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A turbulence model that calculates the turbulent Prandtl and Schmidt numbers as part of the solution is presented.
This model also accounts for compressibility effects, and addresses turbulence/chemistry interaction. Its predictions
are compared with two experiments: an axisymmetric case involving mixing, hydrogen combustion, and ethylene
combustion; and a three-dimensional ethylene mixing experiment. Fair to good agreement is indicated in the cases
where data is available. Chemical mechanisms are found to have an influence on autoignition for hydrogen
combustion cases, and on ignition location and flame size for hydrogen/ethylene combustion cases using reduced

mechanisms.
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model constants

diffusion coefficient
enthalpy

turbulent kinetic energy
pressure

Prandtl number

Schmidt number
stoichometric oxidizer/fuel mass ratio
velocity vector

mass fraction
dimensionless wall distance
mixture fraction

diffusivity

model constants

heat of formation of species m
dissipation rate

enstrophy

kinematic viscosity

density

variance of concentrations
time scale
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Subscripts

fuel
enthalpy
species
oxidizer

= turbulent
= mass fraction
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Superscripts

1" = fluctuation
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Favre average
time average

Introduction

IMULATION of turbulent combustion in scramjet engines

requires highly sophisticated models in order to address the
complex flow physics involved. Typical turbulence models only
consider velocity fluctuations, but earlier work [1] has shown that
specification of the turbulent Prandtl number Pr, and turbulent
Schmidt number Sc, have a profound influence on the simulation. In
high-speed reacting flows, concentrations and temperature fluctu-
ations are as important as velocity fluctuations, and must be included
in the model. In order to assess the impact of these fluctuations,
equations for the variance of enthalpy and its dissipation rate, as well
as the variance of concentrations and its dissipation rate are required.
These equations, which provide the turbulent thermal diffusivity and
diffusion coefficients, are derived from the exact compressible
Navier—Stokes equations and modeled term by term in the same way
the k- turbulence model was developed [2].

Compressibility is another important aspect of supersonic mixing
in that it limits the spreading rate of injected fuel. The model of [3] is
used, which has been previously validated with three sets of super-
sonic mixing experiments [4—6]. It has been suggested in [7] that
three-dimensional effects may result in enhanced spreading rate of
simple shear layers for certain range of convective Mach numbers.
Data compiled by Settles and Dodson [8] showed that there is a great
deal of scatter in measured spreading rates of compressible shear
layers. This cast doubt on the validity of the correlation derived in [7]
and its general applicability to complex shear flows.

Turbulence/chemistry interaction is also an important part of
supersonic combustion. Traditionally, assumed or evolution proba-
bility density functions (PDFs) are used to address this. It was shown
in [9] that calculations using assumed and evolution PDFs produced
comparable mean flows, but the assumed PDF was unable to predict
higher-order correlations, such as those involving chemical source
terms, with any accuracy. Also, evolution PDFs require a large
amount of storage and computational time, since they require Monte
Carlo simulation. Because of these restrictions, the terms involving
chemical production rates were modeled as in [10].

The chemical kinetic model also plays an important role in super-
sonic combustion. Differences among chemical models can affect
the ignition location or the temperature at which a simulation will
autoignite. Four distinct chemical models are considered here, two
for vitiated air/hydrogen combustion [11,12], and two reduced
chemical models for vitiated air/ethylene combustion [13,14].

Predictions of this model, which includes all of the above aspects,
are compared with the experiments of the Office of the Secretary
of Defense’s Test Media Effects Program (OSD-TME) [15]. The
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purpose of this program is to examine the effects of the differences
between ground tests and flight tests of supersonic combustors, in
particular the use of vitiated air in place of regular air and its effects on
flame holding and other aspects related to chemical kinetics [16,17].
Also, a particular experiment of Lin et al. [18] involving normal
injection of ethylene into a cold Mach 2 flow is considered.

Formulation of the Problem
Governing Equations

The variable Pr, and Sc, formulations employed in this work are
based on equations for the variance of enthalpy and its dissipation
rate and variance of concentrations and its dissipation rate. The need
for such a formulation is a result of the fact that low values of S¢, can
enhance mass transfer and subsequent heat release to such an extent
that they may result in unstarts. On the other hand, high values of Sc,
will result in the restriction of turbulent mass transfer to values that
could not sustain combustion. Similarly, reduced values of Pr, result
in increased thermal diffusion away from the flame holding, which
could result in a flame blowout.

In order to allow for variable Pr, and variable Sc,, expressions for
the turbulent thermal diffusivity and the turbulent diffusion
coefficient must be derived. The most logical way to achieve this goal
is to employ a procedure similar to that in deriving the eddy viscosity.
Thus the variance equations are similar to the turbulent kinetic energy
equation, while the rates of dissipation of the variances are similar
to the length scale equation which, in this work, is the enstrophy
equation.

The variance of enthalpy 7" andits dissipation rate &, provide an
expression for «,, the turbulent diffusivity in the form

o, = 0.5(Crk, + v,/B1) M
where
WU W
Th:h Z/Eha Sh:a(ax_) (2)

v, is the turbulent eddy viscosity,

v, = C,k /g, C,=0.09 3)
C, =0.0648 and B, = 0.5 are model constants, « is the laminar
diffusivity, v is the molecular kinematic viscosity, k is the turbulent
kinetic energy per unit mass or variance of velocity, and ¢ is the
enstrophy or variance of vorticity. Similarly, the variance of con-
centrations oy

oy=Yy ¥ )

where Y, is the fluctuation of the mass fraction of species m, and its
dissipation rate, ¢y,

aYn\?
-l

yield the turbulent diffusion coefficient D, as

D, =0.5(Cykty +v,/By) (6)
where
Ty = 0y/éey @)

Cy =0.065 and By =0.5 are model constants, and D is the
molecular binary diffusion coefficient. Both Cy and C, were
obtained from Launder [19]. Moreover, 8, and/or By are chosen so as
to produce the desired constant turbulent Prandtl and/or Schmidt
number if such numbers are constant. The choice of ¢, and D, is a
result of the experiments of Abe et al. [20] in simple shear flows. Itis
indicated there that the approximate time scale for temperature

fluctuation is proportional to the average of 7, and t;. A similar
expression is used for D,.

The equation for oy, the variance of concentrations, contains the
term

§ "
Ym Wy

where ,, is the production rate of species m. Similarly, the equation
that governs the enthalpy variance contains the term

Z h//d)m Ahf,m

where Ahy; , is the heat of formation of species m. Traditionally, the
above terms are evaluated by using assumed or evolution PDFs, or
ignored completely. Because such terms are important, a modeling
approach was implemented in [10]. Thus,

2) Yion=Crs )y Vi, ®

and

Z h//a)mAhjm =Ch,12 v };//2 Z d)mAhf,m (9)

where Cyg = 0.4 and C,, ;, = 0.86 are model constants, and w,, is
the value of @,, using mean temperature and mass fractions. Because
evolution PDF methods are computationally intensive requiring
extensive computer time and excessive storage, the above modeling
results in a highly efficient algorithm.

The compressibility correction results from the dilatational
dissipation term 4 /3[vp(u/;)*] and a pressure work term ;' (3P/0x;)
that appear in the k equation. As indicated earlier, compressibility
effects severely restrict the spreading rate of free shear layers at high
Mach numbers and thus have a profound influence on mixing and
combustion. The variety of models given in [21] assume the
dilatational dissipation term to be proportional to M, ~ k/a?, the
turbulent Mach number. In the k-¢ model the term is modeled as [2]

%vp(u;{i)z =C,pk/t,, C, =06 (10)

111 (9p\*
il

The pressure work term is modeled as

9P v, 0p 0P
i axl‘ - Ckﬁ 8xl‘ 3x,»

where

12)

The turbulent Prandtl number Pr, and the turbulent Schmidt
number Sc, are given by
Yy

v
Pr,=-* d Sc,=— 13
=y ad Se=p (a3

These numbers do not enter directly in obtaining the solution but can
be outputted at any time. The governing equations and model
constants used in this investigation are given in [10].

Numerical Procedure

A modification of REACTMB [22], a code that has been under
development at North Carolina State University for the last several
years, is employed in this investigation. It is a general purpose
parallel Navier-Stokes solver for multicomponent, multiphase
reactive flows at all speeds. It solves the Favre averaged form of the
Navier—Stokes equations. It employs a second order essentially
nonoscillatory and/or total-variation-diminishing upwind method
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based on the low-diffusion flux-splitting scheme of Edwards [23] to
discretize the inviscid fluxes while central differences are employed
for the viscous and diffusion terms. A planar Gauss—Seidel method is
used for the implicit time advancement. The code is parallelized
using domain decomposition and message passing strategies. Finite
rate chemical kinetic models are used to address chemical non-
equilibrium.

Since REACTMB uses multiple grid domains per processor, the
grid is splitinto a large number of blocks in order to obtain a desirable
load distribution. The code also uses a shared memory location for
the implicit Jacobian of each block. Therefore, in large three-
dimensional cases, the grid is split into a larger number of blocks in
order to reduce the total memory requirements.

Boundary Conditions

A ghost cell method is used to impose boundary conditions. The
temperature is specified by a constant value in the ghost cell. This
allows the actual wall temperature to change in response to the local
flow conditions, while still remaining close to a specified value. As
for the turbulent quantities, k must be equal to zero at the wall, while ¢
obeys the following condition:

¢ d ok
v, =—|v—
Yo 9n\_ on
This condition is obtained from the limiting form of the k equation
in the near wall region. Similar procedures are employed in deve-
loping boundary conditions for the additional turbulent quantities

introduced by the variable turbulent Schmidt and Prandtl number
models.

(14)

w

Chemical Kinetic Models
Vitiated Air/H,

Two completely distinct H, /Air mechanisms are considered. The
first is the seven species/seven reactions model developed by
Jachimowski [11]. In this mechanism, the seven species considered
are H,, O,, OH, H,0, H, and O together with the inert species N,. All
reaction rates in this model are functions of temperature. The second
is the nine species/nineteen reaction mechanism developed by
Connaire et al. [12]. This model considers all of the above species as
well as HO, and H,0,. Moreover, the reaction rates are both pressure
and temperature dependent. This model was developed for
combustion over a temperature range of 298-2700 K, a pressure
range of 0.01-87 atmospheres and equivalence ratios from 0.2-6.

Vitiated Air/H,/C,H,

Two sets of reduced kinetic models are employed for C,H,/Air
combustion. The first is that of Gokulakrishnan et al. [13]. In this
model, a one-step reaction C,H, 4+ O, resulting in C,H,O and H,O
is employed. This is followed by a detailed C,H,0/H,/O, kinetic
model that includes 14 species and 44 reactions. The second is that of
Zambon and Chelliah [14], which employs the quasi-steady-state
(QSS) approximation. The equations that result from QSS are, in
general, nonlinear. The distinguishing feature of this approach is that
the solution of the resulting algebraic equation is explicit, thus
increasing efficiency. The resulting reduced model consists of 18
elementary reactions involving 22 species.

Results and Discussion

A schematic of the OSD-TME experiment is shown in Fig. 1. The
center jet in this axisymmetric device consists of vitiated air at Mach
1.6. The test enthalpies ranged from that of 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 Mach number for the injected
fuel is approximately 0.2. This relatively low speed is required for
safe operation. If the fuel were injected at or above Mach 1, and failed
to ignite, the test chamber would fill with fuel quicker than it could be
purged, producing a potentially dangerous situation. The pressure at
the nozzle exit is atmospheric and total temperature in the coflow

V)

Fig. 1 Schematic of OSD-test media effects experiment (courtesy of
A. D. Cutler) [14].

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 computations are listed in Table 1.
In this table, phi is the equivalence ratio of the listed fuel. Note that
there is no case with pure ethylene fuel. This is due to the fact that no
steady combustion of ethylene alone was obtainable with the selected
range of test enthalpies. The cases without coflow fuel will be
referred to as the mixing cases. The block layout of the grid used for
all of the OSD-TME experiments is shown in Fig. 2. The measure-
ments in this experiment were taken using a dual pump CARS-IRS
system for simultaneous measurements of temperature, species
concentrations, and two velocity components [24-26]. The error
associated with these experimental measurements is 50-100 K for
the temperatures and 30-100 m/s for the velocities. The computa-
tional grid for the OSD-TME cases employs 74 blocks and contains
236,480 cells. The refined grid employs 122 blocks and contains
377,024 cells. Note that these grids make use of the axisymmetry of
the experiment. The grid distribution is such that cells are clustered
near walls and regions with strong gradients. The wall spacing is
determined by requiring that the maximum y* value be less than 1.0.
The grid refinement produced negligible change in the solution;
therefore, the presented results are those obtained with the original
grid.

A schematic of the ethylene injection experiment is shown in
Fig. 3. The injector, which is normal to the main flow, is circular and
has a diameter of 0.1875 in. The Mach 2 airstream has a static
temperature and pressure of 300 K and 241,317 Pa, respectively. The
ethylene injection nozzle has a stagnation temperature of 315 K and a
stagnation pressure of 127,553 Pa. The main flow boundary layer
thickness at the exit of the injector was about 0.24 in. The block
layout of this three-dimensional case is shown in Fig. 4. Ethylene
mixture fraction is measured at three streamwise planes using a
Raman scattering technique [16]. The computational grid for this
case employs 248 blocks and contains 3,768,320 cells.

Table 1 OSD—test media effects experiment conditions

Run number  Enthalpy PO, Pa TO,K PhiH2 Phi C2H4
M27-M75 Mach 5.5 402,500 1218 —— —_
M79-M95 Mach 5.5 429,400 1376 —— —_—
H57 Mach 5.5 414,400 1319 1 —_
E40a Mach 6 421,300 1523 0.7 —_—
E40b Mach 6 421,300 1523 0.7 0.53
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Fig. 2 Block layout for OSD-TME computations.

Mach 2 Air
R

Fig. 3 Schematic of ethylene injection case.

Vitiated Air/Air

There are two sets of data for the mixing cases of the OSD-TME
experiments, radial temperature profiles at various streamwise loca-
tions and axial velocity along the centerline and two radial locations
of the nozzle. As can be seen in Table 1, 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.

Figures 5a and 5b show 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. The experi-
mental data is presented here unaltered. 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 6 shows the 40 cm station by
itself with error bars on the experimental values. The diamond
symbols and line represent the “upstream” measurements, which

Fig. 4 Block layout for ethylene injection case.
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Fig. 5 Radial temperature profiles for OSD-TME mixing runs.

were at a lower stagnation temperature, and the square symbols and
line represent the “downstream” measurements, which were taken at
a higher stagnation temperature. Predictions are within the standard
deviation for all but three points. Figure 7 shows the measured and
computed axial velocities along the centerline of the jet. The
measured velocities are significantly higher than either of the com-
puted profiles. The cause of this difference is unknown. Given the
measured temperatures along the centerline, these velocities corres-
pond to approximately Mach 1.8—1.9 flow. The nozzle is designed for
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Fig. 6 Radial temperature profiles at 40 cm station.
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Fig. 7 Axial velocity along centerline for OSD-TME mixing runs.

Mach 1.6 operation, which both of the simulations predict. Radial
velocity profiles at x/d = 2.6 and x/d = 11 are shown in Figs. 8a
and 8b. These locations correspond to the 16.5 cm and 70 cm stations.
There is a similar discrepancy between the computed and
experimental data here, as expected. However, the computed profiles
are consistent with those from VULCAN, as shown in [23]. The
appearance of noise in the experimental data for x/d = 11 is due to
the fact that each point, other than the centerline point, is the average
of only two simultaneous measurements. Finally, the computed
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Fig. 8 Axial velocity along radial profile for OSD-TME mixing runs.

0.9

Fig. 9 Computed turbulent Schmidt number contours for OSD-TME
mixing runs.

turbulent Schmidt number contour is shown in Fig. 9. Note the
variation from the specified floor value of 0.2 to 1.0 across the mixing
region of the jet.

Vitiated Air/Air/H,

While there is no quantitative experimental data for run H57 of the
OSD-TME experiment, an infrared image is included for qualitative
comparison. This image can be seen in Fig. 10. The hydrogen is
injected at atmospheric pressure and temperature with a mass flow
rate corresponding to an equivalence ratio of 1.0. The purpose of
these computational runs is to compare the two chemical models.
Figure 11 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 autoignite. 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. Figures 12 and 13 show contours of

Fig. 10 Infrared image of run H57.

Jachimowski

X H20: 0.02 0.08 0.14 0.2 0.26 0.32 0.38 0.44

Fig. 11 Computed H,O mole fraction contours for OSD-TME run
H57.
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Fig. 12 Computed turbulent Schmidt number contours for OSD-TME
run H57.
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Fig. 13 Computed turbulent Prandtl number contours for OSD-TME
run H57.

turbulent Schmidt number and turbulent Prandtl number,
respectively.

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.

Vitiated Air/Air/C,H,

The first case involving ethylene is the normal injection mixing
experiment. Contours of air density on the symmetry plane are shown
in Fig. 14. This figure is included to show the structure of the flow,
and to indicate the locations of the measurement planes. These planes
are located at 5, 10, and 25.3 diameters down stream of the jet.
Figure 15 shows the contours of ethylene mixture fraction on these
three planes, measured quantities on the left and computed quantities
on the right. Mixture fraction is defined by the following formula.

Z= (SYf - Ya + Yo.v)/(s + Yu.a) (15)

5d 10d 25.3d
Fig. 14 Computed symmetry plane air density contours for ethylene

injection experiment.
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Fig. 15 Measured (left) and computed (right) mixture fraction
contours for ethylene injection experiment.

where
s=(X,M,)/(X;M;) at stoichometric (16)

The subscript o denotes oxidizer and f denotes fuel. In this case,
these correspond to oxygen and ethylene. Y, , represents the mass
fraction of oxidizer in the air stream. In Eq. (15), X and M represent
mole fraction and molecular weight, respectively. There is fair
agreement between computation and experiment here. The first
station predicts a lower concentration of fuel in the center of the jet,
while the third station shows a higher concentration than experiment.
The black line on the plots represents the stoichometric line. Finally
the computed turbulent Schmidt number contours are shown in
Fig. 16.

The second case involving ethylene is run E40 of the OSD-TME
experiments. This run is split into two phases, E40a and E40b.
During the first phase, the coflow contains only 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, the
coflow fuel 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 1. The target enthalpy is that of
Mach 6 flow. Again, no quantitative experimental data is available. A
visible image of each phase is shown in Fig. 17. This case was used as
a comparison of the two reduced ethylene mechanisms described
above, the 15-species model of Gakulakrishnan et al. [13] and the 22-
species model of Zambon and Chelliah [14]. Figure 18 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 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 Fig. 19. The structure is essentially the
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Fig. 16 Computed turbulent Schmidt number contours for ethylene
injection experiment.
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Fig. 17 Visible images of OSD-TME experiment, runs E40a (top) and
E40b (bottom).

X H20: 0.025 0.1 0.1750.250.325 0.4

Fig. 18 Computed H,O0 mole fraction contours for OSD-TME
experiment, run 40a.

L — ..

| —

X H20: 0.025 0.1 0.1750.250.325 0.4

Fig. 19 Computed H,0 mole fraction contours for OSD-TME
experiment, run 40b.

same, but for the 22 species model the ignition location moves
slightly downstream when the ethylene is introduced. Referring back
to visible images in Fig. 17, this slight movement is to be expected.

Conclusions

A comprehensive turbulence model is presented that calculates the
turbulent Prandtl and Schmidt numbers as part of the solution. This
model also models the turbulence/chemistry interaction and accounts
for compressibility effects.

Two sets of experiments are examined in this study. The first is an
axisymmetric annular jet under a variety of conditions: a case with
no coflow, a case with hydrogen fuel, and a case with a mixture of
hydrogen and ethylene fuel. The second is a three-dimensional case
where ethylene is allowed to mix with cold air. Fair to good agree-
ment is indicated in all cases, but some cases were only compared
qualitatively in the absence of experimental data.

The role of chemical kinetic mechanism is determined to have an
impact on autoignition for the hydrogen-only cases, and a signi-
fication impact on ignition location and flame size for hydrogen/
ethylene mixtures. Because of the absence of quantitative experi-
mental measurements, it is difficult to determine which ethylene
reduced model is better.

All calculations are based on the model developed in [10]. Based
on the above results, it is suggested that this model could be used as a
basis for scramjet designs. Obviously, there is a need for nonintrusive
experimental data for further validation of the model.
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