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Fig.1 A Schematic diagram of the bursting sphere. Initially,
high pressure gas (dark gray area) was filled in a
fragile sphere (dotted line) . After the fragile sphere
burst, the pressure wave (light gray area) was
developed into the ambient space. The solid line shows
a typical pressure profile after burst in distance (= r)
and pressure (= p) axis.
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Fig.3 The calculated blast records with various initial radii (=r,) and mesh sizes (= d) . (a) ro= 0.lm, d was varied from 0,02
mm to 2048 mm for the elongation. (b) = 01lm,d = 002 mm. (c) r,= lm, d was varied from 0.2 mm to 204.8 mm for the
elongation. (d) ro= 1m, d was varied from 0.02 mm to 20.48 mm for the elongation.
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Table 1 Blast pressure records. (a) ~ (d) are same in the Fig. 3.

Distance[m] | (a) [(Pal (b) (Pa] |Distance(m]| (c) [Pa) - |Distance[m]| (d) (Pa]
0.210 52485 53852 - - -
0415 24234 24006 - - -
0620 15194 14867 = = =
0.824 10765 10591 - - -
1.03 8204 - 7845 105 8144
100 617 . 615 100 590
100 50 - 48 1000 48

Vol.53 No.5 (2014)



313 G RIHIIO /2 % O Bursting Sphere ORUERAT & 24— LA
16403
1EHO2
1E+01 £ Initial pressure
— {in atm)
— T~ LI —_—11
St ~L L,
L 1.E+00 - —_— 15
:—"‘..n- U138,
o el [[S"
?_ __: L h-v."'-\‘_., - -2
g 1E01 e
s SREN -
~ Th
r S~ TS 2;\4;‘1
SR ———
1E.02 N o
N ™ ;.i-@:n. ....... ]
\ ;;:'- b.,', (from Ref.1)
SN R,
LE03 SN RS
NN,
™ Ny l‘..
SN N,
\ ."l.
LE04
1E02 1E01 1.E+400 1E401 1E402 16403
r/Ro[-]

Fig.4 Sachs' scaled blast pressure records.
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Fig.5 Rankine-Hugoniot scaled blast pressure records.
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Fig.6 The calculated blast from the early stage of hydrogen-air mixture explosions.
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Table 2 Initial conditions for the blast calculation of hydrogen-air mixture explosions

Pressure [kPa] 202.65 151.9875 111.4575
Temp. of Unburnt Mixture [K] 363 335 306
Density of Unburnt Mixture [kg/m®] 1.404 1.143 0916
Density of Burnt Mixture [kg/m?°] 0.248 0.186 0.137
Flame Position [m] 0078 0.067 0.043
Burnt ratio [ =] 0137 0.065 0.012
Temp. of Burnt Mixture [K] 2396 2388 2379
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Numerical Analysis and Scaling Law of Blast Waves Generated
by Bursting Spheres for Quantitative Evaluation of Accidental Explosions

by Teruhito Otsuka t , Tsutomu Saitoh " and Norihiko Yoshikawa '

The blast formed by the burst of a high—pressure spherical container was analyzed using the Random-Choice method
which can calculate propagation of a shock wave with sufficient accuracy. The explosion characteristic length on the basis of
the internal energy of high pressure gas is used for the normalization with the Sachs' scale. However, many of explosions as
an industrial disaster correspond to the burst of the container in the low explosion overpressure caused by deflagration, and,
as for the accident evaluation based on the scale of Sachs, an error becomes large, The new characteristic length, Rankine-
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Shock wave studies and CFD

Tsutomu Saito
Department of Aerospace Engineering, Muroran Institute of Technology,
27-1 Mizumoto-cho Muroran, 050-8585 Hokkaido Japan

Abstract: Computational fluid dynamics is a powerful means of almost all areas of research and development.
It is especially so for gasdynamics and numerical simulations provide us much information for understanding
complex high speed flows and wave interactions. Some of our recent research subjects are introduced in the

talk showing how experiments and CFD are used.

1. Introduction

Computational Fluid Dynamics (CFD) is now considered as one of the most important and powerful ways -
of investigating complex high speed flow phenomena. This is due to great advances in computer technologies
both in its hardware and software. Twenty years ago, a three dimensional (3D) unsteady shock interaction .
problem with 8 million ( 200 x 200 x 200 ) computational cells was possible to run only on the most powerful-
supercomputer at that time [1-3]. We are now able to run similar problems on a local PC cluster system
without any difficulties and its resolution is equivalent or even better compared to experimental flow
visualization images. As to software, several commercial and open-source numerical codes are available and
accumulating good record of their applications to many research field as well as practical subjects.

In what follows, some of recent research activities at author’s laboratory are introduced showing how

experimental and numerical (CFD) works are combined to investigate shock wave related research topics.

2. Computer systems

Although we have access to large computer systems of government HPC (High Performance Computing)
centers, we usually use our own computer systems installed in our lab. We believe local computer systems are
much more convenient for code development than those HPC systems that are shared with many other users.
We have mini-supercomputer Cray XD1; two chassis with 24 Processing Elements (PE)s, and two PC cluster
systems. One of the cluster system has 128 GB distributed memories and 50 PEs, which has the theoretical
performance of 1 Tera-FLOPS. The other system has 64 GB distributed memory and 24 PEs [4]. Considering

the number of users, we can efficiently work with these systems.

3. Experimental facilities
Experiments of our shock wave studies are carried out by utilizing two diaphragmless shock tubes and
suction type wind tunnel. One of the shock tubes has 75x150mm rectangular cross section and the other ha

circular cross section of 100 mm diameter [5-6]. We can generate shock Mach numbers up to 1.7 to 2.

2



depending on the driver gas. For experiments with higher flow Mach number, we install a nozzle inside the

shock tube and generate flow Mach number of 3.

Different types of flow visualization method are employed. Those include Schlieren and shadowgraph

methods; double exposure laser holographic interferometry, acetone PLIF (Plane Laser Induced Fluorescence).

The: Background Oriented Schlieren (BOS) method is also used. The experimental setup of BOS is very
simple and fine adjustments of optical systems are not necessary. However, the data processing of BOS

requires much computational treatments.

4. Some results

1

" subjects that are carried out recently are shown here. These demonstrates, more or less,

T
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what can be done with in-house computer systems.

4-1 Shpck focusing in a hemispherical implosion chamber

The initiation and propagation of a detonation wave in a hemispherical chamber and the imploding shock
wave that is the reflection of the generated detonation wave at the chamber wall are numerically investigated
[7). The 20cm-diameter hemispherical cavity is filled with a gas mixture of hydrogen and oxygen at 13 to 68
bar. The gas mixture is ignited at the geometrical center using an exploding wire, which generates a strong
shock wave. The shock wave soon becomes an outgoing detonation wave and propagates toward the
hemispherical chamber wall, Fig.1 (a), (b). The detonation wave reflects at the wall as an imploding shock
wave (Fig.1 (c)). The imploding shock wave increases its strength as it converges and finally reflects at the
center generating extreme conditions of high pressures/temperatures in a small, limited region near the

implosion focus (Fig.1(d)).

®»  ©

Figure 1. Operation of hemispherical detonation chamber.
It is-known that the extreme conditions are attained only at the very last moment of the shock focusing
and, to.obtain a reasonable performance, it is necessary for the converging shock wave to be stable and retain

its hemispherical shape as much as possible during its converging process.




The wave propagation and interactions had already been studied experimentally before. However, due to
nature of the experimental facility, direct flow visualization inside the chamber had been impossible.
Numerical simulations, therefore, is quite useful to understand the complex time evolution of flow field. The
effects of the boundary layer and the non-uniformity of the flow field behind the detonation wave on the
imploding-shock stability are specifically interested in the subject.

Caring out a series of computational simulations and examining the results such as shown in Fig.2, it was
found that the effect of boundary layer developed on the flat base plate is more significant than the effects of
the non-uniformities behind the detonation wave. The boundary layer developed on the chamber wall and its ”
separation destroys the spherical symmetry in the flow field and shifts the focal point upward along the axis of -

symmetry.

Gl 1260 | ) ‘t=3a0

{0 ‘t=360 ' ) t-s60

Fig. 2 Generation of detonation and its reflection as an imploding shock wave.

4-2 Weak shock attenuation due to molecular vibrational relaxation

Shock waves in the near field of an aircraft flying at supersonic speeds attenuate while propagating in the
atmosphere. The explosive sound of the shock wave, commonly known as a sonic boom, is also called an

N-wave, because its pressure history is shaped like the letter N. Although the shock front thickness of an




N-wave:s very thin near the aircraft, it increases due to molecular vibrational relaxation while it propagates in
the air.

The rise time, which is the time required for the N-wave to go from atmospheric pressure to its peak
overpressure, is often used for evaluating the shock front thickness. The actual rise time of the sonic boom
measured on the ground is significantly longer and often several orders of magnitude greater than that
expected from the mechanisms of viscous and heat conduction losses alone [8]. The effect of rélaxation due to
the molecular vibrational excitation of oxygen and nitrogen in the atmosphere has been suggested as the cause
of this anomaly[9, 10]. It is known that the degree of annoyance felt by a human being with a sonic boom
depends on the rise time and the peak overpressure. Since next-generation low-noise supersonic aircraft has
been-ét-udied. intensively in recent years, accurately predicting the extent of weak shock wave attenuation has
become increasingly important.

The objective of the study is to investigate the attenuation of the N-wave by taking into account molecular
vibrational relaxation. The characteristics of attenuation with oxygen and nitrogen molecules are examined by

frequenc-y analysis.
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Fig. Effects of molecular vibrational relaxations with different humidities.

Numerical calculations of the N-wave caused by the explosion of a unit mass TINT Were carried out. The
attenuation.due to molecular vibrational relaxation was examined by the Random Choice Method (RCM) and
a method using frequency analysis. The results from the two different numerical methods were corhpared and
indicated good agreement between them for relaxation due to oxygen molecules. The dependence of the
attenuation on different molecular speciés and on relative humidity, which was difficult to investigate by the
RCM alone, was clarified through the use of frequency analysis, and the effectiveness of frequency analysis in

predicting attenuation of the N-wave was demonstrated[11].

5. Summary
It-has been noticed for a long time that CFD is a powerful means of investigating various shock wave

phenomena as well as other science and engineering problems. The hardware cost of computer systems is

significantly reduced while its performance keeps increasing, we can now carry out simulations with

5



reasonably good resolutions even with handmade local computer systems. We still have to resort to a large
computer systems when 3D problems are needed to be solved, but for most gasdynamic problems, these local
systems are enough and convenient to use. A couple of more examples of utilizing CFD in the studies of shock

wave are demonstrated in the presentation.
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Experimental and Numerical Studies of Supersonic Free Jets
from Complex Geometry Nozzles
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Abstract
Supersonic free jets generated by four different nozzles are investigated. The acetone plane Laser Induced Fluorescence
method is used to visualize vertical and horizontal cross-sections of each jet. Three dimensional numerical simulations are also
carried out and the results are compared with the experimental data. Discussions are carried out from the view point of turbulent

mixing at the free jet shear layers.

Key Words : Supersonic Jet Flow, Compressible Mixing Layer , Boundary Layer, Streamwise Vortex,
Planar Laser Induced Fluorescence, ESTS Nozzle
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Investigations on Confined Compressible Mixing Layers

RAO. Srisha M. V., ASANQ, Shingo, HIROTA Mitsutomo and SAITO Tsutomu
Muroran Institute of Technology, Muroran, Hokkaido, 0508585, Japan.

Abstract

We study compressible mixing layers within the confines of a rectangular duct using experimental and numerical methods.
The mixing layer is subjected to various pressurc gradients, both inherent in the. flow system and also imposed externally by
using inscrts placed within the test section. The effects of these pressure gradients are studied with respect to changes in shock
system and its interaction with the mixing layer. This is a canonical flow problem that has applications in many internal
compressible flow situations such as supersonic inlets, supersonic ¢jectors and air-breathing engines. The mixing layer is formed
by using a contoured centerbody within a suction type wind tunnel of height 70 mm, generating M1=2.0 and M2=1.5 on either
sides of the mixing layer. An 8° wedge and an isentropic compression ramp, with thickness of' 5 mm are used as inserts that
impose pressure gradients onto this mixing layer. Numerical studics are conducted using the Fluent and OpenFOAM CFD tools.

Key Words : Compressible Mixing Layer. Shocks. Pressure Gradient Effects .

LiIntroduction

Compressible turbulent mixing layers are critical in the
operation of numecrous engincering  devices  like  the
supersonic ejector, scramjet engines, supersonic intakes to
name a few. The internal gasdynamics of such devices
involve complex shocks, shear layers and their interactions,
A thorough undcrstanding of these phenomena at a
fundamental level for various flow scenarios is yet to be
accomplished. which motivates these detailed studies into the
compressible mixing layer. From numerous studies on
template compressible mixing layers [1.2}, it is established
that the shear layer growth rate is reduced due to
compressibility cffects, in comparison to incompressible
mixing layers. These studies have used a canonical turbulent
mixing layer with test section walls designed in such a
fashion that the overall pressure gradient on the mixing layer
is as small as possible|1.2]. However, in actual applications,
the mixing layer is subjected to a wide range of pressure
gradients that are imposed both due to flow dynamics as well
as duc to changes in thc geometry of the flow passage.
Besides. the mixing layer is subjected to interactions with
shockwaves crisscrossing the flow path. A particular example
is the supersonic ejector, where unsteady shock oscillations
have been observed in the primary jet caused due to the
interaction of shocks with the mixing layer and dynamics of
the primary and sccondary flows confined within the ¢jector
duct [3]. To explain in bricf. a supersonic ejector pumps a
secondary flow by means of momentum and ecnergy
augmentation with a primary supersonic jet within a varying
arca duct. The device is completely governed by entrainment
and mixing between the two flows and the gasdynamics
associated with their interactions in a confined duct. The
primary supersonic flow is responsible for entertainment of
the secondary flow due to the suction it can generate within
the cjector passage. FHowever, the supersonic jet boundary
responds to  the shock-expansion system inherent in a
supersonic jet. Correspondingly. the secondary flow which is
confined between the primary flow and the duct is also
affected. Hence. the mutual interaction of these flows
imposes pressure gradients on the mixing layer and may
accentuate the unsteady shock oscillations that develop
within the primary jet. However, to achieve a fundamental
understanding of such complex {lows, it is necessary to study

a template compressible mixing layer on which various
pressure gradients can be imposcd.  This forms the main
objective of this work, where in a compressible mixing layer
formed between two flows of Mach number 2 and 1.5 is
studicd. External pressure gradient is imposed upon the
mixing layer by using inserts placed on the walls ol the test
scetion. Numerical and experimental investigations are
conducted. TFlow is visualized using schlicren and pressure
measurements are carried out in the duct. CFD 100ls such as
Fluent and OpenFOAM are used to compute the flow field.
Inferences from these studies help to gain a better insight into
the response of confined compressible mixing layers to the
influence of varying cross-sectional arca and imposition of
pressure gradients.

Details  of the experimental setup and numerical
computations are given here. Few representative numerical
results are also explained. Further claboration of the results
achicved during the study will be presented at the conference.

2. Experimental Setup

An existing suction type wind tunnel is suitable modilied
such that a mixing layer is formed between two co-flows of
M=2.0 and M>=1.5. in the test section. This is achieved by
using a contoured centerbody that is designed using the
method of characteristics such that it gencrates a uniform
Mi=2 flow on one side and M:=1.5 flow on the other. A
schematic of this arrangement is shown in Figure 1.



Wall

My=1.5
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Wall
a) Schematic representation of the test section

b) 8° wedge to be used as an
insert to impose a pressure
gradient on mixing layer.

¢} Isenlropic compression ramp
to produce a more gradual
pressure gradient.

Figure 1: A schematic representation of the flow setup used
for studies on the compressible mixing layer.

A straight rectangular duct of length 5340 mm and height 70
mm with a contoured centerbody placed at the beginning of
the duct is used to produce the required mixing layer in the
test section. The flow is from left to right. The centerbody is
250 mm long, and the mixing layer develops from the end of
the centerbody. Therefore, the rest of the duct forms the test
section for observing the flow phenomena. The test section
has BK-7 glass windows of length 200 mm on either side
which allow optical access for schlicren flow visualization.
When pressure measurements are performed one of the
windows is replaced with an acrylic window containing
pressure ports. Standard Z-type schlicren arrangement is used
to visualize the flow.

The wind tunnel is operated in suction mode, with a large
vacuum tank located downstream of the test section. The
vacuum tank is evacuated to 0.1 bar and then a valve that
separates the tank from the wind tunnel is opened. Air from
the ambient is sucked through the wind tunnel. The pressure
ratio established is about 10 which is sufTicient to generate
supersonic flow of Mach number 2.0 and 1.5, hence the
development of the compressible mixing layer in the test
section.

3. Numerical Computation

CFD studies are carried out using Fluent and OpenFOAM

softwares. While Fluent is a commercial soflware from Ansys,

OpenFOAM is an open source set of libraries and
applications for CFD. Comparison of results obtained from
both the platforms to understand the predictive capabilities of
one vis-a-vis the other is also one of the aims of this exercise.

The density based solver of Fluent is used to solve 2D
compressible RANS equations over a rectangular grid. The
grid is refined close to regions such as boundary layers and
shear layers. Studies on different grids show that the results
are grid converged for a mesh having 0.5 million cells. The
k-omega SST turbulence model is used for modeling
turbulence. Flow and turbulence quantities are solved up to
second order of accuracy using the implicit solver. Interfacial
fluxes are computed using standard Roe-scheme.

In OpenFOAM. the rhoCentrallFoam application is used to
solve 2D RANS equations with k-omega SST turbulence
model. The flow cquations are discretized using the
Kurganov-Tadmor scheme. Both flow and turbulence are
computed to second order of accuracy. Care is taken that the

grid used is equivalent and has the same metrics such as first
cell distance from the wall as the mesh used in Fluent
simulations.

The boundary conditions are just two pressure conditions
since a suction type wind tunnel setup is used. At the inlets
the pressure is set to ambient | bar. while at the outlet, the
pressure is kept at 0.1 bar giving a pressure ratio of 10 across
the tunnel. This pressure ratio is sufficient to establish  the
desired supersonic flows in the test section.

4. Results and Discussions

The comparitive results obtained from CFD computations
using Fluent and OpenFOAM are presented in this paper.

Oblique shock

Mixing Layer

Expansion Fan

a) Mach number contours of the compressible mixing layer in the
test section obtained from Fluent computations

Shock-B.L interdttit; 2
b) Mach number contours, when the wedge insert is placed in the
M=2.0 flow obtained from Fluent computations

. aairopic compression ramp
¢) Mach number contours, when the isentropic compression ramp
insert is placed in the M=2.0 flow, obtained from Fluent
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Figure 2: CFD results for three cases — a) the plain mixing
layer, by a wedge placed in Mi=2.0 side, ¢) isentropic
compression ramp placed in Mi=2.0 side. using Fluent solver.

Figure 2 contains the Mach number contours obtained
from Fluent for three different cases of the compressible
mixing layer within the rectangular duct. Case | — is a plain
mixing layer formed between Mi=2.0 and M2=1.5. In Case 2
— 8% wedge with a thickness of 5 mm is placed in the M,=2.0
flow at the bottom wall, 15 mm downstream from the end ol
the centerbody. The wedge generates a shock that should
impinge on the mixing layer and affect the flow within the
duct. 5 mm thickness is small in comparison to the height of
the duct thus the insert should not produce a drastic area
change that can significantly alter the core flow. In Case 3 —
an isentropic surface produces a gradual change in height of
the insert to 5 mm. This also imposes a gradual adverse
pressure gradient on the mixing layer.




Figure 2a) shows the details of the flow formed in the test
section. A pressurc imbalance exists across the mixing layer.
the pressure is lower at the My=2.0 side while it is higher
along M>=1.5. This results in the development of an oblique
shock in M;=2.0 and an expansion fan at M2=1.5.
Consequently it is observed that the mixing layer has turned
towards M|=2.0. The oblique shock is reflected off the
bottom wall and is transmitted through the mixing layer.
Thickening of the mixing layer downstream of the shock
interaction is observed which is possibly due to enhanced
mixing produced due to shock-vorticity interactions in the
mixing layer. Minor shock boundary layer interactions are
also observed along the walls of the tunnel, which generate a
system of compression waves. Thus either sides of the
mixing layer face higher and lower pressures alternatively as
the mixing layer boundary responds to the interactions with
shock and expansion waves.

In Figure 2b) it can be observed that the wedge indeed
produces an oblique shock. but there is a strong shock-
boundary layer interaction region which causes the shock to
be located much upstream of the duet. There is shock-shock
interaction between the lip shock and the wedge shock.
Under these conditions, the shock interaction with the mixing
layer happens much upstream than in Case 1, and it produces
a small pocket of subsonic flow which then accelerates
downstream. Weak compression waves are replaced by weak
oblique shocks generated by the shock-boundary layer
interaction. These waves are transmitted through the mixing
layer and then interact with the boundary layer at the
opposite wall producing local pockets of shock-boundary
layer interaction,

In Figure 2¢), the pressure gradient is more gradual along
the bottom wall hence a very strong oblique shock seen in
Case 2 is not produced. Enhanced interaction between the lip
shock and the boundary layer at the tip of the isentropic
surface is observed. The flow turn is also much gradual and
Mi=2.0 flow is not seen to be much affected by the insert.
However. the pressure gradient does produce changes to the
mixing layer development which in turn applies an adverse
pressure gradient on the top wall. This now caused boundary
layer separation and high degree of upstream influence due to
the separation at the top wall. This is an interesting scenario,
since the changes at the bottom wall has produced significant
effects on the flow at the top wall due to the interaction
cffects of the mixing layer. The longer region of pressure
gradient produces a much larger separation bubble on the top
wall.

Thus, it can be easily observed that pressure gradients not
only just affect the mixing layer but in confined spaces can
have significant effect on the wall boundary layer as well.
The resulting interaction can further affect the development
of mixing layers in such flows. Besides the shear dominated
regions like the mixing layer and the boundary layer.
relatively inviscid regions of the flow are aflected due to
turns of the mixing layer as it responds to interactions with
shock or expansion system. Both shock-mixing layer and
shock-boundary layer interactions are unsteady processed.
The effects of this unsteadiness on the shock in particular and
the flow in general have to be understood.

Figure 3 shows the results obtained from OpenFOAM for
all the three different cases at exactly the same conditions
that were used in Fluent simulations.

A AMKAL

a) Mach number contours of the compressible mixing layer obtained
from OpenFOAM computations
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b) Mach number contours, when a wedge insert is palced in the
M=2.0 flow, obtained from OpenFOAM computations
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¢) Mach number contours, when an isentropic compression ramp
insert is palced in the M=2.0 flow, obtained from OpenFOAM

Figure 3: CFD results for three cases — a) the plain mixing
layer. b) a wedge placed in M1=2.0 side, ¢) isentropic
compression ramp placed in Mi=2.0 side, using OpenFOAM
solver.

OpenFOAM results are in good overall agreement with the
results from Fluent, but small differences in the wave
structure can be easily seen when comparing the two figures.
The boundary layer separation bubbles appear less in
OpenFOAM  results compared to Fluent. This may be
produced due to inherent differences in
discretization (Kurganov-Tadmor scheme produce lesser
numerical dissipation compared to Roe scheme)., minor
differences in the grid and the application of the turbulence
model.

A better understanding of the flow will be achieved
through experimental investigations. Then it is possible to

comment on the relative predictability of the two solvers also.

4. Conclusions and Future Work

We have studied a template compressible mixing layer
under three different conditions, 1) a plain mixing layer, 2) a
wedge insert placed in the Mi=2.0 flow to produce a sharp
gradient through an oblique shock impinging on the mixing
layer. 3) an isentropic surface placed in Mi=2.0 flow to
produce a gradual pressure gradient on the mixing layer.
Numerical results obtained from Fluent and OpenFOAM
have been discussed. They show that pressure gradients
affect not only development of mixing layer, but cause
significant alterations to the boundary layers at the walls and
inviscid flows as well. Considerable unsteadiness is to be
expected. Minor differences have been observed in the results
from Fluent and OpenFOAM, which may be caused due to

manner of



differences in the solvers, grid or implementation of
turbulence model.

Experimental studies arc underway which will throw
further light into this complex flow scenario. These results
shall be discussed at the conference.
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