were 0.51, 0.73, 1.82 and 2.68 % for each respective moisture treatment.
In this case of the highest moisture treatment, the total predicted DML was significantly
greater than the average measured value; although a dry matter loss greater than 100%
was obviously not realistic.
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Despite these apparent discrepancies between measured and predicted DML
values, the simulated data was still able to predict correct trends; particularly at the lower
moisture levels. Moreover, the total predicted DML of was generally on the same order of
magnitude as previously reported for baled switchgrass stored indoors (Sanderson et al.,
1997). For these reasons, the model simulation is expected to provide a sufficient
framework for the assessment of a variety of storage conditions including the DML for
baled switchgrass.
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CHAPTER 7:CONCLUSION
This dissertation addresses the analysis of liquid flow through baled biomass
(section 1); the measurement of moisture content with TDR sensors (section 2); the
assessment of thermophysical properties within baled switchgrass (section 3); and the
evaluation of heat and mass transfer within the porous bale (section 4). Together, these
sections support and demonstrate the practical evaluation of storage conditions on the
temperature and moisture content within baled switchgrass. As such, these analyses could
lead to the identification and improvement of the best management practices for biomass
storage in order to minimize nutrient degradation and prevent hazardous conditions (i.e.,
combustion) without the need for extensive field tests.
7.1
7.1.1

Fluid Analysis
Saturated
A methodology was proposed in this study for estimating the hydraulic properties

within baled feedstocks. The saturated moisture content and leaching ability of
switchgrass and miscanthus were accessed by allowing fully saturated bales to drain
excess water for 36 hrs. The average saturated moisture content ranged between 55.9 and
71.9 %-wb for switchgrass and between 60.5 and 73.9 %-wb for miscanthus depending
on the bale density. The R2 regression coefficients for the linear models describing this
inverse relationship were 0.99 for both feedstocks. This trend between saturated moisture
content and bale density was primarily due to water entrapment within the void spaces of
each bale.
Based on leaching analysis, the baled miscanthus typically had increased void
space, thus permitting higher flow rates. In fact, the miscanthus bales had higher
saturated moisture contents due to the increased pore space, but leaching generally
occurred more quickly as a result. The feedstock-type effect became less pronounced at
higher density levels since the pore space was significantly diminished in both
feedstocks. Regardless, rapid leaching occurred within the first five hours with average
reductions in moisture content of 9.8 and 10.3 %-wb for switchgrass and miscanthus,
respectively. These results indicated that significant amounts of water were shed from the
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large pore channels within the bales of each feedstock type during this initial leaching
period. Leaching then continued at a steady rate until the experiment was terminated at
36 hours. During this steady-state leaching period, switchgrass and miscanthus dropped
an additional 1.9 and 2.1 %-wb, respectively.
Saturated hydraulic conductivity tests were also carried out on 12 bales each of
switchgrass and miscanthus with a constant head system. Bale density was found to have
significant effects on the saturated hydraulic conductivity. In fact, the saturated hydraulic
conductivity at the lowest target dry matter density (150 kg m-3) was only 16.7 and 33.3
% of the value recorded at the highest dry bale density (225 kg m-3) for switchgrass and
miscanthus bales, respectively. The best-fit models describing the density-dependent
hydraulic conductivity were found to fit the data very well with R2 values of 0.99 and
0.97 for switchgrass and miscanthus, respectively. The inverse relationship between
hydraulic conductivity and bale density is associated with the void and inter-particle
space in which fluid flow occurs. The higher density bales have less inter-particle space
thereby inhibiting fluid flow.
This effect is reversed in lower-density bales as the large void space permits
greater fluid flow through the bales. These factors all contribute to the development of
unique pore connectivity within the bales. Furthermore, significant feedstock type effects
were observed particularly at the highest dry bale density (225 kg m-3). Thus, higher flow
rates were attained in miscanthus bales due to the greater void space and increased pore
connectivity. These results indicated a strong correlation between the saturated hydraulic
conductivity of the bales and other intrinsic properties such as surface roughness, size,
geometry and stratification of the material.
7.1.2

Unsaturated
The matric suction of unsaturated switchgrass was also assessed at varying bale

densities and moisture contents using the contact filter paper method. Hence, this study
explored the validity of a semi-empirical approach to obtain estimates of the unsaturated
hydraulic conductivity and sorptivity from disk infiltrometer data with baled switchgrass.
Accordingly, the van Genuchten parameters (α, n, θs, θr) were first determined for baled
switchgrass at variable densities. The van Genuchtan parameters ranged between 0.235
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and 0.270 m-1 for α; and between 5.415 and 10.345 for n, depending on the density. In
fact, the results indicated a strong correlation between the bale density of switchgrass and
van Genuchten’s parameters. Infiltration tests were also carried out on 36 bales of
switchgrass with a minidisk infiltrometer. Three replicates per bale density were
evaluated at each target moisture level (10, 20, 30 and 40 %-wb). The curve-fitting
parameters of Philip’s two-term equation ranged between 0.086 and 0.0779 cm s-1 for C1,
and between 0.200 and 5.805 cm s-½ for C2, depending on the density and moisture
content. Likewise, the unsaturated hydraulic conductivity ranged between 0.019 and
0.272 cm s-1, while sorptivity ranged between 0.048 and 2.103 cm s-½, depending on the
density (p<0.01) and moisture content (p<0.02).
These results may be used to estimate the unsaturated hydraulic conductivity and
sorptivity at intermediate densities and moisture contents. These results indicated the
presence of certain adhesive forces between the water and switchgrass material. In the
case of saturated experiments, these forces appear to have been overcome by higher flow
rates indicated by the increased values of saturated hydraulic conductivity. In general,
these results showed that flow was permitted through high-density bales and verifies the
feasibility of removing the end-products of biomass conversion. Hence, this analysis
allows for the prediction of water runoff and water retention within bales resulting from
rainfall and/or water percolation during storage or bioconversion, respectively.
These hydraulic parameters are also expected to offer significant contributions to
the ongoing investigation and development of heat and mass transfer modeling within
baled biomass; while ultimately enabling a better understanding of the quality of baled
biomass during on-farm storage and/or high-solids biomass conversion. Although this
study provides a good measure of the initial hydraulic conductivity, further research is
recommended to address the hydraulic properties over time as the material breaks down.
An assessment of different flow directions may also be of interest in the future, with
higher flow rates expected through the horizontal orientation of a bale. A rain simulator
could also be used to evaluate infiltration into the material, while further validation could
be performed using larger bale sizes.
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7.2
7.2.1

Moisture Measurement
Calibration
Preliminary results have been presented in this study which document the

calibration of real time, TDR monitoring for biomass feedstocks. The purpose of this
study was to specifically characterize a CS615 TDR sensor (Campbell Scientific, Logan
Utah) for measuring the moisture content of densified switchgrass. Measurements were
performed at variable levels of bulk density and moisture content for both physical
formats of the material (ground and miniature bales). The density levels ranged from 75
to 200 kg m-3 for ground switchgrass and from approximately 128 to 212 kg m-3 for the
miniature bales. The moisture content ranged between dry (~ 8 %) to fully saturated (67
to 73 %) depending on the achievable moisture level for each sample. Three temperature
levels (23.3, 32.2 and 40.6 °C) were also assessed for the ground samples.
A significant correlation was generally observed between the voltage output and
the moisture content (p < 0.001), as well as, the bulk density (p < 0.001) of the material.
The physical format of the material (ground or miniature bale) was also found to have a
significant effect (p < 0.01) on the voltage output which was expected due to the inherent
differences in the physical composition of each bulk format. However, the temperature
effect was found to be negligible (p = 0.24) within the range assessed in this study.
Quartic regression models were developed for the voltage-moisture data of both
physical formats based on these dependencies following the approach of Topp et al.
(1980). Calibration data for both physical formats were well described by their respective
quartic fits. Although both physical formats resulted in similar calibration curves, the
ground switchgrass model generally provided a better fit of the experimental data with
slightly greater coefficients of determination (R2) at corresponding density levels. The
unique calibration curves for each density level were also indicative of the significant
bulk density effect.
A sensitivity of 5.1E-1 mV (kg m-3)-1 was verified for ground switchgrass, while
baled switchgrass was approximately 3.5 E-3 mV (kg m-3)-1. This variation of the output
voltage (by the order of hundreds of millivolts) was considered adequate for assessing
moisture content; particularly when accounting for the repeatability of the sensor. Hence,
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these preliminary results demonstrated the effective calibration of a TDR probe for
ground and miniature bales of switchgrass.
7.2.2

Validation
Dynamic validation tests were also performed with larger bales prepared at four

unique moisture contents (10.7, 20.6, 31.6 and 41.8 %-wb) and stored in a controlled
environment for 60 days while measurements were performed using CS615 TDR probes.
The resulting voltage data was converted to moisture content using the previously
developed calibration curve for baled switchgrass and compared with corresponding
gravimetric results. The moisture contents reported for these larger bales were generally
overestimated by an average of 16.7 % which may be attributed to the significant
variation in the material properties throughout each bale. In fact, the variations in the bulk
density, porosity and conductivity were all expected to contribute to this overestimation.
Although the validation tests were generally unsuccessful, the accuracy of the
TDR measurements may be improved at higher density levels where more uniform bulk
properties (i.e., porosity) are expected. While this development has yet to be investigated,
it is possible that more accurate and precise results could be obtained at the higher
density levels which are more consistent with the target densities of biomass feedstocks.
As such, this TDR application could represent a potential approach for the dynamic
measurement of moisture content in densified perennial grasses based on the strong
correlations that were observed in the calibration data. Hence, the continued investigation
of TDR technology at elevated density levels may provide more promising developments
for biomass research and management in terms of moisture measurements.
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7.3

Thermal Analysis
The thermophysical properties of baled switchgrass were characterized in this

study using a dual thermal probe. The thermal conductivity, thermal diffusivity and
specific heat were specifically evaluated in this analysis. Measurements were performed
at variable levels of bulk density (157.2, 172.4, 197.2 and 230.1 kg m-3), moisture content
(11.4, 20.8, 29.0 and 42.3 %-wb) and temperature (20.3, 30.2, 40.1 °C). These
thermophysical properties were also investigated with respect to the directional
orientation (lateral or transverse) within each bale. The following conclusions were
developed based on the experimental results.
7.3.1

Thermal Conductivity
The thermal conductivity of baled switchgrass ranged from 2.73E-2 to 6.10E-2 W

m-1 °C-1 for the lateral orientation; and from 1.04E-2 to 5.96E-2 for the transverse
orientation. The thermal conductivity was generally higher in the lateral orientation
(parallel to flake orientation) than for the transverse orientation (direction of bale
compression) at similar treatment levels due to the different mechanisms of heat transfer
associated with each direction. The lateral orientation involved heat conduction through
continuous solid stem material; while the transverse orientation involved heat transfer
through successive air spaces. Hence, the thermal conductivity in the lateral orientation
was expected to match more closely to the thermal conductivity of the solid material; an
idea that may be substantiated through further investigation of the thermophysical
properties of individual stems of switchgrass.
It was also noted that the initial temperature, moisture content, and dry bulk
density had significant effects on the thermal conductivity of the material. In fact, the
thermal conductivity had a positive correlation with each independent parameter over the
associated ranges evaluated in this study. In this case, higher temperatures promoted heat
transfer within the material indicated by increased values of thermal conductivity in both
orientations. Increasing levels of moisture content also increased the thermal conductivity
with the water contained in the bale imposing a greater influence on the measurements at
the highest moisture treatment. The positive correlation between dry bulk density and
thermal conductivity was attributed to the improved level of heat conduction that was

337

established by greater amounts of solid material that became available for conductive
heat transfer at higher densities. On the other hand, lower bulk densities resulted in lower
thermal conductivity due to the increased porosity of the material. Based on this analysis,
the thermal conductivity in both directional orientations was modeled as a function of the
temperature, moisture content and dry bulk density.
7.3.2

Thermal Diffusivity
The mean thermal diffusivity of the baled switchgrass ranged from 1.443 x 10-7 to

2.031 x 10-7 m2 s-1 for the lateral orientation; and from 0.863 x 10-7 to 2.284 x 10-7 m2 s-1
for the transverse orientation. The thermal diffusivity generally exhibited nonlinear
relationships with the moisture content and bulk density; while showing little to no
correlation with temperature. Hence, it was concluded that the average thermal diffusivity
over the entire temperature range evaluated in this study could be adopted for many
applications considering the negligible effect of temperature relative to the effects of the
other independent parameters. Furthermore, random variation in the data could make the
consideration of the small temperature effect superfluous. In this case, measurement
variation was attributed to the physical and biological variation of the material within the
bale, as well as, limitations in the probe construction such as the uncertainty in measuring
the radial distance to the thermocouple.
The thermal diffusivity followed a slightly positive linear trend across the range of
moisture contents evaluated in this study while the lower bulk density levels exhibited
somewhat greater values of thermal diffusivity due to the local variation in the physical
structure. However, minimal influence of the bulk density was typically observed in the
transverse orientation due to the inherently unique physical composition of the material
with respect to the axial direction of bale compression. This particular response to the
bulk density was attributed to the variation in porosity and material heterogeneity in the
transverse orientation (i.e., discontinuous porous cavities). While higher densities could
potentially indicate a strong correlation to bulk density in the transverse orientation, such
conditions would exceed the target density range for biomass feedstocks.
Statistical analysis supported these conclusions while further indicating that there
were no significant correlations for any of the independent parameters in the transverse
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orientation. Since no significant correlation was observed for the transverse orientation,
the average value of 1.4742 m2 s-1 for this directional treatment was considered sufficient
for this study. However, the moisture content and dry bulk density were both found to
have significant effects on the thermal diffusivity of the material in the lateral orientation
at a significance level of 0.05. Based on this analysis, the thermal diffusivity in the lateral
orientation was modeled as function of the moisture content and dry bulk density.
7.3.3

Specific Heat
Specific heat was estimated from the measured values of thermal conductivity and

thermal diffusivity with values ranging from 0.92 to 1.79 kJ kg-1 °C-1 for the lateral
orientation; and from 0.40 to 2.51 kJ kg-1 °C-1 for the transverse orientation depending on
the values of the independent parameters. In general, the specific heat increased with
increasing temperature and moisture content, but decreased with increasing dry bulk
density. Specific heat was observed to vary with the density of the material since baled
switchgrass is a compound rather than a pure substance. As such, the inverse correlation
with bulk density was explained by the change of bound water into free water and the
change of inner structure at higher densities. Hence, the dry bulk density, moisture
content, temperature and directional orientation were found to have significant effects on
the specific heat for most treatment levels. Based on this analysis, the specific heat for
both directional orientations was modeled as function of the temperature, moisture
content and dry bulk density. Continued efforts in this area may involve the measurement
of specific heat with a calorimeter.
7.3.4

Validation
The resulting values of thermal diffusivity were also validated using a simple heat

conduction model which was applied using the temperature data collected from a separate
storage evaluation. The directional orientation was also accounted for in this validation
procedure. Temperature data collected from the storage evaluation indicated that both
lateral orientations responded to temperature changes similarly; while a slower response
was observed in the transverse orientation. The similar response time for both lateral

339

components indicated that the thermophysical properties were relatively similar within
the cross-sectional plane that is parallel to the flake orientation.
The model-estimated values of thermal diffusivity were generally within ± 30 %
of the values determined by the dual probe method. In fact, the thermal diffusivities for
both lateral orientations were typically underpredicted during those periods exhibiting
relatively stable temperatures; while more significant errors were observed during
temperature transitions. The low evaluation of thermal diffusivity according to the simple
conduction model was attributed to the limited grid refinement and the oversimplification
of the conduction model. Further refinement of the spatial discretization could be
achieved with additional instrumentation in order to provide some improvement of the
model predicted values of thermal diffusivity.
It may also be noted, that the model-predicted values of thermal diffusivity in the
transverse orientation resulted in much greater error. In this case, the thermal diffusivity
was greatly overvalued; with the most significant errors observed during transitional
temperature periods. While conclusive validation of the thermal diffusivity was not
specifically obtained from this analysis, the results did provide some indication of
anisotropic behavior of baled switchgrass. Although the model predicted similar values of
thermal diffusivity for both lateral orientations, the model predicted much greater values
of thermal diffusivity in the transverse orientation. This anisotropic behavior observed
between the lateral and transverse orientations further demonstrates that different heat
transfer mechanisms may be involved in the transverse orientation. Continued efforts in
this area may also involve the measurement of the thermophysical properties of
individual stems of switchgrass. The thermophysical assessment of larger bales is also
necessary for the further evaluation of the anisotropic nature of the baled material.
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7.4

Heat and Mass Transfer

7.4.1

Solid Model (Conduction)
A simple conduction heat transfer model was developed in this study considering

baled switchgrass to be a solid material. The resulting finite difference model was applied
to temperature data collected from a storage evaluation in order to fit an empirical
calibration of the heat generation rate with respect to four unique moisture treatments (10,
20, 30 and 40 %-wb). Results indicated a monotonic time course with the heat generation
rate increasing during the first several days of storage (t ≤ 4 days) and decreasing
thereafter as the material dried (t ≥ 4 days). Hence, the maximum heat generation rate for
each moisture treatment was observed at approximately 3 to 4 days into the storage
evaluation, while values beyond 30 days remained low and fairly constant.
The heat generation rates determined from this conduction model were generally
similar to those values determined from the formulation presented for aerobic respiration
(see section B.7). The average heat generation rates over the entire 60-day storage period
were determined (in accordance with the conductive model) to be in the range of 3.65 to
5.66 W kg-1 while indicating a positive correlation with the moisture content.
Analysis of the bale temperatures in accordance with this conductive model also
indicated that the sensible heat generation rate was significantly correlated with the
moisture content and bulk density of the material. A set of empirical models was
developed for the heat generation rate based on these results. The data was specifically
split into two distinct sets corresponding to the increasing and decreasing monotonic
trends. The resulting model was integrated over the specified storage time (60 days) to
obtain an equation which predicts the sensible heat generation as a function of the initial
moisture content and bulk density.
The accuracy of the resulting heat generation model was also investigated in
terms of the thermal diffusivity applied in the heat conduction model. A 10 % increase in
thermal diffusivity yielded an increase of 5.2 % in estimated heat generation rate; while a
10 % decrease in thermal diffusivity led to a 7.2 % decrease in the estimated heat
generation rate. While these empirical relationships apply to the specific conditions that
were evaluated in the current study, the results indicate general trends that may be
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expected under similar conditions; while further demonstrating the ability to calibrate
heat generation models for baled biomass.
7.4.2

Porous Model
A two-dimensional mathematical model describing heat and mass transfer within

rectangular bales of switchgrass was also developed in this study to evaluate the storage
conditions within a controlled environment. Two disparate length scales were considered
in the model formulation with one domain characterizing the overall bale structure
(global domain) and the other representative of the individual stems of switchgrass (local
domain). Each of these domains was considered to involve different physical processes;
while the overall model also accounted for the effect of internal heat generation and
temperature-induced free convection within the material in order to improve prediction
accuracy which is considered novel in terms of similar biomass models. As such, the
model allowed for the prediction of the temperature and moisture content distributions
throughout a two-dimensional, rectangular cross-section of a bale.
Model validity was assessed with baled switchgrass prepared at four initial
moisture contents (10, 20, 30 and 40 %) and stored within a controlled environmental
chamber for 60 days. The initial stage of the storage evaluation (t ≤ 10 days) was largely
governed by the microbial heat generation occurring within the material with maximum
temperatures ranging between 25.8 and 33.4 °C depending on the initial moisture content.
A significant positive correlation was observed between the moisture content and the
maximum temperature. Subsequent temperature development within each bale was
considered to be driven primarily by the environmental temperature with gradual heating
observed until temperature equilibrium was achieved with respect to the ambient air.
Moisture content was generally found to be the highest in the center of each bale;
a condition that was more pronounced at the highest moisture level. A simple drying
coefficient was calculated based on the resulting moisture data with average values
ranging between 5.7E-8 and 3.9E-7 s-1 which were somewhat lower than those rates
estimated according to empirical thin-layer drying models of switchgrass. These
differences were attributed to the greater density of baled switchgrass which slowed the
drying rate. Minimal amounts of DML were observed with values ranging from 0.51 to
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2.68 % depending on the moisture content. A significant positive correlation was
observed between the moisture content, rise in temperature and the amount of DML.
The temperature and moisture content were simulated using the explicit twodimensional finite difference model and compared with the results of the storage
evaluation. Simulated temperatures generally appeared to be in good agreement with the
measured temperatures at the lower moisture treatments (10 and 20 %-wb), moderately
accurate at the intermediate moisture treatment (30 %-wb) and much less accurate at the
highest moisture treatment (40 %-wb). The model validity was specifically investigated
according to the linear regression of measured temperature data versus predicted
temperature data. In this case, the null hypotheses for testing model validity were that the
intercept and slope were different from 0.0 and 1.0 respectively.
Results led to the rejection of the null hypotheses at the lowest moisture levels
with the slope and intercept test indicating a valid model with an explanation of 90 and
86 % of all temperature variation for the 10 and 20 %-wb treatment, respectively.
Although the comparison of the measured and predicted temperature data at these low
moisture levels indicated some error in the model, the deviations were generally on the
same order as the deviations observed within the validation data. Hence, the model was
considered reasonably valid for temperature prediction at these low levels of moisture
content.
However, the null hypotheses were not rejected at the intermediate (30 %-wb) and
highest (40 %-wb) moisture treatments; indicating an invalid model for temperature
prediction at those elevated moisture levels. While the model predicted the temperature
trends of the intermediate moisture treatment (30 %-wb) to a reasonable extent, the
coefficient of determination was relatively low with a value of approximately 0.52.
Regardless of the indication that this model was invalid at the 30 %-wb level, an
explanation of 52 % of all temperature variation was considered practical and relevant in
the current study considering the complexity of the problem. It was also noted that the
most significant error occurred within the initial stage of the storage evaluation (t ≤ 4
days) which was attributed to an overestimation of the heat generation within the biomass
and/or the negligence of liquid content which could exist in the global domain at these
elevated moisture levels.
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The simulated moisture content data were also compared to the moisture contents
that were measured during the storage evaluation. In this case, the simulated moisture
content was generally in good agreement with the measured values at the lower (10 and
20 %-wb) and intermediate (30 %-wb) moisture content levels although the values were
generally underpredicted. However, the simulated moisture content at the highest
moisture level (40 %-wb) was significantly undervalued; indicating that the actual drying
rate of the material was much slower. The variation in moisture content at the end of the
storage simulation (day 60) ranged from 5.46 to 5.74 %, while the measured moisture
content ranged from 5.20 to 5.84 % depending on the moisture treatment. These values
were not significantly different from each other, even considering the differences that
were observed in the average drying rates. These results indicated that the model could
predict moisture changes fairly well in the dryer moisture treatments since the measured
and simulated temperatures were significantly similar.
The simulated DML data was also compared to the average measurements
recorded during the storage evaluation with a reasonable agreement generally observed at
the lower moisture treatments. However, more significant discrepancies were observed
for the highest moisture treatment (40 %-wb). As such, the total simulated DML at the
end of the storage evaluation (day 60) was observed to be 0.09, 0.46, 4.30 and 143.22 %;
while the measured values were 0.51, 0.73, 1.82 and 2.68 % for each respective moisture
treatment. In this case of the highest moisture treatment, the total predicted DML was
significantly greater than the average measured value; although a dry matter loss greater
than 100% was obviously not realistic.
Despite these apparent discrepancies between the measured and predicted values
of DML, the simulated data was still able to predict correct trends; particularly at the
lower moisture levels. In this regard, the DML was found to be significantly correlated to
the initial moisture content, with the simulated values of total DML found to be on the
same order as previously reported in the literature for baled switchgrass stored indoors.
The model formulation, simulation and analyses presented in this study have
provided a sufficient framework for the ongoing assessment of a variety of storage
conditions for baled switchgrass; particularly within the range of the lower moisture
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contents that were assessed in this study. Of course, further developments and validation
procedures are expected to provide significant improvements of the model predictions.
Model accuracy is expected to improve through revision of several key
assumptions including the evaluation of moisture exchange with the environment.
Although the average temperatures within each time iteration were generally higher than
the calculated dewpoint temperature, the moisture content may have been underestimated
in some cases in which moisture would not evaporate as easily and/or condensation could
occur; particularly at the higher moisture treatments. Hence, the incorporation of these
effects may improve model accuracy since moisture content influences temperature and
drives the respiration and associated DML rates. Further storage experiments could also
be conducted with naturally-wetted material, as well as, switchgrass with higher
concentrations of bound water.
A more detailed representation of the porous structure could also be obtained with
better approximations of the particle sizes, geometry and orientation through image
acquisition techniques (i.e., MRI). A detailed parametric study could also be performed in
order to determine the relative contributions and effects of the significant parameters
appearing in this model. This could involve an assessment of the intrinsic permeability, as
well as, an investigation of the Biot number to provide an indication of the relative
importance of the conductive and convective effects. The thermophysical properties of
the inner domain could also be better defined through experimental measurements. A
more extensive investigation of the respiration and microbial activity occurring within the
material may further improve the model accuracy with consideration given to gas
compositions (i.e., carbon dioxide and oxygen) and a mass source of water from
microbial processes.
Model validation can also be performed with larger bales under typical storage
conditions which may involve imposed wind currents that increase heat transfer from the
bale to the environment. An assessment of the flow resistance through the material may
become necessary under those conditions. Analysis of larger bale sizes would also
provide unique results since they have less global surface area per unit volume; thereby
reducing the effective heat dissipation from the material. Consequently, heat generation in
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larger bales may be more influential. Such developments, may allow for the simulation of
temperature and moisture contents within bales of any size.
7.5

Future Efforts
Further developments and validation procedures are expected to provide

significant improvements in terms of the evaluated parameters and model predictions
through the revision of several key assumptions including the evaluation of moisture
exchange with the environment. In fact, the incorporation of condensation effects may
improve model accuracy since moisture content influences temperature and drives the
respiration and associated DML rates. Further storage experiments could also be
conducted with naturally-wetted material, as well as, switchgrass with higher
concentrations of bound water. The accuracy and precision of the TDR measurements in
such storage evaluations may be improved by using higher density levels where more
uniform bulk properties (i.e., porosity) are expected. As such, higher density levels may
be considered to be more consistent with the target densities of biomass feedstocks.
A more detailed representation of the porous structure could also be obtained with
better approximations of the particle sizes, geometry and orientation through image
acquisition techniques (i.e., MRI). The development of a three-dimensional mathematical
model could also improve model accuracy with a more realistic physical assessment of
the porous structure. Further assessment of the hydraulic properties may also be
conducted with an evaluation conducted over time as the material biodegrades, as well as,
an evaluation of different flow directions through the material. As such, higher flow rates
are expected through the horizontal orientation of a bale. A rain simulator may also be
used to evaluate infiltration into the material, while further validation could be performed
using larger bale sizes.
Continued efforts may also involve the measurement of specific heat with a
calorimeter, as well as, the measurement of the thermophysical properties of individual
stems of switchgrass. The thermophysical assessment of larger bales is also necessary for
evaluating the anisotropic nature of the baled material. Further refinement of the spatial
discretization could also be achieved with additional instrumentation in order to provide
some improvement of the model predicted values of thermal diffusivity according to the
simple conduction model. A more extensive investigation of the respiration and microbial
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activity occurring within the material may further improve the model accuracy with
consideration given to gas compositions (i.e., carbon dioxide and oxygen) and a mass
source of water from microbial processes.
A detailed parametric study could also be performed in order to determine the
relative contributions and effects of the significant parameters appearing in this model.
This could involve an assessment of the intrinsic permeability, as well as, an investigation
of the Biot number to provide an indication of the relative importance of the conductive
and convective effects. Model validation may also be performed with larger bales under
typical storage conditions which may involve imposed wind currents that increase heat
transfer from the bale to the environment. An assessment of the flow resistance through
the material may become necessary under such conditions. Analysis of larger bale sizes
would also provide unique results since they have less global surface area per unit
volume; thereby reducing the effective heat dissipation from the material. Consequently,
heat generation in larger bales may be more influential. Such developments, may allow
for the simulation of temperature and moisture contents within bales of any size.
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APPENDICES
Appendix A. Conduction Model Parameters
A.1 Heat Transfer Coefficient (Global Domain)
The heat transfer coefficient at each surface of the two-dimensional global
domain was evaluated in accordance with the boundary layer theory. In this case, the
Grashof (Gr) and Rayleigh (Ra) numbers were determined according to:

Gr =

L3c gρ2 β(Tsurf −Ta )
µ2

=

L3c gβ(Tsurf −Ta )
ν2

Ra = Gr ∙ Pr

[A.1]

[A.2]

where: Lc = characteristic length (m); g = gravitational acceleration (m3 s-1); ρ = fluid
density (kg m-3); β = coefficient of thermal expansion (K-1); Tsurf and Ta = surface and
ambient temperature (K), respectively; μ = dynamic viscosity (kg m-1 s-1); ν = kinematic
viscosity (m2 s-1).
In this case, the characteristic lengths for the horizontal and vertical surfaces of
the two-dimensional rectangular domain were defined as dx and dy; respectively
(Kozanoglu and Rubio, 2014; Remsburg, 2011; Thirumaleshwar, 2009). Film
temperature (Tf) was considered to be the average between the surface temperature and
the ambient temperature; while the thermal expansion coefficient (β=1/Tf) was estimated
according to the ideal gas model and assuming the air was at standard atmospheric
conditions. The Prandtl number, thermal conductivity and kinematic viscosity of the air at
each surface of the domain were all estimated based on appropriate empirical
relationships which were evaluated as functions of the film temperature. The absolute
value of the temperature difference was also implemented in this assessment in order to
avoid complex numbers in determining the heat transfer coefficient.
Assuming laminar flow, with a Rayleigh number less than 1E9 under the
proposed conditions, the generalized form of the Nusselt number for the horizontal
surfaces (top and bottom) was described as (Bejan, 2004; Çengel and Ghajar, 2011) :
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Nu = C ∙ (Ra)0.25

[A.3]

where: C is an empirical coefficient which has been defined as a function of the geometry
and the Rayleigh number. This coefficient takes a value of 0.54 for those cases involving
the upper surface of a heated horizontal plate or the lower surface of a colder horizontal
plate. Alternatively, this coefficient takes a value of 0.27 for the lower surface of a heated
plate or upper surface of a cold horizontal plate. Hence, the solution of the Nusselt
number for the horizontal surfaces depends on the relative temperature at the surface.
This expression for the Nusselt number was used in evaluating the heat transfer
coefficient at the top (hT) and bottom (hB) surfaces of the global domain.
The Nusselt number for the vertical surfaces (left and right) was described in
terms of the following relationship (Bejan, 2004; Çengel and Ghajar, 2011):

Nu = �0.825 +

0.387(Ra)1⁄6

8⁄27

�1+(0.492⁄Pr)9⁄16 �

�

2

[A.4]

which is evidently dependent on both the Rayleigh Number (Ra) and Prandtl number (Pr)
correlations. This expression for the Nusselt number of the vertical surfaces was used in
evaluating the heat transfer coefficient of the left (hL) and right (hR) surfaces of the
domain of interest.
The heat transfer coefficient was subsequently determined based on the general
relationship with the Nusselt number as follows:

hc =

Nu∙ka
Lc

[A.5]

where: ka = thermal conductivity of air (W m-1 K-1). Heat transfer coefficient for gases in
free convection is typically on the order of 5 to 37 W m-2 K-1.
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Appendix B. Inner Domain Parameters
B.1 Diffusion
The movement of bound water can play an important role in moisture transfer in
the sorption region. While the effect of condensate flow in fine capillaries may also be
regarded as bound water in sorptive porous materials (Okazaki, 1985), a challenge exists
in distinguishing whether the water in fine capillaries comes from condensation or from
connected fine capillaries. In this case, the solution field for the model proposed in
Chapter 4 was observed to have minimal sensitivity to the liquid conductivity (DL) due to
the relative magnitude of the moisture content gradient. Nevertheless, this parameter was
evaluated as a function of the temperature and moisture content as detailed in many
previous studies (Achariyaviriya and Puttakarn, 2003; Becker, 1959; Chen et al., 2012a,
2012b; Coradi et al., 2014; Erbay and Icier, 2010; Gaston et al., 2003; Górnicki and
Kaleta, 2011; Lu and Siebenmorgen, 1992; Sobukola and Dairo, 2007; Taheri-Garvavand
et al., 2011). In this case, the following relationship describing bound liquid conductivity
was employed (Chen and Pei, 1989):

DL = D0 �

M−Me

Mms −Me

3

� exp �

−Ea
RTI

�

[B.1]

where: DL = liquid conductivity or moisture diffusivity (m2 s-1); D0 = pre-exponential
Arrhenius-type factor for mass diffusivity (m2 s-1); M = moisture content, dm (kg kg-1);
Ea = activation energy of moisture diffusion (kJ mol-1); R = universal or ideal gas
constant (8.3145E-3 kJ mol-1 K-1); TI = inner domain temperature (K); and the subscripts
e and ms represent the equilibrium and maximum sorptional conditions, respectively. The
sorption isotherm of milled switchgrass (Godbolt et al., 2013; Karunanithy et al., 2013)
was used in determining the relevant moisture parameters of this model.
Representative values for the pre-exponential constant, D0, are presented in Table
B.1 for various materials. An intermediate value of 1.0E-3 m2 s-1 was considered in the
present study since no data was available for switchgrass. However, this estimated value
was assumed to have minimal influence on the solution field as mentioned previously.
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Table B.1 Pre-Exponential Arrhenius Factor for various materials.
Type
Assorted
Grain
Leaves
Fruits

Material
Brick
Wool
Wheat Kernel
Rice
Lemon Grass
Tomato
Lychee

Pre-Exponential
Arrhenius Factor
D0 (m2 s-1)
9.80E-2
6.20E-2
7.68E-3
3.30E-4
3.17E-5
1.77E-4
8.90E-6

Source
Chen and Pei, 1989
Chen and Pei, 1989
Becker, 1959
Lu and Siebenmorgen, 1992
Coradi et al., 2014
Taheri-Garavand et al., 2011
Achariyaviriya and Puttakarn, 2003

The activation energy described here is different from the vaporization heat of
free water as the sorption characteristics of the material influence the liquid movement
(Bramhall, 1979; Chirife, 1983). This activation energy, Ea, essentially represents the
energy required to vaporize the bound water. Table B.2 contains a summary of the
activation energies reported for various biological and agricultural materials. Based on
the previously reported data for these materials, an intermediate value within the typical
range of non-wood fibers was selected for switchgrass in the present study with a value
of 16.22 kJ mol-1.
The vapor diffusion coefficient (Dv) was determined according to a common
empirical relationship for the diffusion of water vapor in air (Çengel and Ghajar, 2011;
Fair and Lerner, 1956; Marrero and Mason, 1972):

Dv = 1.87 × 10−10

T2.072
P

where: Dv = vapor diffusion coefficient (m2 s-1); T = temperature (K); and P = total
pressure (atm).
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[B.2]

Table B.2 Activation energy (Ea) for various biological materials.
Type

Material

Barley
Leaves
Fever
Lemon Grass
Tomato
Wheat Parboiled
Fruits /
Kale
Vegetables
Aspen
Lychee
Wheat Kernel
Mung Beans
Parboiled Paddy
Grains /
Olive Husk
Legumes
Powdered Peanut
Shell

Non-wood
Fibers
Assorted

Activation
Energy
Ea (kJ mol-1)
81.64
80.78
62.84
38.28
37.01
36.12
32.20
29.11
28.71
23.28
22.89
21.30
21.20

Rice (Rough)

19.77

Bagasse
Cotton Stalk
Wheat Straw
Olive-Waste Cake
Poplar Sawdust

19.47
15.10
14.10
12.34
12.30

Source
Montanuci et al., 2013
Sobukola and Dairo, 2007
Coradi et al., 2014
Taheri-Garavand et al., 2011
Mohapatra and Rao, 2005
Mwithiga and Olwal, 2005
He et al., 2012
Achariyaviriya and Puttakarn, 2003
Becker, 1959; Gaston et al., 2003
Li and Kobayashi, 2005
Rao et al., 2007
Celma et al., 2007
Chen et al., 2012a
Iguaz et al., 2003; Lu and
Siebenmorgen, 1992
Vijayaraj et al., 2007
Chen et al., 2011
Cai and Chen, 2008
Vega-Galvez et al., 2010
Chen et al., 2012b

B.2 Latent Heat
The latent heat of vaporization (Lv) for water was approximated as a function of
temperature using the common empirical relationship as follows (ASHRAE, 2011;
Rogers and Yau, 1989):
Lv = 2500.8 − 2.36T + 0.0016T 2 − 0.00006T 3

[B.3]

where: Lv = latent heat of vaporization of water (kJ kg-1) and T = temperature (°C).
B.3 Thermophysical
The thermal diffusivity of the inner domain (αs) was based on the thermophysical
properties evaluated in the dual thermal probe analysis (see section 5.3). In this case, the
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thermal conductivity of the baled switchgrass was expressed as a function of the three
distinct components within the global domain (solid phase, dry air and water) as follows:

k B = Xs

1

X

X

+ a+ w
ks ka kw

[B.4]

where: k = thermal conductivity (W m-1 K-1); X = volumetric ratio (m3 m-3); and the
subscripts B, s, a and w represent the overall bale, solid phase, dry air and water,
respectively.
Now, considering a dry bale of switchgrass (Xw = 0), this expression may be
simplified as:

k dB = Xs

1

X

+ a
ks ka

[B.5]

where: the subscript dB indicates as assessment of the bale under dry conditions. This
expression is further simplified by recognizing that the sum of both fractional
components must equal one (Xs + Xa = 1):

k dB =

ka ks
(1−X
ka
a )+ks Xa

[B.6]

Now, solving in terms of the thermal conductivity of the solid phase (ks) yields:

ks =

kdB ka (1−Xa )
ka −kdB Xa

[B.7]

It should also be noted here, that the volumetric ratio of dry air was assumed to be
synonymous with the porosity of the outer domain (Xa = ε), thus, yielding:

ks =

kdB ka (1−ε)
ka −kdB ε
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[B.8]

In this formulation, the thermal conductivity of the air (ka) was based on a
polynomial function of air temperature. This expression for the thermal conductivity of
the solid phase (ks) was then used as the basis for the evaluation of the thermophysical
properties of the inner domain with the thermal conductivity of the inner domain (kI)
expressed as a function of the moisture content (Anderson, 1950; Buckmaster, 1989;
Stroshine, 2004):
k I = Mk w + (1 − M)k s

[B.9]

where: M = moisture content (kg kg-1) and the subscript I represents an evaluation of the
inner domain.
The thermal diffusivity of the inner domain (αI) was then based on the
thermophysical relationship:

αI =

kI

ρCp

[B.10]

where: α = thermal diffusivity (m2 s-1); k = thermal conductivity (W m-1 K-1); ρs = density
(kg m-3); and Cps = specific heat (kJ kg-1 K-1). The density of the inner domain was
estimated as 437 kg m-3 based on the average particle density of switchgrass reported by
Lam et al. (2007, 2008). In this formulation, the specific heat of switchgrass was
estimated based on a polynomial curve fit of the data presented by Dupont et al. (2013) as
a function of the inner domain temperature.
B.4 Heat Transfer Coefficient
The heat transfer coefficient of the inner domain (hcI) was evaluated based on the
boundary layer theory and the packed bed formulation which was expected to provide a
better approximation of the heat transfer compared with the application of the cylindrical
geometric expression. The empirical correlations discussed in this formulation describe
natural convection heat transfer through packed beds (Bird et al., 2007; Cussler, 1997). In
deriving this parameter for the current study, the general form of the Chilton-Colburn
relationship was first described as:
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jH = St H (Pr)2⁄3 =

hc

ρa Cpa

(Pr)2⁄3

[B.11]

where: jH = Chilton-Colburn Factor (-); StH = Stanton number for heat transfer (-); hc =
heat transfer coefficient (W m-2 K-1); ρa = air density (kg m-3); Cpa = specific heat of air

(J kg-1 K-1); and Pr = Prandtl Number (-).

The formulation of the Nusselt number for this application then proceeded
according to the following heat transfer definitions for the Prandtl (Pr), Grashof (Gr) and
Rayleigh (Ra) numbers according to:
Pr =
Gr =

L3c gρ2 β(Tsurf −T)
µ2

ν

[B.12]

α

=

L3c gβ(Tsurf −T)
ν2

Ra = Gr ∙ Pr

[B.13]

[B.14]

where: ν = kinematic viscosity (m2 s-1); α = thermal diffusivity (m2 s-1); Lc =
characteristic length (m); g = gravitational acceleration (m3 s-1); ρ = fluid density (kg m3

); β = coefficient of thermal expansion (K-1); T = temperature (K); μ = dynamic viscosity

(kg m-1 s-1); and the subscript surf represents the conditions at the surface of the inner
domain. In this case, it should be noted that the outer domain temperature (T) was
considered to be the temperature of the ambient environment surrounding the inner
domain.
The characteristic length for the inner domain was defined as the average
diameter of switchgrass as 2.698 mm (Lam et al., 2007, 2008). Film temperature (Tf) was
considered to be the average between the surface temperature and the outer domain
temperature; while the thermal expansion coefficient (β=1/Tf) was estimated according to
the ideal gas model and assuming the air was at standard atmospheric conditions. The
Prandtl number, thermal conductivity and kinematic viscosity of the air at each surface of
the domain were all estimated based on appropriate empirical relationships which were
evaluated as functions of the film temperature. The absolute value of the temperature
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difference was also implemented in this assessment in order to avoid complex numbers in
determining the heat transfer coefficient.
Assuming laminar flow, the generalized form of the Nusselt number was
described as:
Nu = C ∙ (Ra)0.25

[B.15]

where: C = shape factor which has been defined as a function of the geometry and the
Rayleigh number. It follows, that this shape factor can be expressed in terms of its two
distinct constituents as follows:
C = C1 (shape) ∙ C2 (Pr)

[B.16]

with the shape function, C1 = 0.772 for horizontal cylinders; and the Prandtl number
function, C2, defined by Churchill and Usagi (1972) as follows:

C2 =

0.671

�1+(0.492⁄Pr)9⁄16 �

4⁄9

[B.17]

The heat transfer coefficient was determined based on the solution of the Nusselt
number as follows:

hc =

Nu∙ka
Lc

[B.18]

where: ka = thermal conductivity of air (W m-1 K-1). The heat transfer coefficient for
gases in free convection is typically on the order of 5 to 37 W m-2 K-1.
B.6 Mass Transfer Coefficient
The convective mass transfer coefficient (hm) using the previously determined
heat transfer coefficient according to the Chilton-Colburn analogy (Bird et al., 2007;
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Carlton and Oxley, 1967; Çengel and Ghajar, 2011; Kandula, 2011; Lees, 2012; Marrero
and Mason, 1972; Rao, 2015) with:
hm Ma

jM = St M (Sc)2⁄3 =

Mv

(Sc)2⁄3

[B.19]

where: jM = Chilton-Colburn Factor for mass transfer (-); StM = Stanton number for mass
transfer (-); hm = mass transfer coefficient (m s-1); M = molecular weight (g mol-1); Sc =
Schmidt number (-); and the subscripts a and v denote air and water vapor, respectively.
The Schmidt number is defined as the ratio between momentum and mass
diffusivity as follows:
Sc =

ν

D

=

µ

[B.20]

ρD

where: D = mass diffusivity (m2 s-1).
Setting the aforementioned definitions of jH and jM equal to each other in
accordance with the Chilton-Colburn analogy yields:
hc

ρa Cpa

(Pr)2⁄3 =

hm Ma
Mv

(Sc)2⁄3

[B.21]

Solving for the mass transfer coefficient (hm) yields:

hm =

Mv hc

Pr 2⁄3

� �

Ma ρa Cpa Sc

[B.22]

where ρa and Cpa are based on the moist air conditions.

Applications involving higher surface moisture contents may require changes to

these functional dependencies in order to account for the influence of surface moisture
content (Chen and Pei, 1989). However, the present application was considered to initiate
within the sorption region with relatively low surface moisture content.
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B.7 Source Term
The source term for the inner domain (ST) was based on the aerobic respiration
rate for switchgrass according to the following respiration equation (Fontenelle et al.,
2011a, 2011b):
C6H12O6 (s) + 6·O2 (g) → 6·CO2 (g) + 6·H20 (g) + HEAT (2557-2870 kJ mol-1)

The respiration rate of biological materials is largely dependent on the moisture
content and ambient air temperature (McDonald, 1981). Hence, the respiration rate of
switchgrass (a term considered synonymous to the generation rate of carbon dioxide),
was estimated according to an empirical model described by Emery (2013) as follows:

YCO2 = (28 − 3.9T − 160M + 0.034T 2 + 22T ∙ M)/90

[B.23]

-1
where: YCO2 = generation rate of carbon dioxide (g CO2 kg −1
dm day ); T= temperature (°C);

and M = moisture content (dec-wb).

Respiration was the only biochemical process considered in this study;
disregarding any other potential sources of carbon dioxide (e.g., respiration from fungal
and insect growth). The generation rate of carbon dioxide was subsequently used in
determining the heat generation rate:

YT =

g

2.87E6 (J)×YCO2 �kg day�
mol

6�mol�

[B.24]

where: YT = heat generation rate (J kg-1 day-1); 2.87E6 represents the amount of heat
generation from the oxidation of glucose (J mol-1); and 6 refers to the molar ratio of
carbon dioxide.
These particular rate equations were used to derive the source term appearing in
the energy conservation equation of the inner domain:
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ST = ρBD ∙ YT

[B.25]

where: ST = source term (W m-3) and ρBD = dry matter density (kg m-3).
B.7 Dry Matter Loss
The dry matter loss rate was also determined according to the aerobic respiration
equation as a function of the generation rate of carbon dioxide as follows:

YDML =

mol

g

1 �mol�×YCO2 �kg day�
mol

6�mol�

[B.26]

where: YDML = dry matter loss rate (mg kg-1 day-1); YCO2 = generation rate of carbon
-1
dioxide (g CO2 kg −1
dm day ); and 6 refers to the molar ratio of carbon dioxide.

B.8 Porosity
The porosity of the inner domain (εI) was assumed to be constant with respect to
time; and was evaluated according to the following expression:
εI = 1 −

ρb
ρs

[B.27]

where: εI = porosity of the inner domain (-) and ρb and ρs = the bulk density and solid
density (kg m-3), respectively. In this case, the density of the switchgrass was assumed to
be constant with no DML. The average solid particle density and bulk density reported by
Lam et al. (2007, 2008) were applied in this evaluation with values of 437 and 203 kg
m-3, respectively.
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Appendix C. Outer Domain Parameters
C.1 Permeability
The permeability (κ) of the baled switchgrass was estimated as a function of the
hydraulic conductivity according to the procedure documented by Zhang (2004). The
hydraulic conductivity represents both the properties of the porous medium, as well as,
the properties of the fluid flowing through the porous medium. To separate the properties
of the porous medium from the properties of the fluid, the intrinsic permeability term
may be introduced to represent the size and interconnectedness of the pores within the
porous medium. The intrinsic permeability can be expressed in terms of the hydraulic
conductivity as follows:
µ

κ = 𝐾𝐾 � �

[C.1]

ρg

where: κ = intrinsic permeability (cm2); K = hydraulic conductivity (cm s-1); μ = dynamic
viscosity (kg m-1 s-1); ρ = density (kg m-3); and g = gravitational acceleration (9.81 m s-2).
In this case, the kinematic viscosity and density of the fluid phase are based on
empirical functions of the water temperature. For reference, the intrinsic permeability of
certain types of well-sorted gravel is typically reported to be in the range of 9.87E-12 to
9.87E-10 m2. The hydraulic conductivity was based on the results of the constant head
test performed in this study (see sections 5.1 and 6.1).
C.2 Porosity
Although the porosity of the inner domain (εI) was regarded as a constant value in
this study, the porosity of the outer domain (ε) was assessed as a function of the moisture
as:
ρbd

ε=1−�

ρs
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+

ρb0 M0
ρw

�

[C.2]

where: ρ = density (kg m-3); M = moisture content (dec. wb); and the subscripts b, s, d, w
and 0 represent the bulk, solid phase, dry matter, water and initial conditions,
respectively.
In this case, the density of the solid phase (ρs) was estimated as 437 kg m-3 based
on the average particle density of switchgrass reported by Lam et al. (2007, 2008). The
density of the water (ρw) was assumed to be a constant 991.48 kg m-3 with a negligible
effect of temperature. The initial bulk density of the bales (ρb0) was determined by
dividing the bale weight with its volume, both of which were measured directly after
baling. Using the initial moisture content of the bales (M0) the dry matter density was
estimated according to:
ρbd = ρb0 (1 − M0 )

[C.3]

The bulk density on a dry basis (ρbd) was assumed to be constant for each treatment
analyzed in this study; the value of which was dependent on the initial bulk density and
moisture level for the treatment. This formulation was also considered under the
assumption of negligible shrinkage throughout storage.
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