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Performance of k-¢ turbulence model
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Abstract

The issue of growth rate reduction of high speed mixing layer with convective Mach number is examined for similar and
dissimilar gases using Reynolds averaged Navier-Stokes (RANS) methodology with k—¢ turbulence model. It is observed
that the growth rate predicted using RANS simulations closely matches with that predicted using model free simulations.
Velocity profiles do not depend on the modelled value of Pr; and Sc; while the temperature and species mass fraction
distributions depend heavily on them. Although basic k—¢ turbulence model could not capture the reduced growth rate
for the mixing layer formed between similar gases, it predicts very well the reduced growth rate for the mixing layer for
the dissimilar gases. It appears that density ratio changes caused by temperature changes for the dissimilar gases have

profound effect on the growth rate reduction.
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Introduction

In a scramjet engine, mixing of fuel and oxidizer takes
place along the length of the combustor at very high
speeds in a confined environment under compressible
conditions. The understanding of compressible mixing
layer becomes necessary to address the issues related
with mixing and combustion in a scramjet engine. The
rate of mixing is quantified by the growth rate of the
thickness of mixing layer in downstream direction.
This growth rate depends strongly on the ratio of
the speeds of two mixing streams. The density ratio
of the streams also affects the rate of mixing. A
detailed expression to predict the mixing rate in an
incompressible mixing layer depending on the velocity
and density ratios was suggested by Dimotakis' and is
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this expression 7’ and ‘s’ represent velocity and dens-
ity ratios, respectively, Cs is a proportionality con-
stant with a value of 0.36, § represents shear layer
thickness at an axial distance of x’. It has been
observed through various experimental studies that
with the onset of compressibility effects the
Dimotakis’' expression for growth rates predicts
higher values than those observed experimentally.®”’
The compressibility effects are quantified using con-
vective Mach number, M., defined as AU/(a; + @),

given as (

with AU as the velocity difference between the two
mixing streams and a; and a, are the speeds of sound
in the two streams. Slessor et al.® have collected some
of the salient experimental data for compressible
mixing layers and normalized it with the incompress-
ible growth rate expression given by Dimotakis' for
the same velocity and density ratios. It is observed
that higher the value of M, higher the effect of com-
pressibility on the growth rate ratio. It is also
observed that the growth rate of a compressible
shear layer reduces by a factor of 4-5 as convective
Mach number increases to 0.8, moreover, above the
value of 0.8 for convective Mach number the growth
rate reaches an asymptotic value of roughly 0.2 of its
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incompressible counterpart. Dimotakis’ has suggested
the ratio of compressible to incompressible growth

rate as %Zfoo+(l — foo)e™ ™ by  considering

experimental data set. An asymptotic value of
foe=0.2 and @¢=3 in the exponent is considered for
the data set. The reduction in growth rate of a com-
pressible mixing layer is also observed through
numerical studies carried out wusing Direct
Numerical Simulation (DNS),'®"® and Large Eddy
Simulation (LES) methodologies.'*'*> In contrast to
DNS and LES, Reynolds Averaged Navier-Stokes
(RANS) simulations do not have as much computa-
tional costs involved. But there is a need to model the
unclosed terms arising due to averaging process. This
modelling is done through different turbulence
models. Though several turbulence models from
zero equation models to Reynolds stress based
models are used to model the turbulence in flow
field, it has been observed that k—¢ turbulence model
remains the most popular one due to its robustness
and computational economy as compared with higher
order models. However, since 1972, it has been known
that the application of classical k—¢ turbulence model
for free shear layers shows more spreading than actu-
ally occurs'® at compressible convective Mach num-
bers. Since then, over the years, many modifications
to the k—e turbulence model have been suggested.
Zeman'’ and Sarkar et al.'® gave the concept of dila-
tational dissipation to modify eddy viscosity models.
A study has been carried out by Barone et al.'® for
various turbulence models for the prediction of
growth rate of compressible turbulent mixing layer.
This study compares both k—¢ and k—w turbulence
models with Zeman'” Sarkar et al.,'® and Wilcox?°
corrections for dilatational dissipation. The convect-
ive Mach number range is from 0 to 1.5. It was found
that the k- model with Zeman'’ compressibility cor-
rection and k—w model with Wilcox®® compressibility
correction gave the lowest average relative error for
the convective Mach number range considered. A
revised form of sonic eddy concept (yielding smaller
length scales than the Kim’s proposal) introduced by
Aupoix?! could show improved predictions of spread-
ing rate of high speed mixing layer. Unknown bound-
ary conditions (e.g. external turbulence level) were
quoted as major difficulties for validation of models
from experimental data. Heinz*? has suggested a
modification in a coefficient for turbulence viscosity
in the k—e model to cater for the compressibility
effects based upon the concept of gradient Mach

Table |. Combinations of Pr, and Sc, values for simulations.

number given by Sarkar.”® All these modifications
are based on the analyses and studies carried out for
the mixing of similar gases at nearly the same tem-
perature. But, in a scramjet engine combustor, dis-
similar gases (fuel and oxidizer) at different
temperatures mix with each other. Numerical and
experimental studies reported in published literature
addressing non-reacting mixing of two dissimilar
gases are not many compared to the studies carried
out for the mixing of similar gases.

In the present work, RANS simulations with k—¢
turbulence model are carried out to understand the
performance of this turbulence model in prediction
of growth rates of compressible mixing layers
formed between two different gases at different
temperatures.

Computational details

There are several experimental studies carried out to
study the growth rate of compressible mixing layer
involving mixing of dissimilar gases at different tem-
peratures.*?® In these studies, the temperature differ-
ence between the two mixing streams is quite modest
(static temperature ratios of around 2.5). An AGARD
report AGARD-AR-345% discusses test cases for
both incompressible and compressible mixing layers.
These experimental studies contain detailed measure-
ments of different flow parameters and turbulence
statistics like intensity of fluctuations. However,
these experimental data deal with the mixing of simi-
lar gases (air/air) at not very different temperatures.
In order to simulate the effects of large temperature
difference between mixing streams, an experimental
study carried out by Erdos et al.*® (first flow condition
in Table 2), where a large temperature difference
(102K and 2436 K) exists between the two mixing
streams of hydrogen and nitrogen. The mixing duct
has a rectangular cross section with height to width
ratio of 0.5. In the upper part of the duct, hydrogen
gas at a temperature of 103K is injected through a
single manifold of two Ludweig tubes and in the lower
part of the duct nitrogen gas at a temperature of
2436 K is supplied through an expansion tube, both
the gases are at Mach numbers of 3.1 and 4.0, respect-
ively. Measurements in the experiment are limited to
wall pressures and heat flux. The choice of this experi-
mental condition gives an opportunity to study the
effect of large temperature difference on the mixing
of two dissimilar gases with large molecular weights
difference under compressible conditions.

No. | 2 3 4 5 6 7 8 9
Pr, 0.3 0.3 0.3 0.9 0.9 0.9 1.5 1.5 1.5
Sc, 0.3 0.9 1.5 0.3 0.9 1.5 0.3 0.9 1.5
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Table 2. Simulation matrix of high speed confined mixing layer.

Velocity Temperature Pressure Mach
No. Location Species (m/s) (K) (Pa) No. M. Remarks
l. Primary N, 3807 2436 27,580 3.99 0.8 Erdos experiment
Secondary H, 2389 103 27,580 3.09
2 Primary N, 2887 2436 27,580 2.99 0.6 Dissimilar gases at various
Secondary H, 1819 103 27,580 2.35 M. s & temperatures
3 Primary N, 1925 2436 27,580 1.99 0.4
Secondary H, 1230 103 27,580 1.59
4 Primary N, 1527 300 27,580 4.32 0.8 Similar gases with same
Secondary N, 962 300 27,580 2.72 temperature at different M.
5 Primary N, 1145 300 27,580 3.24 0.6
Secondary N, 721 300 27,580 2.04
6 Primary N, 763 300 27,580 2.16 0.4
Secondary N, 481 300 27,580 1.36

RANS simulations

A commercial software CFX TascFlow®' has been
used to perform the RANS simulations. Three dimen-
sional RANS equations alongwith k—e turbulence
model suggested by Launder and Spalding® are
solved wusing a second order spatially accurate
scheme. The domain for present computations is
shown in Figure 1. The domain extends 535.0 mm in
stream-wise direction, 25.4mm along the lateral dir-
ection and 0.2 mm in the span-wise direction. In lat-
eral direction, 101 elements are used with appropriate
clustering in mixing layer zone and wall boundary
layers. The maximum grid spacing occurs away
from boundary layer and mixing layer zones and is
around 0.4 mm. The minimum grid spacing occurs at
the centre line and near walls and is equal to around
0.003 mm. In axial direction, 300 elements are used
with minimum grid spacing of 0.5 mm near the splitter
plate and maximum grid spacing of 3.0 mm near the
end of domain. The model free simulations of Javed
et al.*® have shown that the averaged flow field essen-
tially remains two dimensional for the same geometry
and flow conditions. A small thickness in span-wise
direction is considered for the RANS simulations
by providing two equally sized elements. Very fine
clustered grids are used in the mixing layer zone and
wall boundary regions. The surface pressure for both
upper and lower walls for three different grids namely
101 x 67 x 2, 300x 101 x2 and 361 x 167 x2 are
plotted in Figure 2. A very small difference between
the surface pressures from the last two grids, namely
300 x 101 x 2 and 361 x 167 x 2 demonstrate the grid
independence of the results.

Supersonic inlet condition is imposed for both
hydrogen and nitrogen streams for the inlets. The vel-
ocity has been given as a profile boundary condition
to cater for the boundary layer on the walls and
splitter plate, with a parabolic boundary layer profile.

Wall (2426 K)

Inlet (H2)

Symmetry
Splitter Plate (\Wall)

Inlet (N2)

Figure 1. Computational domain with boundary conditions.

The inflow turbulence is specified as turbulence inten-
sity ( %k/V) of 0.01 and ratio of turbulent to

molecular viscosity as unity. The walls are kept at
constant temperature with hydrogen side wall at
103K temperature and nitrogen side wall at 2436 K
temperature. The two sides have been given symmetry
boundary condition. Since the flow is supersonic
throughout, the outlet boundary condition is con-
sidered as supersonic outlet. Turbulent diffusion of
enthalpy and species are modelled using concept of
turbulent Prandtl (Pr,) and Schmidt (S¢,) numbers.
The values of these numbers considered for different
simulations are listed in Table 1. The convergence cri-
terion has been taken as the normalized residuals to
be less than 1 x 107°.

It has been indicated by experimental measure-
ments and DNS studies that Pr, and Sc, numbers
for averaged flow fields can vary significantly in dif-
ferent regions of the flow even for relatively simple
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Figure 2. Surface pressure with three different grids (a) on lower wall and (b) on upper wall.

shear flows like boundary layers, jets and wakes
etc.’* 37 A review on the turbulent Prandtl/Schmidt
number in several free shear flows made by
Reynolds™ gives following variations (from core to
outer region): round jet 0.73-1.7; round wake
0.8-0.3; plane jet 0.5-1.3; plane wake 0.5-0.7. In
another review made by Baurle®” for high speed react-
ing flows the range of turbulent Prandtl number vari-
ations for planar jets from 0.2 to 3.0, for round jets 0.7
to 2.0 and for backward facing step from 0.7 to 3.0. In
the same review, the variation of the turbulent
Schmidt number is found for planer jets from 0.1 to
2.2, for round jets from 0.1 to 2.0, for jet into cross
flow from 0.1 to 0.5 and for injection behind a bluff
body it is from 0.2 to 0.7. In these reviews, a large
variation in the values of turbulent Prandtl and
Schmidt numbers are shown. Also Baurle and
Eklund®® have used a variation from 0.25 to 1.8 to
parametrically study flow field in a scramjet engine
combustor. In the light of above it seems reasonable
to study the present range of the values of Pr, and Sc,.

Model free simulations

A DNS can resolve the full range of physical scales of
motion without need of any turbulence model, but its
application is limited to flows with a relatively small
Reynolds numbers. Higher Reynolds numbers are
possible with LES, whose basic idea is to apply spatial
filter(s) at a length scale A and include a subgrid
model for the filtered stress terms, e.g. Smagorinsky
model, to relegate the empiricism to just the smallest
scales (although dynamic subgrid modelling shows
promise in removing this as well). As A is decreased
for a flow problem of given length scale, the subgrid
model contribution is reduced and accuracy is
increased. For some very high Reynolds number

turbulent flows, if A is sufficiently reduced but is
still greater than the Kolmogorov scale, the subgrid
model influence becomes approximately negligible if
the flow is not controlled by a laminar sublayer. Such
flows include high Reynolds number turbulent free
shear layers, jets, wakes and some sharp corner sepa-
rated flow regimes for which further increases in
Reynolds number do not significantly influence the
bulk of the mean and turbulent field. Therefore, for
a particular class of flows for which sufficient reso-
lution is applied, one may simply neglect the filtering
and the subgrid model stress terms and therefore elim-
inate any adjustable coefficients other than cell reso-
lution. An extensive review of the model free
simulation method and results for both non-reacting
and reacting flows is provided by Givi.>* This meth-
odology of model free simulations has been used by
many researchers and reported in literature. High
resolution non-linear inviscid simulations were per-
formed by Oh and Loth* for M, values of 0.35,
0.45 and 0.7. The growth rate reduction with increas-
ing M, is well captured, the profiles of velocity and
turbulence intensities match satisfactorily with the
experimental observations of Goebel and Dutton.*!
Oh and Loth* carried out the study of the mixing
layers in a 2D domain, 400 mm long and 47.6 mm
wide to match experimental test set up size of
Goebel and Dutton.*! Euler equations were solved
using the argument that viscous effect does not play
a dominant role in the mixing layer region. The finest
grid consisted of 20,000 points with a minimum grid
spacing of 0.3 mm. Also it was reported that in order
to achieve a good grid convergence the value of
AXnin/b should be equal to or lesser than 0.05 (for a
second order numerical scheme*?), where b is local
shear layer thickness and Ax,;, is the grid resolution.
In another study involving the use of model free
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simulations, Risha*** considered a 3D domain of

size 100mm x 10mm x 17mm and used a grid size
of 100 x 53 x 35 for studying free mixing layers
formed between two air streams at different convect-
ive Mach numbers (M,.=0.2-1.56) and obliquity
angles. The model free simulations carried out by
Chakraborty et al.** shows a good match of the wall
pressures for the mixing study of the confined com-
pressible mixing layer. The grid independence of the
solution was demonstrated by not only comparing the
mean values of the various thermochemical profiles
with different grids but also higher order quantities.
A good prediction of the different flow quantities in
the compressible regime, by model free simulation
technique makes it a suitable choice for the present
study. Two different codes namely SPARK 2D and
OpenFOAM are utilized to carry out the model free
simulations. These codes and the simulations carried
out are described briefly in the following sub sections.

SPARK 2D. Two dimensional model free simulations
are carried out by employing non-reacting version of
SPARK 2D code developed at the NASA LaRC by
Drummond®® and Carpenter.*’ It discretizes two
dimensional Navier Stokes equations by using Mac-
Cormack’s compact scheme with 4th order spatial and
2nd order temporal accuracy. This choice represents a
compromise between the accuracy of higher order
numerical algorithm and the robustness and efficiency
of low order methods. This code has been validated
by comparing the computed results of some test prob-
lems with known analytical solutions. Carpenter and
Kamath*® have demonstrated that with the compact
scheme, the growth rate with the initial profile based
on the Eigen functions predict those from linear sta-
bility theory for free shear layer to within 1% for a
time duration equal to about five times the sweep time
of the flow field. The compact scheme provide a sub-
stantial reduction in truncation and phase errors over
the first order upwind and the second order Mac-
Cormack’s scheme.

The numerical simulations are carried out for both
the mixing of similar and dissimilar gases at different
convective Mach numbers using SPARK 2D by Javed
et al.*’ The details of flow parameters used in these
simulations are shown in Table 2 for the sake of
clarity.

OpenFOAM. OpenFOAM is free-to-use open source
numerical simulation software with extensive CFD
and multi-physics capabilities. The governing equa-
tions are discretized using polyhedral finite volume
method. The object-orientation of the software facili-
tates easy model implementation in physical model-
ling and numerics (discretization, solvers, equation
coupling). To the best of the knowledge of the
authors, this may be the first attempt to apply
OpenFOAM toolkit to solve high speed confined
mixing layer. The governing equations are discretized

to obtain a linear system of equations, which can be
solved by the CFD solver. OpenFOAM has its own
programming language for writing solution algo-
rithms for complex physics. It includes set of func-
tions that describe standard differential operators
(V2,Ve,V,V x,9/0t,&/3r*) which perform the dis-
cretization to create matrix equations. OpenFOAM
offers different choice of methods for temporal dis-
cretization. For the discretization of the convective
term, OpenFOAM offers many options. At run-
time, the user can select the linear solver to be used
to solve each matrix equation generated by a given
application. The solvers are generalized so that the
user can select the preconditioner and/or smoother
for each solver. For the model free simulations in
the present work temporal discretization is done
using second order backward scheme. Fourth order
schemes are wused for spatial discretization.
Preconditioned  Bi-conjugate  gradient  solver
(PBiCGQG) is used for the solution of velocity, enthalpy
and species matrices with diagonal incomplete lower
upper (DILU) preconditioner while preconditioned
conjugate gradient (PCQG) solver is used for pressure
and density matrices with diagonal incomplete
Cholesky (DIC) preconditioner. Pressure implicit
with splitting of operators (PISOs) algorithm is used
for the coupling between pressure and velocity terms
with two corrector steps. A maximum Courant
number of 0.3 is observed to give stable simulations.

Study of the Erdos experimental conditions has
been made by Javed et al.”° to analyse the effects of
the side wall confinement. The mixing layer growth
rates evaluated from these 3D simulations are used
in the present work to compare the growth rates
from RANS simulations.

Results and discussions

The axial velocity profiles for different combinations
of Pr, and Sc, values are shown in Figure 3 which
show that the choice of combination of Pr, and Sc,
values do not affect the velocity profiles appreciably.
All the velocity profiles lie within a band of less than
2% difference indicating that the values of Pr, and S¢,
does not affect the shear layer growth rate for this
particular case. The experimental condition con-
sidered for simulations has mixing of hydrogen at
103K with nitrogen stream at 2436 K. Both the
streams are having same static pressure. The density
of hydrogen stream is 1.69 times more than that of
nitrogen stream. The molecular mixing causes the
molecular weight to be lesser than that of Nitrogen
forcing the density to be lesser than nitrogen.
However, the thermal mixing with such a large tem-
perature difference, combined with the higher heat
capacity of the hydrogen makes the gas mixture to
have lower temperature than that of nitrogen stream
and forces the density to be higher than that of the
pure nitrogen stream. Due to these two opposing
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Figure 3. Axial velocity profiles in the lateral direction with
different combinations of Pr; and Sc; values, at an axial location
of 500 mm.

effects on the values of mean density the changes are
not so drastic in the density field. When the values of
Pr, and Sc, are varied, the changes introduced in the
density field remain appreciably low to cause a large
change in velocity field due to the counterbalancing
effects of temperature and molecular weights of the
mixing streams.

The distribution of hydrogen mass fraction in the
lateral direction at the axial location of 500 mm is
presented in Figure 4 with different values of Pr,
and Sc,. The profiles are quite sensitive to the value
of Sc¢, while not so sensitive with the values of Pr,.
Also the same amount of change in the value of Sc,
does not cause the similar difference between the pro-
files, indicating a non-linear dependence of species
mass fraction distribution on S¢, values. This sensitiv-
ity of mass fraction distribution on S¢, values makes
the results from RANS simulations for the evaluation
of mixing layer thickness based on species distribu-
tion, completely unreliable. Static temperature distri-
butions in lateral direction with different values of Pr,
and Sc, at an axial location of 500 mm shown in
Figure 5 show its sensitivity to both the values of
Pr, and Sc,. Hence both species distribution, tempera-
ture distribution prediction depends strongly on the
choice of the values of Pr, and S¢, in RANS simula-
tion; although velocity predictions are not affected by
these values. For the prediction of an accurate distri-
bution, a-priori knowledge of the suitable values of
Pr,and Sc, for a similar kind of flow is necessary, or a
suitable model for the evaluation of these parameters
would be required.

The wall pressure comparisons with the experimen-
tal*® values and RANS simulation are shown in
Figure 6(a) and (b) for lower and upper walls

Figure 4. Hydrogen mass fraction profiles in the lateral dir-
ection with different combinations of Pr, and Sc, values, at an
axial location of 500 mm. The values of (Pr,, Sc;) are shown next
to the corresponding curve.

0.025
Prt = 0.30, Sct = 0.30
----Prt = 0.30, Sct = 0.90
- - Prt = 0.30, Sct = 1.50
0.020 1 — Prt=0.90, Sct = 0.30
----Prt = 0.90, Sct = 0.90
_ — -Prt =0.90, Sct=1.50
E —_— = =
£ oue Prt = 1.50, Sct = 0.30
2 ----Prt=1.50, Sct=0.90
7 - - Prt=1.50, Sct = 1.50
a
E 0.010
-l
0.005
0.000
0 500 3500

Figure 5. Static temperature profiles in the lateral direction
with different combinations of Pr, and Sc, values, at an axial
location of 500 mm.

respectively. Also in the same figures the wall pressure
data from model free simulations®® are plotted for the
purpose of comparison. The waviness observed in the
wall pressure data is due to reflections of multiple
weak shocks and expansions waves from the walls.
Except for some experimental points for lower wall,
shown in Figure 6(a), RANS simulations overpredict
the surface pressure. The surface pressures at upper
wall are slightly under predicted by RANS simula-
tions as shown in Figure 6(b). Nevertheless,
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Figure 6. Wall pressure comparison from RANS and experimental results for (a) lower wall (nitrogen side) and (b) upper wall

(hydrogen side).
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Figure 7. Mixing layer thicknesses and growth rate from RANS simulations, data from the model free simulations are also plotted

for comparison.

considering the repeatability of the experiment the
comparison can be considered as reasonably good.
The surface pressures from RANS simulations also
show a good match with that predicted from model
free simulations using SPARK code.?®

Vorticity thickness defined as 8, = AU / ( ) is

max

used to evaluate the shear layer thickness. Here AU is
the difference in velocities of the two mixing streams.
The values of shear layer thicknesses for the present
simulation along with the best fit in the linear region
are shown in Figure 7. Shear layer thicknesses from
the model free simulations carried out by Javed
et al.* for 3D geometry with symmetry boundaries
in the sides and with the actual side wall are also
shown in the figure, which are evaluated using

OpenFOAM software. The 2D simulation results
shown in the Figure 7 are taken from the model free

u
ay

simulations carried out by Javed et al.*® using
SPARK 2D. The shear layer thicknesses at the same
axial positions are different due to the different loca-
tions of attainment of self similarity for the different
simulations. However, the slopes of the lines joining
the thickness points, which represent growth rate of
the mixing layer, are almost identical. In the down-
stream of the linear region, the thicknesses show a
sudden decreasing trend for the 2D simulations and
decreasing and increasing trend for 3D simulation.
This kind of behaviour is shown due to the fact that
as the shear layer grows, the shear layer profile may
not remain perfectly linear in the lateral direction.
With non linearity, the value of (du/dy),,, at some
points in the shear layer can be more, which remains
almost constant in case of a linear profile. In such
situation, even though the thickness is higher, this
increased value of (du/9y),,, (which occurs in the
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denominator while evaluating vorticity thickness),
returns a smaller value.

It can be observed that the growth rate predicted
by the RANS simulation differs only slightly with the
model free simulation growth rate predictions. This
good match of the growth rate looks contrary to the
findings'® that the use of k—¢ turbulence model is not
suitable to predict the growth rates of compressible
shear layers.

In order to further check the performance of k—e
turbulence model at different convective Mach num-
bers, number of simulations is performed. The differ-
ent parameters for the simulation matrix are shown in
Table 3. The temperatures, pressures and compos-
itions of both the streams are kept same as that
used in Erdos experimental condition.?® This makes
the density ratio for all the cases to be equal to 1.69.

Mixing layer simulations using RANS have also
been made for mixing two supersonic streams at
same temperature, pressure and composition at differ-
ent values of M,. For these simulations, a numerical
study case carried out by Kral’! has been chosen. In
this study, mixing of two supersonic streams has been
considered at 800K static temperature. The flow
Mach numbers of both the streams and corresponding
M, are given in Table 4.

The shear layer vorticity growth rate ratios, are
the values of vorticity thickness growth rate of com-
pressible shear layer normalized with the correspond-
ing incompressible shear layer growth rates, are
plotted in Figure 8. The incompressible shear layer
growth rate is evaluated using Dimotakis’' relation
which includes both velocity and density ratios.
Apart from the results from the cases tabulated
in Table 3 which are simulated using RANS simula-
tions, the similar and dissimilar gases mixing cases
result from model free simulations** along with
Dimotakis™ curve are also shown by closed symbols.
The model free simulations were carried out using
SPARK 2D software, details of which are available
in Oh and Loth.*

An examination of the similar gas cases in Figure 8
shows that the model free simulations capture the
reduction in the growth rate matching well with the
Dimotakis™ curve. It can be observed in the same
figure that the RANS simulations for these cases
show almost no sensitivity towards compressibility.
Similar result has been obtained by Kral,®! for simu-
lation of free mixing layer with M,.=0.1-4.0.

The growth rate ratios of dissimilar gases obtained
using model free simulations show a higher growth
rate when compared with the cases of similar gases

Table 3. Flow parameters for the mixing layer study in different cases.

Mach Velocity

Case Location Velocity (m/s) number ratio (r) M.

| Primary 3807 3.95 0.95 0.1
Secondary 3629 4.69

2 Primary 3807 3.95 0.91 0.2
Secondary 3451 4.46

3 Primary 3807 3.95 0.81 04
Secondary 3095 4.00

4 Primary 3807 3.95 0.72 0.6
Secondary 2739 3.54

5 Primary 3807 3.95 0.63 0.8
Secondary 2383 3.08

6 Primary 3807 3.95 0.53 1.0
Secondary 2027 2.62

7 Primary 3807 3.95 0.44 1.2
Secondary 1670 2.16

8 Primary 3807 3.95 0.35 I.4
Secondary 1314 1.70

9 Primary 3807 3.95 0.25 1.6
Secondary 958 1.24

Table 4. Flow parameters for the compressible mixing layer simulation with unity static temperature ratio.

M, 0.5 1.0 20 25 3.0 35

M, 24 34 5.4 6.4 74 9.4

M, 1.4 1.4 1.4 1.4 1.4
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Figure 8. Variation of the ratio of compressible to
incompressible growth rate for different simulations.

at the same convective Mach numbers. The higher
growth rate occurs due to the dominant effect of tem-
perature on the density as compared with that of pres-
sure (compressibility effect). The cause for the higher
growth rate of dissimilar gases mixing layers is dis-
cussed by Javed et al.*’ in detail.

The growth rate ratios predicted from RANS using
k—e turbulence model for dissimilar gases show a
reduction in contrast with those predicted for similar
gases at the same convective Mach numbers. This
kind of reduction is also observed in the simulations
carried by Viegas and Rubesin®? using k—¢ turbulence
model for parallel compressible mixing of high static
temperature ratio gas streams. In the simulations per-
formed by Viegas and Rubesin,*® both matched static
temperatures as well as different static temperatures
cases were considered. In the different static tempera-
ture cases, the total temperatures of both the streams
were matched, and the static temperature ratios were
varied from 1.45 to 33.33 for different M,. For
matched density case, the reduction in the growth
rate at M.=1.5 was marginal (8%); while it was
45%  at the same M, for different density cases. The
present simulations employ a static temperature ratio
of 23.65. This reduction of growth rate could be due
to change of density in the mixing layer due to dom-
inant effect of temperature change in comparison of
the effect of pressure as explained by Mahle et al.”
and Javed et al.*’

Further observation of Figure 8 shows a good
match of growth rates predicted from both model
free simulations as well as through RANS simulations
using k—e turbulence model. This good match can be
attributed to the capturing of density change effects

due to temperature by turbulence model, while the
model is unable to capture density changes caused
by pressure fluctuations as can be observed by the
results of similar gases mixing at same temperature.

Conclusions

RANS simulation with k—¢ turbulence model is per-
formed to examine its adequacy for prediction of the
growth rate of mixing layer formed between two dis-
similar gases. It has been observed that the values of
Pr, and Se¢, do not affect velocity distribution, how-
ever, the temperature and species mass fraction distri-
bution are strongly affected. The wall pressures
evaluated exhibit a close match with both experimen-
tal as well as model free simulation results. Growth
rate of shear layer is also observed to match closely
with model free simulation results. In order to get an
explanation for this close match, a number of similar
and dissimilar gases compressible mixing simulations
have been performed at different M, values. It has
been observed from Figure 8 that the growth rates
reduction of dissimilar gases show a good match for
both RANS and model free simulation. However, the
growth rate of similar gases does not show any sensi-
tivity towards increasing M, when evaluated from
RANS methodology. The reason for this behaviour
is explained to be due to the dominant effect of tem-
perature changes on density than that due to pressure.
The reduction observed gives strong evidence that
the growth rate decrease in case of compressible
mixing of different gases at large temperature differ-
ence is governed by the effect of temperature on
density rather than the effect of pressure (compress-
ibility effect).
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Appendix |

Notations
k
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&

turbulent kinetic energy
axial component of velocity
axial distance

lateral distance

compressible mixing layer growth rate
incompressible mixing layer growth rate
rate of dissipation of turbulent kinetic
energy
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