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Modeling Ideally Expanded Supersonic Turbulent Jet

Flows with Nonpremixed H,-Air Combustion
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A prediction model for a tarbulent axisymmetric diffusion flame with equilibrium and nonequilibrium
hydrogen-air kinetics is presented for supersonic jet flows. For the first time, turbulence-chemistry interactions
are included in a supersonic combustion model. In the finite rate chemistry analysis, the fast shuffle reactions
in the Hz-air reaction system are assumed to be in partial equilibrium and three-body recombination reactions
are treated kinetically. The turbulence model consists of the Navier-Stokes equations in Favre-averaged form
with a modified two-equation turbulence closure adapted for supersonic flows. The model uses probability
density functions to describe fluctuations in both the mixture fraction and the reaction progress variable. Other
relevant features of the supersonic code include a local convective Mach number that quantifies the compress-
ibility effects and a thermodynamic table technique that speeds up the numerical computation. The model
predictions are compared to probe measurements in a supersonic Hz-air jet flame by Beach. Comparison of the
mixture fraction deduced from Beach’s data to the model results indicates that the model predicts the turbulent
mixing reasonably well. Predictions of the major species concentrations are nearly identical for the equilibrium
and partial equilibrium models. The partial equilibrium model predicts substantial superequilibrium of the
minor species and more closely predicts Beach’s data than an earlier chemistry model based on eddy breakup.

Nomenclature

cs, C, = turbulence model constants
= mixture fraction

= correction factor

= variance of mixture fraction
= turbulent kinetic energy

= convective Mach number

= variance of progress variable
= progress variable

= radial coordinate

= Schmidt number

= source term

= longitudinal velocity component
= radial velocity component

= longitudinal! coordinate

= gpecific heat ratio

= turbulence dissipation rate

= dynamic viscosity

= density

= Prandtl-Schmidt number

= time scale ratio

= second mixing term of g equation
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Introduction

VITAL part of the effort to develop advanced propul-

sion systems capable of sustaining hypersonic™ flight
within the atmosphere is the ability for theoretical prediction
of flow properties in scramjet combustors where hydrogen is
injected and burned in a supersonic airstream. For complete
generality, the prediction method should be able to calculate
turbulent fuel-air mixing and kinetically controlled combus-
tion in a combustor for arrays of hydrogen injectors at various
angles and configurations to the airstream. Other aspects such
as the effects of the combustor walls on the flow and the
ability to predict the effects of ignition sources are also impor-
tant. Practical limitations severely restrict the inclusion of all
of these capabilities in a single program. In the present work,
we consider a simple flow geometry that consists of an axisym-
metric diffusion flame of hydrogen in vitiated air. To further
simplify the numerical simulation, the supersonic jet is as-
sumed to expand ideally into the coflow stream.

An important concern in supersonic reacting flows is the
incomplete combustion due to slow chemical kinetics. There
are various approaches in modeling chemical kinetics, namely,
frozen flow, complete reaction, equilibrium kinetics, and
finite rate kinetics. Frozen flow and complete reaction models
represent the two extremes of the modeling. The equilibrium
reacting flow approach assumes that the chemical reaction
time is much shorter than the time required for mixing and
flow residence time. However, in supersonic flows, the gas
residence time and chemical reaction time can be comparable.
Therefore, the local equilibrium assumption may not be valid
for the entire flowfield. This paper is intended to address the
problem of finite rate chemistry by simulating the chemical
reactions in a free shear layer.

In previous work! on axisymmetric supersonic jet flames,
the mixing of fuel and oxidant was computed for parallel
injection of H, into coflowing vitiated air using a two-equa-
tion (k — ¢) turbulence model. The extent of the chemical
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reaction was modeled by using three different assumptions:
1) no reaction, 2) complete burning of all fuel mixed with
oxygen, and 3) finite rate burning based on the rate of decay
of large turbulent eddies into small ones. The last assumption
is known as the eddy-breakup (EBU) model. In later work,?

the numerical model was extended to include the effect of

unmixedness.

Recently, Eklund et al.? investigated the same flow but with
several algebraic eddy viscosity turbulence models. The chem-
ical reaction mechanism included a seven-reaction model in-
volving seven chemical species. However, none of the previous
work included the effect of turbulence-chemistry interactions.

For high Reynolds numbers turbulent flows, the interaction
between turbulence and chemistry can greatly influence both
the mixing and reactive scalar fields in the computation. Al-
though these effects have been studied extensively in the sub-
sonic regime by Janicka and Kollmann,* Janicka,’ Chen,®
Kollmann and Janicka,’ and others,?1° no comparable studies
have been done for supersonic flows. In view of that, we
calculate the mean values of the thermochemical variables
[i.e., concentrations (mass fractions), temperature, and den-
sity] for the scalar field through a probability density function
(PDF) approach. An assumed shape for the PDF is used to
describe fluctuations in both the mixture fraction and the
reaction progress variable.

To account for compressibility effects on the turbulent mix-
ing, which reduce mixing rates between the two streams at
supersonic speeds, we have incorporated an empirical correla-
tion that relates the turbulent viscosity to.the convective Mach
number. _

A common practice among the numerical predictions done
in the past is that the thermochemical properties are evaluated
on the fly when the marching-downstream integration is per-
formed. Such an approach is computationally expensive and
becomes undesirable for flows in which the number of chemi-
cal species is very large or if more complex turbulence or
chemical models are to be tested. A viable alternative used in
the present work is a lookup table that contains all of the
thermodynamic quantities for all possible states. As a result,
the amount of computational time is reduced considerably,
but the memory requirements increase due to the table.

This paper consists of four parts. In the first part, the
turbulent model is introduced. In addition to the usual set of
equations for the velocity field (i.e., kK — ¢ — g), an extra gov-
erning equation (stagnation enthalpy) is solved so that the
mixture enthalpy can be determined from the mixture frac-
tion, stagnation enthalpy, and velocities. Next, the combustion
model is discussed, and thermochemical tables are constructed
for both chemical models. The equilibrium table has the mix-
ture fraction and the mixture enthalpy as the independent
variables, whereas the nonequilibrium table is augmented by
the reaction progress variable. The statistical information
about the distribution of the thermodynamic states is provided
by assuming a certain shape for the joint PDF among the
scalars. Finally, the results of the calculations are. discussed
and compared to measurements in a reacting supersonic
axisymimetric jet.

Turbulence Model

The turbulence model is an extension.of the widely used
k — ¢ — g combustion model for subsonic flows.*!! For super-
sonic flows, effects of significant levels of kinetic energy must
be considered; that is, the mixture enthalpy depends not only
on the mixture fraction but also on the Mach number.

The Favre-averaged transport equations for mass, momen-
tum, and energy in a free axisymmetric jet are given by Evans
et al.! For the energy equation, it is assumed that there is
neither radiant energy transfer nor work by body forces. Fur-
thermore, the Soret-Dufour effect is neglected and the un-
steady pressure term is not considered. The Lewis number for
the laminar and turbulent contributions is taken to be equal to

unity so that the energy flux caused by interdiffusion does not
appear in this equation. For the momentum equation, only
gravity forces are neglected, and the pressure gradient is as-
sumed to be a function of the axial coordinate only. In the
present parabolic flows, the static pressure is further assumed
to be constant throughout the flowfield and, hence, the pres-
sure gradient is zero. The standard form for the turbulence
kinetic energy k and its dissipation rate e in a free shear layer
can be found elsewhere.!:#10:11

The corresponding scalar field is described by the mean and
variance of the mixture fraction f, which is the normalized
mass fraction of an atomic element originating from one of
the input streams, usually the fuel stream. The mixture frac-
tion is chosen to be 1 in the fuel stream and O in the outer
coflowing stream. The transport equations for the mean f and
the variance g of the mixture fraction have the following form:
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At Mach numbers above 1, the growth rate of mixing layers
and jets is reduced. A correction for the turbulent viscosity
similar to that derived by Dash et al.'? for axisymmetric jets is
applied. A factor whose magnitude varies from 1.0 at
M =0.0-0.2 for large Mach number is multiplied by the tur-
bulent viscosity as computed from the £-¢ model. The correc-
tion factor used by Dash et al.!? is an empirical expression
derived from experimental observations and is formulated as
follows:

Jee =0.25 +0.75/{1.0 + exp[24.73 (P - 0.2)]} ©)]

where the parameter P is k” divided by the local speed of
sound.

In recent experimental studies,'>!* it has been observed that
the thickness of two-dimensional turbulent shear layers is
decreased significantly for Mach numbers larger than the

.sonic value. The reduction of the shear-layer growth is directly

related to a compressible mechanism that occurs between the
mixing streams. In order to provide an explanation for such
phenomena, Bogdanoff's concluded that the convective Mach
number could be correlated with the reduction of the shear-
layer growth rate. To account for the reduction in turbulent
mixing rates due to compressibility effects, an empirical corre-
lation based on Papamoschou’s measurements'? is expressed
as a function of the convective Mach number. Therefore, the
turbulent viscosity is modified according to the following
relationship,

Copk?

0.80
He = } @

0.20 +
{ 1.0 + exp[19.0(M %7 _ 0.4728)]

and the convective Mach number is defined as

_ Ml(l - )‘u) (5)
NN
where )\u = uz/ul, )\p = p2/p1, )\7 = 72/71’ and Ml =u/a,.
Subscripts 1 and 2 refer to gases or conditions in the
freestreams on the high- and low-speed sides of the shear
layer, respectively. The new correlation reduces the mixing
rates between two streams at high convective Mach numbers
and retains subsonic mixing rates at low convective Mach
numbers. Finally, the model constants in the equations for the
velocity field are standard values that can be found in the
literature.!410:11,16 ‘
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Combustion Model -

To describe the chemical reactions in turbulent flows, the
conservation equation for individual species needed to be
solved. Because of the highly nonlinear nature of chemical
reaction rates, time-averaged expansions around mean values
produce scores of correlations involving species and tempera-
ture, and the expansion may not converge as the temperature
and species fluctuations become significant compared to the
mean values. Simulation of the effects of turbulence of com-
bustion are primarily through these correlations and ne-
glecting them can severely impair the modeling of turbulent
combustion. One common approach for overcoming this
problem is to assume an analytical function for the joint PDF
among the scalars and to compute the mean chemical source
terms by integrating over the allowable domain.**>!'%!! In what
follows, we will extend this approach to supersonic combus-
tion flows, where two chemical models, one with equilibrium
and the other with simplified finite rate chemical kinetics, are
considered.

In the equilibrium model, all of the chemical reactions are
assumed to be in equilibrium and the thermochemical proper-
ties can be determined from the mixture fraction f and the
mixture enthalpy # provided that the pressure is given.
Although one could solve for the equilibrium compositions
by minimizing the Gibbs function when the calculations are
carried out, it would require considerable computing time. An
alternative approach is to generate a lookup table of thermo-
chemical properties in terms of f and 4 for all possible condi-
tions. During the calculations, all of the thermochemical
quantities can be determined by a multilinear interpolation
scheme using the table, avoiding repeated calculations for
equilibrium compositions. This approach has been extensively
employed for predictions of subsonic turbulent reacting
flows,*%11 with significant saving of computing time. How-
ever, ‘this computationally efficient scheme is feasible only
when the thermochemical states are functions of a small num-
ber of scalars.

In the partial equilibrium (or nonequilibrium) model, we
assume that the two-body shuffle reactions are equilibrated.
Therefore, the progress of chemical reactions is determined
entirely by the slow three-body recombination reactions:

H+OH+M=H,0+M R1)

H+O0O+M=0H+M (R2)
H+H+M=H;+M (R1)

Through proper combinations of reactive scalars, a single
global reaction step can be derived from a detailed reaction
mechanism!”-18 that contains the seven essential reaction steps.
The progress of this global reaction step can be described by a
progress variable g, which has a value of unity when the

reactions reach the equilibrium state and a value of zero when-

there is no reaction at all. With the introduction of an addi-
tional reactive scalar, the thermochemical properties are now
functions of three scalars: f, h, and g. For turbulent reacting
flows, the statistical information about the distribution of the
thermodynamic states is needed in order to determine mean
values. This information is provided by assuming a certain
shape for the joint PDF among the scalars with some parame-
ters to be determined by the moments. For simplicity, the
three scalars are assumed to be independent, and a clipped
Gaussian distribution® is assumed for the mixture fraction, a
three-delta function*!! for the progress variable, and a single-
delta function®!! for the mixture enthalpy. Determination of
these PDF functions only requires the mean and variance of
scalars f, A, and q.

To calculate the mean values of § and its variance p, two
more transport equations are necessary. For axisymmetric
flows, the parabolic modeled equations are represented as
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The only new model constants introduced in Egs. (6) and (7)
are the turbulent Prandtl numbers o, and o,. The parameter 7
is the ratio of time scales of velocity and scalar fluctuations.
The values assigned to these constants were as follows: Sc = 1,
o, = 0.85, 0, = 0.90, and 7 = 2.0.

The equilibrium table for the thermochemical variables at a
given (f — h) is calculated with the Chemkin computer code
developed by Kee et al.!® Similarly, the nonequilibrium table
for the thermodynamic state of the gas for a given (f — & — q)
is also calculated with the Chemkin routines prior to the
prediction of the flowfield.

Results and Discussion

In this section, the parabelic code is applied to the predic-
tion of a reacting supersonic axisymmetric jet of hydrogen
mixing with vitiated air. Before. calculating the jet flow, a
nonreacting two-dimensional mixing layer is calculated to val-
idate the compressibility correction to the turbulent viscosity.

Numerical calculations using the empirical correlation,
Eq. (4), that relates the turbulent viscosity to the convective
Mach number are compared with experimental data!’® for a
two-dimensional mixing layer. The shear-layer growth rate
normalized by the spreading rate at zero convective Mach
number is shown in Fig. 1. In the experiment, the mixing-layer
spreading rates are obtained from pitot-pressure surveys for a
variety of Mach number-gas combinations. Comparisons be-
tween these data and numerical results reveal that the empiri-
cal correlation describes reasonably well the spreading rate of
nonreactive mixing layers. One can observe from Fig. 1 that
the convective Mach number does not have to be very large for
compressibility effects to be significant. A second noteworthy
feature is that for M, >0.75 the growth rate appears to ap-
proach asymptotically a value roughly 20% of its incompress-

=T T U T T T
0 025 050 075 1 1.25 1.50 1.75 2
M c

Fig. 1 Comparisons between the numerical resulis of the present
model and experimental data by Papamoschou and Roshko.!? The
shear-layer growth rate normalized by the spreading rate at zero
convective Mach number is for a nonreacting two-dimensional mixing
layer.
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OUTER JET

M=1.9, u=1570 m/s
P=0.1 MPa, T=1495 K
Y y,=0.0, Yy.0=0.281,
Yo,=0.241, Yy, =0.478

INNER JET

M=20, = u=2700m/s

P=0.1 MPa, T=314K

Yy,=1.0 Y y,0=0.0,
d=0.009525 m D=0.0653 m Y0.200, = Yr =0.0

Injector lip thickness=0.0015 m

CONVECTIVE MACH NUMBER

M;=u,/a;=3.245, A“=u2/u1=0.557
Ao=p2/p=0.4, X,=v2/71=0.892,
Mi{l - Ad)

= i = 0.53

T aeae

Fig. 2 Inner jet and outer jet inflow conditions for the scale super-
sonic burner used by Beach reported in Evans et al.! The convective
Mach number is evaluated at the inflow conditions.
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Fig. 3 Initial total pressure profile.

ible value. Also shown in Fig. 1 is the numerical solution
corresponding to the normalized spreading rates for the same
flow conditions but without the compressibility correction.
As expected, the ratio 8’ /84, - o Temains almost, constant and
very close to 1. This comparison illustrates that the standard
k — e — g turbulence model is inappropriate for supersonic
flows.

For reacting supersonic axisymmetric jets, the flow condi-
tions in experiments of Beach reported in Evans et al.! are
used to evaluate the performance of the parabolic code in
axisymmetric reacting flows. A schematic of their coaxial jet
flowfield examined in this work is shown in Fig. 2; the temper-
ature and other exit conditions for the nozzle are also given in
Fig. 2. To be consistent with the experimental data, the out-
side diameter (d = 0.009525 m) of the H, injector is used to
normalize the radial profiles. The present calculations assume
that the gases expand ideally into atmospheric air so that
shock waves are not present. Furthermore, uniform condi-
tions are used at the inflow boundaries for both the inner and

1
z/d=8.26
- 0.8-'
s |
o 06
g
E 0.4 ® Experiment
x Calculated
=
0.2
0 T

0 0.2 04 0.6 0.8 1 1.2 14 1.6

7/d

Fig. 4a - Radial profile of the predicted and deduced mixture frac-
tions for the nonequilibrium model at x/d = 8.26.
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« 087
=
S
g o6
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>4 Caleulated
= 0.2
o Y T T e il
0 02 04 06 08 1 12 14 18

1/d

Fig. 4b Radial profile of the predicted and deduced mixture frac-
tions for the nonequilibrium model at x/d = 21.7.

'
x/d=27.9

« 087 :
S
N
g os-
&
[
§ 04+ ® Experiment
> Calculated
= 0.2

0 , : Py

0 02z o4 06 08 ! 12 14 16
r/d

Fig. 4c Radial profile of the predicted and deduced mixture frac-
tions for the nonequilibrium model at x/d = 27.9.
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outer jets. The numerical computation for solving the trans-
formed,?° coupled partial differential equations is carried out
by using a block-tridiagonal solver.?! Fifty grids across half of
the jet are used and typically 2000 marching steps are per-
formed. Using a VAX 8650 machine, about 40 min of CPU
time are required to calculate the table and approximately 20
min to solve the reacting flow.

The calculations are initiated at x/d = 0.33, where the flow
measurements were made. The initial velocity profile is com-
puted from the tabulated experimental pitoi-pressure data
provided by Evans et al.,! assuming a constant static pressure
of 1 atm. The procedure for calculating the £ and e initial
profiles is described by Evans et al.!

Several test runs were conducted showing that results are
sensitive to the initial £ and e values. Because of the uncer-
tainty in specifying the initial & and e values, the dissipation
length parameter is chosen to achieve good agreement with the
experimental data. The value of /, = 0.24 mm is used for the
equilibrium and nonequilibrium models so that the calculated
profiles predicted by both chemistry models can be compared.
In Fig. 3, the measured total pressure is compared to the initial
profile for total pressure used in the present calculations for
the nonequilibrium and -equilibrium cases. The dip in the
profile starting at the inside H, injector radius (r/d = 0.33) to
the outside H, injector radius (r/d =0.5) is due to the effect
of the thick H, injector wall.

One of the most important features of the mixture fraction
is that, under the assumption of equal diffusivity, it is inde-
pendent of the progress of chemical reaction and indicates
how well the fuel and oxidizer streams are mixed. To assess
the model’s capability to predict the mixing process, radial
profiles of mixture fraction are plotted at three locations:
x/d = 8.26,21.7, and 27.9. A comparison of the experimental
data and the numerical predictions is presented in Figs. 4 for
the nonequilibrium code. The equilibrium results are similar.
Experimental data for the mixture fraction are deduced from
the measured mass fractions of the three major species using
H as the conserved element

P Yy, + (2/18) Y0 — (2/18) Y3 ®
: Y, - Q/18)Y5,

where superscripts f and oo denote the fuel and outer streams
at the nozzle exit, respectively. As can be seen from Figs. 4b
and 4c, the predictions are in satisfactory agreement with the
experimental data, except in Fig. 4a, where the model under-
predicts the degree of mixing in the inner part of the jet.

- x/d=15.5

8
]

S
3
1

® Experiment

MIXTURE FRACTION, f

~.
0.4- Compress. effects
No compress. effects
0.2
o T T T Ly |L T O
0 02 04 06 0.8 1 1.2 14 1.6

v
Fig.5 Predicted and deduced mixture fractions for the nonequi-
librium model with and without the compressibility correction- at
x/d =15.5.

The requirement for the compressibility correction is real-
ized when the mixture fraction profiles with and without the
compressibility effects are compared at location x/d = 15.5
(see Fig. 5). The disagreement between the two solutions
shows that the turbulent mixing rates are incorrectly predicted
when the compressibility effects are not present in the turbu-
lence transport model. The compressibility correction to the
computed mixture fraction distribution at the far-downstream
regions (x/d >21.7) is negligible. This trend is expected since
the supersonic spreading rates approach the incompressibility
limit as the convective Mach number diminishes downstream.

The calculated profiles of the three minor species at location
x/d = 15.5 are now examined for the finite rate chemistry and
fast chemistry cases. In Fig. 6, the mass fraction distributions
of the H, O, and OH radicals are shown for the nonequi-
librium model, whereas Fig. 7 shows for the same minor
species the profiles with the equilibrium model. For the partial
equilibrium model, the concentrations of H, O, and OH and
their respective integrated areas are much larger. For kineti-
cally controlled processes, the reaction zone occurs over a
much wider domain within the flowfield. In particular, the
OH mass fraction distribution has a very tall and sharp peak.
Also note that the H mass fraction penetrates much farther
into the rich region of the jet than in the equilibrium case.

0.030
0.025 4
x/d=15.5

™ 0.020
z 0
s ! F———
§ TR A

0.015 ’
& \ OH ____
17 [l

. 1
3 0.010 ’ II |\
4
0.005 | / \
B II /\ ‘\
Lo wnoes,
---------- ..
0.000 i I A 1 Y
‘ 02 04 06 08 1 1.2 14 1.6
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Fig. 6 Radial profiles of ihe predicted mass fractions of three minor
species for the nonequilibrium model at x/d = 15.5.
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Fig. 7 Radial profiles of the predicted mass fractions of three minor
species for the equilibrium model at x/d = 15.5.
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x/d=8.26

MASS FRACTION

0 o2 04 0.6 0.|ﬂ H 1.2 1.'4 1.6

Fig. 8a - Radial profiles of the predicted and measured mass fractions
of major species for the nonequilibrium model at x/d = 8.26.

» z/d=15.5
omEo

' MASS FRACTION

A J - -
0. 02 o4 08 08 1 12 14 16

/i

Fig. 8b Radial profiles of the predicted and measured mass fractions
of major species for the nonequllllmum model at x/d = 15. 5.

1
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OH0
0.8+ [ ¥
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2
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=
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0 o0z 04 06 08 1 12 14 18

7/ :
Fig. 8¢ Radial profiles of the predicted and measured mass fractions
of major specles for the nonequlhbrmm model at x/d = 27.9.

Referring to Fig. 6, one can see that substantial levels of the H
atom mass fraction are produced along the entire radial do-
main and this is not consistent with the equilibrium results.

- The predicted centerline temperatures (not shown) for both
chemistry models at x/d = 8.26, for example, are about 340K,
and at such temperatures there should be no H atoms (Y;‘*:
10~%), However the nonequilibrium model still predicts sub-
stantial H atom levels at this position (Y™ = 1.28 x 107%),
Evidently, the partial equilibrium assumption forces bimolec-
ular reactions to proceed even at low temperatures, leading to
the unrealistic H atom concentration in the rich cold central
cone of the flame. This leads to the conclusion that the partial
equilibrium assumption ‘breaks down at low temperatures.
Despite the low-temperature restriction, the partial equi-
librium assumption works well after the flow is ignited and the
reactions are proceeding at temperatures above 1200 K.

All of the comparisons made in this work are well beyond
the ignition point of the supersonic flame. This is supported
by experlmental data prevxously obtained by Beach?? on super-
sonic mixing and combustion in an identical hydrogen jet in a
coaxial high-temperature test gas. The apparatus and instru-
mentation are the same as the one described earlier (see Fig. 2),
where supersonic hydrogen (Mach 2) is injected into an uncon-
fined Mach 2 jet of air at 2200 K total temperature. The Mach
numbers of the hydrogen jets in both experiments are the
same, but the Maéh number and stagnation temperature of the
vitiated ‘air in our case are 5% smaller and 1.3% larger than
those used by Beach.?2 Photographs of the flowfield at test
conditions show quite clearly that there is a measurable delay -
distance beforeignition from the hydrogen-air reaction can be
seen. This distance is approximately 2.4 diameters (based on
the injector outside diameter). This suggests that for x/d > 2.4
there is ignition, and in our flow, the simplified partial equi-
librium model used here is 2 good approximation to describing
the combustion process in this Hp-air supersonic flame.

In general, the concentrations of minor species predicted by

' the nonequilibrium model are ‘higher than those calculated

with the equilibrium model. However, farther downstream
(x/d = 27.9), both chemistry models predict very closely the
same amount of radicals, indicating that an equilibrium state
has been reached for the minor species. To evaluate properly
the vahdlty of the results of the nonequilibrium model the
minor species need to be measured.

Figures 8a-c compare the predictions and experimental data
of the major species concentration distributions for the non-
equilibrium model at x/d = 8.26, 15.5, and 27.9, respectively.
The numerical results match -the experimental data well in
regions near the H, jet, but a fairly substantial differénce
between the measured and predicted major species mass frac-
tion values is evident at the flame front. The relative position
of the peak H,0 concentration reveals that, indeed, 02 is
consumed more rapidly in the calculated results.

Several potential sources of error in the experimental proce-
dure can be identified. Briefly, the mass fractions of Hj, O,
and N, were measured by gas chromatograph. Furthermore,
water concentrations are deduced from the dry samples by
difference. It is not clear that the gas sampling probes quench
the reaction and that the constituents reaching the sample
bottle are those present ahead of the probe. As pointed out by
Evans et al.,! a quantitative indication of the validity of this
approach is given by comparison of the measured freestream
levels of nitrogen, oxygen, and water vapor as compared with
the inflow values for these species. From the reported mea-
sured values at freestream and the inflow conditions, one can
determine that the error in the measurements ranges from 5-to
15%. For this reason, nonintrusive methods are preferred
today, but were not available at the time of the measurements.

The large grid spacing seen in the predicted major species
profiles for r/d >0.6 is caused by the rapid expansion of the
grid system in the computational domain at the outer jet
stream where gradients of the flow variables are considered to
be ‘negligible, and less accuracy is required.
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Fig. 9 Numerical predictions of the mass fraction profiles of two
major species with the eddy-breakup model and the nonequilibriuom
model at location x/d = 15.5.

Mass fraction profiles of measured and predicted major
species. for the equilibrium model (not shown) are similar to
the nonequilibrium results. -Slight differences between the
equilibrium and nionequilibrium chemical models are identi-
fied mainly in the fuel-rich region where the equilibrium code
predicts more H, in the centerline. The general agreement
is due to the fact that the predictions of stable components
and temperature for the partial equilibrium assumption only
shows a weak dependence on the progress variable.

It is very profitable to see the improvements of the newly
developed nonequilibrium code in contrast to previous pre-
dictions of the same flow. Our solution is compared with
numerical predictions made by Evans et al.! for two reasons.
First, their system of transport equations is of parabolic form
and, hence, the equations are similar to the ones solved in the
present model. Second, their reaction kinetics, in the eddy-
breakup model, include only one global reaction (O, + 2H,—
2H,0). The eddy-breakup model is based on the concept of
unmixedness, which plays a major role in turbulent flames.
The rate constant for the global reaction (Cgpy) is not univer-
sal and is chosen to achieve the best fit to the data. Evans
chooses a single value of Cggy that is valid for the whole
flowfield; however, Cgpy varies for different flowfields by an
order of magnitude (Ref. 1). Figure 9 shows a comparison of
numerical predictions of the eddy-breakup model and the
nonequilibrium model with measurements for H,O and H, at
x/d = 15.5. The H, distribution predicted by this PDF model
is far better than the Evans et al. solution. The Evans et al.
solution does not include compressibility effects and overpre-
dicts the rate of mixing.

The use of the eddy-breakup formulation predicts water
concentrations that are lower than the experimental measure-
ments. With the use of the PDF model, the agreement is
reasonably good, except from r/d = 0.5 to 0.9 where greater
levels of H,O are predicted. The partial equilibrium model in
superior because it is able to produce H,O faster in the center
of a flame where temperature and concentrations are high and
produce more slowly at the edges. A major disadvantage of
the eddy-breakup model is that the model has to be adjusted
empirically by choice of a constant (Cggy) in the production
term of the single global reaction. Little guidance is available
as to how to pick this constant.

Conclusions
A numerical model for predicting ideally expanded super-
sonic turbulent jets with nonpremixed combustion of Hj-air
has been developed. Two chemical reaction schemes, one with

equilibrium chemistry and the other with a simplified finite
rate kinetics, have been incorporated into the present model.
The two-equation model adopted for the turbulence model is
a modified version of the k¥ — ¢ — g model tailored for super-
sonic flows. This program is the first parabolic code to include
the turbulence chemistry interaction effects for supersonic
flows. A joint PDF describes the interaction between the
turbulence and the chemistry due to the turbulent fluctuations
of the mixing and reaction scalars. The reduction of the shear-
layer growth rate at high speed is quantified by a compress-
ibility correction that is a function of the convective Mach
number. The numerical computation is accelerated by the
construction of lookup tables that provide all of the instanta-
neous thermochemical values.

Comparisons - of predictions and experimental data by
Beach (see Ref. 1) for mixture fraction indicate that the nu-
merical model predicts reasonably well the spreading rates
with a modified turbulent diffusion coefficient. Incorporation
of the compressibility correction has a strong effect on the
turbulence transport process. This correlation makes the para-
bolic code more robust and versatile, since now it is able to
deal with flows in the subsonic and supersonic regimes.

Although the partial equilibrium (PE) model is unable to
predict ignition, in the experiment by Beach, ignition occurs
early in the flame (2.5 diameters downstream). All of the
model/data comparisons of major species are made farther
downstream (8 diameters), where the PE model is a good
approximation. Only in the cold rich zones (temperatures
below 1200 K) does the PE model break down and overpredict
the H atom concentrations. Temperature and major species
profiles with equilibrium chemistry differ very little from
those with the partial equilibrium assumption due to a weak
dependence of these variables on the reaction progress vari-
able. The nonequilibrium chemistry model predicts substan-
tially greater concentrations of the minor species.

The use of the thermochemical tables reduces CPU time
significantly but increases computer storage. The real benefit
of the thermodynamic ‘tables becomes obvious- if more com-
plex supersonic flows such as those in a scramjet are studied.
A severe limitation of this code is the constant pressure as-
sumption. ‘Thus, it can only be used in those situations in
which the inflow pressures at the i inper and outer streams are
1dent1cal or differ by a small amount, say 5%.
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