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Model free simulations are performed to study the effect of the presence of side wall in compressible
mixing of two parallel dissimilar gaseous streams with significant temperature difference. The turbulence
statistics shows the three dimensional nature of the flow with and without the presence of side walls. The
presence of side wall neither makes the flow field two dimensional, nor suppresses three dimensional
disturbances. However, the comparison of shear layer growth rate and wall pressures reveal a better
match with the two dimensional simulation results. This better match is explained on the basis of forma-
tion of oblique structures due to the presence of side walls which also suppress the distribution of
momentum in third direction making the pressures to be higher as compared with the case without side
walls.
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1. Introduction

In a hypersonic air breathing vehicle, scramjet engine remains
only option for propulsion system. The better understanding of
mixing and combustion process in the scramjet combustor is one
of the critical areas for its development. One of the main techno-
logical challenges in the development of scramjet engines is the
effective mixing of air and fuel in the combustor at compressible
(supersonic) conditions. The combination of very short residence
times and poor mixing caused due to compressibility makes the
problem difficult to solve. ‘Planar confined compressible shear
layer’ is considered as a canonical problem to study the parallel
injection in the scramjet combustor.

Most of the studies related to mixing layers have been carried
out on free mixing layers which do not have any wall interaction.
In practical scramjet combustors with rectangular cross sections,
the fuel and oxidiser (air) mixing streams are confined in the top
and bottom direction as well as in the sides. The effects of these
walls have been studied using stability analysis and numerical sim-
ulations. For a shear layer inside a rectangular channel, Tam and Hu
[1] showed that the coupling between the motion of the shear layer
and the acoustic modes of the channel produces new instability
mechanism called as ‘supersonic instability’ different form Kel-
vin–Helmholtz instability for the spatially growing mixing layers.
Greenough et al. [2] have also shown two general types of instabil-
ities: confined Kelvin–Helmholtz mode and supersonic wall modes,
by analysing the effect of wall on a confined compressible temporal
mixing layer. Zhuang et al. [3] carried out instability analysis for
confined mixing layer and they argued that the increased instability
of the confined mixing layer was due to the feedback mechanism
between the growing supersonic shear layer and the wave system
(wall reflections) that makes the shear layer more unstable, than
the corresponding free supersonic shear layer, which loses energy
to acoustic radiation to the far field. The amplification rates of the
two-dimensional (bounded) and three-dimensional (free) super-
sonic instability modes were also compared with the experimental
data by Zhuang et al. [3], and it was observed that the two dimen-
sional results are in much better agreement with the experimental
data. Morris et al. [4] further showed that the choice of width-to-
height ratio of the confining duct may determine whether the
two- or three-dimensional mode has a greater growth rate. The
effect of lateral confining walls is studied by Chakraborty [5], a
comparison of the mixing layer thickness for both laterally confined
and free mixing layer are made. The thicknesses are found to be
more for the confined case than those for free cases. The shock
reflections from these top and bottom confining walls make the lat-
erally confined shear layer more unstable and thus the growth
starts earlier than the free counterpart, resulting in higher thickness
at the same streamwise location with the growth rate remaining al-
most the same. Recently, Javed et al. [6] carried out both two and
three-dimensional spatiotemporal simulations employing higher
order finite difference scheme as well as finite volume scheme
based on open source software (OpenFOAM) to understand the
effect of three-dimensionality on the development of mixing layer.
It is observed that although the instantaneous structures exhibit
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three-dimensional features, the average pressure and velocities are
predominantly two-dimensional. This study shows a higher growth
rate for three-dimensional mixing layer simulations in comparison
with that evaluated from two-dimensional simulation results.
However, a number of two dimensional numerical studies [7–10]
have shown a good match with the experimentally observed
growth rate, velocity and pressure data, indicating that the flow
field for the mixing layer experiments carried out in a confined
environment may be two-dimensional in nature. Two dimensional
simulations were carried out by Lu and Wu [7] for convective Mach
numbers ranging from 1.05 to 1.77. The growth rates observed
numerically was compared with experimental results and found
in good match. Two dimensional simulations carried out by Liou
et al. [8] for convective Mach numbers ranging from 0.14 to 1.28
show a good match for the normalised growth rate with the exper-
imental curve. Normalised growth rate is also captured nicely in the
2D simulations for Mc = 0.2–1.0 by Li and Fu [10] using Bhatnagar–
Gross–Krook (BGK) scheme [11,12]. They have concluded that
although the mean velocity field and the thickness growth rates
for 2D mixing layers agreed generally well with the experimental
results even though the real flow is three-dimensional, velocity
fluctuation intensities and shear stresses are over predicted com-
pared with the experimental data. Chakraborty et al. [9] have car-
ried out a 2D model free simulations of a supersonic confined
mixing layer of dissimilar gases with significant temperature differ-
ences and showed a good match of wall surface pressures with
experimental results, indicating the ability of 2D simulations to
predict the wall pressure of a 3D experimental flow field. For these
2D numerical studies the good comparison of growth rate at higher
convective Mach numbers (Mc > 0.6) with the experimental results
give an indication that the experimental flow field may be 2D in
nature in presence of confining side walls. According to Lu and
Wu [7] the side walls act as suppressors for three-dimensionality
and the flow is dominated by two-dimensional disturbances and
structures. This suppression of three-dimensionality by side walls
could explain the better match of experimental pressures data with
two-dimensional simulations data.

The experimental results for growth rates and mean quantities,
which are from actual 3-dimensional flows, could be well pre-
dicted using 2D simulations, when they are conducted in the pres-
ence of confining walls. It has been argued that these side walls
make the flow field more two dimensional, and due to this two
dimensionality of the flow field the 2D simulations are in better
agreement with the experimental results. In most of the experi-
mental studies there is little or no information available for the
two or three dimensionality of the flow field. And thus the reason
for the good match of the two dimensional numerical results for
mixing layer growth rate, with that with the experimental data re-
mains debatable. In order to resolve the issues concerned with the
effect of side wall on the flow field, a simulation is carried out using
actual duct geometry of the experimental case studied by Erdos
et al. [13] as considered in Ref. [6]. Three dimensional model free
simulations are carried out for exact Erdos experimental geometry
in the presence of side wall for two dissimilar gases with signifi-
cant temperature differences. The flow structure for three dimen-
sionality is examined along with the turbulence statistics, and
compared with the three dimensional case without any side walls
and two-dimensional simulations. The growth rates of shear layer,
and wall pressures are evaluated and analysed to explain the pos-
sible effects of the presence of side wall.

2. Geometry, grids, and boundary conditions for simulations

The mixing duct for Erdos’ [13] experimental study is 50.8 mm
wide with a height of 25.4 mm. The duct height to width ratio
comes out to be 0.5. The length of duct is 535 mm. A sketch of
the experimental geometry is shown in Fig. 1 with a side view
showing the duct cross section, and relevant coordinate axis con-
vention. For numerical simulations the middle plane in z-direction
is considered as symmetry plane. This results in geometry with a
width of 25.4 mm, with one side in the width direction as wall
and the other side as symmetry. The position z = 0 mm represent
symmetry plane, while z = 25.4 mm is the location of side wall.

For the present simulations a case with the nitrogen stream as
the primary flow at the lower part of the duct and the hydrogen
stream as secondary flow at the upper part of the duct separated
by a splitter plate are considered. The details of the flow
parameters are presented in Table 1. The convective Mach number
Mc = (U1 � U2)/(a1 + a2), comes out to be 0.80 for this mixing layer.

A detailed study of the grid independence is presented in Ref.
[6] with a 2D domain. The grid independence of the solution is
demonstrated by not only comparing the average results with dif-
ferent grids but also comparing the spectral content of the fluctu-
ation with different grids. The grid is stretched exponentially in the
axial and lateral directions with minimum grid spacing at the in-
flow boundary and at the interface of the two streams to capture
the initial development of the mixing layer. The wall boundary
layer is resolved by taking very fine mesh near the solid wall and
the grid is again stretched exponentially in the region away from
the wall. The grid structure employed in the simulations has
1000 points in the axial direction with minimum grid size of
0.3 mm near the inflow boundary plane and the maximum size
of 0.8 mm near the outflow boundary. In the lateral direction,
101 grid points are used with a minimum grid spacing of
0.09 mm near the interface and wall, and the maximum grid spac-
ing is of the order of 0.5 mm in the region away from interface and
wall. The ratio of this minimum grid spacing in y-direction
(0.09 mm) with mixing layer width in the upstream direction
(�2.0 mm) comes out to be 0.045, which according to Oh and Loth
[14] was adequate to give grid independent results even with sec-
ond order spatial scheme as this ratio is less than 0.05. It is to be
noted that the present simulations employ a fourth order spatially
accurate scheme. For 3D calculation without considering side
walls, a three-dimensional computation mesh with 41 planes is
formed by spanning the two-dimensional grids with an equal dis-
tance in the z-direction. The distance between two planes is kept to
be 0.3 mm. For the simulations considering side walls, the compu-
tational grid in the x and y direction is kept same as that used in 3D
simulations without side wall, while in the z-direction 101 grid
points are used. The minimum distance is near the side wall with
a value of 0.01 mm. The grid is stretched towards the symmetry
plane with a maximum width of 0.3 mm. The total grid size comes
out to be around 10.2 million.

The velocities at the walls and splitter plate are kept zero, and
constancy of wall temperatures are employed for heat transfer. A
parabolic boundary layer profile is given near the walls and the
splitter plate. The boundary conditions at the sides are set as peri-
odic boundary condition for without side wall simulations. For the
case considering effect of side wall, adiabatic wall with no slip
velocity boundary condition is given for side wall while the other
side is made a symmetry boundary. Both the streams are given
equal pressure of 27,580 Pa. Nitrogen mass fraction is set to unity
for primary stream, while hydrogen mass fraction is unity for the
secondary stream. The exit boundary condition is obtained by sec-
ond order extrapolation and is considered satisfactory for this
problem dominated by supersonic flow. A purging time of 515 ls
is used in the simulation as explained in Ref [6].

3. Numerical simulation

In the present study, OpenFOAM open source software [15] is
used to carry out model free simulation. Unlike Direct Numerical



Fig. 1. Schematic of the Erdos [13] experimental mixing duct with details of duct cross section.

Table 1
Inflow parameters for non-reacting shear layer.

Location Species Velocity (m/s) Temperature (K) Pressure (Pa) Mach number Re (mm)

Primary Nitrogen 3807 2436 27,580 3.99 2200
Secondary Hydrogen 2389 103 27,580 3.09 42,000
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Simulation (DNS), in a model-free simulation, the resolution of Kol-
mogorov scales is not sought for. However, the grid size in case of
model-free simulation is such as to resolve the large-scale fluctua-
tions affecting the formation and growth of mixing layer. Very
small-scale fluctuations responsible for the transfer of turbulent
mechanical energy to the thermal energy due to viscous effects
may not be fully resolved. An extensive review of the model free
simulation method and results for both non-reacting and reacting
flows is provided by Givi [16]. This methodology of model free sim-
ulations has been used by many researchers and reported in liter-
ature. High resolution non-linear inviscid simulations were
performed by Oh and Loth [14] for Mc values of 0.35, 0.45, and
0.7. The growth rate reduction with increasing Mc is well captured,
the profiles of velocity, and turbulence intensities match satisfacto-
rily with the experimental observations of Goebel and Dutton [17].
Oh and Loth [14] 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 [17]. Euler equations were
solved using the argument that viscous effect does not play a dom-
inant role in the mixing layer region. The finest grid consisted of
20,000 points with a minimum grid spacing of 0.3 mm. In another
study involving the use of model free simulations, Risha [18,19]
considered a 3-d domain of size 100 mm � 10 mm � 17 mm, and
used a grid size of 100 � 53 � 35 for studying free mixing layers
formed between two air streams at different convective Mach
numbers (Mc = 0.2–1.56) and obliquity angles. The model free sim-
ulations carried out by Chakraborty et al. [9] 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 high-
er order quantities. A 1000 � 101 grid was shown to capture the
features of the flow adequately. A good prediction of the different
flow quantities in the compressible regime, by model free simula-
tion technique makes it a suitable choice for the present study.

Instead of writing new software, open source libraries from
OpenFOAM are customised to carry out 3D model free simulations.
OpenFOAM is free-to-use open source numerical simulation soft-
ware with extensive CFD and multi-physics capabilities. The gov-
erning equations are discretised using polyhedral Finite Volume
Method. The object-orientation of the software facilitates easy
model implementation in physical modelling and numerics (dis-
cretization, solvers, equation coupling). To the best of the knowl-
edge of the authors, this may be the first attempt to apply
OpenFOAM toolkit to solve high speed confined mixing layer.
The mass, momentum, energy and species equations are writ-
ten in conservation form as

@q
@t
þr � ðq~UÞ ¼ 0 ð1Þ

@q~U
@t
þr � ðq~U~UÞ ¼ r � r ð2Þ

r ¼ � pþ 2
3
lr � ~U

� �
I þ lðr~U þ ðr~UÞTÞ ð3Þ

@qh
@t
þr � ðqh~UÞ ¼ r2ðahÞ þ Dp

Dt
ð4Þ

@qYm

@t
þr � ðqYm

~UÞ ¼ r2ðlYmÞ ð5Þ

The different transport coefficients and thermochemical properties
are originally evaluated using Joint Army Navy Nasa Air Force (JAN-
NAF) tables. However, the JANNAF tables contain the values only up
to 5000 K temperature. In the present simulations, the tempera-
tures are expected to rise above this limit. In this scenario NASA
CEA400 tables have been included and used. These tables give the
values of transport coefficients and thermochemical properties up
to a temperature of 15,000 K.

The specific heat at constant pressure, enthalpy and entropy at a
given temperature are evaluated using following relations [20]

C0
p

R
¼ a1T�2 þ a2T�1 þ a3 þ a4T þ a5T2 þ a6T3 þ a7T4 ð6Þ
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R
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T
2
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3
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4
þ a7
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5
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T
ð7Þ

S0

R
¼ �a1

T�2

2
� a2T�1 þ a3 ln T þ a4T þ a5

T2

2
þ a6

T3

3
þ a7

T4

4
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ð8Þ

The constants a1 to a9 are listed by Gordon and McBride [21] at dif-
ferent temperature intervals and are provided as a data file named
thermo.inp which is linked in OpenFOAM program for the evaluation
of these thermodynamic quantities.

Similarily transport coefficients, namely thermal conductivity
and viscosity are also evaluated through the suitable parametric
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equations [21]. Schmidt number is assumed to be unity, which re-
sults in equal kinematic viscosity and species diffusivity.

The governing equations are discretised to obtain a linear sys-
tem of equations, which can be solved by the CFD solver. Open-
FOAM has its own programming language for writing solution
algorithms for complex physics. It includes set of functions that de-
scribe standard differential operators ðr2;r�;r;r�; @=@t; @2=@t2Þ
which perform the discretization to create matrix equations. Open-
FOAM offers different choice of methods for temporal discretiza-
tion. For the discretization of the convective term, OpenFOAM
offers many options. At run-time, the user can select the linear sol-
ver 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 used for spatial discretization. Preconditioned
Bi-Conjugate Gradient solver (PBiCG) is used for the solution of
velocity, enthalpy, and species matrices with Diagonal Incomplete
Lower Upper (DILU) preconditioner while Preconditioned Conju-
gate Gradient (PCG) solver is used for pressure and density matri-
ces with Diagonal Incomplete Cholesky (DIC) preconditioner.
Pressure Implicit with Splitting of Operators (PISO) algorithm is
used for the coupling between pressure and velocity terms with
two corrector steps. A maximum Courant number of 0.3 is ob-
served to give stable simulations.

4. Results and discussion

The instantaneous and averaged values of axial velocity at dif-
ferent axial locations for without and with the presence of side
wall are shown in Figs. 2 and 3 respectively. For the sake of clarity
in the figures the scale has been started from 2400 m/s as the
velocity of low speed stream, all the velocities lower than this va-
lue will be in black colour. In these figures the y- and z-axes repre-
sent lateral and span wise directions respectively. In the case
where no side walls are considered, the three dimensionality of
the instantaneous flow field is clearly observed in the axial velocity
distributions, as shown in Fig. 2. Clemens and Mungal [22], and
Sandham and Reynolds [23] have reported similar three dimen-
sionality for convective Mach number (Mc) greater than 0.6 from
experimental, DNS, and linear stability analysis. In the present
study, the time averaged values can be observed to be two dimen-
sional, as there are no geometrical or inlet flow conditions respon-
sible for the introduction of three dimensionality in the flow field.

The three dimensionality of the instantaneous flow field can be
clearly observed in the variation of the axial velocity along the span
100 mm 200 mm 3
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100 mm 200 mm 3

(Average

2400 m/s

Z 

Y 

Z 

Y 

Fig. 2. Instantaneous and averaged distribution
(z-direction), in case of the simulations carried out in presence of
the side walls, as shown in Fig. 3. This three dimensionality in pres-
ence of side walls nullifies the argument that the flow field may
have reduction in three dimensionality in presence of side walls.
In fact, near the wall the flow field is more three dimensional in
both instantaneous and averaged flow fields. This three dimension-
ality in the presence of side wall is further analysed for the normal
component of Reynolds stress along the span and the pressure fluc-
tuations at different points in span wise planes at 300 mm axial
location.

The Reynolds stress in the span wise direction (rzz) is compared
in Figs. 4 and 5, at axial locations of 300 mm and 400 mm respec-
tively, for both with and without side wall configurations. The
span-wise extent of the geometries is denoted by ‘w’, the values
of rzz are taken at span-wise locations of z = 0.2w, 0.4w, 0.6w,
and 0.8w. In the sidewall case, the wall is at the location z = w. In
an experimental study carried out by Gruber et al. [24] at an
Mc = 0.8, the peak value of (rzz/qDU2) is reported to be
3.7 � 10�4 compared to the value of 1.7 � 10�3 obtained in the
present analysis. Although the Mc is same for both the studies,
the experimental study of Gruber et al. [24] consider mixing of
the same gas at static temperature difference of only 100 K with
the mixing streams speeds of 500 and 91.2 m/s respectively. In
the present case, the temperature difference is more than 2000 K,
and the speeds of lower and upper streams are 3807 and
2389 m/s respectively. Higher velocities of streams in the present
case will increase the Reynolds stress. Moreover, Gruber et al.
[24] have taken free shear layer compared to the confined shear
layer considered in the present study.

Examination of Figs. 4 and 5 indicates that the maximum differ-
ence in peak values of span wise normal Reynolds stresses are
nearly 10% for both 300 and 400 mm axial locations for without
side wall case, while this difference becomes around 25% for the
cases where side wall is taken into consideration.

The examination of instantaneous fields of velocity and that of
turbulence statistics, gives an impression that the side wall does
not make the flow field to be two dimensional. On the other hand
there is more three dimensionality introduced due to the presence
of side wall. The normal Reynolds stress in the span wise direction
clearly shows an increase in the values indicating three dimension-
ality of the flow field.

The behaviour of the flow field in the presence of side wall can
be further examined by comparing the spectral content (amplitude
and frequency of the flow quantities) of the two flow fields. The
spectral content is examined at 9 different points in 300 mm and
500 mm axial locations as shown in Fig. 6. The coordinates of these
points are shown in Table. 2 (‘w’ is the span wise width of the flow
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d values) 

3800 m/s 

of axial velocity at different axial locations.
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Fig. 3. Instantaneous and averaged distribution of axial velocity at different axial locations. The distance in z-direction is 50.8 mm and in y-direction is 25.4 mm. The results
are reflected around the symmetry boundary (at z = 0) for the purpose of better visualisation.

Fig. 4. Comparison of span wise component of Reynolds stress for simulations (a) without side wall and (b) with side walls at an axial location of 300 mm in the lateral
direction.
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duct). Points 1, 2 and 3 are in hydrogen side of the flow, and points
7, 8, and 9 are in the nitrogen side of the flow. Points 4, 5 and 6 are
in the mixing layer region. Points 3, 6 and 9 are near the side wall
in the side wall case simulations.

Pressure values are monitored at the selected points and the
amplitude and frequency of the pressure values fluctuations are
evaluated using FFT (Fast Fourier Transform). The amplitudes of
the pressure fluctuations are normalized by the average values of
pressures at the same points, and the frequencies are normalised
by Uc/L, where Uc is the convective speed and L is the length of
the duct. The convective speed defined as (U1a2 + U2a1)/(a1 + a2),
comes out to be 3006 m/s for this mixing layer. The pressure
amplitudes with frequencies at different points are plotted in
Fig. 7 for the cross sections at axial locations of 300. An examina-
tion of Fig. 7 shows that at points 1, 2 and 3 which lie within the
hydrogen stream, the pressure fluctuations and the dominant fre-
quencies are almost similar for both with and without side wall
cases. Higher pressure fluctuations are observed for both cases in
the mixing layer region as seen from the plots on points 4, 5, and
6 in Fig. 7. In the nitrogen side of flow as depicted in Fig. 7 by points
7, 8 and 9 again the frequencies and amplitudes are of the similar
values for both the simulations.



Fig. 5. Comparison of span wise component of Reynolds stress for simulations (a) without side wall and (b) with side walls at an axial location of 400 mm in the lateral
direction.
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side wall (Periodic)

with side wall

Y 

Z 

Fig. 6. Locations of points for the analysis of spectral content of without, and with
side wall flow fields.
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Further analysing Fig. 7, it can be observed that peak amplitude
without side wall case for 300 mm axial location, remains constant
at 1.5% of average pressure while the peak amplitudes varies be-
tween 1.4% and 2.3% in the mixing layer region (points 4, 5 and
6). These results demonstrate the effect of side wall in increasing
the three dimensionality of the flow field.

Vorticity thickness defined as dx ¼ DU= @u
@y

� �
max

is used to evalu-

ate the shear layer thickness. The values of shear layer thickness
for the present simulations along with the best fit in the linear re-
gion are shown in Fig. 8. The shear layer thicknesses from 2D sim-
ulations [6] are also plotted on the same figure for the sake of
comparison. In the figure SPARK 2D indicate the 2D model free
simulations carried out with a fourth order compact finite differ-
ence scheme [6]. It can be clearly seen that the linear region of
the growth for OpenFOAM 3D simulation with side wall is nearly
parallel to that predicted using the 2D simulations. The growth rate
with side wall comes out to be 29.8 mm/m as compared with
30.2 mm/m predicted by SPARK 2D. The side wall seems to affect
the growth rate to become nearly equal to that predicted using
2D simulations. The argument of side wall making the flow field
two dimensional does not hold good in the light of flow data and
turbulence statistics presented earlier. The reason for the growth
Table 2
Location of points for the study of spectral content.

Point 1 2 3 4

Location (y,z) mm 20, 0.25w 20, 0.50w 20, 0.75 w 12.7, 0.25w
rate reduction needs to be understood beyond the concept of
two dimensionality in case of presence of side wall.

In a 2D mixing layer the disturbances are essentially two
dimensional. It is possible that oblique disturbances, i.e. distur-
bances that propagate at an angle b to the mean-flow direction, ex-
ist in compressible shear layers. The angle b, usually called the
oblique angle, is defined as the angle in the stream wise lateral
plane relative to the positive stream wise direction. In the analyt-
ical studies of Lessen et al. [25] it is found that the shear layer be-
comes more unstable as b increases. Bogdanoff [26] proposes that
in the turbulent shear layer the effect of b can be taken into ac-
count by defining an effective convective Mach number

Mceff ¼ Mc cos b

The profound changes that a large value of b may bring can easily be
appreciated: a flow with Mc > 1 may have Mceff < 1. Since the distur-
bance is now characterized by Mceff rather than by Mc, the entire
flow is intrinsically subsonic, thus more unstable than one would
predict using two-dimensional arguments.

In one of the studies of the effect of three dimensionality on the
mixing layer growth rate Papamoschou [27] used concept of Mceff

along with the growth rate reduction correlation for compressible
mixing layers to arrive at a relation between the growth rates of
three dimensional mixing layers with that of corresponding 2D
mixing layer. With the angle of oblique structure and convective
Mach number the ratio of 3D growth rate with that of 2D growth
rate is obtained using following relation.

d03D

d02D

¼ cos b
f ðMc cos bÞ

f ðMcÞ
ð9Þ

where

f ðMcÞ ¼ 0:18þ 0:82 exp �4M2
c

� �
ð10Þ

In the limit of Mc � 0 this relation (Eq. (9)) gives the ratio of 3D to
2D growth rates of incompressible mixing layer, which is always
less than unity for nonzero values of b. The second term can be
put as the ratio of compressible mixing layer growth rate at
Mc � cos b and Mc for 2D mixing layers. This growth rate ratio
5 6 7 8 9

12.7, 0.50w 12.7, 0.75w 5, 0.25w 5, 0.50w 5, 0.75w



Fig. 7. Pressure fluctuations with frequencies at different points at an axial location of 300 mm.

Fig. 8. Shear layer thicknesses and corresponding linear growth regions from different simulations.
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depends strongly on the shape of function f(Mc). For the shape of
growth rate reduction curve considered by Papamoschou [27] The
growth rate has been shown to reach around a maximum of 25%
more in the region of 0.75 < Mc < 1.25 depending on the obliquity
angle of the structures in span wise direction. At all other Mc values
the growth rate is shown to reduce due to presence of oblique
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structures. It can also be shown that at low values of b (<20�) the
difference between the 3D and 2D growth rates are minimal. This
analysis gives a qualitative indication that the 3D growth rate when
compared with 2D growth rate can show an increase or decrease
depending on the obliquity angle b and the compressible growth
rate ratio at Mc � cos b and Mc.

In order to analyse the presence of oblique structures the top
view at the middle plane in y-direction have been taken for hydro-
gen mass fraction for both without and with side wall simulations.
These views are shown in Fig. 9a and b. In Fig. 9a the presence of
2D structures can be clearly noticed in the form of bands of colours
in the initial upstream region. As the flow proceeds downstream
the bands disintegrate in the span-wise direction also showing
presence of there-dimensionality. However, these bands do not
show any preferred directional orientation and hence there is no
evidence of oblique structures. An examination of Fig. 9b shows
a presence of oblique structures forming due to the presence of
side wall. This oblique structure initially makes a small angle from
the flow direction and attains a constant value of around 30� in the
downstream direction. Similar observations can be made from the
Fig. 9c and d on the distribution of magnitude of vorticity. The con-
stant vorticity lines drawn in the side wall case also indicate a
presence of oblique structures in the beginning of the flow as
(a) 

(b) 

(c) 

0      1900

0      1900

(d) 

(e) 
Fig. 9. Top view of the flow field showing hydrogen mass fraction distribution for (a) wi
without side wall case (d) with side wall, and (e) constant vorticity lines for side wall c
shown in Fig. 9e. The presence of this oblique structure may be
responsible for the growth rate reduction in the side wall case.

The calculated reduction in the growth rate in presence of obli-
que structure due to Papamoschou [27], calculated based on 2D
simulation d03D=d

0
2D

� �
¼ cos 30� � ðf ð0:8 cos 30�Þ=f ð0:8ÞÞ is 0.92,

indicating a decrease due to the presence of the oblique structures.
However, as discussed in Ref. [6], the growth rates of compressible
shear layers predicted using 3D simulations, without the effect of
side walls are higher than those predicted using 2D simulations.
For the present geometry and flow conditions, the presence of side
wall causes oblique structures to form and their effect is such as to
cause a decrease in the growth rate of the compressible mixing
layer. In totality the effect of side wall combined with three dimen-
sionality results in only little variation from the 2D growth rate.

The presence of oblique structures due to wall can result either
in increase or decrease in the growth rate when compared with
two dimensional shear layer growth rate. It can be shown that ex-
cept for a narrow band of Mc at certain values of b, the growth rate
of 3D compressible shear layer is always less than that observed for
corresponding 2D compressible shear layer. As seen in the Eq. (9),
the first term cos b is always less than unity for nonzero values of b,
the second term is always more than unity. Since the first term is
dominating term resultant ratio remains less than unity for most of
       3800  m/s 

       3800  m/s 

thout side wall case (b) with side wall, magnitude of the velocity distribution for (c)
ase. (Geometries are not to the scale).



Fig. 10. Upper wall (hydrogen side) pressure comparison among experimental and numerical results.

Fig. 11. Lower wall (nitrogen side) pressure comparison among experimental and numerical results.
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the combinations of b and Mc. It is quite possible that for experi-
mental studies, the shear layer growth rate reduces due to side
wall oblique structure and the resultant shear layer growth rate
is near to that evaluated using 2D simulations. Li and Fu [10], in
their two dimensional simulations have observed that although
the shear layer growth rate matches well with the experimental re-
sults, the experimentally observed fluctuations are not captured by
the 2D simulations. From the present study, it appears that
although the flow field and the statistics of the fluctuations remain
three-dimensional, the combination of three dimensionality in the
presence of oblique structure due to side walls, makes the 3D
growth rate close to that obtained from 2D results.

The upper and lower wall pressures for with and without side-
wall are shown in Figs. 10 and 11 respectively. The pressure values
on the upper and lower walls for the sidewall case shows very good
match with those obtained without any sidewall in the initial re-
gion of the flow. The pressure rise in case of sidewall simulation
picks up in further downstream direction of the mixing duct. How-
ever the rise in pressure in the downstream direction is found com-
parably more than that obtained using the 3D simulations without
any sidewall. The sidewall case pressure is found to be compara-
tively nearer to the 2D simulation pressures. The reason for this dif-
ference could be explained by the distribution of momentum in the
third direction. In case of the presence of side wall this distribution
of momentum in the third direction is restricted and reveals itself as
increased pressure. Both in 2D case and the case with sidewall the
momentum transfer in third direction is restricted. However, in
case of the 3D mixing layer without side walls the momentum
transfer in third direction keeps the resultant of all the velocity
components higher and a lower wall pressure is observed.
5. Conclusions

Model free simulations with and without the presence of side
walls for the Erdos’ [13] experimental case have been carried out.
Exact geometry of the flow duct used in the experimental study
has been considered. A case with geometry without taking the side
walls is also simulated. The turbulence statistics shows three
dimensional nature of the flow for both the simulations. It has been
shown that presence of side wall neither makes the flow field two
dimensional, nor suppresses three dimensional disturbances. In-
stead an increased three dimensionality is observed as an effect
of presence of side walls. However, the comparison of shear layer
growth rate and wall pressures reveal a better match with the
two dimensional simulation results. This better match is explained
on the basis of formation of oblique structures due to the presence
of side walls which also suppress the distribution of momentum in
third direction making the pressures to be higher as compared
with the case without side walls.
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