Abstract

KEISLTER, PATRICK G. A Variable Turbulent Prandtl and Schmidt Number Model
Study for Scramjet Applications. (Under the direction of Dr. Hassan A. Hassan.)

A turbulence model that allows for the calculation of the variable turbulent
Prandtl (Pr;) and Schmidt (Sc;) numbers as part of the solution is presented. The model
also accounts for the interactions between turbulence and chemistry by modeling the
corresponding terms. Four equations are added to the baseline £-{ turbulence model: two
equations for enthalpy variance and its dissipation rate to calculate the turbulent
diffusivity, and two equations for the concentrations variance and its dissipation rate to
calculate the turbulent diffusion coefficient. The underlying turbulence model already
accounts for compressibility effects. The variable Pr/Sc; turbulence model is validated
and tuned by simulating a wide variety of experiments. Included in the experiments are
two-dimensional, axisymmetric, and three-dimensional mixing and combustion cases.
The combustion cases involved either hydrogen and air, or hydrogen, ethylene, and air.
Two chemical kinetic models are employed for each of these situations. For the
hydrogen and air cases, a seven species/seven reaction model where the reaction rates are
temperature dependent and a nine species/nineteen reaction model where the reaction
rates are dependent on both pressure and temperature are used. For the cases involving
ethylene, a 15 species/44 reaction reduced model that is both pressure and temperature
dependent is used, along with a 22 species/18 global reaction reduced model that makes
use of the quasi-steady-state approximation.

In general, fair to good agreement is indicated for all simulated experiments. The
turbulence/chemistry interaction terms are found to have a significant impact on flame
location for the two-dimensional combustion case, with excellent experimental agreement
when the terms are included. In most cases, the hydrogen chemical mechanisms behave
nearly identically, but for one case, the pressure dependent model would not auto-ignite
at the same conditions as the experiment and the other chemical model. The model was

artificially ignited in that case. For the cases involving ethylene combustion, the



chemical model has a profound impact on the flame size, shape, and ignition location.
However, without quantitative experimental data, it is difficult to determine which one is

more suitable for this particular application.
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1 Introduction

There has always been a need for air-breathing aerospace vehicles to travel higher
and faster. Whether it is for more affordable access to orbit, or for defense applications,
the need for engines that are capable of propelling an aircraft to hypersonic speeds is
clear. Traditional turbojets, in the extreme case, can operate from zero velocity up to
around Mach 3. At this point the compressor starts to do more harm than good. By
removing the compressor, and thus the need for a turbine, a ramjet engine is created.
Ramjets can operate in the range from Mach 3 or 4 to about Mach 5 [25]. At Mach 5,
decelerating the flow to subsonic speeds for combustion becomes unreasonable due to the
excessive temperatures and thus dissociation of fuel rather than combustion. This
illustrates the need for a supersonic combustion ramjet, also known as a scramjet. Rather
than mixing and combusting fuel at subsonic speeds, the incoming air is allowed to
remain supersonic.

The task of mixing and combusting supersonically is a daunting one and the
simulation of this process can be equally difficult. Important factors in the simulation of
these types of flows include, but are not limited to, the specification of the turbulent
Prandtl and Schmidt numbers and the consideration of turbulence/chemistry interactions.
The turbulent Prandtl and Schmidt numbers are inherently variable in the complex three-
dimensional flows that are characteristic of current proposed scramjet designs. Since
classic turbulence models assume these numbers to be constant and specified ahead of
time, a new turbulence model that allows these numbers to vary and also accounts for
turbulence/chemistry interactions is required [21][65]. One such model is utilized herein.

Another factor that has received little attention in the literature is the role of
compressibility on high speed mixing and combustion. It is well known that mixing-
layer growth rate decreases with increasing Mach number [62]. This phenomenon
becomes especially important in supersonic combustion devices due to the fact that

compressibility effects reduce the ability of the fuel to mix with air at supersonic speeds,



resulting in less overall combustion. The chemical kinetic mechanism also plays an
important role in supersonic combustion. Differences among chemical models can affect
the ignition location or the conditions at which the simulation will auto-ignite.

Some efforts have been made to move toward the calculation, rather than the
specification, of the turbulent Prandtl and Schmidt numbers as part of the solution.
Methods based on the mixing length have been employed as early as 1975, by Reynolds,
to calculate both the turbulent Prandtl and Schmidt numbers [49]. In 1988, Nagano
developed a two equation model for calculating the turbulent diffusivity, which was used
in conjunction with the k-¢ turbulence model [43]. However, the model was not
developed for high speed flow and thus does not include the effects of compressibility.
This model provided the framework for most of the work to follow. In 1993, Sommer et
al. developed a variable turbulent Prandtl number model using methods very similar to
those used by Nagano [54]. This model was also derived from the incompressible energy
equation rather than the compressible energy equation, so compressibility, pressure
gradient, and dissipation effects, which are quite important in high speed flows, are not
accounted for. Two additional equations were added to the base incompressible k-¢
turbulence model, temperature variance, and its dissipation rate. Solving these four
equations allowed for the calculation of the turbulent diffusivity. In general the results
for high Mach number, low wall temperature cases were improved over those utilizing
the k-¢ model alone. In 1999, another approach was taken by Guo et al. to create a
variable turbulent Schmidt number model [24]. In addition to the k-¢ turbulence model,
Guo modeled the turbulent species diffusion vector with a single transport equation. A
genetic algorithm technique was applied to efficiently obtain the model constants. Again,
the results were improved over the baseline k-¢ model for a jet-in-crossflow application.

A company known as Combustion Research and Flow Technology, Inc. (CRAFT
Tech) have been investigating the use of variable turbulent Prandtl number methodology
for propulsive type flows since 2000 [36]. The formulation is based largely on the work

of Sommer and Nagano, but they did also investigate algebraic stress models in addition



to the k-¢ model. Again the model equations for temperature variation and its dissipation
rate are based on the low speed energy equation. The pressure gradient term and the term
responsible for energy dissipation are ignored. The current work does not make these
simplifications since such assumptions are not valid for scramjet type flows. The model
was later applied by CRAFT Tech to a Large Eddy Simulation (LES) of reacting and
non-reacting shear layers at high speeds [8][9]. The purpose of this work was to generate
data to be used in improving RANS models. Compressibility corrections were applied in
this work, but the model constants were modified in an ad hoc manner, without
significant validation. The model was extended to include variable Pr; and variable Sc; in
2005 [6]. In 2008, the model was shown to provide significant improvements over any
constant Pry/Sc; solution [39] for various classical validation cases, including the
SCHOLAR case.

In 2005, Xiao et al. presented two similar approaches, one for calculating the
turbulent Prandtl number (Pr;) as part of the solution [64] and one for calculating the
turbulent Schmidt number (Sc;) as part of the solution [63]. Each of these new models
used the £-¢ turbulence model of Robinson and Hassan as a base [50]. With the addition
of two equations each, enthalpy variance and its dissipation rate for the variable Pr; model
and concentrations variance and its dissipation rate for the variable Sc; model, the
turbulent diffusivity and the turbulent diffusion coefficient were able to be determined.
Improvements were observed for a coaxial jet flow [11] with the variable Sc; model, and
improvements in heat flux predictions were seen with the variable Pr; model. The
variable Sc; model was later applied to the supersonic combustion experiment of Burrows
and Kurkov [7], while using a probability density function (PDF) to address the
turbulence/chemistry interactions. In general the variable Sc; formulation worked well
for both mixing and reacting supersonic flows; however, the PDF method for addressing
turbulence/chemistry interactions did not necessarily improve the results [31]. A
complete turbulence model, where both the Pr; and Sc; are calculated as part of the

solution was presented by Xiao et al. in 2006 [65]. This work, which employed a new



modeling approach for the turbulence/chemistry interactions, showed improvement in
predictions for both the coaxial jet and the Burrows and Kurkov combustor. The work
also reinforced the fact that the turbulence/chemistry interactions must be accounted for.
From 2005 to 2009 the full model was applied to the SCHOLAR supersonic combustion
experiments [33][34][35]. Mixed results were obtained and some fine tuning of the
model constants was required, but the final results compared quite well with the
experiment. The latest work is on the OSD-Test Media Effects experiments [32]. There
is very little experimental data for these cases, so most of comparisons were qualitative.
All of the cases that utilize the full model are discussed in detail in Chapter 5.

The SCHOLAR combustor has been simulated extensively by Rodriguez and
Cutler in conjunction with the actual experiments. Initially, only mixing was considered
[17], then the reacting case [12]. Rodriguez and Cutler later continued the work in a
more comprehensive study [52]. The simulation utilized the VULCAN CFD code,
developed at NASA Langley Research Center. The k- turbulence model was used with
various constant values of Pr; and Sc,. The computed results were seen to vary greatly
with the specification of these parameters. The best results were obtained with Pr; = 0.9
and Sc; = 1.0, therefore, the constant Pry/Sc; runs in the current work use these values.
The computational grid used in the current work was also developed from a grid
originally generated by Rodriguez.

Ingenito and Bruno from the University of Rome have also performed extensive
computations of the SCHOLAR experiment [27][28]. A new type of LES model was
used and in the later case, which allowed for variable turbulent Schmidt number. The
results were reasonable, but the grids used in all cases were quite coarse, even for a
RANS simulation.

Peterson and Candler from the University of Minnesota also used the SCHOLAR
experiment in a number of studies [47][48]. A modified type of detached eddy
simulation (DES) was used for these simulations. The computational grid contained

approximately 40 million cells, which is consistent with LES or DES simulations. The



model uses constant turbulent Prandtl and Schmidt numbers, but the specific values used
were not indicated. The results obtained show fair agreement with the experiment, but
did not reach a steady solution due to a large oscillation of the boundary layer separation

between the injector location and a location upstream of the step.



2 Governing Equations

This chapter will describe the set of partial differential equations that governs the

physics of supersonic multi-component reacting gasses.

2.1 Reacting Gas Equation Set

2.1.1 Navier-Stokes Equations

The governing equations for multi-component compressible chemically reacting

flows at high speeds are the Navier-Stokes equations, which consist of conservation of

mass, momentum, and energy, along with a set of species mass conservation equations.

The number of species equations required is NS — 1, where NS is the number of species.

By including all of the species equations, the continuity equation may be removed, since

the sum of the species mass conservation equations results in the continuity equation. If

external forces such as gravity, and body forces are neglected, and thermal equilibrium is

assumed, the equations are as follows:

0
Ot

0
ot

_(pui)+i(puiuj + 5ijp _Tij)

0
—(pE)+§(pHuj +q; —rl.jui)z 0

2.1)

(2.2)

(2.3)
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In these equations, p is the density, u; is the velocity, p is the pressure, 7;; is the stress
tensor, and g; is the heat flux vector. For the species mass conservation equations, Y, is
the species mass fraction, V;,, is the diffusion velocity, and ®,, is the production rate.
Note that the sum of the mass fraction weighted diffusion velocities across all species

results in the bulk velocity of the fluid, u;.

The viscous stress tensor, under the assumption of a Newtonian fluid, can be

written as
2 ou
r.o=2us. ——6. u—=r 2.5
y m!/ 3 !/'u axk ( )
ou. Ou.
5y _Lou (2.6)
2\ ox; ox

where u is the molecular viscosity and s;; is the instantaneous strain rate tensor. The heat
flux vector is evaluated using the sum of Fourier’s Law and the heat flux due to diffusion.
aT NS
q, = —ka— +p> h YV, (2.7)
i m=1
where g; is the heat flux vector, & is the thermal conductivity, T is the temperature, and 4,,
is the species enthalpy. Similar to the viscous stress and heat flux, a linear relationship
can be developed for the species diffusion mass flux. This is called Fick’s Law [37], and

it states that the diffusion mass flux is proportional to the species concentration gradients.

D 0Y
Vv .—=p——" 2.8
p m,i p Ym aXi ( )
The binary diffusion coefficient, D, is defined by the Schmidt number (Sc).
Sc =4 (2.9)

pD

The total energy and total enthalpy are defined by the following equations.



E=H-2 (2.10)
o)
H=h, +% (2.11)

The mixture specific enthalpy is defined by a mass fraction weighted sum.
NS
hmix :zYmhm (212)
m=1

The species enthalpies, #,,, will be defined in Section 2.1.2. The equation of state is used
to relate the pressure, bulk density, and temperature. It is known as Dalton’s Law of
Partial Pressures.
NS
p= ;pm =pR,.T (2.13)
This law states simply that the pressure is the sum of the partial pressures of each species.

f’, Y
R,.=R) == (2.14)
m=1 Wm

Vf/m is the molecular weight of species m, and R is the universal gas constant. The total

energy can also be written in the form of Equation (2.11).

uu,;

E = emix
2

(2.15)

The mixture internal energy, e, is also defined in terms of the species enthalpies.

e, = fymem :ZYm(hm —:}/ j (2.16)
m=1

m

2.1.2 Thermodynamic Relations

For a high temperature, chemically reacting flow, typical of that in a scramjet

engine, the flow is assumed to be thermally perfect. Unlike the assumptions of a



calorically perfect gas, the specific heats at constant pressure and volume are no longer
assumed constant. They are instead functions of temperature. A thermally perfect gas is
based on the assumption that the internal energy modes of a molecule are always in a
state of equilibrium. There are some types of flows where this assumption would not
hold, such as in the area behind the bow shock of a reentry vehicle.

Curve fits given in [40] are used to calculate the specific heats along with other
related properties. The species enthalpy can easily be obtained from these curve fits

using the following equation.
Am T2 T3 T4 bl,m
— =a1,m+a2,m3+a3’m7+a4’m7+a5’m—+

2.17)

The species enthalpy in this equation is defined on a per mole basis. To obtain the
enthalpy per unit mass, simply multiply by the species molecular weight. Specific heat,
entropy, and Gibbs free energy can be calculated in a similar manner.

The ratio of specific heats for the mixture, y,.,, can be calculated using:

Cpmi,\‘ (2 18)
ymix - Cp’m —Rmix .
NS
C,, = Z;Y .C,, 2.19)

Finally, the laminar viscosity and thermal conductivity must be determined. First
the laminar viscosity for each species is calculated using another set of McBride curve
fits [41]. A set of coefficients are provided for each species for two or more temperature

ranges. The species viscosity is then determined from the following equation.
lnym:AmlnT+B—T’”+%+Dm (2.20)

This equation provides viscosity in units of micropoise («P), which must be converted to
standard units before it is used. The laminar thermal conductivity is then calculated from
the following relation to the laminar Prandtl number.

C
k, =% 2.21)
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Then, using Wilke’s formula [37], the species viscosities and thermal conductivities are

combined into a bulk or mixture viscosity and thermal conductivity.

2.2 Governing Equations in Vector Form

A convenient way to rewrite the Navier-Stokes equations is in compact vector
form. This makes further formulations much simpler. The general form is as follows.
J A\E-E,) olF-F) olG-G

=S (2.22)
ot ox oy oz

The definitions of these vectors can be found in Appendix A.

2.3 Reynolds and Favre Averaging

While the Navier-Stokes equations describe continuum fluid flow down to the
smallest scales of turbulent motion, the discrete computational grids on which the
equations are solved are unable to resolve such small scales of motion. However, the
small turbulence scales are very important in dissipating energy from larger scale motion
and the mean flow. The traditional approach to this problem is not to resolve the smallest
features of the flow, but rather to model them using the local characteristics and time
history of the flow. This provides a macroscopic view of the affects of turbulence on the
mean flow.

There are certainly alternatives to modeling the turbulence. One such alternative
is direct numerical simulation (DNS), in which the exact Navier-Stokes equations are
resolved down to the smallest turbulence scales. This requires many times more grid

points than a solution where the turbulence is completely modeled. The approximate
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number of grid points required for a DNS solution is Re™*

, so a flow with a Reynolds
number of 10,000 would require about 1x10° cells. Another alternative is to resolve
some of the large scale turbulent features and model the scales that occur on the sub-grid
level. This is known as large eddy simulation (LES). This is a compromise, but it still
requires a significantly higher resolution than simulations that model all turbulence
scales. Due to the size of modern engineering problems and the limited computing power
that is available, a completely modeled approach is adopted in the current work.

A method called Reynolds averaging is used to convert the governing equations to
solve for the mean flow properties rather than the instantaneous properties. There are a
number of ways to average the flow properties, but for stationary turbulence, such as that

in steady flows, time averaging is the most appropriate [62]. The following equation

represents this time averaging process.
N Y
Fy () = lim — [ f (x,, o) (2.23)

The instantaneous flow property is represented by f(x;,f) while F'(x;) is the time averaged
flow property. The instantaneous flow properties can then be expressed by the time
averaged mean property plus a fluctuation.

g=q+4q’ (2.24)
Here, ¢ represents any flow property; ¢ is the time averaged quantity and ¢’ is the
fluctuation. This averaging is applied to all flow variables.

Applying this time averaging technique to the Navier-Stokes equations results in
what is known as the Reynolds Averaged Navier-Stokes (RANS) equations. While this
method works well for constant density flows, more correlations appear when
considering compressible flows, which require modeling. To alleviate this problem, a
different type of averaging is introduced, Favre, or mass-weighted averaging. This
average is obtained from the following equation.

q= é liml ! p(x,,t)q(x;,t)dt (2.25)
2] T—o T Jdt
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Here, g represents the Favre averaged quantity, and, just as before, the instantaneous
quantity can be written as:

qg=q+q" (2.26)
The density, pressure, stress tensor, heat flux, and species production rate are

decomposed using the Reynolds average, while the other variables use the Favre average.

’

p=p+p, p=p+p, T,=7,+7,,

o (2.27)
Qi:qi—i_Qi” a)m:a)m—‘ra)r’n
m:Vim-i_Vi"m’ Ym:7m+Yrr't"

N R ’ - (2.28)
E=E+E", H=H+H", T=T+T"

_~ ”
u, =u, +u;, V,

Substituting these quantities into the Navier-Stokes equations and performing time
averaging results in the Favre averaged Navier-Stokes equations, still known as the
RANS equations [65]. When time averaging the equations, correlation terms appear that

are not necessarily zero. Consider the averaging of the product of any two variables.

oy =@+ v +v)=0v +py '+ +0'y' = oW + o'y’ (229)
The terms with only one fluctuating term become zero when averaged, but the product of
two fluctuating properties is not necessarily zero if there is a correlation between them.

The Favre/Reynolds averaged mean conservation equations are as follows.

%—f+a%(ﬁﬁ,.):o (2.30)

2 ‘?m)+§j(ﬁffm)=§j[50 ff —ﬁY_]+5 @31
B L e AT .32)
(B )+ 2 pt )=l e, - - -l e pu) @39

Three new terms are introduced in this form of the equations, the turbulent stress tensor,

n.n

—puy, the turbulent heat flux vector, pu}”", and the turbulent species diffusion
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vector, — pY,u’. These terms are approximated by the turbulence model to be defined in

Section 2.5. The turbulent stress tensor is also known as the Reynolds stress tensor.

2.4 Chemical Kinetics

Finite rate chemical kinetics is used to track chemical reactions in the present
work. This method is based on the Law of Mass Action (LMA) [37]. This law
determines the rate of change of the concentration of a single species in a multi-
component flow. This rate is then incorporated into the source term for the species
conservation equations.

A chemical mechanism consists of a collection of exchange/recombination
reactions and third body reactions, which when combined, result in the global reaction
such as that for hydrogen oxidation. The Law of Mass Action for
exchange/recombination reactions is:

NS , Y
RR =k, J[Cr -k, J]C (2.34)
m=1 m=1
For third body reactions, which require any third molecule to initiate, the equation
becomes:
NS NS NS
RR, = (k e -k, J[cr j(z C, TBW) (2.35)
m=1 m=1 m=1
C,, 1s the species concentration, or molar density, which is the species density divided by
the molecular weight. The stoichiometric coefficients for the reactants are designated by
v’ and for the products, v”. The effects of the third body are combined into a single term
called the third body efficiency, 7B,,;. Each species has a third body efficiency for each
third body reaction. The forward reaction rate coefficient, k;;, is determined by the

Arrhenius Law. It takes the following form.
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k,=AT" exp(-0,/T) (2.36)
The parameters A, #, and 6, are specific to the chemical kinetic mechanism and will be
discussed in Sections 2.4.1 and 2.4.2. Rather than require a separate set of parameters for

the backward rate coefficient, k5 is calculated using the equilibrium coefficient with the

following relation.

k
_f:ke -
k, 1

c e

(m"=m")
P,
P[ﬁ j (2.37)

where P, is the standard pressure of one atmosphere, in Pascals. The above equation also
demonstrates the conversion of the equilibrium constant from a partial pressure basis to a
concentration basis, as indicated by the subscripts. The equilibrium constant for a

particular reaction can be calculated from the change in Gibbs free energy.

_ -Ag
k|, = exp{ RT } (2.38)
s , o
Ag =) (vi VI8, (2.39)

The production rate of each species can be determined using the preceding information.
NR .
d)m = (Z (V}":l,i - V/;u' )RRt ij (240)
i=1

where W, is the species molecular weight.

2.4.1 H,/Air Chemical Kinetic Mechanisms

2.4.1.1 Jachimowski Chemical Mechanism

The abridged chemical kinetic mechanism of Jachimowski is one of two models

used for hydrogen/air reactions in this work [29]. The mechanism consists of seven
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species and seven reactions. The species are N,, O,, Hp, H,O, OH, H, and O. The
reactions are listed in Table C.1 of Appendix C. Note that the first two reactions are third
body reactions, where M represents the third body. Thus, each equation requires a third
body (TB) efficiency for each species. The species H, has 7B = 2.5 for both reactions
and H,O has 7B = 16.0 for both reactions. All other species have a third body efficiency
of 1.0 for both reactions. The mechanism parameters, such as the pre-exponential factor

and activation energies are listed in Table C.2.

2.4.1.2 Connaire et al. Chemical Mechanism

The second chemical model for hydrogen/air reactions is that of Connaire et al.
[10]. This model employs nine species and nineteen reactions. It is slightly more
complicated than the Jachimowski mechanism, not just in the magnitude of species and
reactions, but in the complexity of the rate expressions. The reactions are listed in Table
C.3 of Appendix C. The mechanism parameters and third body efficiencies that are not
equal to one are also listed in Appendix C. Note that some of the reactions have two
listings. Reactions 14 and 19 are expressed as the sum of two rate expressions.
Reactions 9 and 15 employ a different method for computing the forward rate constant.
While the classic definition of the rate constant is a function of the temperature, many
chemical reactions are also a function of the pressure. Reactions 9 and 15 are examples
of this. At very high pressures the rate constant may be defined by one set of parameters
and at very low pressures by another set of parameters, and some blend of the two in
between. This is known as a “fall-off” rate constant [37]. The ‘A’ and ‘B’ portions of
reactions 9 and 15 represent the lower and upper pressure bounds respectively. A method
presented by Troe et al. is used to blend these two limiting cases for intermediate
pressures [22]. Using the two sets of parameters specified for the equation, a high-
pressure limit rate constant, k., and a low-pressure limit rate constant, ko, are determined.

The final forward rate constant is determined from the following equation.
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k=k, (p—JF (2.41)
I+ p,
The reduced pressure, p,, is related to the concentration of the mixture.
p, = —kf = (2.42)

The mixture concentration can be determined by dividing the bulk density by the
molecular weight of the mixture. The function F in the fall-off rate constant is

determined from the following relations.

P -1
log F = {1+{ logp, *c )} } logF,,, (2.43)

n—d(logp, +c

where
c=-04-0.67logF, n=0.75-127logF,, , d=0.14,

F., =0-a)exp(-T /T )+aexp(-T /T ) +exp(-T" /T)

ent %

(2.44)

Required inputs are a, T *, T **, and T~ . These values are listed in Table 2.1 for reactions

9 and 15.

Table 2.1: Troe Parameters for Connaire et al. Mechanism

seksk Ed ke

Reaction a T T T
9 0.5 1.0OE-30 1.0E+30 1.0E+100
15 0.5 1.0OE-30 1.0E+30 1.0E+100
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2.4.2 C,H4/Air Chemical Kinetic Mechanisms

2.4.2.1 Gokulakrishnan et al. Reduced Chemical Mechanism

For those simulated cases involving combustion of ethylene in air, another two
chemical mechanisms are considered. Due to the complexity of hydrocarbon
combustion, the two chosen mechanisms are “reduced,” making it feasible to use in
three-dimensional scramjet-like environments. The first is that of Gokulakrishnan et al.
[23]. This mechanism utilizes a single step reaction between C,H4 and O,, resulting in
CH,O. This step is followed by a detailed mechanism for CH,0O/O,/H, reaction
involving 14 species, not including the inert species N,, and 41 reactions. The reactions
are listed in Table C.6 of Appendix C. The parameters for each reaction, third body

efficiencies, and Troe parameters are also listed in Appendix C.

2.4.2.2 Zambon and Chelliah Reduced Chemical Mechanism

The second reduced chemical mechanism employed for ethylene combustion is
that of Zambon and Chelliah [66]. This model makes use of the quasi-steady-state (QSS)
approximation for certain species and also removes certain “fast” elementary reactions.
This allows for the tracking of fewer scalar variables, and thus significantly decreases the
computational expense. This type of method usually requires an implicit solution of
algebraic equations to determine the QSS species concentrations, which involves
computationally expensive sub iterations. The key feature of Zambon and Chelliah’s
method is the explicit solution of the QSS species concentrations, which are used in

determining the reaction rates of the elementary reactions.
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This particular model is not implemented in the same manner as the previous
three. It is based on the same principles of finite rate chemistry and the Law of Mass
Action, but rather than coding the new explicit QSS procedure from scratch, a series of
subroutines, automatically generated by Zambon and Chelliah, are used in place of the
normal finite rate chemistry functions.

Two reduced models are examined in reference [66], a 15-step model and an 18-
step model. The 18-step model is used here. The 18 global reactions can be found in
Table C.10 of Appendix C. There are 22 species involved in these 18 global reactions,
and each of these species is tracked in the solution. The nine species assumed to be in

QSS are: HCO, CH, CH;0, C, C,H, C,Hs, HCCO, C,H;0, and CH, .

2.5 Turbulence Closure

As discussed in Section 2.3, the Reynolds and/or Favre averaging of the
governing equations results in the addition of three terms. These terms contain more than
one fluctuating variable and if these two variables are correlated, the product does not go
to zero when averaged. To achieve closure, these terms, the Reynolds stress tensor, the
turbulent heat flux vector, and the turbulent species diffusion vector, must be modeled. A
common assumption for computing the Reynolds stress is called the Boussinesq eddy-
viscosity approximation [62]. A new property is defined called the “eddy-viscosity.”
Similar to the Newtonian approximation, the Reynolds stress tensor is assumed to be a
linear function of the rate of strain tensor with the viscosity u, replaced by the turbulent
viscosity, x;. This reduces the number of unknowns from six to one. There are a number
of ways of specifying the eddy-viscosity, such as algebraic models or one/two equation
models. The present work utilizes a two equation model, which requires one equation to

determine a characteristic velocity of turbulent fluctuations and a second equation to
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determine a turbulence length scale or equivalent. The k-{ turbulence model is the two
equation model used in the current work and is described in Section 2.5.1.

An argument similar to Fourier’s Law is used to determine the turbulent heat flux
using the turbulent diffusivity, o, and an argument similar to Fick’s Law is used to
determine the turbulent species diffusion vector using the turbulent diffusion coefficient,
D,. Typically, these two extra variables are defined by a constant turbulent Prandtl
number and turbulent Schmidt number, essentially the same way as their laminar
counterparts. However, in the current work, these two parameters are modeled using two
equations for each that characterize the turbulent heat conduction and turbulent species

diffusion. The formulation of these equations can be found in Sections 2.5.2 and 2.5.3.

2.5.1 k-{ Model

The turbulence model used in the current work is based on the k-{ model of
Robinson and Hassan [1][50][51]. This model has a number of desirable qualities
including the absence of damping and wall functions, coordinate system independence,
tensorial consistency, and Galilean invariance. The definition of the turbulent kinetic

energy, k, or variance of velocity, is:

k=it (2.45)

The enstrophy, £, is the variance of vorticity, and is defined by:

~~

¢ = oo (2.46)
The eddy-viscosity is determined from these two quantities through the following

relation.

v, =Ck* IV (2.47)
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All model constants are listed in Table 2.2. The exact Favre averaged turbulent kinetic
energy equation and the exact vorticity variance (enstrophy) equation are listed in
Appendix F.

These two equations are modeled term by term to retain as much of the physics as
possible. The dissipation rate in the k& equation is defined as follows, with the assumption

of negligible correlations between velocity gradient and kinematic viscosity fluctuations.

- ! 4 4 a [ n.n n.n
pE = V[p(wﬁz + Ep(ui,i)z} + 2V§ W(oulu?) =2 puu ,»,j] (2.48)

The second term in Equation (2.48) is simply added to the diffusion term. There are two

compressibility terms that appear in the & equation, the first of which is the dilatational

dissipation term, $vp(u/,)* . It is modeled as follows.

Svp(ul,)’ =Cpkiz, (2.49)

L_;W_ﬁj ] 250
7, p| \ox

Typically, this compressibility term is modeled as proportional to the turbulent Mach

where

(SR

number, M,” = 2k/a’. For incompressible flows, the sound speed is theoretically infinite
and the turbulent Mach number goes to zero, but for air, the sound speed is finite, and
thus the modeled term never goes to zero, even at low Mach numbers. For constant
density flows, such as those at low Mach numbers, the £-{ modeled term is essentially

removed. The second compressibility term in the k& equation is the pressure work term,

1" The term is modeled as follows.

i 0Ox;
u—;,a_P:_V,_ﬁ_pﬁ_P (2.51)
ox, C,p Ox; Ox;
This term also contains a density gradient, so that for constant density flows, the

compressibility effects are again removed. At high Mach numbers, compressibility
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effects restrict the spreading rate of free shear layers [62]. This can have a profound

impact on mixing and combustion, so it is important that these effects are modeled

properly.

The final versions of the modeled & and { equations are listed in Appendix F.

Table 2.2: k- Model Closure Coefficients

Constant  Value | Constant Value
C, 0.09 o, 0.13
K 0.40 o, 91.90
a, 0.35 1/o, 1.80
Jon 0.42 1/o, 1.46
B 2.37 o 0.10
iR 0.10 C, 0.60
5, 1.50 C, 2.00
Jox 2.3 C, 2.10
o, 0.07

2.5.2 Variable Turbulent Prandtl Number Model

The turbulent Prandtl number is an important parameter in supersonic flows. It
has a significant influence on heat flux at high speeds and the typical assumption that this
number is constant is often inaccurate. A model that calculates the turbulent Prandtl
number as part of the solution is used in the present work [64]. To achieve this goal two
new equations are derived and modeled, one for the enthalpy variance and one for the
dissipation rate of the enthalpy variance. Using these newly calculated parameters, the

turbulent diffusivity is defined by the following relation.
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a =05(Ckz, +v, 1, (2.52)
where
~ on"Y’
=h"le,, &, = a( ] (2.53)
Ox,

Cj, and f, are model constants. All the model constants for the variable Prandtl number
model can be found in Table 2.3. The first step in deriving the enthalpy variance

equation and its dissipation rate equation is to express Favre averaged energy equation as

follows.
0  _~ o0 _.~ Dp oq -
—(ph)+— =" i g = (ph"u" 2.54
5, P ax/_(pu,) Dt ¢ axj(/o i) (2.54)
where
¢7=r% R

(2.55)
—ph”u" =0, p(a —+D ZN 8Y J

When multiple reacting species are present, Equation (2.54) must be rewritten in a way so

as to split the enthalpy into the sensible enthalpy and that due to reactions.

= [ Cp,ar + Ah,, (2.56)

:Z h Z .f Cpde+NZSYmAhf,m (2.57)
=1 m=1

~

From this, one can derive the exact equations for the enthalpy variance, 4"*, and its

dissipation rate, &,. They are listed along with the modeled equations in Appendix F.

Ahy, 1s the heat of formation of species m. 7yis a parameter used in the variable turbulent

Schmidt number formulation to be defined in Section 2.5.3. Note the final term in the

NS
modeled enthalpy variance equation, Zh"d)mAh sm - This term is a mechanism for
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turbulence/chemistry interactions and the modeling of this term is described in Section

2.5.4.

Table 2.3: Variable Prandtl Number Model Constants

Constant  Value | Constant Value
C, 0.0648 Cho 0.87
Ch, 0.5 Cio 0.25
Cha -0.4 Cin 0.55
Chs —-0.05 Chi -0.86
Che -0.12 Chi3 -5.0
Cys 1.45 B, 0.5
Chs 0.7597

2.5.3 Variable Turbulent Schmidt Number Model

Just as with the turbulent Prandtl number, the specification of the turbulent
Schmidt number can have a profound influence on the simulation of a supersonic
chemically reacting flow. Again, this value is traditionally specified as a constant
depending on the type of problem, but for complex three-dimensional flows, this
assumption is typically invalid. The specification of a turbulent Schmidt number that is
too high can result in a flame blowout, while on the other end of the spectrum, if the
number is too low, the simulation may unstart. A method similar to that of the variable
turbulent Prandtl number is adopted for the variable turbulent Schmidt number in the
present work [63]. Two equations are derived and modeled, one for the concentrations
variance, and one for its dissipation rate. Using these new parameters, the turbulent

binary diffusion coefficient is defined as follows.
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D, =0.5(Cykz, +v,/f3,) (2.58)
where
NS NS. oy’ 2
T, =0,/&, Oy :ZY”;'z, &y :ZD a—’” (2.59)
m=1 m=1 xi

oy, 1s the sum of the mass fraction variances, and ¢y is its dissipation rate.
The derivation of model equations for each of these quantities begins with the
exact Favre averaged species conservation equation.
0 ,_& 0 - o [_.0Y _—==| —
2T+ (pi 7,) pD T~ Y |+ d, (2.60)
ot Ox;

:gj ij

From this, one can derived the exact equations governing the sum of the mass fraction

variances and its dissipation rate. They are listed in Appendix F. These equations are

modeled using the same techniques used for the equations in the k- model and the

variable Prandtl number model. These modeled equations are also listed in Appendix F.
All of the model constants can be found in Table 2.4. Note the last term in the oy

equation, 2§m Similar to the variable Prandtl number model, this term is also a

m=1
mechanism for turbulence/chemistry interactions. The modeling of this term is discussed

in Section 2.5.4.
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Table 2.4: Variable Schmidt Number Model Constants

Constant  Value | Constant Value
C, 0.065 Cys 0.5
Cy, 1.0 Cy; 0.78125
Cy, 0.095 Cyy 0.4
Cys -0.025 Cyo 4.4
Cya 0.45 Cy, -0.1
Cyao -1.0 By 0.5
Cy s 1.0

2.5.4 Turbulence / Chemistry Interactions

As mentioned in Sections 2.5.2 and 2.5.3, terms arise in the enthalpy variance and
concentrations variance equations that act as mechanisms for the interactions between
turbulence and chemistry. There are a multitude of methods available for the estimation
of these two terms. A common method makes use of either an assumed or an evolution
Probability Density Function (PDF). It has been found that assumed PDF’s are unable to
reasonably calculate higher order terms such as those containing chemical production
source terms [3]. Evolution PDF’s on the other hand may be able to accurately calculate
these terms, but the cost in computation time increases dramatically, potentially by a
factor of ten. Considering these limitations, a modeling approach is adopted in the
interest of saving computational time and retaining the effects of the terms [65]. The
method in general provides good agreement with validation experiments. The
turbulence/chemistry interaction terms, along with their corresponding models, are listed

below. The term that appears in the enthalpy variance equation is:

> h'a,Ah,, = cw\/hj > @,Ah,, (2.61)



26

The term that appears in the concentrations variance equation is:

Y'e =C Y72a>_ 2.62
m~’m Y.8 m m ( )

For both of these models, @ is calculated using the mean temperature and mass

m

fractions. Refer to Table 2.3 and Table 2.4 for the model constants.

2.6 Complete Equation Set

Once the six turbulence equations are incorporated into the reacting gas equation
set, the result is a system of 10 + NS coupled nonlinear partial differential equations. For
a detailed explanation of the solution methods employed, refer to Appendix E. Just as
before, the system of equations can be written in compact vector form for a generalized

coordinate system. See Equation (B.2). Refer to Appendix D for these vectors.

2.6.1 Solution Methods

A finite volume method is used to solve this set of equations. An Essentially
Non-Oscillatory (ENO) and/or Total Variation Diminishing (TVD) scheme is used in
conjunction with the Low Diffusion Flux Splitting Scheme (LDFSS) of Edwards, and the
system is advanced in time using a planar implicit scheme. The viscous and diffusion
terms are evaluated using central differences.

An alternate version of the code was developed, which solved the turbulence
equations separately. The species, momentum, and energy equations were solved using
the planar implicit scheme, then the six turbulence equations were solved sequentially
using a three-dimensional scheme. This modified version requires much smaller CFL

numbers to keep the residual from increasing, so the result is a trade off. The code runs
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much faster, but with a smaller CFL. Alternatively, the modified version does use a
significantly smaller amount of memory due to the fact that a smaller matrix needs to be
inverted. Thus, the availability of computer resources determines the more efficient
solution method. Appendix E contains a more detailed explanation of the numerical

formulation.
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3 Experimental Overview

This chapter describes the experiments that are used for model validation in the
present study. A number of cases have been examined, including two-dimensional,
axisymmetric, and three-dimensional mixing and combustion experiments. The sections
below describe the various experimental configurations as well as the measurement

techniques used.

3.1 Burrows and Kurkov Experiment

The first experiment is the Burrows and Kurkov supersonic combustor [7]. This
combustor is two-dimensional with axial fuel injection along the bottom wall. A

schematic of the experiment can be seen in Figure 3.1.

A
8.90cm 0.476cm total height
170.400 cm open height 10.48cm
[ 7
35.60cm
H2 Injection

Figure 3.1: Schematic of Burrows and Kurkov Supersonic Combustor
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Hydrogen fuel is injected through a nickel injector parallel to the main vitiated air flow.
The Mach number of the main flow is 2.44 and the static conditions at the entrance to the
test section are a pressure of 1 atm and a temperature in the range 1250-1270 K. The
hydrogen fuel is injected at Mach 1 and is pressure matched. The stagnation temperature
of the fuel is only slightly above the ambient temperature.

The main experimental measurements that are used for comparison in this study
are various vertical profiles at the center of the exit of the test section. Of particular
interest are the volume fractions of O,, Hy, N,, and H,O, since these indicate the size and

location of the flame at the exit of the combustor.

3.2 OSD - Test Media Effects Experiments

The second set of experiments is part of the Office of the Secretary of Defense’s
(OSD) Test Media Effects (TME) program [18]. The purpose of this program is to
examine the effects of the differences between ground and flight tests of supersonic
combustors. In particular, the use of vitiated air in place of regular air and it’s effects on
flame holding and other aspects of performance related to chemical kinetics [14][16].
Vitiated air is the result of hydrogen burning in oxygen enriched air. This technique is
used to raise the enthalpy of the incoming gas to that of hypersonic flight conditions. A
Schematic of the OSD-TME experiment is shown in Figure 3.2.
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Figure 3.2: Schematic of OSD-TME Experiment

The center jet in this axisymmetric device outputs vitiated air at Mach 1.6. The test
enthalpies range from Mach 5 to Mach 7 flight. The fuel is injected at low subsonic
speeds through a coflow nozzle angled 30° toward the main jet. The pressure at each of
the nozzle exits is atmospheric and the total temperature in the colfow nozzle is near
ambient. Experiments were conducted without coflow fuel, as well as with hydrogen
alone, ethylene alone, and a hydrogen/ethylene mix. The runs chosen for simulation are

listed in Table 3.1.
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Table 3.1: OSD-Test Media Effects Experiment Conditions

Noun - Enthalpy B, (Pa) T, (K) e,
M27-M75 Mach5.5 402500 1218 — —
M79-M95 Mach5.5 429400 1376 — -

H57 Mach 5.5 414400 1319 1.0 —
E40a Mach6 421300 1523 0.7 —
E40b Mach 6 421300 1523 0.7 0.53

The cases without coflow fuel are referred to as mixing cases, indicated by the “M”

preceding the run number. Similarly, the case involving hydrogen only is preceded by an

“H,” and the case involving both hydrogen and ethylene is preceded by an “E.”

The measurement technique used in this experiment is a combination of dual

pump coherent anti-Stokes Raman spectroscopy (CARS) and interferometric Rayleigh

scattering (IRS) performed simultaneously using the same laser [4][56][57]. The CARS-

IRS technique allows for simultaneous and instantaneous measurements of temperature,

species concentrations, and two velocity components. To obtain these measurements, a

laser is focused on a single point within the flow field. The transmitted beam is then

observed with a camera and analyzed to obtain the conditions. The error associated with

these measurements is 50-100 K for the temperatures and 30-100 m/s for the velocities.

3.3 Lin Ethylene Mixing Experiment

The third case is that of Lin et al. [38]. The experiment consists of sonic ethylene

injection through a round orifice into a Mach 2 air stream. The purpose of Lin’s study

was to examine the effects of different types of flush wall injectors on plume size,
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penetration height, and fuel concentration. These properties play an important role in
ignition, flame holding, and other critical aspects of scramjet engine operation. Various
injector angles, diameters, and momentum flux ratios were examined in the original
experiment, but only one of those cases is simulated in the current work. The chosen
case employs a 3/16” diameter injector at an angle of 90° and a momentum flux ratio of
0.5. A schematic of this particular experimental configuration can be seen in Figure 3.3.
Note that the main stream temperature is such that no combustion takes place, as the

purpose of the experiment was to observe only the mixing characteristics.

Mach 2 Air
e

Ethylene

Figure 3.3: Schematic of Lin Ethylene Mixing Experiment

A Raman scattering technique was used to obtain the mixture fraction of the fuel
at four different planes perpendicular to the flow direction. The planes are 5, 10, 25, and
50 diameters down stream of the center of the jet. Mixture fraction is defined by the
following formula.

Z=(sY, =Y, +Y, ) /(sY,;,+Y,,) (3.1)
In the above equation, s is the stoichiometric oxidizer/fuel mass ratio, defined by the
following.

s=(X OWO) (X fo/f) at stoichiometric condition (3.2)
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The subscript o denotes oxidizer and f denotes fuel, which are oxygen and ethylene in this
case. Y,o represents the mass fraction of oxidizer in the oxidizer stream, and Yy
represents the mass fraction of fuel in the fuel stream. In this case, they are 0.233 and 1.0

respectively.

Table 3.2: Inflow Conditions for Ethylene Mixing Experiment

Location =~ Mach Number Stagnation
Main Flow : 2.0 Pressure 0.2413 MPa
(Air) Temperature 299.8 K
Injector : 1.0 Pressure 0.1276 MPa
(Ethylene) Temperature 314.8 K

3.4 The SCHOLAR Experiment

The SCHOLAR experiments were performed at NASA Langley Research
Center’s Direct Connect Supersonic Combustion Test Facility (DCSCTF) [13][44][58].
The experiments were conducted with the intention of being used for CFD validation of
supersonic combustion. The model consists of hydrogen being injected at a 30° angle to
a vitiated air stream at Mach 2.0. The experiment was designed using the VULCAN
CFD code [61] with emphasis on avoiding large regions of subsonic flow. This resulted
in a situation where chemical reactions lagged mixing and combustion did not initiate
until far downstream of the injector.

The hydrogen is injected at Mach 2.5 and an angle of 30° to the vitiated air

stream. A schematic of the experiment is shown in Figure 3.4.
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Figure 3.4: Schematic of SCHOLAR Experiment

The planes at which CARS measurements are taken are labeled in this figure as well.
The planes are numbered 1, 3, 5, 6, and 7. The combustor consists of a straight isolator
section following the vitiated air nozzle. There is then a small outward step on the upper
wall followed by another short straight section. The remainder of the duct has a 3°
divergence on the top wall. The hydrogen injector is located at the beginning of the
divergent section. Note the different material utilized in the construction of the
combustor. The section around the hydrogen injector, reaching to just downstream of
plane 5, is made of copper. The remaining downstream section is made of steel. The
duct was not cooled and thus runs were limited to about 20 seconds, with the duct being
allowed to cool between runs. As a result of this, the wall temperatures are constantly
increasing with a rate depending on the location and local wall material. Measurements
are available for the wall temperatures as a function of time [13], but the simulation is not
time accurate, and thus these measurements cannot be used to provide a temperature
boundary condition. The specification of wall temperatures is discussed further in
Section 4.3.2. For clarification, a detail view of the hydrogen injector region is shown in

Figure 3.5.
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Figure 3.5: Detail of Vectored Hydrogen Injector

The enthalpy of the vitiated air stream is set to be that of Mach 7 flight and the
equivalence ratio is 1.0. Listed in Table 3.3 are the stagnation conditions and flow rates

for both the heater and the hydrogen injector.

Table 3.3: Inflow Conditions for SCHOLAR Experiment

Location Flow Rates Stagnation
Heater : 0.915+0.008 kg/s Air Pressure 0.765 + 0.008 MPa
0.0284 £ 0.0006 kg/sH, Temperature 1827 + 75K
0.300£0.005 kg/sO,
H, Injector : Corresponds to equivalence  Pressure 3.44 £ 0.065 MPa
ratio of 1.0 Temperature 302 £4 K

Along with pressure and temperature measurements along the four walls of the

combustor, two-dimensional slices of temperature and species mole fractions were
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extracted using the previously mentioned CARS technique. These measurements were
taken at a number of planes upstream and downstream of the hydrogen injector. The
slots through which the laser travels are located on either side of the duct at the distances
indicated in the figures above. Each slot is 4.8 mm wide and has a window mounted at
the Brewster angle to minimize reflections. To avoid condensation on the windows,
warm dry air is blown over the inside of the window between it and the duct wall. Some
of this may be entrained in the flow within the combustor, but has been decided to have
negligible effects. This air (~400 K) may skew the temperature measurements slightly
near the left and right walls however. Also, it turns out that the original measurements
for hydrogen mole fractions may contain errors and are thus excluded from analysis in

the current work.

3.4.1 Experimental Data Fitting

Experimental data fitting is an important issue when comparing with CFD
simulations. The CARS data has a large amount of scatter, thus many measurements are
required to obtain spatially resolved averages. Because it is not practical to accumulate a
large sample, numerical techniques were used to smooth and present the data. A program
called Table Curve 3D® was used to generate the surface fits for the 2D array of data at
each plane. A large number of methods are available to generate these averages, many of
which are examined in reference [15] to determine the best option for the data that was
obtained. A preliminary CFD analysis was conducted in reference [17], and the methods
for comparison with computation and experiment were investigated in an attempt to
determine the best way to analyze the two sets of data. Figure 3.6 shows an example of
the CARS scatter data for temperature and the surface fit that has been applied to it. This
data represents a horizontal slice of plane 6 about half way between the top and bottom

walls (at y = 18.2 mm).
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Figure 3.6: Example of CARS Measurements and Curve Fit (Plane 6, y = 18.2 mm)

3.5 HyShot Experiment

The final experiment was performed by researchers in the HyShot program at the
University of Queensland, in Australia [45][46]. This experiment consists of a complete
scramjet engine model. A schematic of the model can be seen in Figure 3.7. The
purpose of these experiments, other than demonstrating sustained scramjet operation, was
not to produce optimal thrust, but rather to examine the effects of combustor height,
equivalence ratio, and freestream enthalpy on ignition and steady operation of the
scramjet engine. The overall design was driven by attempting to minimize drag, which
lead to flush wall fuel injectors, the absence of mixing enhancement devices, and an inlet
designed with two mild compressions, rather than one. The fuel injectors were placed on
the inlet ramp in an attempt to compensate for the lack of these mixing mechanisms. The

researchers attribute the successful operation of the engine to the “radical farming”
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phenomenon [45]. The side walls of the model in the inlet section are cut away in a “V”

shape to reduce boundary layer growth and allow the model to be self starting.

Combustor Nozzle

PRSI\

AN

Figure 3.7: Schematic of HyShot Engine Model

Fuel Injectors

The total length of the model is 0.625 m and the width is 0.075 m. There are a
total of eight sonic fuel injectors on the inlet surface, four on the top ramp and four on the
bottom ramp. These injectors are equally spaced between the side walls and angled 45°
with respect to the inlet surface. The inlet surfaces are inclined at 9° and 12°, while the
nozzle is a constant 9° expansion. The combustor height for the particular case presented
in the current work is 24 mm. The test conditions for this case are listed in Table 3.4.

The equivalence ratio for these conditions is 0.51.

Table 3.4: Inflow Conditions HyShot Experiment (#7678)

Inlet Fuel
M 6.42 M 1.0
P, 8958 Pa P, 1224835 Pa
T, 412 K T, 300 K
m 12755 kg/s m  0.18949 kg/s
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The only experimental data available for this case is the pressure along the center
of the lower wall. This case was also the subject of an in depth investigation by Star [55],

the results of which are also used for comparison in the current work.
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4 Implementation

The code used in the present work is called REACTMB [20], which has been
under development at NC State University for the past several years. It is a parallel
general purpose Navier-Stokes solver for multi-phase multi-component reactive flows at
all speeds. It employs a second order essentially non-oscillatory and/or total variation
diminishing scheme based on the Low Diffusion Flux Splitting Scheme (LDFSS) of
Edwards, which is described in Appendix E.

4.1 Multiblock Parallel Approach

Parallelization is achieved through domain decomposition. The grid is divided
into many smaller blocks, which are distributed among a number of processing nodes in a
computing cluster. The Message Passing Interface (MPI) is then used for communication
among processors [53]. The data from the edges of each block is passed to the processor
containing the adjacent block. The computations were carried out on the IBM Blade

Center at NC State University’s High Performance Computing Center.

4.2 Computational Geometry

The computational geometries for the five cases were generated using the

GRIDGEN® program. The grids were then automatically decomposed using a program
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developed at NC State University. The distribution of blocks over the number of
processors allocated for the job is determined by a program called KMETIS [30].

4.2.1 Burrows and Kurkov Grid Geometry

The block layout and injector region detail for the Burrows and Kurkov
experiment can be seen in Figure 4.1. Note that the combustor region is the only
geometry information that is provided from the original experiment. The vitiated air
nozzle was generated through an iterative process with the goal of matching the boundary
layer thickness at the entrance to the test section. The hydrogen injector was generated

visually based on the provided schematics.

‘-—. Vitiated Air Nozzle —-—| Combustion Region ‘

— 11

Hydrogen Injector ———m

i

Figure 4.1: Block Layout and Detail for Burrows and Kurkov Experiment
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The refined grid consists of 15 blocks and contains 104,428 cells. As seen in Figure 4.1,
both the hydrogen and vitiated air nozzles are included in the solution. This was

necessary to provide realistic boundary layer profiles at the entrance to the test section.

4.2.2 OSD — Test Media Effects Grid Geometry

The block layout for the OSD-TME grid is shown in Figure 4.2. This grid
contains 74 blocks and 236,480 cells. The refined grid contains 122 blocks and 377,024
cells, but the refinement did not affect the solution, so the results presented in the current

study all utilize the 74 block grid.

B b

\

Figure 4.2: Block Layout for OSD-TME Experiment

The outflow boundary on the right is placed such that the supersonic jet has time

to return to a fully subsonic profile. This allows a single boundary condition to be used
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on the exit plane. The inflow boundary on the top left allows for entrainment and is
placed so as to not be affected by the area around the jet. The upper boundary is sloped
as it is so that it can be forced to be a subsonic outflow surface. If the boundary were
horizontal, it would not be possible to determine the boundary condition ahead of time.

The lower boundary is of course the axis of symmetry.

4.2.3 Lin Ethylene Mixing Grid Geometry

The block layout for the Lin ethylene mixing experiment can be seen in Figure
4.3. The Grid consists of 248 blocks and approximately 3.7 million cells. Only half of
the geometry is represented to take advantage of the symmetry. Only the nozzle and
lower wall represent physical geometry in this case. The size of the grid is such that the
regions of interest are captured, and that the boundaries do not interfere with those
results. Only the first three experimental planes are included in this region, due to the

fact that the fourth plane is 50 diameters downstream.
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Figure 4.3: Block Layout for Lin Ethylene Mixing Experiment

4.2.4 SCHOLAR Grid Geometry

The block layout for the SCHOLAR experiment is shown in Figure 4.4. The
figure also shows a detail of the hydrogen injector with all grid points activated. A
“butterfly” type grid topology is used in this region to avoid singularities and oddly
shaped cells. Note that symmetry is used on the vertical centerplane so that only half of

the combustor needs to be modeled.
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Figure 4.4: Block Layout and H; Injector Detail for SCHOLAR Experiment

The grid for this case employs 378 blocks and approximately 7.5 million grid points. It
runs on 50 processors. For clarification, a view from the side of the symmetry plane is

shown in Figure 4.5, including the survey planes for the CARS system.
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x=1234.2mm

Figure 4.5: SCHOLAR Block Layout with CARS Survey Planes Highlighted

4.2.5 HyShot Grid Geometry

The block layout for the HyShot experiment can be seen in Figure 4.6. The grid
employs 400 blocks and 5.43 million cells. The left and top boundaries, as viewed in
Figure 4.6 are both symmetry planes, so the computational model is only one quarter of
the experimental model. The blue set of blocks is the inlet section and the green set of
blocks to the right is the “spillage” region required for the “V” shaped cutout of the side
walls. Note that the side walls in the computational model are infinitely thin. Also,
rather than modeling the hydrogen injectors exactly, a different boundary condition is
employed on the wall over the region where each injector would be, imposing a uniform

sonic fuel injection profile.



47

Figure 4.6: Block Layout for HyShot Experiment

On the experimental model, the circular fuel injectors intersect the inlet surface at a 45°
angle, thus forming an ellipse. For simplicity, the injectors are modeled as rectangles, but
with the same area as the experimental injectors, thus the mass flow rate of fuel is the

same.

4.3 Boundary Conditions

For the representation of boundary conditions, the ghost cell method is employed.
Rather than imposing boundary conditions directly on the fluxes at a wall or fluid

interface, an imaginary cell on the opposite side of the boundary is created. The data in



48

these cells is defined in a way such that the flux at the interface between them
corresponds to the physical boundary conditions, such as the no-slip velocity condition
and constant or adiabatic wall temperature. When higher order flux reconstruction
schemes are used, multiple layers of cells may be required. The code can accommodate

up to three layers of ghost cells.

4.3.1 Symmetry

Since symmetry is utilized to reduce the computational complexity in a number of
the present cases, a symmetry boundary condition is necessary. This is achieved by
simply copying all scalar properties into the ghost cells from the interior cells. Care must
be taken with the velocity vector in that it must be mirrored across the symmetry plane

rather than simply copied.

4.3.2 Wall Boundaries

A number of different wall boundary conditions are required for the present

simulation. The first condition corresponds to the no-slip condition.

uw = VW = WW = 0 (4' 1)
op
it ofl 4.2
~ (4.2)

The direction normal to the wall is represented by n. The velocities become zero at the
wall by applying the negative of all three velocity components to the ghost cells. The
zero pressure gradient is enforced by simply setting the ghost cell pressure to the nearest

internal cell pressure. Higher order approximations of this are also possible.
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For the species equations, the normal concentration gradient must be zero at the
wall.

oY,
on

w

=0 (4.3)

This is enforced in a manner similar to the pressure.

There are various options for the wall temperature. The first and simplest
condition is an adiabatic wall. Since the species diffusion velocity in the normal
direction, at the wall, must be zero, the heat flux in the normal direction, at the wall, is
proportional to the temperature gradient. This means that the normal temperature
gradient at the wall must be zero for it to be adiabatic. Conditions similar to the pressure
and mass fractions can be used for this. The second possibility is to have an isothermal
wall, meaning that the temperature is constant. To accomplish this, the temperature is
extrapolated from the first internal layer of cells through the wall into the ghost cell.
Many times this can result in a negative temperature in the ghost cell. This of course
must be limited to a small positive value, or the calculation of the viscosity or other
thermal properties in that cell will cause the program to crash. A third option is the
isothermal ghost cell wall. This is somewhere between an adiabatic wall and an
isothermal wall. The wall temperature is allowed to change but still remains close to the
specified ghost cell value.

For the turbulence model, k£ = 0 at the walls. For {, the wall condition reduces to

0 ok
Vo = on [V 811)

The boundary conditions for the variable turbulent Prandtl/Schmidt number models are

the following.

(4.4)

w

~~

similar to those of the k- model. oy and A"* must be zero at the walls, and a condition

similar to Equation (4.4) holds for the dissipation rates.
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4.3.3 Subsonic Inflow and Outflow

For cases with vitiated air nozzles, and/or fuel nozzles, the inflow boundary is
likely subsonic. For grid aligned subsonic flow, there are two characteristics that
propagate in the flow direction and one characteristic that propagates backwards, out of
the domain [26]. The two characteristics in the flow direction are held constant in the
ghost cells, while the third is calculated for the interior cells and extrapolated into the
ghost cells. The ghost cell properties are then recalculated given this information. The
upstream entrainment boundary for the OSD-TME experiment is also subsonic.

For the k- turbulence model, the incoming turbulence intensity 7u and the initial
turbulence scale (v, / v) must be specified. Similarly for the variable turbulent Schmidt
number and turbulent Prandtl number models, initial quantities must be specified by
similar means.

Only the OSD-TME experiment requires the use of subsonic outflow boundaries.
The upper and downstream boundaries are both subsonic. In these cases, the two
characteristics in the flow direction are propagating out of the domain, and the third one
is moving into the domain. The first two characteristics are calculated in the interior cells
and extrapolated to the ghost cells, while the third is held constant based on a specified
back pressure. The properties in the ghost cells are then recalculated given this

information.

4.3.4 Supersonic Inflow and Outflow

Supersonic inflow is required for the Lin ethylene mixing experiment and the
HyShot experiment. This is much simpler than the subsonic case, as all three
characteristics are propagating in the flow direction. All properties in the ghost cells are

simply held constant. This is also known as a “Dirichlet” boundary condition [26].
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For supersonic outflow, the opposite is true. All characteristics are propagating
out of the domain, and thus all properties must be extrapolated to the ghost cells from the
interior. This condition is usually referred to as “extrapolation.” All of the outflow
boundaries used in this study are supersonic, except for the OSD-TME case. The
extrapolation condition is also used in cases where the flow is mostly parallel to the

boundary, but far from regions of interest in the flow so as not to influence the solution.

4.3.5 Special Cases

There are two special cases in the current work, both involving the HyShot
experiment. The first, as mentioned in Section 4.2.5, is for the fuel injectors. A sonic,
Dirichlet, boundary condition is imposed over the area of the injectors, in cells that would
normally be considered wall boundaries. A uniform flow of hydrogen is imposed at 45°
to the inlet surface. The condition had to be hard coded for this case. The second
condition pertains to the “V” shaped cutout of the side wall in the inlet. Since the blocks
composing the inlet and the blocks composing the spillage region are continuously
connected, the solver would typically assume these were continuous fluid interfaces. For
this specific case, an equation is supplied to specify the location of the wall. For cells on
the interface that should be part of the sidewall, the normal continuous fluid interface

boundary condition is overridden with the wall conditions described in Section 4.3.2.
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5 Results and Discussion

This chapter presents the results that have been obtained using the procedures and
models described in the previous chapters for the five experiments. Below is a list of the

important factors investigated in this work.

¢ Role of turbulence/chemistry interactions.

¢ Role of chemical kinetic mechanisms.

e Role of the compressibility term.

e Variable vs. constant turbulent Prandtl/Schmidt numbers.

¢ Grid resolution and refinement.

e Wall temperatures and thermal boundary conditions.

e Specification of various inflow conditions such as turbulence intensity, turbulcne

scale (v;/v), and OH concentration.

5.1 Burrows and Kurkov Experiment

The first experiment is the supersonic combustor of Burrows and Kurkov [7]
described in Section 3.1. The key aspect of this investigation is the role of
turbulence/chemistry interactions. Of the available experimental data, the species mole
fraction profiles at the combustor exit are of main interest. For both of the simulations,
the turbulence equations are included in the time advancement scheme. Note that both
cases also utilize the Jachimowski chemical mechanism, as the chemical model was

found to have a minimal effect on the solution.



53

5.1.1 Without Turbulence/Chemistry Interactions

The first simulation employs the full model as presented above, with variable
turbulent Prandtl and Schmidt numbers. For the case without turbulence/chemistry
interactions, the computed and measured species mole fractions at the combustor exit can
be seen in Figure 5.1. The location of the flame, as indicated by the peak concentration

of H,O, is considerably closer to the wall than the experimental flame location.
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Figure 5.1: Species Profiles in the Absence of Turbulence/Chemistry Interactions for

Burrows and Kurkov Experiment (Jachimowski)

The computed H,O mole fraction distribution can be seen in Figure 5.2. Note that
the ignition location is approximately 3 cm from the entrance of the combustor. Figure

5.3 shows the computed eddy viscosity, turbulent diffusion coefficient, and turbulent
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diffusivity. These three plots have the same exponential contour level distribution so that
they may be compared directly to one another. The turbulent Schmidt and Prandtl
numbers are simply ratios of these values. The computed turbulent diffusion coefficient
is nearly constant throughout the combustion region, while the computed turbulent
diffusivity appears to follow the same trend as the flame itself, in that areas with higher

H,O concentrations, the turbulent diffusivity is higher.
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Figure 5.2: Computed H,O Mole Fraction Contours in the Absence of

Turbulence/Chemistry Interactions for Burrows and Kurkov Experiment (Jachimowski)
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Figure 5.3: Computed Eddy Viscosity (top), Turbulent Diffusion Coefficient (center), and

Turbulent Diffusivity (bottom) in the Absence of Turbulence/Chemistry Interactions for

Burrows and Kurkov Experiment (Jachimowski)
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5.1.2 With Turbulence/Chemistry Interactions

The second simulation employs the full model as described above, including the
modeling of turbulence/chemistry interactions. The species profiles at the combustor exit
are shown in Figure 5.4. This simulation shows excellent agreement with the measured
flame location. The peak value of H,O also matches quite well. The only discrepancy in
this simulation is the flame thickness. The difference in the computed and experimental
data near the wall indicates that the computed flame is somewhat thinner than the actual

flame.
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Figure 5.4: Species Profiles in the Presence of Turbulence/Chemistry Interactions for

Burrows and Kurkov Experiment (Jachimowski)
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The computed H,O mole fraction contours for the case with turbulence/chemistry
interactions is shown in Figure 5.5. The thickness and peak of the flame both increase in
this case, while the ignition location remains unchanged. Similar to the above
presentation, the eddy viscosity, turbulent diffusion coefficient, and turbulent diffusivity
are show for this case in Figure 5.6. With the addition of turbulence/chemistry
interactions, there is a dramatic increase in the turbulent diffusivity throughout the flame
region, while the turbulent diffusion coefficient only shows a slight increase near the
center of the flame.

Note that the floor value for both the turbulent Prandtl and Schmidt numbers in
this case is 0.05. This is accomplished through limiting the maximum turbulent
diffusivity and turbulent diffusion coefficient to be less than or equal to twenty times the
computed eddy viscosity. In the enthalpy variance equation, the turbulence/chemistry
interaction term acts as a production term when there is even a slight amount of
combustion occurring. This increases the calculated turbulent diffusivity to a level much
higher than even 20 times the eddy viscosity. Thus, the Prandtl number always reaches

the specified floor value throughout any combustion region.
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Figure 5.5: Computed H,O Mole Fraction Contours in the Presence of

Turbulence/Chemistry Interactions for Burrows and Kurkov Experiment (Jachimowski)
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Figure 5.6: Computed Eddy Viscosity (top), Turbulent Diffusion Coefficient (center), and
Turbulent Diffusivity (bottom) in the Presence of Turbulence/Chemistry Interactions for

Burrows and Kurkov Experiment (Jachimowski)
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The same calculation, including turbulence/chemistry interactions, was also
carried out using the Connaire mechanism. The computed and measured species profiles
are shown in Figure 5.7. Note that there is very little difference in the flame thickness,

flame size, and peak H>O mole fraction for the two chemical models.
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Figure 5.7: Species Profiles in the Presence of Turbulence/Chemistry Interactions for

Burrows and Kurkov Experiment (Connaire)

5.2 OSD-Test Media Effects Experiment

The second set of experiments is part of the OSD-Test Media Effects (OSD-TME)
program described in Section 3.2. The particular cases investigated are listed in Table

3.1. All of the following simulations utilize the full presented model, and the turbulence
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equations are included in the time advancement scheme. These experiments are unique
in that they involve both the combustion of hydrogen and ethylene. For each case two
separate chemical models are considered. These models are described in detail in Section

2.4.

5.2.1 Mixing Cases

The first set of runs simulated only utilizes the main vitiated air jet, with no
coflow fuel. These are known as the mixing cases. There are two sets of data for the
mixing cases of the OSD-TME experiments. The first set contains radial temperature
profiles at eight different streamwise locations. These measurements were obtained using
the CARS portion of the CARS-IRS system. The second set of data contains two
components of velocity along the centerline and along two radial profiles. These
measurements were obtained using the IRS portion of the CARS-IRS system. The
average stagnation temperature for the near field measurements, which were taken in runs
M27-M75, is significantly lower than the average for the far field measurements, which
were taken in runs M79-M95. The same trend is observed in the stagnation pressure.
Simulations were carried out using both of these averages and are presented together with
the experimental data. The target enthalpy for these cases is that of Mach 5.5 flow.

Figure 5.8 shows measured and computed temperature profiles for eight different
streamwise locations. For the most part, there is good agreement. Note that there is
some asymmetry in the experimental data. This is most likely due to a shifted reference
point in the measurements, not an asymmetry in the jet itself. Also note the appearance
of two different experimental profiles at the 40 cm station. This has been attributed to the
fact that half of the measurements came from the higher average temperature runs.
Figure 5.9 shows the 40 cm station only. The black symbols and line represent the
“upstream” measurements, which were at a lower stagnation temperature, and the red

symbols and line represent the “downstream” measurements, which were taken at a
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higher stagnation temperature. Predictions are within the standard deviation for all but

three points.
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Figure 5.8: Computed and Measured Temperature Profiles for OSD-TME Mixing Cases
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Figure 5.9: Radial Temperature Profiles at 40 cm Station for OSD-TME Mixing Cases

Figure 5.10 shows the measured and computed axial velocities along the
centerline of the jet. The measured velocities are significantly higher than either of the
computed profiles. This cause of this difference is unknown. Given the measured
temperatures along the centerline, these velocities correspond to approximately Mach
1.8-1.9 flow. The nozzle is designed for Mach 1.6 operation, which both of the
simulations predict. The two radial profiles, at x/d = 2.6 and x/d = 11, are shown in
Figure 5.11. As expected, the agreement is poor near the centerline, with slightly better
agreement further from the center. Note that the experimental points in this case are the
average of very few measurements, and at the x/d = 11 location, the points off the

centerline are only a single measurement.
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Figure 5.10: Computed and Measured Centerline Axial Velocity for
OSD-TME Mixing Cases
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The computed H,O mole fraction distribution is shown in Figure 5.12. For
reference, the right side of this figure is at approximately 83 cm. Figure 5.13 shows the
computed eddy viscosity and turbulent diffusion coefficient. Again, these two plots have
the same contour levels so that they may be compared directly. Note that the enforced
Schmidt number range is between 0.2 and 1.0, so the turbulent diffusion coefficient is

restricted to the range between v; and five times v,.
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Figure 5.12: Computed H,O Mole Fraction Contours for OSD-TME Mixing Cases
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Figure 5.13: Computed Eddy Viscosity (top) and Turbulent Diffusion Coefficient (bottom)
for OSD-TME Mixing Cases

5.2.2 Hydrogen only Case

The second run simulated involves the injection and combustion of hydrogen

only. While there is no experimental data for run H57 of the OSD-TME experiment, an
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infrared image is included for qualitative comparison. This image can be seen in Figure
5.14. The hydrogen is injected at atmospheric pressure and temperature with a mass flow
rate corresponding to an equivalence ratio of 1.0. The target enthalpy for this case is that

of Mach 5.5 flow.

Figure 5.14: Infrared Image of OSD-TME Run H57

The purpose of these computational runs is to compare the two hydrogen/air chemical
models. Figure 5.15 shows the computed H,O mole fractions for each of the chemical
models, with Jachimowski on the top half and Connaire on the bottom half. Note that
while the solutions are similar, the Connaire model is much less likely to auto-ignite. In
this case, it was restarted from an ignited Jachimowski run, at which point it sustained the
combustion and produced similar results to those of the Jachimwoski mechanism. The
results observed in these figures also suggest a degree of unsteadiness in the vicinity of

the fuel injector. These oscillations do not affect the size, shape, or ignition location of
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the flame downstream, but ideally the computed solutions should be the average of a

time-accurate simulation. However, the current computer resources do not allow this.
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Figure 5.15: Computed H,O Mole Fraction Contours for OSD-TME Run H57

Figure 5.16 shows the computed eddy viscosity for these runs and the turbulent
diffusion coefficient and turbulent diffusivity are shown in Figure 5.17. The turbulent
diffusion coefficient is slightly higher than the eddy viscosity in the flame region
indicating a turbulent Schmidt number lower than one, but the turbulent diffusivity is
exactly five times the eddy viscosity throughout the flow field, meaning that the turbulent
Prandtl number is being limited to 0.2 everywhere. This is the same behavior observed in
the above simulations. It is clear that the turbulent Prandtl number is quite sensitive to
the turbulence/chemistry interaction term. The model constants contained in this term
may need to be adjusted in the future to avoid such severe limiting of the turbulent

diffusivity.
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An additional run was performed using the Jachimowski mechanism on a refined
grid, which doubled the number of cells in the streamwise direction. The ignition

location and the overall solution remained unchanged.
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Figure 5.16: Computed Eddy Viscosity Contours for OSD-TME Run H57
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Figure 5.17: Computed Turbulent Diffusion Coefficient (top) and Turbulent Diffusivity
(bottom) Contours for OSD-TME Run H57

5.2.3 Hydrogen/Ethylene Mixture Case

The third run simulated of the OSD-TME experiments is run E40. This run is
split into two phases, E40a and E40b. During the first phase, the coflow contains only
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hydrogen, with a target equivalence ratio of 0.5. During the second phase, which is
initiated after steady combustion is achieved in the first phase, ethylene is added to the
coflow fuel such that it contains both hydrogen and ethylene each with a target
equivalence ratio of 0.5. The actual equivalence ratios for this particular run can be seen
in Table 3.1. Note that the target enthalpy is that of Mach 6 flow. A visible image of

each phase is shown in Figure 5.18.

Figure 5.18: Visible Images of Run E40, Phase A (top) and Run E40, Phase B (bottom)
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As with run H57, there is no quantitative data available, and similarly, this case is
used as a comparison of the two reduced ethylene mechanism described above, the 15
species model of Gakulakrishnan et al. and the 22 species model of Zambon and
Chelliah. These models are described in detail in Sections 2.4.2.1 and 2.4.2.2. Figure
5.19 shows the H,O contours for run E40a, where only hydrogen is present in the coflow
fuel. The 15 species model is on top and the 22 species model is mirrored on the bottom.
The 22 species model predicts a much earlier ignition and an overall smaller flame. The
same trend is observed for run 40b, which is shown in Figure 5.20. The structure is
essentially the same, but for the 22 species model, the ignition location moves slightly
downstream when the ethylene is introduced. Referring back to visible images in Figure
5.18, this slight movement is to be expected. There is again obvious unsteadiness in the
region around the injector, but as with the previous case, the flame shape, size, and

ignition location are not affected.
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Figure 5.19: Computed H,O Mole Fraction Contours for OSD-TME Run E40, Phase A
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Figure 5.20: Computed H,O Mole Fraction Contours for OSD-TME Run E40, Phase B

5.3 Lin Ethylene Mixing Experiment

The third experiment, as described in Section 3.3, is the Lin ethylene mixing
experiment [38]. The simulation is compared with experimental data as well as with
simulations performed by Boles et al. [5] using an LES/RANS hybrid model. The
computed air density on the center plane is shown in Figure 5.21. This figure is included
to show the general structure of the flow and to indicate the locations of the measurement
planes. The computation utilizes the full presented model, and the turbulence equations

are included in the implicit time advancement scheme.
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Figure 5.21: Air Density Contours on Center Plane for Lin Experiment

5.3.1 Comparison with Experiment

The first and only experimental comparison for the Lin ethylene mixing
experiment is the ethylene mixture fraction, as measured by a Raman scattering technique
on the three planes. The comparison is shown in Figure 5.22. On the left are the
measured quantities, and on the right are the contours computed using the current model.
The top, middle, and bottom frames correspond to the 5, 10, and 25.3 diameter locations.
Mixture fraction, which is similar to volume fraction in this case, is defined by Equation
(3.1). The black line on the figure represents the stoichiometric mixture fraction, which

is 6.36% in the case of ethylene and oxygen.
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Figure 5.22: Experimental (left) and Computed (right) Ethylene Mixture

Fraction for Lin Mixing Experiment

There is fair agreement between experiment and computation here. At the five diameter
station, the computation shows a greater degree of mixing than the experiment, but
moving further downstream, the computed profiles do not spread as quickly as indicated
in the experiment. The penetration distance is matched fairly well, but with an obvious
overshoot at the first plane.

The mixing of fuel and air in this type of experiment is heavily dependent on the
turbulent Schmidt number. The computed Schmidt numbers are shown in Figure 5.23.
As can be seen, the value of the turbulent Schmidt number varies greatly, from a
minimum value of approximately 0.5 to a maximum of 1.0. The fact that the values in
the first plane are lower than those downstream supports the trend of excessive initial
mixing, followed by moderate mixing downstream. The actual computed values of eddy
viscosity, turbulent diffusion coefficient, and turbulent diffusivity are all very similar in

this case and are therefore not included.
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Figure 5.23: Computed Turbulent Schmidt Number Contours for Lin Mixing Experiment

5.3.2 Comparison with LES/RANS Hybrid Model

The LES/RANS model used by Boles is a higher fidelity model in that it resolves
the large scales of turbulence and models the smaller scales, rather than modeling all of
the turbulence scales. The simulation is time accurate, but also uses constant turbulent
Prandtl and Schmidt numbers of 0.9 and 0.9. The LES/RANS simulation employs a grid
with 19.96 million cells, as opposed to 3.7 million for the present method. This large
difference is typical LES versus RANS computational grids. Figure 5.24 shows
computed mixture fraction contours for both the LES/RANS hybrid model and the
current model. Unlike the present model, the LES/RANS model shows a higher

concentration of ethylene in the first plane than the experiment. However, the
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downstream mixing predictions are much closer to the experimental values for the
LES/RANS model. This discrepancy in the computations of the present model is likely

due to large scale unsteady motion that the steady solver cannot capture.
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Figure 5.24: Calculations of LES/RANS Model (left) and Present Model (right) Mixture

Fractions for Lin Mixing Experiment

Also available from the LES/RANS computations are averages of the turbulent

mass fluxes, pu'Y. This direct average obtained from the LES/RANS computations is

compared with the computations of the current model using the relation in Equation
(F.15). The comparison of the magnitude of the turbulent mass flux vector can be seen in
Figure 5.25. The shape of the structures is similar, but there is a difference in magnitude.
This difference could be due to the fact that the present model assumes that the turbulent
mass flux vector is proportional only to the species gradient, while in reality, it is affected

by temperature and pressure gradients as well.
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Figure 5.25: Computed Turbulent Mass Flux Comparison for Lin Mixing Experiment

5.4 SCHOLAR Experiment

The vectored injection SCHOLAR experiment has been the subject of many past
investigations. The findings of those previous studies and how it applies to the inflow
and boundary conditions in the current work will be discussed in Section 5.4.1, while the
latest results will be discussed in Section 5.4.2. All of the simulations of this experiment
utilize the full presented model, and the turbulence equations are solved separately from
the other equations. The current results employ only the Jachimowski mechanism, but
previous studies have studies have shown that there is very little difference between the

Connaire and Jachimowski mechanisms [34].
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5.4.1 Inflow and Boundaries

As mentioned above, one of the factors investigated was the effect of the inflow
conditions on the solution. The sensitivities of several parameters were examined. First

is the initial turbulence intensity, which is defined as:

Tu=100,|2 %= (5.1)

2
u

This term is basically used to specify the initial turbulent kinetic energy. Some
turbulence models are sensitive to this value, but the £-{ model is not. Values from 5% to
25% were inspected. Little to no influence on the solution was observed. The second
factor, the initial turbulence scale (v; / v)s, also had only a minor impact on the solution.
The pressure along the bottom wall in the combustor section seemed to be loosely related
to the specification of this value. Values from 5 to 2000 were used. In the lower range,
from 5 to 500, the pressure increased very slightly with an increase in (v;/ v).. However,
any increase above 500 did not seem to change the solution. Finally, the effects of
freestream OH concentration were observed. Other than the baseline case, where the
freestream OH mass fraction was zero, values from 1.0x10° to 1.0x107 were considered.
It was observed that the degree of combustion increased with the addition of OH in the
freestream composition. This, in turn, produced higher pressures in the combustor.

The freestream turbulence intensity was set to 25% for all of the runs presented
here, and the turbulence scale was 2000. The freestream OH mass fraction was 1.0x107.
A uniform distribution was used for all properties at the nozzle entrance, including the
turbulence quantities mentioned above. The species concentrations, total temperature,
and total pressure were obtained using a one-dimensional calculation that assumed
complete combustion and no thermal losses, given the flow rates of hydrogen, oxygen,
and air into the combustor.

The experimental data set included a pitot pressure profile for the vitiated air

nozzle exit. The quality of the flow in the combustor clearly depends on how well the
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nozzle output can be matched. Figure 5.26 shows the computed and experimental

profiles, and there is good agreement between the two.
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Figure 5.26: Pitot Pressure Profile at Vitiated Air Nozzle Exit for SCHOLAR

A final general consideration is how the wall temperatures were specified. The
first attempt employed the adiabatic wall temperature for all surfaces. This was simple to
implement, but resulted in wall temperatures and temperatures in the near wall region to
be much higher than the experimental values. This is undesirable, since colder walls
would remove energy from the flow, and thus could have a substantial effect on the flow
downstream in the combustor.

The second option explored for the wall temperature was the use of a constant
wall temperature. This is a difficult assumption to make since the wall temperature is
varying throughout the geometry of the combustor due to material differences and the
fact that the walls are uncooled and constantly increasing in temperature. The final

solution was to use a constant ghost cell temperature method. This holds the actual wall
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temperature close to the specified value, but lets it increase slightly as the temperature in
the boundary layer increases. Rather than specify a single temperature for the entire
system, the code was modified to allow different temperatures for different portions of
the duct. In Figure 5.27, taken from reference [13], the wall temperatures in different
sections of the combustor are listed against the run time. Using this data, approximate
average temperatures were chosen for each section of the combustor. In the hydrogen
injector, a ghost cell temperature of 300 K was used due to the low stagnation
temperature. Recall the combustor materials mentioned in Section 3.4. A temperature of
500 K was used for the copper section and 700 K was used for the steel section. All of

the previous studies as well as the current work employ the isothermal ghost cell method.
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Figure 5.27: Wall Temperature vs. Run Time at Three Locations (Ref [13])

A final consideration is the use of the compressibility correction in the underlying

turbulence model. Previous simulations have shown that excluding either of the
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compressibility terms in the £ equation result in an unstart. All of the present simulations

use the modeled terms and constants described in Section 2.5.1.

5.4.2 Current Results

As explained in Section 3.4, there are two main sets of experimental data for the
SCHOLAR experiment, pressure data along the center of the bottom wall and CARS
measurements on the five planes indicated in Figure 4.5. The CARS measurements
include temperature and absolute mole fractions of nitrogen and oxygen. The computed
and measured pressure distributions along the bottom wall are shown in Figure 5.28.
While there are some obvious excessive shock reflections in the region from x = 0.4m to
x = 0.6m, the overall pressure distribution is matched quite well, especially in the

downstream section.
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Figure 5.28: Computed and Measured Pressure Distribution for SCHOLAR
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The surface fits of the CARS temperature measurements are shown in Figure
5.29. This data is shown here by itself to point out that the measured data is not
symmetric. The simulation makes use of the symmetry in the combustor and thus cannot

produce asymmetric results.

Figure 5.29: Surface Fits of CARS Temperature Measurements for SCHOLAR

Figure 5.30 shows the computed and measured temperature distributions on the
CARS measurement planes. The computed data is on the left half of each plane and the
experimental surface fits are on the right side of each plane. There is fair agreement
overall, but early ignition is indicated on the third plane. Note that the method of
generating the surface fit may eliminate sharp features such as those seen in the computed
contours. Regardless of this fact, early ignition could be an issue not only with the

model, but also, the grid, the chemical model, the time advancement scheme, etc.
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Ignition location of a standoff flame is a notoriously difficult problem for all of these
reasons. Species mole fraction contours for both nitrogen and oxygen are shown in

Figure 5.31. Again, the computed distribution matches the experimental surface fits well.

Figure 5.30: Computed (left) and Measured (right) Temperature
Distributions for SCHOLAR
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Figure 5.31: Computed and Measured Mole Fractions for Nitrogen (left) and
Oxygen (right) for SCHOLAR
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The computed turbulent Prandtl and Schmidt numbers can be seen in Figure 5.32.
Just as in other combustion cases, the Prandtl number reaches the floor value of 0.2
throughout the mixing and combustion region. In this case, the Schmidt number behaves
in a similar manner, but starts to recover toward the end of the duct. Note that the floor

value for the Schmidt number in this case is 0.33.

Figure 5.32: Computed Pr; (left) and Sc, (right) Contours for SCHOLAR

In this case, the values of the turbulent Prandtl and Schmidt numbers are not very
informative. Alternatively, the turbulent diffusivity and turbulent diffusion coefficient
are shown in Figure 5.33. With this presentation, it can be seen that the turbulent
diffusivity reaches its peak on plane 3, while the turbulent diffusion coefficient reaches

its peak slightly earlier, on plane 2.
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Figure 5.33: Computed Turbulent Diffusivity (left) and Turbulent Diffusion Coefficient
(right) for SCHOLAR

5.5 HyShot Experiment

The final experiment is the HyShot model scramjet described in Section 3.5. The
computed results are compared with both the experimental measurements and a
previously conducted simulation using constant turbulent Prandtl and Schmidt numbers.
The in depth investigation conducted by Star [55], employs the Jachimowski chemical
mechanism and Menter’s shear stress transport (SST) hybrid turbulence model [42]. The
simulation performed by Star is also time accurate, using a dual time stepping technique,
while the calculations of the present model are all steady state, using a local time stepping
technique. Star’s simulation used a turbulent Prandtl number of 0.9 and a turbulent

Schmidt number of 0.5. Both simulations use the same grid.
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5.5.1 Comparison with Experiment

The data used for comparison is the pressure distribution along the center of the
bottom wall. This particular run (#7678) resulted in steady-state sustained combustion.
This particular pressure distribution was recorded during the steady state operation, thus
explaining the use of a steady solver in the simulation. The computed and measured
pressure distributions are shown in Figure 5.34. The agreement is good through the inlet
and first half of the combustor, but from approximately x = 0.3 m to the exit of the

engine, the predicted pressure is lower than the measured pressures.

250000

I * Measured
| Computed
200000 -
o o
&‘ i }
o 150000 — + + }
5 L
] L
]
e - }
a L
© 100000 |-
- |
) L
w -
50000 [~
0 L l - l I —— l I l - l I —— l I l - I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

“x (m)

Figure 5.34: Computed and Measured Pressure Distribution for HyShot Case #7678

The discrepancy is most likely due to the lack of fuel combustion in the center of the
model. The outer fuel jet ignites in the first half of the combustor and the flame persists

through to the exit of the nozzle, but the inner fuel jet does not ignite. This can be seen in
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the computed temperature contours, which are shown in Figure 5.35. Note that only the
right half of the model is shown. The slice in the x-y direction is through the center of the
inner fuel injector, as is the first y-z slice. It is clear that only the outer fuel jet ignites,

and does not spread to the center of the model.
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Figure 5.35: Computed Temperature Contours for HyShot Case #7678

Figure 5.36 and Figure 5.37 show the computed turbulent Prandtl and Schmidt
numbers respectively. As observed in previous cases, the Prandtl number reaches the
floor value (0.2 in this case) in the combustion region. In the fuel jet that does not ignite,
the Prandtl number is initially low, and then recovers to approximately 1.0 by the exit of
the nozzle. The Schmidt number shows somewhat similar trends, varying from the floor
value of 0.2 to the maximum of 1.0. The eddy viscosity, turbulent diffusivity, and
turbulent diffusion coefficient, do not provide any unique information in this case,

therefore, they are not included.
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Figure 5.36: Computed Turbulent Prandtl Number for HyShot Case #7678
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Figure 5.37: Computed Turbulent Schmidt Number for HyShot Case #7678
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5.5.2 Comparison with Constant Prandtl/Schmidt Number Simulation

The computed centerline pressures for each of the simulations are in Figure 5.38
along with the experimental measurements. The two simulations are well matched
through approximately x = 0.3 m. The Star computation uses a Pr; of 0.9 and a Sc; of 0.5.
The constant Pr/Sc; model comes closer to the experimental values, and even over

predicts them near the exit of the combustor.
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Figure 5.38: Comparison of Present Model with Previous Constant

Pr¢/Sc, Simulation, HyShot Case #7678

To visualize the flow field inside the combustor, the magnitude of the pressure
gradient on the x-y center plane is plotted in Figure 5.39 for both computations. Note that
the shock reflections persist much further for the present model. This is likely due to the

lower level of mixing and/or combustion.
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Figure 5.39: Pressure Gradient Magnitude for Simulations of HyShot Case #7678
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6 Conclusions

The turbulence model employed in the current work removes uncertainties in
specifying the turbulent Prandtl and Schmidt numbers. Classic turbulence models
assume these numbers to be constant and they must be specified before hand. In reality,
these numbers are not constant, and the chosen values can have profound effects on the
solution. The model also accounts for turbulence/chemistry interactions, which have
been shown to be necessary for scramjet type flows. Compressibility terms are also
accounted for in the underlying turbulence model, an item which has received little
attention in the literature. The present results show that neglecting this term results in an
unstart condition for some experimental configurations. Despite these efforts to improve
the modeling, the prediction of ignition location is still difficult. Other factors such as
grid resolution and chemical kinetic models can also have a profound effect on ignition
location.

Excellent agreement is obtained for the Burrows and Kurkov case with the
modeled turbulence/chemistry interaction terms. When these terms are neglected, the
predicted flame location is much closer to the wall, and far from the experimental
profiles.

Good agreement is indicated for the temperature profiles measured in the OSD-
TME mixing experiments. However, the centerline velocity measurements are much
higher than any of the performed simulations. It is unknown whether this higher velocity,
corresponding to Mach 1.8-1.9, is a true physical phenomenon that the simulation is
unable to capture, or if there is simply an error in the measurement techniques. As for the
combustion cases, there is no quantitative data available, only infrared and visible
images. The hydrogen chemical mechanisms perform nearly identically at steady state,
but the Connaire mechanism will not ignite at the specified experimental conditions.

When artificially ignited, it produces the same results as the Jachimowski mechanism.
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The reduced ethylene mechanisms produce drastically different predictions of flame
shape, size, and ignition location, but unfortunately it is difficult to determine which is
more accurate without any quantitative experimental data.

For the three-dimensional mixing case of Lin, excessive mixing is observed in the
simulation between the nozzle and the first measurement plane. However, the mixing
downstream of the first plane is much lower that observed in the experiment. This
disagreement could be due to the inherent unsteady nature of normal injection.

Reflecting shocks tend to persist longer than observed in the experimental data for
the SCHOLAR experiment, as indicated by the surface pressure data, but this is found to
have a minimal effect on the downstream pressure and temperature solutions. Early
ignition is indicated in this case, which, as mentioned above, could have many causes.

Simulations of the HyShot scramjet model agree with experimental and previous
simulations through the inlet and first half of the combustor, but the predicted pressure is
far below the measured quantities through the rest of the model. This is likely due to the
fact that only the outer fuel jet ignites. Without ignition of the inner fuel jet, which is
closer to the centerplane pressure measurements, the simulation will not see the same
pressure rise experienced in the experiment. Again, this lack of ignition could be related
to the chemical model, or a variety of other aspects.

In general, fair to excellent agreement is indicated in all simulations. The model,
like any other turbulence model, can be further improved by comparing its predictions
with more varied and detailed experimental data, but it is believed that this model could

be used as a basis for future preliminary scramjet designs.
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Appendix A: Governing Equations Vectors

The first term, U , 1s the vector of conservative variables, which is as follows.

]
B Ps
pv
Yo%
L PE ]
The inviscid flux vectors are represented by E, F, and G.
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— P
- pNSVx,NS
TXX > FV =
T,
TXZ
uTxx + VTXy + WTXZ — qx
i - Ple,l
- pNSVz,NS
G T,
T,
TZZ
uTZX + VTZy + WTZZ —-q

- pry,l

- pNSVy,NS

z

y

103

(A.3)

Finally, S is the vector of source terms, which are only non-zero for the species

equations.

(%])
I

(A.4)

Note that the species densities can be written as either p,,, as it is here, or as the bulk

density times the species mass fraction, pY,,.
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Appendix B: Transformation to Generalized Coordinates

As written, the equations are only easily applicable on Cartesian grids. However,
the Navier-Stokes equations can be rewritten for a generalized coordinate system, which
can then be applied to any curvilinear grid without modification. This generalized

coordinate system is defined by three new coordinates: & =¢&(x,v,z), n=n(x,y,z), and
¢ =¢(x,y,z). This transforms the physical space of the problem to a Cartesian

computational space that has equal unit spacing in all three coordinate directions. The

partial derivatives can be represented by the following.

0 _960 om0 095 0
ox Ox o0& oOx on oOx 04
0 20 mo oo
dy 0y dg dydn Oy 0¢
0 _050 0n0 050
0z 0z 0& 0z om 0Oz 0¢

(B.1)

The metric derivatives, such as 0&/0x are represented using the shorthand &. The
transformed RANS equations are written here in the vector conservation form [26].
5_U+5(E—Ev)+a(F—Fv)+5(G‘Gv):§ (B.2)
ot o0& on o¢

The vector of conserved variables is defined by the following.
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The generalized inviscid flux vectors are defined as:
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(B.4)

(B.5)

(B.6)



Finally, the generalized viscous flux vectors are as follows.
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The turbulent Reynolds stress tensor, the turbulent species diffusion vector, and the

turbulent heat flux vector are represented here by T;;, Y, ; and Q; respectively. The

source vector is as follows.

[}
Il
<=

0
0
0

(B.10)

The contravariant velocity components are those that are defined in the grid aligned

coordinate system. These are defined below along with the contravariant species

diffusion velocities.

U,=¢V. +EV, +EV.

x’ x,m yoym

~ ~

Ve=nV..+ 77y17y’m + 77217”" m=12,.,NS
Wy =4V +¢ Vo +6 T,

Finally, the transformation Jacobian, J, is defined by:

L _0EnS)
o, y,2)

(B.11)

(B.12)

(B.13)

The inverse of the Jacobian, 1/J, can be interpreted as the cell volume and is evaluated as

such.



Appendix C: Chemical Kinetic Mechanism Parameters

Table C.1: Abridged Jachimowski Mechanism Reactions

=

[SS]

w

L

> X

=

SIS

H+OH+M «—— H,O+M
H+H+M «—H,+M

H,+0, «—OH +0OH
H+0,«—OH+0
OH+H,«—>H,O+H
O+H,«——OH+H

OH +OH <« H,0+0

Table C.2: Abridged Jachimowski Mechanism Parameters

Reaction A (cal/mol) n  E, (molcmsecK)

1 221E+22 =20 0.0

2 730E+17 -1.0 0.0

3 1.70E+13 0.0 48000.0
4 1.20E+17 -0.9 16800.0
5 220E+13 0.0 5150.0
6 5.06E+04 2.7 6268.0
7 6.30E+12 0.0 1090.0
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Table C.3: Connaire et al. Mechanism Reactions

=

LS}

W

(=)}

X
N

SRR

= 3w

=

s RN

[\S]

—_
(%)

H+0,«— O0+0H
O+H, «—— H+O0OH
OH+H, «—— H+H,0
0+ H,0 «—— OH +OH

H+M««—>H+H+M
O+0+M «—0O,+M
O+H+M «—OH+M

H+OH+M «— H,O0+M
H+0,+M «— HO,+M
H+0, «— HO,
HO,+H «—— H, +0,
HO, +H «<—— OH + OH

HO, +0 «—— OH + 0,
HO, + OH «— H,0 + 0,
HO, + HO, «+——— H,0, + 0,
HO, + HO, «+——— H,0, + 0,
H,0,+M «— OH +OH + M

H,0, «—— OH + OH
H,0,+H «— H,0+0OH
H,0,+H «— H,+HO,
H,0,+0 «— OH + HO,
H,0,+0H «— H,0+ HO,
H,0,+0H «— H,0+ HO,
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Table C.4: Connaire et al. Mechanism Parameters

Reaction A (cal / mol) n E, (mol cm sec K)
1 1.91E+14  0.00 16440
2 5.08E +4 2.67 6292
3 2.16E +38 1.51 3430
4 297E+6 2.02 1340
5 457E+19 -1.40 105100
6 6.17E+15 —-0.50 0
7 472E+18 —1.00 0
8 4.50E+22 -2.00 0

94 348E+16 —-0.41 -1120
9B 148E+12  0.60 0
10 1.66E+13  0.00 820
11 7.08E+13  0.00 300
12 3.25E+13  0.00 0
13 2.89E+13  0.00 —-500
144 420E+14  0.00 11980
14B 1.30E+11  0.00 -1629
154 1.27E+17  0.00 45500
15B 295E+14  0.00 48400
16 241E+13  0.00 3970
17 6.03E+13  0.00 7950
18 9.55E+6 2.00 3970
194 1.0O0E+12  0.00 0
198 5.80E+14  0.00 9560
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Table C.5: Connaire et al. Mechanism Third Body Efficiencies

Reaction  H,0 H, Ar/ He
5 12.0 2.5 1.0
6 12.0 2.5 0.83
7 12.0 2.5 0.75
8 12.0 0.73 0.38
9 14.0 1.3 0.67
15 12.0 2.5 0.45
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Table C.6: Gokulakrishnan et al. Mechanism Reactions

=

LS}

(%

N

=3

= 3w

=

SRR

Rl

C,H,+0, «——2CH,0
H+0,«— O0+0H
O+H, «— H+0OH

H,+OH «+— H,O+H
0+ H,0 «—— OH +0OH
Hy+M«—>H+H+M
H,+Ar «—— H+H + Ar

O+0+M «—O0,+M

O+0+Ar «—— O, + Ar

O+H+M «—OH+M

H+OH+M «— H,O+M
H+0,+M «— HO,+M
H+ 0, «— HO,
HO,+H «—— H, +0,

HO, +H «— OH + OH
HO, +0 «— 0, +OH
HO, + OH «—— H,0+ 0,
HO, +HO, «+—— H,0, + 0,
HO, +HO, «+—— H,0, + 0,
H,0,+M «— OH +OH + M
H,0, «—— OH + OH

H,0,+H «— H,0+0OH

H,0,+H «— HO,+H,

H,0,+0 «— OH + HO,
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Table C.6 (Continued)
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H,0, +0OH «—— HO, + H,0
H,0, +0OH «—— HO, + H,0
CO+0+M «——CO,+M
CO+0 «— CO,
CO+0,«—C0O,+0
CO+ HO, «+—— CO,+0OH
CO+0OH «+— CO,+H
HCO+M «— H+CO+M
HCO + 0, «+—— CO+ HO,
HCO+H «+— CO+H,
HCO+0 «— CO+OH
HCO +OH «— CO+ H,0
HCO+0 «—CO,+H
HCO + HO, «+— CO,+OH + H
HCO+HCO «+— H, +CO+CO
HCO + HCO «— CH,0+CO
CH,0+M «— HCO+H+M
CHO+M «—CO+H,+M
CH,O0+H «— HCO+H,
CH,0+0 «—— HCO+OH
CH,0+0OH «— HCO+ H,0
CH,0 +0, «—— HCO + HO,
CH,0 + HO, «—— HCO + H,0,




Table C.7: Gokulakrishnan et al. Mechanism Parameters

Reaction A4 (cal / mol) n E, (mol cm sec K)
1 5.00E +5 2.00 10000
2 3.547E +15 —-0.406 16599
3 0.508E +5 2.67 6290
4 0.216E+9 1.51 3430
5 297E +6 2.02 13400
6 4.557E+19 —1.40 104380
7 584E+18 —1.10 104380
8 6.165E+15 —0.50 0
9 1.886E +13  0.00 —1788
10 4.714E+18 —1.00 0
11 3.80E+22 —2.00 0

124 1475E+12  0.60 0
128 6.336E+20 —1.72 524.8
13 1.66E +13 0.00 823
14 7.079E +13  0.00 295
15 0.325E+14  0.00 0
16 2.89E +13 0.00 —497
174 420F +14 0.00 11982
17B 1.30E +11 0.00 -1629.3
184 2951E+14  0.00 48430
18B 1.202E+17  0.00 45500
19 0.241E+14  0.00 3970
20 0.482E+14  0.00 7950
21 9.55E+6 2.00 3970
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Table C.7 (Continued)

Reaction A (cal / mol) n E, (mol cm sec K)
224 1.00E +12 0.00 0
22B 5.80E +14 0.00 9557
234 1.80E +10 0.00 2384
23B 1.55E+24 —-2.79 4191

24 0.253E+13  0.00 47700
25 3.01E+13 0.00 23000
26 2.229E +5 1.89 —-1158.7
27 4.7485E +11 0.659 14874
28 0.758E+13  0.00 410
29 0.723E+14  0.00 0
30 0.302E+14  0.00 0
31 0.302E+14  0.00 0
32 3.00E +13 0.00 0
33 3.00E +13 0.00 0
34 3.00E +12 0.00 0
35 3.00E +13 0.00 0
36 330E+39 -6.30 99900
37 3.10E+45 -8.00 97510
38 5.74E +7 1.90 2748.6
39 1.81E +13 0.00 3080
40 343E+9 1.18 — 447
41 1.23E+6 3.00 52000

42 4.11E+4 2.50 10210




Table C.8: Gokulakrishnan et al. Mechanism Third Body Efficiencies

Reaction H, H,0 co co, Ar 0,
6 2.5 12.0 1.9 3.8 0.0 1.0
8 2.5 12.0 1.9 3.8 0.0 1.0
10 2.5 12.0 1.9 3.8 0.75 1.0
11 2.5 12.0 1.9 3.8 0.38 1.0
12 2.0 11.0 1.9 3.8 1.0 0.78
18 2.5 12.0 1.9 3.8 0.64 1.0
23 2.5 12.0 1.9 3.8 0.87 1.0
27 2.5 6.0 1.9 3.8 1.0 1.0
36 2.5 12.0 1.9 3.8 0.7 1.0
37 2.5 12.0 1.9 3.8 0.7 1.0

Table C.9: Troe Parameters for Gokulakrishnan et al. Mechanism

seksk

*

ke

Reaction a T T T
12 0.8 1.OE-30 1.0E+30 1.0E+100
18 0.5 1.0OE-30 1.0E+30 1.0E+100
23 0.5 1.0OE-30 1.0E+30 1.0E+100
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Table C.10: Zambon and Chelliah Mechanism Global Reactions
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C,H,+H «—CH,+CH,
aCH;+H, «—— C;H,+ H
C,H,+CH, «——CH,+H

C,H,+H,«—CH,+CH,

C,H, «—— 2CH,
CH,«—CH,+H
C,H,+H, «—— 2CH,
CH,«—CH,+H
CH,O+H,«—CH,+H,0O
CH,CO «— CH, +CO
CO+2H, «———CH,+2H+ 0,
CO, «——CO+0
H,0, «—— 20H
HO, «—— O,+H
H, «—2H
HO+H «— H,+0OH
H+OH «—— H,+0
O+0OH «+—— O, +H
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Appendix D: Complete Equation Set in Vector Form

The vector of conservative variables is:

«n

ﬁhﬂz

L PE, |
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(D.1)



The inviscid flux vectors are:
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pHW, (D.2)
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The viscous flux vectors are as follows. Note the use of index notation to simplify the

expressions.

>
I

<=

- /51(71 + ‘fx, Yl,i
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Finally, the source vector is:

[}
Il

(D.5)

<=

L Y

K

L

Refer to Section 2.5 for the turbulence source terms.



123

Appendix E: Numerical Formulation

The purpose of this appendix is to describe the procedures and approximations
used to solve the set of equations presented in Section 2.6. A finite volume discretization
is employed. This method is chosen for a number of reasons. Unlike finite difference,
finite volume does not result in geometric conservation errors on highly deformed grids.
Using a finite volume discretization is also easily applied to the strong conservation form
of the equations. This allows for the formation of discontinuous, or weak, solutions to
the differential equations [26]. A second order Essentially Non-Oscillatory (ENO) or
Total Variation Diminishing (TVD) limiting scheme is used along with the Low
Diffusion Flux Splitting Scheme (LDFSS) of Edwards [19]. Planar relaxation is used to

advance the steady state solution.

E.1 Finite Volume Discretization

In a finite volume discretization, information is stored at cell centers rather than at
the nodes of the mesh. The cell properties are considered constant across the entire cell,
so the representation could be viewed as a piecewise constant model. This technique
requires the integral form of the governing equations rather than the differential form. To
obtain the integral form, the equations are integrated over a finite control volume.

j[%—(j+v-ﬁjd¥cy =35 (E.1)

V(TV
Gauss’ theorem is used to convert the volume integral of the flux to a surface integral.

This equation set is then applied to each cell of the computational mesh.
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J hary + [(Feiid, =3 (E2)

e Acy
Assuming the volume of a cell does not change over time, the volume integral simply
becomes the cell volume times the partial derivative of the conservative variable vector
with respect to time. The surface integral is decomposed into a discrete sum of the flux
over each face of the cell. For a structured mesh, there are six faces, two associated with
each coordinate direction. For notational purposes, the indices i, j, and ., are associated
with the £, #, and { directions respectively. Assuming the flux to be constant across each

cell face, the integral equation can be rewritten in the following form.

polU g E +F _F +¢ -G . =§ (E.3)

ot itk T ik ijik itk ikl i.jk—L
The tilde over the flux vectors denotes an average over the face. The =4 on the indices
denotes the cell face to the right or left of the cell center. This equation can now be
integrated in time using a number of schemes. A planar implicit scheme is used in the

current work and it is described in Section E.4.

E.2 Flux Reconstruction Scheme

As mentioned above, the flux scheme is based on the Low Diffusion Flux
Splitting Scheme (LDFSS) of Edwards. Due to the mixed character of the Navier-Stokes
equations and the inviscid subset, the Euler equations, care must be taken in the
reconstruction of the flux at the cell interfaces. In supersonic flow, the mathematical
character of the equations is hyperbolic, meaning that information can only propagate in
one direction. In subsonic flow, the mathematical character is elliptic, which means that
information propagates in all directions. Both of these flow conditions can easily arise in

typical engineering problems, and thus care must be taken to ensure that the directions of
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information propagation are accurately represented in the flux reconstruction. A method

known as “upwinding” is used here.

E.2.1 Inviscid Flux Splitting

The LDFSS upwind differencing technique is similar to the flux vector splitting
scheme of van Leer. LDFSS incorporates some ideas of flux difference splitting in order
to increase the ability to sharply capture stationary and moving contact waves as well as
maintain the monotonicity of strong discontinuities. The inviscid flux at a cell interface

is separated into the convective portion and the pressure portion.
E' =E¢ +E" (E.4)
l+2 l+2 l+2

The j and k indices are constant throughout and are therefore not shown. The convective

portion of the inviscid flux is defined as:
ES, = 4,.3,,(5,Cigf +PiCity) (E.S)

The ‘L’ and ‘R’ represent the state to the left and to the right of the interface. For a first
order spatial scheme, this can simply be the data at ‘i> and ‘i +1’ respectively. The
current work employs a more accurate representation of this data that is extrapolated to
the interface from each direction. This method is described in Section E.3. The pressure
portion of the flux is:

E’ =4 _|D"P;r+D Py "] (E.6)

i+ i+y

The ¢ vectors are listed below.
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2 o
YNS O
i ﬁxi+i
v i
- y’H—E
W ﬁ '+l
b= H| . ¢"=| 0 (E.7)
k 0
4 0
Oy 0
Ey 0
hnz O
_gh JdL/R - 0 -

Aiv1 1s the area of the interface and is defined by the following, given the metric

A,l:J@ {é} (%) )
2 J J J

This can of course be applied in the other coordinate directions as well. The normal

derivatives at that face.

vectors that show up in the pressure flux are defined as follows.

/J
I LA LA 2 V) (E.9)
X,i+y A | Vit A ] z,i+y A ]

ity i+ i+

Since a common sound speed is used at the interface, the Mach numbers at the left and

right state must be redefined as:

M,=U,/a,,, M,=U,la,, (E.10)

Recall that the tilde over the U denotes the interface aligned velocity. The pressure

splitting terms are defined below.
D' =a;(1+p,)- P . D =a;(1+ )~ BePy (E.11)

P =L(M, +1Y(2-M,), P, =+(M,-1Y(2+M,) (E.12)
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The a’s and f’s account for switches in Eigen values at sonic and stagnation points. They

are:
o =L1[1.0+sign(M,)], oy =1[1.0—sign(M )] (E.13)
B, =—max[ 0.0,1.0—int[|M,|]] B, =—max[0.0,.0—int[|M,]]] (E.14)
The van Leer scheme defines the split Mach numbers as:
Cp=a;(l+ )M, =~ BM], Cpp=ay(1+ B )My = BuM, (E.15)
M;=4(M, +1), Mp=—4(M,-1) (E.16)
Using this computed data, the LDFSS redefines the split Mach numbers.
Cr=C,,-Mj, C,=C,+M, (E.17)
where
M, = M%(l ——(2131_5_’13 )], M, = M%(l +—(ﬁi_ Dy )],
PLl,y 2pga;, Y
M, =4[C, - aiM, -Gy + M, ]

(E.18)

This method can be applied to the interface on the opposite side of the cell by a simple

index shift. The # and { coordinate direction fluxes are computed similarly.

E.2.2 Viscous Flux Calculation

The viscous and diffusion terms in the flux are calculated using simple central
differences about the cell interface. This provides a second order discretization for these

terms. The total flux is the sum of the inviscid and viscous fluxes.

~ ~

E‘i+l =E

1
i+l
l+2

+E, (E.19)

The fluxes at the other five faces of each cell are determined in the same manner.
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E.3 Higher Order Extension

A higher order spatial discretization can be achieved if the conservative or
primitive variables are extrapolated to the cell interfaces rather than assuming that the
properties are constant across the entire cell. A method known as the Monotone Upwind
Scheme for Conservation Laws (MUSCL extrapolation) is used in the current work [26].
Rather than assuming a piecewise constant distribution of properties, the data is assumed
to be piecewise linear or quadratic. The Kappa scheme is based on this idea.

- 1

i, =i, + " [(1-x)Aii,_, +(1+x)Ai, | (E.20)
fiy = iy, —i[(l—rc)Aﬁ,-H +(1+x)Ad, | (E.21)
Aii, = i,,, — i, (E.22)

Again, the j and £ indices are assumed to be constant, and this method can be applied in
those directions as well. The resulting extrapolation depends on the value chosen for
kappa. A full upwind, full downwind, or a weighted average can result.

As with most high order schemes, some numerical dispersion is induced in
regions with steep gradients or near discontinuities. A method called “slope limiting” is
used to reduce or eliminate these oscillations. By limiting the slopes on either side of the
interface, it can be ensured that no new local maxima or minima develop in the solution.
One class of limiting schemes is called Total Variation Diminishing (TVD) schemes.
This method ensures that the so called total variation of the solution will either decrease

or remain the same. The total variation is:
i, — i, (E.23)

TV = Z i+l

All Interfaces

The slopes are scaled by a function of the ratio of the adjacent slopes. One such limiting
function is called the Van Albada limiter. The functional form of this limiter is as

follows, where r is the ratio of two adjacent slopes.
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2
r-+r
2

P(r) = (E.24)

1+r

This is a smooth limiter that lies in the middle of the second order TVD range and is

generally not too compressive or too dissipative. However, it does tend toward the

dissipative extreme as the value of » increases. This limiter also has the property of being
symmetric, which means that the following relation holds.

YE)=1¥() (E.25)

When this is the case, the dependence on kappa vanishes and the final extrapolated

variables are obtained with the following equations.

I | v V- -
U, =1u, +E\P(’?71/2)(”; _”;71) (E.26)
N - 1 _ - -
Up = Uy, _E\P(’?u/z XuHZ - ui+l) (E27)
N Au, _ Au,
Tioia = A Tivsin = A (E.28)
i-1

i+1
Another class of extrapolation methods is called Essentially Non-Oscillatory
(ENO). When symmetric limiters are applied to the kappa scheme, the data model is
essentially reduced to linear model, losing any ability to produce piecewise quadratic
data. ENO schemes attempt to recover this loss by extending the stencil of the
extrapolation. The main goal of these schemes is to maintain smooth extremes in a
solution. The SONIC-A scheme, which is an ENO extension of the van Leer TVD
limiter is defined by the following set of equations.
- Ax . .

U, =u; +a,

=, E.29
i (E.29)

|S;+1/2 +SH/2|

] (E.30)

a, = sign(t,) min ,max[2|sl.

b
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b

v _ _Ax gl Y~ 2u; tuy Uy —2u, U
Si+1/2 - Si+1/2 mm 2 2
2 Ax Ax

(E.31)
- Ax Wy —2u, +u, u,—2u,  +u,
Sicin =Sz +7mmd{ 1 Ax L Axlz 2}
U, —u, u, —u,
Siv2 :Ta Sic12 :Tl (E.32)
L= mmd[@ﬂ/Z’E—l/Z] (E.33)
§; = mmd[SHl/Z’Si—l/Z] (E.34)

Once the variables are extrapolated to the cell interfaces, the fluxes can be

calculated using the methods described in Section E.2.

E.4 Time Integration

The goal of the numerical solver is to advance the solution in time until a steady
state is reached, such that the solution does not change with further advancement. An
implicit method is chosen over an explicit method meaning that the residual is evaluated
at the next time step rather than the current time step. The residual is simply the sum of

the fluxes minus the source vector for each cell.

ou. . _ ~ ~
2k — (F

ot itk Lk

The time discretization is called the backward Euler scheme, which is as follows.

V(—ﬁ A; u j L R@)=0 (E.36)

Consider a system of equations consisting of all equations solved per mesh cell times the
number of mesh cells. The system is denoted by the nonlinear operator R(ii). This

system is then linearized as follows.
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(Zt + ij(*"“ i")=—R(i") (E.37)

Some simplifications are taken in formulating the system jacobian OR/di. First,
consider the residual vector to be spatially first order, regardless of the spatial order of the
residual on the right hand side of the equation. Also, the jacobian is formulated based
only on the inviscid fluxes. The residual vector for a single mesh cell is a function of the
data in that cell and the six adjacent cells.
Rij, = Bl ity )= By i)
SN ST B N GO Y (E.38)
+ Gl kY, ( zn;,lkn , ﬁznjlk )_ éi,j,k—% (ﬁi’j;,lk—l ’ i‘zn;lk )
Differentiating this with respect to the conservative variable vector produces the

following equation for the Euler Implicit form.

A1 /kAuthElj k + Bl J kAutn;rllk + Cl s kAutnjlk 1 + Dz J kAutn;rlk (E 39)
+ El . kAuzn;rlkJrl + E /kAulanlrl k + Gz s kAutnjlkﬂ = _R(ﬁir,lj,k)
where A through G are as follows,
= __a%‘%f’k (E.40)
" aui 1,/,k
oF,
B, =——tt (E.41)
. aui,/ Lk
oG,
Cop =t (E.42)
w aui,jk 1
D = aEi+y2,j,k _ aEi—yz,j,k n aF J+ Yk _ aFj -1k n aGl]k+/ aGi,j,k—)/z +£(E.43)
VA G, oii,,, O, O, G oii,,, At
6G i
i +/
= po o/ (E.44)
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~

aE j+)
g = m et (E.45)
Ol .4
aEH‘ i k
Gy == (E.46)
qu,_/,k

With nine chemical species, each of these flux jacobians is a 19 by 19 matrix. Another
simplification used here is to let the interface fluxes be determined by the Lax-Friedrichs
scheme. This allows for the simple calculation of derivatives. The Lax-Friedrichs
scheme is:
Ei+%,j,k = %(Ei,_/,k + EHl,j,k + Gi+%,j,k[(ﬁi,j,k - ﬁi+1,_/,k )) (E.47)
Sigma is the maximum Eigen value, or spectral radius of the system. The flux Jacobians
for the Navier-Stokes equations can be found in Hirsch [26]. Two final approximations
include zeroing many of the more complicated entries in the flux Jacobians and assuming
that the flux Jacobians approximately cancel in the D coefficient. This makes the D
matrix diagonal.
While this is sufficient for non-reactive systems, systems with chemical source
terms require further accommodations. The characteristic times for chemical reactions
are significantly smaller than any of those present in the convective or diffusive terms.

Therefore, to solve the system implicitly, the source terms must be linearized in addition

to the inviscid fluxes. This results in an additional term, oS / oii , In the 4 matrix, and
while the matrix itself may be complicated, the derivation of it is straightforward.

An iterative technique is adopted to approximately solve this linear system. The
method is a combination of two techniques, incomplete lower/upper (ILU) decomposition
and symmetric Gauss-Seidel. On each plane of constant i, ILU is used in the j and &
directions while symmetric Gauss-Seidel iteration is used in the i direction.

The linear system can be written as follows.
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E RSV g
At Ou ou

AN =

(E.48)

The ILU method simplifies the A matrix into lower, upper, and diagonal matrices [59].

AN = (L+D+U)Ai"™" = -R" (E.49)
L=4+B+C (E.50)
U=E+F+G (E.51)
D is defined as follows:
D, =D s =4 ,4Di;iGiijw = BiisDijuslijos —CijuDijunEijun  (ES2)

This is performed in both directions. A is approximated by the ILU scheme as follows.
A,,=(L+D)D" '(D+ 1) (E.53)

Using this approximation, a symmetric Gauss-Seidel technique is used to update the

solution in the i direction with a forward and backward sweep defined as follows.

Aaw/ (Df/k)il (_ RZ/ - LI: s kAaszI//k) (E-54)

ljk

—ntl _ A =nt) n = n+l
NG, = A U A

iy Lk (E.55)
Once the two sweeps have been performed, the solution is updated.

The time step is determined using the Courant Friedrichs and Lewy (CFL)
condition based on the local maximum Eigen values of the system. Since the only
solution of interest is the steady state solution, the temporal accuracy of the preceding
iterations is not of concern. This allows local time stepping to be used, which increases
convergence rates, but decreases the accuracy of any intermediate solution. The time
step is defined by the following.

Ve A, QUC‘ + a)+ 4, ch‘ + a)+ A, (]VIN/C‘ + a)
At CFL

(E.56)

The A’s represent average projected areas in the three coordinate directions. The CFL

maybe be specified as high as 5 for the current work.
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E.4.1 Alternate Solver (Sequential Solution of Turbulence Equations)

Two different methods were used to solve the turbulence equations. One method
includes the six turbulence equations in the planar ILU scheme. The alternative method
solves the species and conservation equations with the planar ILU scheme and then
solves the turbulence equations sequentially using a three-dimensional ILU method
similar to the one described above. The latter method requires a relatively small CFL to
maintain a reasonable residual. This makes the method a tradeoff between lower
computational expense and slower pseudo-time advancement. The method does require
far less memory since the flux jacobians are only 13 by 13 rather than 19 by 19. Both

versions of the code are used in the current work.
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Appendix F: Exact and Modeled Turbulence Equations

This appendix lists the exact turbulence equations along with the modeled

equations referenced in Section 2.5.

Exact Favre averaged turbulent kinetic energy equation:

0, _ 0 ,_.- ou, _ —0p ou!
9+ k)=, % g P 4 M
o PR o PR =Ty, ~PE T TP
(F.1)
+i T u”_ pl/t;,ul”ul” _ ’u”
o, (T TP

Exact vorticity variance (enstrophy) equation:

%(ﬁ wj +ai(ﬁﬁk o+ 20, pul + pw]

X

20, ai (putar)= Z(Qm PO}, + 5, PO,

k

+ PR, — 55y 0l - O, pals], —ps,:kw,-”J (F2)
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’ ’ ’ 21
+ a)ir ap ap _ 8Tkm + 5 a)i! 0 Tim
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where
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Final version of the modeled & and { equations:
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Exact equations for enthalpy variance and its dissipation rate:
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Modeled equations for enthalpy variance and its dissipation rate:
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(F.7)
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pk 3 74
Exact equations for sum of mass fraction variances and its dissipation rate:
0 80‘ p,
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Modeled equations for sum of mass fraction variances and its dissipation rate:
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