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ABSTRACT OF THESIS

A computational fluid dynamic analysis of oxyacetylene combustion flow for use in

material response boundary conditions

Oxyacetylene torches are used in the aerospace industry and research to test thermal
protection system materials (TPS) due to their high flame temperatures and high
heat flux capabilities. The purpose of this work is to determine a combustion model
to accurately simulate the high temperature flow of an oxyacetylene torch. The flow
conditions around a sample material can then be used as boundary conditions when
modeling TPS material response. Two separate combustion models with equilibrium
chemistry were investigated using ANSYS Fluent™; the Eddy-Dissipation Model, and
the Partially Premixed model. The results of this study are compared to existing
experiments for validation.

KEYWORDS: combustion, oxyacetylene, aerothermodynamics, material response,
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Chapter 1 Introduction

Anything, including entry craft, rocket motors, and gas turbine blades, operating at
extremely high speeds and temperatures, must be outfitted with a Thermal Protection
System (TPS) to protect payloads and structures. The experimental methods used
to test these materials are often costly and do not meet all operating criteria. For
example, arc jet facilities lack the ability to produce operational shear and pressure,
plasma and oxyacetylene torches do not operate at hypersonic speeds, solar towers
create no flow shear, and supersonic wind and shock tunnels lack the ability to heat
material properly. No single experimental test facility exists that can simulate such
intense operational environments. Oxyacetylene torch facilities have limitations but
offer an opportunity to test material at a high heat flux with a relatively cheap
operating cost.

Direct hypersonic flights or numerical methods are the only ways all operational
conditions can be applied to TPS material. The modern numerical method, Com-
putational fluid dynamics (CFD), may be used to simulate flow, heat, and other
conditions in a cost-effective manner. By using the aforementioned testing meth-
ods, data is obtained to validate the CFD models. This allows for proper design,
manufacturing, and testing of exotic and costly materials in an efficient manner.

The purpose of this work is to establish an accurate and efficient CFD combustion
model to obtain the flow conditions at the boundary layer of high-temperature com-
bustion against a sample material. Upon acquiring proper flow conditions the material
response of TPS materials may be evaluated in an uncoupled manner. Experimental
results from Miller-Oana et al. [3] and Marra et al. [I] are used as validation of the
CFD flow field. Two combustion models, the Eddy Dissipation and Partially Pre-
mixed models, are investigated using the assumption of chemical equilibrium and are

discussed in greater detail in this work.



1.1 Literature review

This review briefly examines various aspects of solving for a combustion jet and the

boundary layer conditions needed for material response.

1.1.1 Flame impingement

Flame impingement jets have long been used for industrial applications. For exam-
ple: thermal spallation, where the flames impinge upon rock causing rapid thermal
expansion and ejection of material; chemical vapor deposition (CVD), the manufac-
ture of synthetic diamonds; industrial furnaces and coal beds; and testing of thermal
protection systems (TPS). The latter is the application of interest for this study using
oxyacetylene fuel. Oxyacetylene provides one of the highest flame temperatures at
atmospheric pressure and is used in common applications such as welding. Glassman
[4] reports a flame temperature for oxyacetylene at 3410K at an equivalence ratio of
1.7, and Strehlow [5] reports temperatures ranging from 3000K to 3500K for equiva-
lence ratios of 0.4 to 1.8. These facts make the fuel one of the most readily available
and reliable options to use in an experiment that simulates the high heating that
occurs on devices that need TPS materials.

In the work by Zuckerman and Lior[6], non-combusting impinging jet heat transfer
was investigated, providing good detail and validation for cold-flow studies, and the
accuracy of various turbulence models to capture the heat transfer around an object.
Zuckerman and Lior only mention flame impingement jets as a subset of impinging
jets that typically have high turbulence in brief. The work by van der Meer [7] goes
into more detail about this subset of jets, specifically focusing on the heat transfer
of flame impinging jets. van der Meer describes the basic experimental procedure
for a flame impingement on an isothermal flat plat; this is mirrored in the ASTM
”Standard Test Method for Oxyacetylene Ablation Testing of Thermal Insulation
Materials” [8]. The work by Baukal[9] provides a rich overview of flame impingement

jets in general.



1.1.2 Combustion models

Combustion in general, is a complex phenomenon that is still experiencing ongoing
research. Simplified methods have been created and investigated for non-premixed
and premixed flames over the years. The Eddy-Dissipation model was created by
Magnussen [10] and has gone through several iterations to increase accuracy. Oran
and Bores [I1] discuss numerical methods applied combustion modeling for various
flows but specifically detail their use toward aerospace. Eddy-dissipation models have
seen use in high-speed flows, specifically in supersonic [I12] and scramjets [13] [14].
Oran and Bores” work describes reacting diffusion jets with high Damkdhler numbers
and premixed turbulent flames in detail.

Baukal[9] provides an overview and basic theory of CFD oxygen-enhanced com-
bustion modeling using the Eddy-Dissipation model, Non-premixed, and Premixed
combustion models used in this work. Baukal also discusses an overview of finite rate
models like Flamelet models, as well as, statistical models like the PDF model; which
are not used in this work.

The Partially Premixed model is the combination of the non-premixed and pre-
mixed models, i.e. the mixture fraction approach and progress variable approach,
respectively. The mixture fraction approach was developed for single reaction mecha-
nisms by Shvab and Zeldovich (translated NACA Technical Memorandum [15]), and
later extended by Bilger [16], to use probability density functions for conditional mo-
ment closure using the mixture fractions and an assumed PDF shape [17]; similar in
approach by ANSYS Fluent™[I8]. The progress variable approach was described by
Bray [19] in 1980 and later by Zimont et al.[20] [2I] to describe the closure of the

transport equation by use of the turbulent flame speed.

1.1.3 Experiments and CFD

All oxyacetylene torches are based on the ASTM standard mentioned earlier. The

experimentalist modifies the variables such as distance to sample, mass flow, or equiv-



alence ratio to obtain the results they are investigating. Marra et al. [I] in 2011
executed both an experiment, and a CFD study with the Eddy-Dissipation Concept
model and chemical kinetics on two samples - a copper Gardon gauge, and an ablative
sample. In 2015 Miller-Oana[3] used an oxyacetylene torch to measure ablation rates
of TPS materials which were validated using Fick’s first aw of diffusion.

Aydin et al. [22], like Marra, used both a CFD model for the flow of oxyacetylene
and the heat transfer onto a sample as well as an experiment to validate against. The
experiment used a heating torch tip, as opposed to the welding tips used by Miller-
Oana and Marra, theoretically allowing higher heating on a sample. Aydin used
Chemical Equilibrium Application (CEA) [23] to model the chemical equilibrium of
a single-step reaction mechanism with eight products, to more accurately predict
combustion with the Eddy-Dissipation Model. Then the Eddy-Dissipation Concept
model was run to model the detailed reaction mechanisms from Westbrook and Dryer
[24]. Fortner et al. [2] did similar work, but only investigated the Eddy-Dissipation

model using direct-source chemistry terms with a single-step reaction mechanism.

1.1.4 Material response

The mid-1900s did not have the computing power that exists today; however, complex
physical problems still existed for the new frontier. Before modern CFD, the heat flux
on a device experiencing high temperatures had to be estimated through experimental
and analytical means. The National Advisory Committee for Aeronautics published
Technical Note 3706 [25] in 1956 which outlines previous work done in 1952 by Sibulkin
[26] who had one of the first semi-analytical methods to determine heat transfer
in stagnating flow. This method only considered forced convection but was later
improved upon by Fay and Riddell [27] to incorporate enthalpy instead of temperature
for heat transfer, and accounted for chemical dissociation at equilibrium. As Cooper
[28] showed, the Fay and Riddel method can under-predict the heat flux compared to

CFD; so though useful for the time, more work needed to be done. Baukal presents



an overview of the work done on the concept of heat transfer coefficient models
and discusses them in detail [I7][9]. The recent advancements in computing power
have allowed complex problems, such as ablation, to be solved numerically through
CFD. Three methods exist to solve to ablation problem: uncoupled (file coefficient
method), partially-uncoupled, and fully coupled solvers. Bianchi [29] and Cooper [2§]
discuss the history of the film coefficient method and do an excellent job outlining the
intersection of a CFD flow field and the material response for ablation problems. From
these works, one may note that the heat flux, heat transfer coefficients, and pressures
are needed from a CFD model as input into modern uncoupled material response
solvers to solve ablation. Amar et al. [30] describe the use of an uncoupled analysis
through the CHAR code, which uses convective heating and pressure solutions from
the DPLR CFD code [3I] as input. Amar et al. mention the harsh reality that
although the codes are uncoupled, the real physics is not. The ablating surface ejects
gas into the boundary layer, changing it’s properties, therefore affecting the response

of the ablative material. The coupling of the two solvers is where the future lies.

Copyright© Craig Samuel Meade, 2023.



Chapter 2 Governing equations

The flow field is governed by the fundamental laws of physics and thermodynamics,
i.e. conservation of mass, conservation of momentum, the conservation of energy

(together known as the Navier Stokes equations), and an equation of state.

2.1 Navier-Stokes equations

The Law of Conservation of Mass, or Continuity, states that the net outflow of mass
must equal the net inflow therefore conserving mass in a system. The 3-dimensional
index notation of this law is stated in Eq. [2.I] Momentum is conserved through
Newton’s 2nd Law and shown in Eq. [2.2] The third equation and The First Law of
Thermodynamics state that the net amount of energy input into a system must equal

the net output of energy as shown in Eq. [2.3

dp  9(pui)
il = 2.1
d(pu;) d(pu;) Op 0 ou;  Ou;
. S 2.2
ot + 43 8:cj (93(:2 + 8xj M@mz + 81Ej ( )
u; = velocity vector
t = time
p = density
p = pressure
i = dynamic viscosity
J(pE) J(pE) Ou; 0 or
. S ) 2.
o Y on, ~ P\ow, ) Tan \Fary ) TS (2:3)
where the dissipation function & is,
ou;\” Ou;  Ou;\ Ou,;
H — her’] J J J 2.4



and the other variables shown are,

E = energy
T = temperature

k = thermal conductivity

The source term (S) is a link between the species transport equation and the energy

equation through chemical reactions. The source term can be defined as,

ho
S=Y —LR; (2.5)
Tl
where,

h? = enthlapy of formation of speciesj

R; = volumetric rate of creation of speciesj

When using the non-adiabatic non-premixed combustion model the heat of formation
is included in enthalpy calculation, therefore reactions are not included in the energy

source term[I§].

2.2 Species transport

To accurately determine flame conditions the conservation equations for each species
must also be solved. The species transport in Eq. consists of advection, diffusion,
and rate terms. During “cold flow” (no combustion) the reaction term drops out and

the equation is solved for diffusion.

I(pYi) Apw;Y;)  0J;
o U o T o, TIUTS (26)




Where,

Y; = mass fraction of species
J; = diffusion flux
R; = reaction of species

S; = the source term

2.3 Reynolds-Averaged Navier-Stokes (RANS)

Each set of equations in the previous section can be solved numerically for a discretized
domain, called Direct Numerical Simulation or DNS. DNS combines all equations into
a matrix, and then through several computations, arrives at a solution by solving the
set equations directly for each time step and spatial area. DNS is therefore both time
and computationally intensive even for a small domain.

To arrive at a numerically accurate solution without the need for high-performance
computing this study used Reynolds-averaged Navier-Stokes (RANS). RANS averages
the perturbations that physically occur in the flow over time. As an example, take the
diffusion flame of a candle. Only the laminar outline of the flame itself is visible. If,
however, we were able to take an image in a fraction of time, the turbulent mixing is
shown. When the flow is averaged in time, the velocity u is no longer instantaneous
but averaged. The pressure and velocity terms of the Navier-Stokes equations are
decomposed into their respective average (u) and fluctuating terms (u’), through

Reynolds Decomposition.
u; =i + uj p=p+p

These terms are inserted back into our transport equations and integrated in time.

As an example, Eq[2.7]is the averaged form of the momentum equation.

_Juy op 0 du; | Ou; ——
pier R — pu'u 2.




Transient Time averaged

Figure 2.1: Transient and time average comparison

2.3.1 Turbulence

To simplify the equations further, the Boussinesq approximation is assumed and is
the basis for k—w and k—e models. This approximation relates the Reynolds stresses
Eq. to the mean velocity gradients through turbulent eddy viscosity p;, Eq. 2.9]
where £ is the turbulent kinetic energy. This assumption also ignores small-scale
vortices and uses an effective viscosity to transfer the momentum.

Again, looking at the Reynolds stress when applying the Boussinesq approxima-

tion,

Tij = —pui (2.8)
2
Tij = Q,UtSz'j - gl)k% (2-9)

The RANS equations must be closed with the use of other equations, and the new
viscosity term solved for. The shear-stress transport (SST) k—w SST model developed
by Menter [32] was used in this work to solve for the turbulent eddy viscosity. This
technique makes use of the k — € model for the free-stream and k — w model near the
wall, by way of a blending function. Turbulent viscosity becomes a function of £ and

w in the turbulent eddy viscosity term.



According to Menter [32], turbulent intensity (k) is given by the transport equa-

tion,

ok Opuk  Ous

0 ok
par 9z, o, — PBpkw + oz, [(M + Uk,ut)axj]

and turbulent kinetic energy (w) is given by,

Ow  Opujw v Oy 9
— 4+ =17 — —
P ot 0z utT] oz fpes

po, Ow

0 Ow
+ ay [(,u + qut)ax ] +2(1 — F) — =—0wdz;

J w Ox;

where,

v, = turbulent kinematic viscosity

4 = dynamic viscosity
pa;k
max(ajw, QF2)

e = = turbulent eddy viscosity

~ = coefficient
F2 = blending function

ap = minimization function
and the left-hand term in Eq. [2.3.1]is the Production (P) term,

(2.10)

Using the Boussinesq hypothesis mentioned earlier, the production term is trans-

formed into,

P, = — ;5% (2.11)

where the mean strain rate is composed of the strain rate tensor,
S = \/ 25’1]»52]

1 aul 8’&]'
S = 2 ((%Uj * 8@)

10



and the specific turbulent dissipation production is limited by the vorticity composed

of the vorticity tensor,

Q. — 1 (8ui B 8uj)
Y2\ 0z; Oy

As summarized by Zuckerman and Lior [6], the £ —w SST model has moderate com-
putation cost, good Nusselt, and heat transfer predictions for impingement jets, while
ANSYS states it performs very well and without computational overhead [33]. Most
turbulence models require the near-wall mesh to be refined to a wall y* = 1; however,
the SST model has enhanced wall treatment. The enhanced wall treatment captures
the high shear stress caused by significant pressure gradients from the impinging flow
and allows accurate results to be obtained at greater wall y*. To accurately describe
our boundary conditions and flow the turbulent intensity (/) and Reynolds number

must be found and are defined below[33] as Eq

I = 2.12
o (2.12)
= 0.16(Rep, ) /8 (2.13)
Where,
L,
Rep, = 2= (2.14)

These equations appear in the boundary conditions for the flow and also in chemistry

assumptions, such as for Damkohler classification.

2.4 Combustion models

The flow from an oxyacetylene torch is a combination of diffusion combustion and
premixed combustion. The oxygen and acetylene are thoroughly mixed in the weld-
ing torch mixing chamber, then ejected into a quiescent atmosphere and ignited.

Atmospheric oxygen slowly advects into the flame of the combusting flow, similar to
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non-premixed diffusion flames. There exist many methods for modeling this type of
combustion; for example, the Eddy-Dissipation Model and Partially Premix Model.
These two combustion models are the ones chosen to investigate in this work.
Damkohler number, along with other assumptions, play a large part in determining
the type of combustion model used. As shown in Eq[2.15] the Damkohler number is
the ratio of the flow time (70, )and chemical time (7epem), thus approximating the

combustion “speed”.

Tflow lO/Urms
Da = = 2.15
Tchem 5L/SL ( )

lp = integral length scale
Urms = approximately the average velocity
07, = laminar flame thickness

Sr, = laminar flame speed

2.4.1 Chemical equilibrium assumption

Chemical equilibrium occurs when the system has existed long enough for the species
composition to be fixed and the forward and backward reaction rates are equal[34].
This study assumes chemistry is fast relative to the flow speed and the intermedi-
ate species composition is inconsequential; therefore, the reactions were relaxed to
chemical equilibrium and the flow to its steady state. For reacting gas at chemi-
cal equilibrium, equations are algebraic and determined by the system pressure and
temperature. Both combustion models described in this paper utilize the chemical
equilibrium assumption; an assumption made in other combustion works by Aydin et

al. [22], Ren et al. [35] [36], and Emami et al. [37].
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2.4.2 Eddy-Dissipation model

The Eddy-Dissipation model (EDM) is based upon the work done by Magnussen and
Hjertager [10] and assumes “fast” combustion chemistry relative to the flow speed,
i.e large number Damkchler. The idea of “fast chemistry“ means that the reactions
are mixing-limited so the rate of burning is controlled by the mixing rate where the
complex chemical kinetic rates are ignored [17]; a fair assumption for oxyacetylene
combustion.

With EDM the kinetic rates are irrelevant and the flow does not need an ignition
source to combust only excessive turbulence. Premature ignition may occur in regions
of the domain where there physically are none (such as the inside of a nozzle) due to
the turbulence-chemistry interaction. The reaction variable of the species transport
equation Eq. is the lesser of Egs. and Eq. [2.17 when solving chemistry

[33] and therefore the limiting reaction. This is the method of the “direct-source”

chemistry solver in Fluent™.
1" ! Y
Ri,r = ('Uz',r - Ui,r>Mw,iAp£mZ'nR (%—]\wai) (216)
1" / Y
Ri,r = (vim - ’Ui,r>Mw,iABp£ (%—,P> (217)
Zj Uj,’/‘vaj
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where,

Yy = mass fraction of reactant

Yp = mass fraction of product

M,, = molecular weight of species
v = stoichiometric coefficient for reactant
v = stoichiometric coefficient for product
N = number of species
A = empirical constant of 4.0

B = emperical constan tof 0.5

This study makes the assumption of chemical equilibrium, where the species com-
position goes toward the equilibrium state. The reaction variable from the Species

Transport equation is no longer the lesser of Eqs. or but instead becomes,

Yo,
Ry = p———1 (2.18)

Tchar

here the characteristic time scale is defined as,

Tehar = Tturb

k
Tourb =
ur €A

The reaction source term is independent of reaction mechanisms, simplifying the
thermochemistry involved, and more accurately predicting the intermediate species
like CO, O, and OH [18]. The "mixed is burnt” assumption is still valid as turbulence
appears in the characteristic time equation. The use of the reaction variable as mass
fraction has been shown to work reasonably well by itself as a CFD model for engine

combustion and is considered expedient and practical [38].
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2.4.3 Partially Premix model

Two types of combustion jets exist; non-premixed and premixed. Non-premixed
flames model two distinct streams, an oxidizing stream, and the fuel stream, that
only mix due to turbulence at the time of combustion; examples include gas lighters
and diesel combustion. Premixed flames have a singular stream of fuel and oxidizer
mixed on a molecular level before combustion occurs; examples of premixed jets are
Bunsen burners and gasoline combustion.

An oxyacetylene torch is a combination of both where the oxygen and acetylene
are mixed in the torch body (premix) but are expressed and mixed with air (non-
premixed). Due to this combination, it was best to model the flow as both, e.g. the
Partially Premix model.

The Partially Premix model is a combination of two other models, the Non-
premixed and Premixed combustion models. Acetylene and oxygen are well mixed in
a mixing chamber before ejection into the atmosphere; then air, acting as a secondary
oxidizer, is entrained into the flame as combustion occurs. This model has the ad-
vantages and disadvantages of the previous two models because it is a combination
of the others.

Non-premixed combustion models utilize conserved scalars and species concentra-
tion instead of individual species to solve the transport equations. This assumption
simplifies the calculations by no longer solving for each species but for the mixture.
The species conservation equation becomes similar to Eq. except no reaction rate

terms exist and therefore is “sourceless” [39].

opT)  Opuil) _ 0 0

He—
ot U Oz, Oz, Ox; (O’t f) + Sm (2.19)
9 (PF) 9 (Puzﬁ) 9 0 [ ) 87 ’ €75
T ) H i I B 2.2
o T e, " amam \o? ) T O\ Gy, ) T CaeplT (220)

Here the mixture fraction (f) is defined as,

Zi - Z'i,o:p

=" 2.21
f Zi,fuel - Zi,o:r; ( )
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and where,

/' = mixture fraction variance
o, Cy, Cq = constants
Z; = elemental mass fraction

S = source term, liquid to gas

The mixture fraction, along with the assumption of chemical equilibrium, allows
chemistry to be reduced to a few mixture fractions related to species mass fractions,
density, and temperature scalars. The mixture fraction variance is used in the closure
model for turbulence-chemistry interactions [18].

Premixed combustion models make the assumption that combustion occurs in a
flame sheet [20]. This flame sheet is defined by regions of burnt and unburnt species
where the reaction progress variable determines the flame position. The propagating
flame front is stretched by turbulence and determined from turbulent eddies and
laminar flame speed. The flame front movement is defined by the transport equation

of the progress variable,

o) Olpuc) _ 0 9 (
ot "YU o, T amom \ S, ) TP (2.22)

where,

Se, = turbulent Schmidt number (0.7)
c = progress variable

pS. = mean reaction rate

The progress variable is defined as,

c= =L (2.23)



Figure 2.2: A diagram of Partially Premix variables within a flame

where,

n = number of products
Y; = mass fraction of product species

Y eq = equilibrium mass fraction of product species

The reaction mean rate (S.) is defined as,

Jc
8$Z’

Sc == &Ut
P

where,

pu, = unburned density

U; = turbulent flame speed

(2.24)
(2.25)

(2.26)

(2.27)

The mixture is burnt (c=1) behind the flame front and unburnt ahead (¢=0). Ahead

of the flame front, the equilibrium mixture fraction (f) is calculated a priori using a

probability density function of the range of mixture values. Unburnt gas properties,

such as density and temperature, are curve fit to the mixture fraction PDF. Burnt

gas properties are functions of the equilibrium mixture fraction and enthalpy due to

the non-adiabatic nature of the flow. The mean reaction rate (S.) in Egs. is

based on turbulent flame speed (.S;) which is itself a function of laminar flame speed.

As noted by Keating [40], the flame speed is an important parameter in defining

premixed flame front position.
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Turns [39] states that the conserved mixture fraction scalar, though useful in
diffusion flames (i.e. non-premixed flames), provides no new information for premixed
combustion because the mixture fraction is uniform everywhere and all species diffuse
at the same rate. This is why the Partially Premixed model must use both the progress
variable to determine where the flame front is inside the flame brush, and the mixture

fraction variable to determine the species properties at a point in the domain.

2.5 Radiation

Discrete Ordinates radiation models solve the Radiative Transfer Equation (Eq. [2.28))
for a number of discrete solid angles having a direction 5 [18]. The RTE is transformed

into a transport equation,

1(7.%)5 T4 A7 , ,
A 4 (o)1) = anr T+ = [T 165)0(-5)a (228)
axi T 47T 0
81181 T g -
8xi —}-(a—i—as)ll =an _+EZI‘]¢]AW (229)

Here,

A = wavelength
a = spectral absorption
I = intensity

og = scattering coefficient

w = scattering coefficient

The transformed equation in Eq. has the terms, from left to right, rate of change
of radiation intensity, the absorption of radiation by the gas, the emission of radiation
by the gas, and the scattering of radiation.

Looking at Figure 2.3} the left-hand side is an example of how gas irradiates the

sample at an infinite number of angles for every point on the sample face. Discrete
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Sample Sample

Figure 2.3: Infinite radiating beams converted to Discrete Ordinates sectors

Ordinates transform the RTE and reduce the scattering integral by only summing the
intensities over a number of discrete sectors, as shown on the right-hand side of the
figure. The uncoupled DO model sequentially solves energy and radiation intensities
for every direction s in the transformed transport equation. When radiation is coupled
to the energy equation, objects, such as a sample, are assumed to be opaque therefore

not transferring radiation back to the gas.

2.6 Discretization

Given the complex nature of the governing differential equations and the real-world
geometries used, it is necessary to mathematically divide large areas into small regions
thereby creating a mesh. Several ways exist to discretize a numerical domain. This
study uses the Finite Volume method which simplifies the differential equations to
their integral form, then to their algebraic equations. At every meshed volume cell-

center the governing algebraic equations are solved for in a matrix of equations.

Copyright© Craig Samuel Meade, 2023.
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Chapter 3 Methodology

3.1 Overview

Two different methods for combustion and species transport were used in this study:
the Eddy-Dissipation model and the Partially Premixed method. The flow variables
are solved for, and validated against, experimental data from Miller-Oana [3], and
Marra et al. [I]. ANSYS Design Modeler ™, Meshing™, and Fluent™were used to
design the geometry, create the mesh, and solve the CFD equations, respectively.

To verify the assumptions for equilibrium and EDM were valid a “back of the
envelope calculation” of Damkdhler, based on calculations in Turns [39], was done.
If Da >> 1 then “fast” combustion occurs and reaction time is short allowing for
wrinkled reacting sheets. This wrinkling induces high mixing and the “mixed is burnt”
assumption is valid, thus neglecting complex chemical kinetics. However, if Da << 1
the combustion may be deemed “slow” and the flow is well-stirred such that chemical
kinetics must be accounted for. At Da = 0 the flow is considered frozen and only

occurs when the flow is so fast that the reaction does not have “time” to happen.

T\ ([ P\’
St = Shres <Tef> (Pref> (3.1)

Sp =136 cm/s (3.2)

£ = function of equivalence ratio
~ = function of equivalence ratio
S Lyef = laminar flame speed at reference temperature
T,es = reference temperature (298K)
P,y = reference pressure (101kPa)

It was assumed that the pressure and temperature are only minimally changed from

the reference to unburnt values such that the laminar flame speed is equal to the
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reference laminar flame speed of 136cm/s [39]. The fuel was assumed to behave as air
at 1800K which has a thermal diffusivity («) of 482 % 107%m?/s [41], at the average

of burnt and unburnt temperatures. The flame thickness was then calculated from

Eq.

§=2a/Sy (3.3)
2482 % 107°m?/s)

0= 1.36m/s (3:4)
= 0.7mm (3.5)

Therefore, the characteristic chemical time (7per,) is reduced to,

or,
chem — & 3.6
Tohom = o (36)
Tehem = 0.52ms (3.7)

The characteristic flow time (710,,) Was found by rearranging the formula for turbulent
intensity for the root-mean-square velocity ' and applying a turbulent intensity
of 4.5%, and an average velocity of 100ms. It is also assumed that the integral
scale (ly), which characterizes the largest eddy size, is approximately half the length
of the potential core, or lcm, because the eddies occur downstream of the nozzle.

Substituting these in to the characteristic flow equation,

ly lem

2 —- 3.8
W 0.045(ugpg) (3:8)

Tflow =

10mm
Tflow =5 045(100m /s) e (3.9)
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Where,

«a = thermal diffusivity
£ = function of equivalence ratio
~ = function of equivalence ratio
S Lyref = laminar flame speed at reference temperature
¢, = specific heat
l, = integral turbulence scale

P,.; = reference pressure (101kPa)

Finally, we resolve the Damohler number in Eq. [2.15],

2.2
Da — Tflow _ ms
Tehem  0.02ms
Da ~ 4.3

As shown, the Damohler number is indeed larger than one and it may be assumed
that combustion proceeds whenever excessive turbulence is present [I7][I8]. This
simplification confirms assumptions made by equilibrium and the EDM methods.
The overall methodology for this study is shown in the flow chart in Figure |3.1]
First, cold flow (i.e. no combustion) was run until convergence criteria were met.
This establishes appropriate flow variables in the domain and is used as input for
combustion. Next, the volumetric species with Eddy Dissipation and Relax to Chem-
ical Equilibrium solver was turned on and ignited by patching the domain with a

small amount of products - 0.1 CO4 and 0.1 for H,O.

3.2 Experiment discussion

Several experiments for combustion and ablation were investigated for this research.
The two main experiments that will be discussed and validated are the Miller-Oana

et al. [3] and the Marra et al. [1].

22



!

Case setup

Initialize

Cold

Update solver

Combustion

Convergence

All studies

updated?

Figure 3.1: Parametric study flowchart

Unlike some experiments, such as the one by Aydin et al. [22] whose torch used
a heating tip (Figure , Miller-Oana and Marra used a welding tip (Figure
which uses a singular hydraulic diameter. Both tips have a torch body with a mix-
ing chamber that blends the oxygen and acetylene prior to exit allowing the flow
field upstream of the torch tip to not have to be modeled. This reduction simpli-
fies the geometry and resolves the concern of pre-ignition inside a tip domain due to
turbulent mixing; an issue due to assumptions in the EDM combustion model. The
Eddy-Dissipation model ignites whenever turbulence becomes high, therefore a nozzle
domain would cause a nonphysical flashback to occur.

Gardon gauges were used in both experiments to measure heat flux. These devices
have a black sensor in the middle of a copper plate and are kept cool using a liquid
with thermocouples attached to the center censor and the cool wall. The temperature
difference changes the resistance of the thermocouples allowing for the heat flux on

the sample to be calculated from the voltage change.
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(a) Heating tip example (b) Welding tip example

Figure 3.2: Torch tip comparison

Figure 3.3: Torch body example
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Torch Tip Example

Figure 3.4: 3-D Geometry
3.3 Geometry creation

The created geometry was based on the documented apparatuses from Miller-Oana
and Marra. The mesh was changed from the 3-D Geometry (Fig to a 2D ax-
isymmetric geometry to reduce computation requirements; as shown in Fig[3.5] The
fluid domain was drawn as a rectangle surrounding the sample material domain and
is sectioned by projection lines to aid in the meshing process. A small line measuring
the diameter of the tip was set as the fuel inlet, and distances from the torch tip and
the diameter of the torch tip were varied depending on the experiment.

Marra did not provide detailed descriptions of the welding torch used in their
experiment; however, based on readings of the work and images provided it is assumed
that a Meco N #6.5 (22.814mm) [42] welding tip was used. This type of welding tip
had the closest drill size to the reported hydraulic diameter, and a shape matching
the images in the paper. The distance from the tip to the sample was set at 4.5mm
as specified in the paper. The Miller-Oana experiment used a Victor welding tip #4
(21.854mm) and the distance of the sample from the torch tip was varied from 5mm,

7mm, 9mm, and 11mm.

3.4 Mesh and grid independence

A structured H-grid type was used to increase the speed of calculations given the

complexity and small scale of combustion problems. The structured grid allows for
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Figure 3.5: Geometry

Table 3.1: Mesh cell count

Domain Cell count for Miller-Oana validation Cell count for Marra validation

Fluid 125363 100363
Solid 16800 16800
Total 142163 117163

quicker calculation through better memory management due to better orthogonality,
skewness, and Jacobian transforms.

Between the solid sample and the fluid domain, a non-conformal mesh was used
that allowed the fluid mesh to be refined to capture the complex nature of the bound-
ary layer, while the solid mesh is kept more course. The non-conformal mesh adds
complexity to the model due to the misalignment of the fluid domain and the solid
domain, as shown in Figure however, the solver automatically adds interfaces
between these domains which act as a coupled wall. This misalignment is easily seen
in Figure A decrease in computations was seen by removing the sample domain
and fixing temperature values for a single face; however, no large difference in heat
flux occurred during trials. The non-conformal grid was kept to allow for dynamic
meshing in the future. A coarse mesh was used for the sample as the internal do-
main was less important and held at a constant temperature. A secondary mesh
was created to the dimensions of the Sigratherm™sample and is shown in Figure (3.8

to validate against the Marra ablative sample.
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(a) Model Mesh
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(b) Sample Mesh (c) Boundary layer mesh

Figure 3.6: An overview of the entire fluid and solid domain mesh, @) Overview of
mesh, (]E[) sample mesh, boundary layer
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Figure 3.8: Boundary location and descriptions
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To ensure that the flow conditions on the sample were captured appropriately,
a grid study was completed where wall y+ was monitored and kept below unity to
predict accurate heat transfer results. The boundary layer mesh was modified along
with the distances near-wall in the parametric grid study. Then, a cold flow model
was run where wall y4 and cell count were compared. It was found that the bias of
the inflation layer, not the number of divisions along the flow nor the inflation layer
division quantity, was extremely important. To balance the computation demands
and accuracy, the mesh used 400 divisions along the flow with an inflation layer of 50

divisions and a bias factor of 15.

3.5 Solver

The solver used in this work was pressure-based and assumed steady state with the
coupled pressure-velocity coupling scheme. Gravity was included and set in the neg-
ative y-direction to account for buoyancy. To solve for heat transfer into the sample
the energy equation was set, as well as the discrete ordinates solver for radiation.
Intermediate combustion and intermediate solid heat transfer processes were irrele-
vant to this study, allowing for the assumption of a steady state with pseudo-time
stepping. The £ —w SST model was selected to close turbulence and allowed for both
accurate prediction of turbulence in the far field and in the viscous layer near-wall.
The chemistry model was modified to relax reactions to chemical equilibrium for
EDM, and to accelerate the intensive chemistry equilibrium calculations the In Situ
Adaptive Tabulation [43], or ISAT, algorithm was used. The table created by the
algorithm is stored as a binary tree where the leaves consist of an initial composition,
a reaction mapping, a mapping gradient, and a hyper-ellipsoid of accuracy; the nodes
consist of cutting planes. Linear interpolation is used to find the current value of the
new entry from the previous entry value. It is faster to calculate new values from the
interpolated values and quickly retrieve them from a binary tree than it is to calculate

the values during the solver steps. During the initial setup, the binary tree size was
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increased to 500Mb to allow more values to be stored and finer interpolation.

The Partially Premix model was also investigated in this study and used chemical
equilibrium calculations to simplify the chemistry. The default model was changed to
non-adiabatic so that radiation is accounted for, and the Fuel Stream Rich Flammabil-
ity limit was set to 1 to cover all ranges of fuel mixture in the probability calculations.
The boundary conditions were manually modified to account for the variable VFR
of the fuel stream while the oxidizing stream was kept at atmospheric mass frac-
tions. Before the probability density function table was created, the initial number
of grid points was increased to 20 to allow for more granularity. This probability
density function (PDF) calculates the chemistry properties for each mass fraction as
described in the governing equations.

EDM using direct source calculations for chemical reactions was briefly investi-
gated as well. This method resulted in longer computation times, larger flame tem-
peratures, higher heat flux, greater velocities, much lower partial pressures of oxygen,
and a nonphysical flow potential core. These are documented issues with using EDM
that seemed to be exacerbated by the flow velocities. Therefore, EDM using direct

source chemistry calculation was not used in the study.

3.5.1 Initial conditions
Solid domain

The sample domain was assumed to be made entirely of isotropic copper with ANSYS
Fluent ™default properties. The solid domain was then fixed with a temperature value
at 393.15 and 300K for Marra, and Miller-Oana, respectively.

During the ablative test cases, the solid material was changed to Sigratherm® to
align with the experiment and CFD done by Marra et al. The material properties for
the ablative sample were listed by Marra et al. and taken by performing laser flash
measurements[I] . These properties are input as a new material @ without a fixed

temperature.
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Fluid domain

The fluid was set to be either acetylene-air or a pdf-mixture for the Eddy-Dissipation
model and Partially Premixed models, respectively. The acetylene-air mixture was
modified from the default mixture to have a density set as an “ideal gas”; all other
properties remain as the defaults. A custom gas mixture was created during the setup
of the Partially Premix model. This mixture contained species and properties that
were calculated by the solver. The air temperature was set to be 300K, while the

oxy-fuel temperature was set to 298K.

3.5.2 Boundary conditions

The boundary conditions were similar for both turbulent chemistry models used but

the setup was modified according to the experiment requirements.

Air inlet

It was assumed that all experiments investigated in this work take place in a con-
trolled environment with little air movement because ambient air conditions were
not recorded in either experiment. To allow atmospheric air to constantly enter the
domain with a molar fraction of 21% oxygen and 79% nitrogen (minor atmospheric
species were ignored), an inlet velocity of 0.1m/s with a turbulence intensity of 1%

was set to model the quiescent atmosphere.

Fuel inlet

Oxyacetylene fuel exits the tip with a flow rate and species mass fraction depending
on the VFR modeled. The appropriate mass flow and mass fractions were calculated
using a given VFR by obtaining the volumetric flow rate, in standard liters per minute,
for oxygen and acetylene from the investigators and inserting into Eqgs. and [3.11]

A reference temperature (7,..s) of 294K and a pressure ratio of unity for both streams
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Table 3.2: Miller-Oana Fuel Inlet Conditions
VFR Mass Flow Rate (kg/s) 02 Mass Fraction C2H2 Mass Fraction

1.35 7.10E-04 0.62 0.38
1.5 7.60E-04 0.65 0.35
1.75 7.60E-04 0.68 0.32

Table 3.3: Marra Fuel Initial Conditions
Mass Flow Rate (kg/s) O2 Mass Fraction C2H2 Mass Fraction

2.15E-04 0.44 0.56
were assumed.
. . Tous Poas 0.001m
Vi m,gas — Vslpm,gasPgas gar 9% 3.10
lpm,g lpm,gasPg Trot Proy 605 ( )
mgas = pgas‘./lpm,gas (311>

To calculate the mass flow for each constituent in the fuel, the density for acetylene
and oxygen was calculated from the ideal gas law to be 1.077 kg/mf’) and 1.325
kg/mf} for oxygen. Using Eq. a mass flow for each species was calculated
and summed as the total mass flow. This is summarized in Table B.2l The mixture
density, and dynamic viscosity (i), were assumed to be 1.07kg/m? and 1E-5 Pa-s.
The Reynolds number calculated from Eq. is approximately 40,000, making the
turbulent intensity, therefore, approximately 4.5% from Eq. [2.12]

Marra fuel boundary conditions were calculated by taking the mass flow conditions

for each stream and dividing by the sum, as in Eq. and are summarized in [3.3]

Wey = —— 2 (3.12)
Me2h22 + Mo

Me2n22
Weghy = ——————— (3.13)
Mean2 + Moz

Pressure outlet

A Pressure Outlet boundary condition was used to the top and right side of the

domain. To account for the reintroduction of fluid into the domain, a “backflow”
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Table 3.4: Boundary condition summary

Fuel Inlet  Air Inlet Outlet

Velocity (m/s) - 0.1 -
Mass Flow (kg/s) variable - -
Turbulent Intesnity 4.5% 1% 5%

Hydraulic Diameter 0.18542 cm - -

condition was set as the atmospheric at an ambient temperature of 300K. The turbu-
lent intensity was left as the default of 5% due to the lack of concern about back-flow

into the domain.

Axis

All domains in the study were a mirror image along the x-axis and therefore set as
an axis boundary condition. By using the axis boundary we reduce the numerical
domain substantially without affecting the computations or results. The flow and
thermal conditions are mirrored along the axis such that zero flux occurs along the

boundary; a safe assumption because the flow is averaged.

3.5.3 Initialization and calculation

Relaxation and pseudo-time stepping parameters were set to control divergence in
the flow. Pseudo-time stepping was utilized as a relaxation factor where there is a
different time step size in every cell. The fluid time step was set to 0.01 seconds,
and the solid time step was set to 0.1 seconds. The larger time step was set for the
solid because heat transfer is slower in the material than in the flow. The flow was
initialized with hybrid initialization, and the atmospheric oxygen mass fraction was
patched into the domain. The solver was run and the residuals and sample wall face
pressure were monitored until convergence was achieved. The flow was determined
to be converged when the wall pressure reached a steady state and the residuals for

all variables reached 1E-6 or until they repeated.
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Chapter 4 Results and discussion

Marra [I] and Miller-Oana [3] are experimental studies used to validate the model
result and both experiments followed the ASTM E285-80 [8] standard with slight
variations. The flow conditions of oxygen and acetylene streams were monitored
before being thoroughly mixed in the torch body mixing chamber and exiting the
nozzle.

To validate against the Marra et al. experiment one EDM case was run against
the copper gauge geometry, and two cases, one with EDM and one with Partially
Premixed, were run against the ablative sample geometry. The experiment did not
modify any input parameters so those remained constant in all the cases.

To validate against the Miller-Oana et al. experiment, twelve cases were executed
using the EDM Relax to Equilibrium model using a parametric study within ANSYS
Workbench™and twelve Partially Premixed models were executed manually. Input
parameters were set that modified the distance from the nozzle tip to the sample, the
fuel inlet mass flow rate, and the species mass fractions according to the VFR being
studied. When the geometry was modified accordingly, it would then be re-meshed
and updated in the solver along with the updated solver parameters. Automatic
Initialized and Case Modification settings were set up such that each case could be
run with no user involvement. This would allow the solver to run continuously and
remove possible user interaction errors. Residuals and variables of interest could be

monitored during the run as needed.

4.1 DMarra experiment

This study found similar results using EDM with relaxation to chemical equilibrium
compared with the Marra et al. Eddy Dissipation Concept approach. The overall

potential core and flame front align well with the experiment and are due to the
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Figure 4.1: Eddy-Dissipation Method temperature contour plot spanning 4.5c¢m from
nozzle tip to sample wall

reduction in exit velocity. There was good alignment between maximum temperatures
shown in the temperature profile (Figure , and adiabatic temperatures reported
for oxyacetylene combustion. The maximum flame temperature is in good agreement
with the 3580K reported by Marra et al. using the EDC method. It should be noted
here that the flame is a carburizing flame and the maximum temperatures calculated
by EDM are still higher than adiabatic temperatures at that equivalence ratio. The
Partially Premixed flame temperatures align more with expectations.

Heat flux values using EDM are in very good agreement with those reported by
Marra et al.[T] and in good agreement with Fortner et al.[2]. The experimental data
showed a range of 150-160 W/cm? and a CFD measurement of 158 W/cm? . This
work found the heat flux on the sample was on the higher end of the reported values
at 159.82 W/cm?, due to model simplifications and species reduction. The turbulent
reaction rate is shown in Figure and shows the areas of reaction for the EDM

flame. As expected, the highest reaction rate occurred in the area of the premixed
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Figure 4.2: Turbulent rate of reaction contour plot

flame. However, the outer part of the flame has a slight increase due to the turbulent

mixing of atmospheric oxygen with the high-temperature products.

The pressure profiles for both combustion models of this study are shown in Fig-
ure Although there is no validation for these profiles they were checked to make

sure the result is physical. Pressure is shown to rise to a maximum of 200Pa above

atmospheric, which is plausible at the velocities of the flow.

Wall y+ is shown in Figure 4.4 and showed that the viscous sub-layer should be

adequately resolved for the copper gauge case as the values are below unity.
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Figure 4.4: Wall y+ along the face of the copper gauge case
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Table 4.1: Gauge and ablative sample result comparison with Marra et al.|[I] and Fortner [2]

Marra Experiment Marra CFD  Fortner This Study-EDM  This Study-Partially Premixed

Copper Gauge

Heat flux (W/cm?) 150-160 158 153 159.8 -
Flame temperature (K) - 3580 3245 3616 2928

Ablative Sample

Heat flux (W/cm?) - - - 168.9 71.5
Face temperature (K) 1970-2070 1900 1800 1769 1560
Back temperature (K) 630 850 - 958 927




Table 4.2: Computational requirement comparison of Marra et al. [I] and this study
for the gauge study

Copper Gauge Ablative Sample
Marra | This study-EDM | This study-Partially Premixed
[terations 900000 6500 11000
Run time (min) 12513 79.8 62.7

Once the heat flux and other flow properties were measured from the copper
gauge, the ablative CFD simulation was run. The temperature contours of the fluid
and sample are shown in Figure As expected, the EDM temperature is higher
than adiabatic and the Partially Premixed temperature is much lower in comparison.
As mentioned earlier, the flame is a reducing, or carburizing, flame therefore a lower
flame temperature is expected. The internal temperatures of the Sigratherm™sample
are shown in Figure [4.6| and have contours with the greatest temperature at the
stagnation point and dissipating outward toward the back face.

Shown in Figure is the internal temperature of the ablative sample along
different paths away from the axis of the sample. The EDM with relaxation to equi-
librium method is compared to the results from the EDC method used by Marra.
The front face temperatures are very well aligned with the CFD results from Marra
except the back face (i.e. 10cm from the actual back face to the experimental thermo-
couple) temperatures tend to be higher by 100K to 75K. Actual back temperatures
predicted from this study align well with the back face temperature from the exper-
iment; though, Marra reported that the thermocouple never reached a steady state.
The Partially Premixed paths were not captured due to the fact no experimental data
was listed from the report only CFD data. Because both EDC and EDM over predict
flame temperature they would not have produced a good source of verification for the
Partially Premixed model.

An Intel(R) Core i7 processor and 16GB of RAM (same as Marra) was used to
solve the flow with significant reductions in iterations performed and computation

time; see Table The assumptions made in the study allowed a large reduction in
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(a) Fluid and sample temperature contour using EDM with relaxation to equilibrium
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(b) Fluid and sample temperature contour using a Partially Premix model

Figure 4.5: Temperature contours of both fluid and solid domains using EDM Relation
to Equilibrium and Partially Premix combustion models (]E[)
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Figure 4.6: Interior temperature contours of an Sigratherm® sample using EDM
Relation to Equilibrium @) and Partially Premix combustion models (]E[)
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Figure 4.7: Ablative sample internal temperatures at various distances from the axis
using EDM compared to Marra’s CFD results

iterations, from 900,000 iterations in the Marra CFD [I] work to 6,500 in the current
work. The final results of this work are compared to Marra’s experiment, CFD, and

Fortner’s CFD [2] and summarized in for both all cases.

4.2 Miller-Oana experiment

At each distance, the heat flux, velocity, and partial pressure of oxygen were measured
and a copper heat flux gauge was constantly cooled to 300K. To validate the results
for partial pressure oxygen in the solver, a custom function was created. Pressure
defaulted to Pascals in the solver and a conversion to kilopascals was added.

Flame temperatures using Eddy-Dissipation methods are often higher than adi-
abatic flame temperatures [36] [37] and can be seen in Figure The Partially
Premixed model has a more realistic flame temperature compared to EDM due to the
calculation of the mixture fraction based on pressure and temperature. Miller-Oana
reported adiabatic flame temperatures from JANAF as 3300K for a stoichiometric
mixture.

Initial models of this study used the Eddy-Dissipation model with direct-source

chemistry source terms; meaning, chemistry source terms are used explicitly [33] in-
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Figure 4.8: Temperature contour plot of the Eddy-Dissipation Model using direct-
source terms in the species transport equation

stead of being reduced to equilibrium mass fractions. Therefore, the reaction variable
of the species transport equation [2.6|is the lesser of the equations below when solving
chemistry. The potential core of the flow and the flame length extended further down-
stream than is physical and is shown in the temperature contour of Figure [4.8, This
phenomenon causes incorrect partial pressure and velocities in the flow. After many
cases and further reading, it was determined that this method yields non-physical
results for the flame profile. The contours and output for the intermediate sample
distances, 7cm and 9cm, and the VFR’s 1.5 and 1.7, are shown below for a visual-
ization of how the flow changes for different distances and flow conditions. For all
the images it is shown that as the VFR increases (as oxidizer is increased) the flame
temperature withdraws toward the torch tip along with a decrease in temperature.
This recession was also noted by Miller-Oana et al.[3].

Heat flux is one of the most important variables when investigating ablation.
Proper heat flux estimates affect the material recession and flow parameters near the
sample. The values in Figure follow the decreasing trend from experiment data,
and align better the further from the nozzle tip. At the furthest distances Figure

shows the maximum heat flux does not occur at the stagnation point for greater
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(a) EDM temperature contour of 1.35 VFR at 5¢cm from nozzle tip to sample wall
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(b) Partially Premix Model temperature contour plot of 1.35 VFR at 5cm from nozzle tip
to sample wall

Figure 4.9: Temperature contours at a distance of 5cm from nozzel tip to sample wall
with 1.35 VFR for EDM @ and Partially Premix combustion models@
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(a) EDM temperature contour of 1.35 VFR at 11cm from nozzle tip to sample wall
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(b) Partially Premix Model temperature contour plot of 1.35 VFR at 11lcm from nozzle tip
to sample wall

Figure 4.10: Temperature contours at a sample distance of 11cm and a VFR of 1.35
for EDM @) and Partially Premix combustion models @
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Figure 4.11: EDM temperature contour of 1.5 VFR at 5cm from nozzle tip to sample
wall
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Figure 4.12: EDM temperature contour of 1.7 VFR at 5cm from nozzle tip to sample
wall
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Figure 4.13: EDM temperature contour of 1.35 VFR at 7cm from nozzle tip to sample
wall
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Figure 4.14: EDM temperature contour of 1.5 VFR at 7cm from nozzle tip to sample
wall
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Figure 4.15: EDM temperature contour of 1.7 VFR at 7cm from nozzle tip to sample
wall
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Figure 4.16: EDM temperature contour of 1.35 VFR at 9cm from nozzle tip to sample
wall
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Figure 4.17: EDM temperature contour of 1.5 VFR at 9cm from nozzle tip to sample
wall
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Figure 4.18: EDM temperature contour of 1.7 VFR at 9cm from nozzle tip to sample
wall

49



Static Temperature

[K]
4885
4424
3964
3504
3044
2584
2124
1664
1204
744

temperature

Figure 4.19: EDM temperature contour of 1.5 VFR at 11cm from nozzle tip to sample
wall
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Figure 4.20: EDM temperature contour of 1.7 VFR at 11cm from nozzle tip to sample
wall
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Figure 4.21: The front face of a Gardon heat flux gauge with a small sensor area
surrounded by cooled copper.

distances from the nozzle. Spikes in heat flux at this location are physical but go
away as the material is rounded upward through an ablation process. The ablation
process is not modeled so the spike stays. It should be noted here that the Partially
Premixed model does not allow the solid temperature to be fixed, as was the case
with the EDM model, and heat flux was not able to be investigated or validated with
experimental data.

The discretized area-weighted average of the heat flux was taken using the esti-
mated sensor area of a Gardon gauge as shown in Figure [£.21] The heat flux over
each cell of the sample face is multiplied by the facet area and divided by the total
area of the sensor, as shown in Eq. [£.1] This average is displayed in the profile heat

flux plot figures Figures 4.23|

. qdA ?: 4i A;
Qavg = fA ~ Z 114 (41)

where,

A; = annulus area
A = total sensor area

¢; = cell heat flux

The velocities along the axis are compared to the data given by Miller-Oana et

al. The Partial Premix model fits well with the data; whereas, the EDM model
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Figure 4.22: A comparison of heat flux values from 1.35,1.5, and 1.7 VFRs at distances
from 5cm to 1lcm.

overpredicts the experiment data. According to Incropera et al. [41] the length of
an impingement jet potential core should occur at 5Dy, or lcm for this study. By
comparing both potential cores shown in the temperature contours (Figures
and , both models show flame front has a great impact on the velocity along
the axis.

The Partially premix model aligns reasonably well, especially at greater distances
from the exit; cold flow velocity was provided as a reference. Both models have an
initial spike of velocity followed by a sudden drop. This is due to the sudden increase
in temperature and decreased density around the nozzle exit and flame front. From
Figure we can see that (A) corresponds to cold reactants entering the flame, and
(B) is where we see an increase in velocity due to a change in density and temperature
in the pre-heat region. Between (B) and (C) we see a sudden spike and drop in velocity

due to the exothermic reaction and creation of products. This quasi-discontinuity
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Figure 4.23: Different VFR heat flux profiles on the face of the sample at distances

of 5em @), Tcm (]EI), 9cm , and 11lcm @)
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Figure 4.23: Different VFR heat flux profiles on the face of the sample at distances

of bem (E[), Tcm (]E[), 9cm , and 1lcm @
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Figure 4.24: Velocity comparison graph of non-reacting flow, Eddy-Dissipation Model,
Partially Premixed Model, and Miller-Oana et al. where (A) cold reactants (B) pre-
heat zone (C) secondary ignition

is the flame front which spans only a few millimeters before the products appear
according to the mixture fraction computed. Velocity increases again at (C) due to
the secondary combustion of entrained atmospheric oxygen and hot products. There
occurs a gradual decrease in velocity where the products are cooled and momentum
is lost.

The high temperatures in the flow cause moderate velocity gradients due to buoy-
ancy. Looking at Figure the sample has heated due to the flame and has caused
the relatively stagnant air in the back to move faster causing higher vorticity. This
increase in vorticity is more prominent when comparing Figure to Figure
where some vorticity exists due to the upward movement of the jet arm, however, not
as much.

Partial pressures of oxygen are important to ablation to understand how oxida-
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Figure 4.26: Partial pressure of O2 at distances along the flow axis

tion affects the sample. Partial pressures were reported by Miller-Oana et al. and
compared to both models in this study. To plot the partial pressures a new function

using was created in the solver and the data was exported.
P02 - X02Pabsolute/1000 (42)
where,

x = mole fraction of oxygen

P = pressure

As shown in Figure EDM overpredicts the partial pressure of oxygen at a much
faster rate while the Partially Premixed model predicts a more linear rate, yet still
overpredicts the partial pressure of oxygen at smaller distances to the sample.
Overall static pressures on the sample face are only slightly higher than atmo-
spheric. At the nearest point, Scm, pressure rises from atmospheric 101.325kPa to
approximately 103.8kPa. The higher pressure, temperatures, partial pressures of O2,
and heat flux all cause the ablation and recession rates to increase. As discussed

earlier in this work, to adequately model the viscous sub-layer of the boundary layer
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Figure 4.27: Static pressure profiles along the sample wall
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Figure 4.28: Wall y+ profiles along the sample for EDM and Partially Premixed
models at 5cm and 11 cm

the proper wall y+ must be reached. The wall y+ values shown in Figure are
all near unity. This shows adequate resolution of the viscous boundary layer and the
thermal boundary layer allowing for accurate flow and thermal conditions along the

sample. The heat transfer coefficient along the sample face was also investigated
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Figure 4.29: Heat transfer coefficient (y+ based) along the sample wall

and included in Figure for reference. The “y+ based heat transfer coefficient”
seen in this study uses the y+ value specified as a reference value in the setup to
determine where the heat transfer coefficient is approximated. For this case, the wall
y-+ was set to 100 as a reference. The surface Nusselt was found by using the reference
temperature specified in the setup, shown in Figure The reference value was
changed post-solution to match the free stream combustion temperature of 4800K and
3800K, for 5em and 11cm from the torch tip, respectively. To solve for the material
response of an ablative material without a fully coupled CFD model, the uncoupled
film coefficient (heat transfer coefficient method) may be used. This method uses
the flow conditions that are found around an object to be used as input as boundary
conditions to a material response solver. The inputs that are typically required are
pressure, the boundary edge enthalpy, heat flux, and the local heat transfer coefficient

which can be expressed as the Stanton Number [29],

q

htc = ————
‘ (hT - hw)

= peu.Cy (4.3)
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Figure 4.30: Nusselt values for the EDM with 1.35VFR at 11lcm from the torch tip.

q = heat flux
h, = recovery enthlapy
h,, = wall enthlapy

pe = edge density

St = C'yg = Stanton Number

Flow conditions are taken at the boundary layer edge which requires knowledge of the
position of the boundary layer. The boundary layer thickness was found by making
the assumption of a turbulent flat plate with 3000K air flowing against it. The air
kinematic viscosity was taken from Incropera et a.[41] as 8.4E-5 m?/s and an initial
Reynolds number was calculated such that a turbulent boundary layer was assumed
and calculated using Eq. [£.4 Then the combustion mixture properties were taken
from the CFD at that point, and then the calculation was run again. Finally, a
Reynolds number of Re = 7.5F4 was found and the thickness of the boundary layer
was determined to be § = 0.35mm based on the turbulent formula Eq. [.4] from

Incropera et al. [4I]. This is in alignment with the Marra et al. approximated
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Figure 4.31: The boundary layer edge against velocity contour plot with a thickness
of 0.4mm

boundary layer thickness of 0.5mm. To find the edge position along the axis the

boundary layer thickness is subtracted from the sample wall distance.

5 = 0.37zRe; (4.4)

where,

0 = boundary layer thickness
x = distance along

Re, = Reynolds number

As mentioned earlier, the uncoupled material response solver requires heat flux,
pressure, and Stanton number as input. The Stanton number is calculated by using
the CFD edge density, edge velocity, boundary edge enthalpy (h.), the initial “cold

wall” enthalpy (h,), and heat flux. To begin solving for the Stanton number the
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recovery factor and recovery enthalpy are calculated using Eq. [4.5]

2

hy = he + 15 (4.5)
where,

h, = recovery enthlapy
h. = edge enthlapy
r = recovery factor

ue = edge velocity
the recovery factor is often given as,

r =V Pr for laminar boundary layers

r = v Pr for turbulent boundary layers

but is assumed unity in this work. The CFD edge enthalpy at a sample distance of
5cm is found to be h, = 2.46FE6 J/kg. This study does not experience flow above
Mach 0.6 making the velocity component of the recovery enthalpy much less than the
edge enthalpy and therefore neglected in Eq. [44] [34] making recovery enthalpy
equal to the boundary layer edge enthalpy.

Now that the majority of our edge conditions and CFD values have been found,
the rest of the surface energy balance equations of an ablative surface may be found.
The ablating wall with gas injection into the boundary layer must be solved by the
use of a thermochemistry solver. Once all these variables are acquired they may be

used as input into a material response solver to solve the ablation problem.

Copyright© Craig Samuel Meade, 2023.
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Chapter 5 Conclusions and future work

Oxyacetylene combustion is a complex phenomenon to study and model. The mod-
eler must make several assumptions and validate the results to achieve accurate re-
sults in a timely manner. This study achieved that goal through the analysis of the
Eddy-Dissipation model using relaxation to equilibrium chemistry and the Partially
Premixed model.

EDM produced results with decent agreement with Miller Oana et al. for heat
flux data and partial pressures of oxygen, yet it overpredicts the potential core of the
jet and flame front. This over-prediction causes the flame to extend further down-
stream and flow values to be inaccurate. EDM is known to overestimate the flame
temperature above experimental data and calculate adiabatic flame temperature val-
ues. These overestimations seem to occur at high exit velocities with small hydraulic
diameters. When larger tip sizes and lower mass flow rates were used, as in the ex-
periment done by Marra et al., EDM agrees with both experimental data and CFD
data. EDM performed much faster than the EDC method used by Marra as well.
The EDM method should not be discounted from use for these issues; nevertheless,
it could be used when the flow is closer to, or less than, Mach 0.3.

The Partially Premixed model with non-adiabatic equilibrium achieved more accu-
rate results when compared to the EDM cases with Miller-Oana and Marra validation
cases. The partial pressures of oxygen were produced at a more linear rate and were
similar to the experiment data. Flame temperatures were accurately calculated when
compared to adiabatic temperatures. Velocity along the axis of flow had spikes and
dips that seem odd at first; however, are accounted for by looking at the flame profile
and what occurs to the temperature and density. The downside of using this model
is that the temperatures cannot be fixed in the sample domain which would allow for

heat flux to be validated with a cooled gauge. For ablative samples, like the one used
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by Marra, the Partially Premixed model performed well. The flame temperatures
that were predicted were below the CFD results of Marra and Fortner but more accu-
rate because Eddy-Dissipation models over predict the temperature. Therefore, the
Partially Premixed model would perform best when oxyacetylene experiments have
slower flow velocities, for a wide range of equivalence ratios. This model accurately
predicts boundary layer edge properties and thickness which can be used in material

response solvers, such as the Kentucky AeroThermal Solver (KATS).

5.1 Future work

Though the Partially Premixed model aligns very well with experimental data and is
computationally efficient, it lacks validation against heat flux values. More modeling
is needed with non-isothermal samples to validate the Partially Premixed model.
The use of user-defined functions also needs to be investigated attempt to “trick” the
solver in to behaving as an isothermal sample at every iteration.

The Eddy-Dissipation Concept solver could be investigated to account for higher
velocity flows where density changes are large, and the Damkohler number approaches
unity. This model would take into account the chemical kinetics of the reactions and
could yield better results. The equilibrium method may aid in faster convergence if
used as initial values for the EDC model. Mesh motion in Fluent™was left for future
work and would allow the coupling of the CFD solver to a material response solver.

A main goal for future research would be to use the well-predicted solutions in
this work to solve for ablation using the film coefficient method in the Kentucky
AeroThermal Solver or similar material response solvers. Ablative rates could be

compared to Marra et al. along with other works when completed.

Copyright© Craig Samuel Meade, 2023.
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Appendix A Partial Pressure custom function

The solver does not have a built-in variable for the partial pressure of a species,

therefore one is created. The variable is created by way of a custom function that is

equal to Eql4.2]

(custom-field-function/define
> ((
(name pp-02) (display "olef-o02 * absolute-pressure / 1000")
(syntax-tree ("/" ("*" "molef-02" "absolute-pressure") 1000))
(code (field-/ (field-* (field-load "molef-02")
(field-load "absolute-pressure")) 1000))
)

Copyright© Craig Samuel Meade, 2023.
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Appendix B Automatic initialization commands (Cold Flow)

This command is used during automatic initialization and ensures that the reactions

are turned off and then we patch the domain with oxygen.

/define/models/species/volumetric-reactions n

/solve/patch fluid.1 () () species-1 n 0.23
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Appendix C Automatic initialization commands (Combustion)

This command is used during automatic initialization and initiates combustion. The
reactions are first turned on, products are patched into the ignition area, and then

the solver is run.

/define/models/species/volumetric-reactions y
/solve patch () 0 () species-2 n 0.1
/solve patch () 0 () species-3 n 0.1

/solve/set/pseudo-time-method/global-time-step-settings y 1 0.01 y 0.1
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Appendix D Custom Ablative Material

Using the table and values specified by Marra et al. [I] a custom material was
created. The specific heat and thermal conductivity are defined by a piecewise linear

polynomial.

((sigratherm solid

(chemical-formula . #f)

(density (constant . 445.))

(specific-heat (
polynomial piecewise-linear (300. . 700.)
(673. . 1480.) (1073. . 1840.)
(1873. . 2060.) (2173. . 2100.))

(thermal-conductivity (

polynomial piecewise-linear (300. . 0.17)

(673. . 0.32) (1073. . 1.07)

(1873. . 2.6) (2173. . 3.7))
(molecular-weight (constant . 76.94))
(struct-youngs-modulus (constant . 100000000.))
(struct-poisson-ratio (constant . 0.2))
(absorption-coefficient (constant . 0.))
(scattering-coefficient (constant . 0.))
(scattering-phase-function (isotropic . #f))

(refractive-index (constant . 1.))

))
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