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Mixing of two coaxial supersonic dissimilar gases in free jet environment is numerically
explored. Three dimensional RANS equations with a k–ε turbulence model are solved using
commercial CFD software. Two important experimental cases (RELIEF experiments) represent-
ing compressible mixing flow phenomenon under scramjet operating conditions for which
detail profiles of thermochemical variables are available are taken as validation cases. Two
different convective Mach numbers 0.16 and 0.70 are considered for simulations. The computed
growth rate, pitot pressure andmass fraction profiles for both these cases match extremely well
with experimental values and results of other high fidelity numerical results both in far field
and near field regions. For higher convective Mach number predicted growth rate matches
nicely with empirical Dimotakis curve; whereas for lower convective Mach number, predicted
growth rate is higher. It is shown that well resolved RANS calculation can capture the mixing of
two supersonic dissimilar gases better than high fidelity LES calculations.

& 2015 IAA. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The supersonic combustion ramjet (scramjet) offers poten-
tially cheaper alternative for high Mach number flight to space
as well as for military applications and is the preferred choice
for air-breathing engine in hypersonic flight. Establishing an
efficient supersonic combustion process over a wide range of
flight Mach numbers still remains a challenging process. The
fuel injection system and combustor geometry must simulta-
neously provide sufficient fuel–air mixing and minimal losses.
Computational fluid dynamics (CFD) codes based on the
Reynolds averaged Navier–Stokes (RANS) equations are exten-
sively used in the development of high speed air breathing
engines. The maturation of multipurpose CFD codes coupled
with advancements in computer architectures has substantially
reduced the turnaround time required to perform steady-state
Reynolds-averaged simulations. Turbulence models employed
in these codes employ many adhoc assumptions and
ll rights reserved.
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empirically determined coefficients. So to make CFD methods
a reliable tool and to apply with confidence in the design
exercise, it needs to be validated against reliable experimental
results that are representative of compressible mixing flow
phenomenon encountered in scramjet combustors.

In the past, experimental studies of high speed mixing
flows mostly focused on two stream planar mixing layers
mainly to gain understanding on the effect of compressibility
on mixing. For high speed flows, it is seen that slight vari-
ations in the mixing rate predictions resulting in large discr-
epancies in combustor performance. Dimotakis [1] reviews
much of these literatures present in two stream planar mixing
layers. However, the two stream planar mixing layers contain
relatively small regions of high speed propulsion flows; while
the mixing between partially mixed fuel–air plumes and fresh
air ingested by engine intake occurs in the greater part of a
high speed air breathing engine.

Gutmark et al. [2] considered the effects of convective
Mach number on the mixing of circular, rectangular, and elli-
ptical supersonic jets of various gases in a supersonic coflow
of air. Rossman et al. [3] were consistent with findings on the
effects of compressibility on mixing-layer growth rate such
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as the equation of Dimotakis [1]. He also found the ratio of
compressible mixing-layer growth to incompressible mixing-
layer growth rate as a function of convective Mach number
(Mc), for the He–O2 and the measured Argon growth rate with
experiment. Carty [4] developed and validated a supersonic
Helium–Air coannular jet facility. However, sufficient details
could not be found for this experiment for code-validation
purposes. Experimental studies of mixing of two coaxial
supersonic streams (outer jet of air and an inner jet of either
a Helium–oxygen mixture or pure Argon) in free jet environ-
ment carried out by Cutler et al. [5–7] generated important
profiles for different flow parameters which are very useful for
CFD validation studies. The streamwise development of the
flow in the experimental condition is dominated by turbulent
stresses instead of pressure forces, and calculations are
sensitive to proper turbulence modeling. The two stream
mixing layer which is formed between the center jet and
the coflow near the nozzle exit depends on the injectants for
shear and the compressibility of the mixing layer. The Helium
condition is pressure matched at the nozzle exit resulting in a
Fig. 1. Coaxial jet-nozzle assembly (reproduced from Ref. [9]).

Fig. 2. Computational domain with boundary details, (a) front v
high convective Mach number of 0.7 representing the flow in
scramjet combustor. The Argon condition, on the other hand,
was both pressure and velocity matched which produced a
mixing layer with a convective Mach number of 0.16. Free jet
features of the flows provide easy access for both optical
instrumentation and probes for detailed flow investigations.
Being axisymmetric, a minimum number of experimental
measurements are required to fully characterize the flow.
The experiment contains comprehensive set of measurements
including pitot pressure, mean and rms velocities, and gas
sampling. Themodel geometry, flow conditions, andmeasure-
ment uncertainties were all well documented, resulting in a
package that was well suited for model validation efforts.
Because of these attractive features of this experiment, it was
adopted by aworking group of the NATO Research and Techn-
ology Organization as a test case for their CFD development
and validation activity.

Number of CFD studies [5,7,8–11] with different level of
turbulence modelings starting from two equation turbulence
models [9,10] to more advanced LESmodel [11] were reported
in the literature for this experimental condition in last few
years. RANS calculations employing structured finite differ-
ence code VULCAN [12] along with the k–ω turbulence model
[13] showed non-physical discontinuities in slope of mole
fraction and pitot pressure which were attributed to inade-
quacies in the turbulence model. Baurle and Edwards [11]
adopted hybrid RANS/LES approach over RANS calculation as
the latter is shown to depend heavily on the modeled tur-
bulent transport of heat and mass transfer. LES results of
Baurle and Edwards [11] are shown to be no more predictive
than the baseline Reynolds-averaged predictions. Moreover,
LES approach for engineering applications is very costly in
terms of computing resource. It is clear that supersonic mixing
of coaxial nonreating jets requires further studies to have
better predictive capabilities and the search for a reliable
numerical tool for solving the engineering problems of high
speed air breathing propulsion is still continuing. Supersonic
mixing layer of two dissimilar gases, although geometrically
simple, represents canonically the physical process of mixing
under compressible condition similar to scramjet combustor.
In this paper, experimental condition of nonreacting mixing
of two coaxial supersonic streams is numerically explored
by using a commercial CFD software [14] and results were
iew, (b) side view and (c) blown up view near the nozzle.



Fig. 4. Centerline pressure distribution with three different grid.
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analysed and compared with experimental data as well as
with other numerical calculations.

2. Experimental facility for which computations are
carried out.

The experimental test facility for which the computations
are carried out is explained in detail in the literature [9,10].
The relevant features of the geometry and flow conditions are
explained in this section. The schematic of coaxial jet assem-
bly which was tested in transverse jet facility [15] at NASA
Langley Research center is taken from Ref. [10] and repro-
duced in Fig. 1. The axisymmetric center body contains a
supersonic nozzle for the primary Argon/Helium jet, and the
gap between the center and outer bodies creates a supersonic
nozzle for the concentric coflow secondary air jet. Both nozz-
les were designed to provide a nominal Mach number of 1.8 at
the exit. Screens were installed near the entrance of the center
body to make the primary stream uniform and to lower
turbulence. Three pressure taps (downstream of the screens,
coflow body and facility plenum) are located in the nozzle
assembly. Thermocouples are positioned in the gas supply
lines. Air is provided to the facility from a central air station,
and the He–O2 mixture/Argon is provided to the center body
from a bottle trailer containing premixed gas. Visualization of
the flow is done through conventional schlieren and shadow-
graph and pitot, gas-sampling, and total-temperature probes
were employed to measure various flow parameters. Oxygen
flow-tagging technique (RELIEF) velocity-measurement tech-
nique [16] was used to obtain distributions of mean and
fluctuating axial component velocity. Uncertainties in mea-
surements are due to both facility unsteadiness and variations
in set point and to transducer error which are quantified in
Ref. [9] and [10]. A mixture of 5% oxygen and 95% Helium by
volume is used for Helium–oxygen mixture. The presence of
oxygen in the center jet enabled the use of RELIEF technique
Fig. 3. Grid distribution on various regions (total grid size �0.45 millions

Table 1
Inflow parameters for the two test cases (1) Argon–Air (2) He–O2 mixture and

Parameters Case-1:Argon–Air

Ar jet Air jet

Mach no. 1.8 1.8
Total temp.(T0)(K) 298 294
Total Pr.(P0) (MPa) 0.616 0.581
Exit momentum at nozzle (N) 42.92 1462
Exit pressure at nozzle (MPa) 0.075 0.112
to obtain non-intrusive velocity measurements. The exit flow
pressure for both coflow and center-jet nozzles is 1 atm. Alth-
ough, both jets are at Mach 1.8 but because of the greater
speed of sound of the center jet, its velocity is more than
twice that of the coflow.
3. The code and Computational details

Present simulation uses commercial CFD software CFX 11
[14] which is three dimensional finite volume Reynolds Ave-
raged Navier Stokes (RANS) solver on structured or unstr-
uctured grid. The solver provides option to use different
turbulence models namely, k–ε, RNG k–ε, k–ω or SST
turbulence model. The software has three major modules,
(i) preprocessor – import grids from a grid generator and set
up the boundary condition, select turbulence model and
initialize flow field (ii) solver manager – solves the flow field
based on the grid and the boundary condition and (iii)
postprocessor – helps in visualizing flow field data. The solver
points), (a) symmetry plane and (b) extracted view at nozzle region.

Air.

Case-2: He–O2 mixture and Air

Ambient He–O2 jet Air jet Ambient

0.025 1.81 1.8 0.025
294 305 300 294
0.101 0.615 0.58 0.101
– 42.82 1462 –

– 0.077 0.112 –
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has different schemes for solving the advection term. For
high speed flows, high resolution schemes are preferred for
better accuracy and robustness. To find out the accuracy and
the range of applications, the software has been validated for
various complex aerospace problems including staged sonic
injection in supersonic flow inside rectangular duct [17], sup-
ersonic base flow [18], free stream and rocket exhaust intera-
ction [19], transverse sonic injection in supersonic stream
[20], supersonic jet impingement problem in an inclined
plate [21], hypersonic air intake problem [22], missile move-
ment in canister [23] etc. and obtained very goodmatch with
experimental and flight measured values.
Fig. 6. Argon mass fraction distribution in the symmetry plane.
3.1. Numerical scheme

The high resolution scheme used in the simulation is expl-
ained in Ref. [23]. In the solver, finite volume is created around
the integration point by connecting the neighboring nodes.
Solution fields and other properties are stored at the nodes.
However, to evaluate many of the terms, the solution field or
solution gradients must be approximated at the integration
point. The advection term in the solver is modeled by expr-
essing the finite element shape functionφ at integration point
in terms of nodal values of φ and is cast in the form
φip ¼φupþ β ∇φ:Δ r!: where,φup is the value at the upwind
node and φip is the value at the integration point. The high
resolution scheme is a special non-linear recipe for β at each
node computed to be as close to 1 as possible without intr-
oducing new extrema. The advective flux is then evaluated
using the values of β and∇φ at upwind point. The recipe for β
is based on boundedness principle used by Barth and Jesper-
sen [24] which utilizes a multi-dimensional monotone recon-
struction of cell averaged data and Roe's flux function. This
differs from the other upwind schemes for unstructured
meshes which do not perform reconstructions of cell averaged
data. This methodology involves first computing a φmin and
φmax at each node using a stencil involving adjacent nodes
(including the node itself). Next, for each integration point
around the node, equation for the nodal value is solved for β
to ensure that it does not undershoot φmin and overshoot
φmax. The nodal values of β are taken to be minimum of all
integration point values surrounding the nodes. The values of
β is also not allowed to exceed 1. This algorithm is shown to
be Total Variation Diminishing (TVD) in one dimension. The
present simulation uses the k–ε turbulence model [25].
Fig. 5. Mach number distribution in (a) symmet
4. Results and discussions:

Taking the advantage of the symmetry of the flow field
only 101 sector is simulated. The computational domain is
shown in Fig. 2 where the outflow and radial boundaries are
extended up to 1000 D and 300 D respectively (D¼10mm
being the diameter of the central jet). A fine structured mesh
of 0.45 million size involving 387�81�13 distribution is
generated in computational domain. The grid distribution in
the computational domain along with the blown up view near
the nozzle exit is shown in Fig. 3. Inflow flow variables (Mach
number, Total pressure (P0) and Total Temperature (T0)) used
for the computations for two test cases, namely the mixing of
(1) Argon–Air and (2) Helium–oxygen mixture and air are
tabulated in Table 1. The ambient air flow (M¼0.025) caused
due to the entrainment action of the jet is also considered in
the simulation. The nozzle exit momentum of the outer air jet
is 1462 N whereas the momentum of the inner jets of Argon
and He–Air mixture is about 43 N. The nozzle exit pressures
for the two test conditions are also provided in Table 1.
Chamber total pressure (P0) and total temperature (T0) condi-
tion is imposed at inflow plane and subsonic outflow condi-
tion with atmospheric pressure was implemented at the
outlet plane. No slip, adiabatic wall condition is imposed on
all walls. Scalable wall function due to Menter et al. [26] is
used in the nozzle walls of the coflow jet and the center jet. To
trigger the turbulence activity in the flow field quickly,
turbulence intensity and viscosity ratio (μt/μl) at inflow plane
is set as 5% and 10 respectively. However, the flow parameters
downstream are independent on these inflow turbulence
parameters. These observations are consistent with the studies
of many researchers [27–29], where they found that attain-
ment of self similar state of jets and mixing layers are not
ry plane (b) blown up view near the exit.



Fig. 7. Comparison of computed Argon mass fraction profile with experimental result, RANS and LES calculation (Ref. [11]) at (a) x/D¼0.99 (b) x/D¼4.2926,
(c) x/D¼8.1102, (d) x/D¼12.1381, (e) x/D¼18.1 and (f) x/D¼22.04.

Fig. 8. Comparison of computed pitot pressure profile with experimental result, RANS and LES calculation (Ref. [11]) at (a) x/D¼0.99 (b) x/D¼4.2926,
(c) x/D¼8.1102, (d) x/D¼12.1381, (e) x/D¼18.1 and (f) x/D¼22.04.

M. Dharavath et al. / Acta Astronautica 111 (2015) 308–316312



Fig. 10. Nondimesionalised velocity profile at various axial locations.
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dependent of initial values of turbulent intensities or forcing.
Physical time step of 10�5 is adopted in the simulation. Steady
state of the solution is achieved by checking the maximum
values of log-normalized residue (which is four order less for
various flow variables) and global mass, momentum, and
energy imbalance (o0.1% between outlet and inlet of the
computational domain).

4.1. Argon–Air results

To check the grid independence of the results simula-
tions are carried out with three different grids namely
0.22, 0.31 and 0.45 million points and the nondimensio-
nalised centerline pressure distribution (P/P0 coflow)
(P0 coflow is the total pressure of the coflowing stream) is
compared in Fig. 4. A close match of the pressure data
between the three levels of grid demonstrates the grid
convergence of the results. Mach number distribution in
the symmetry plane (with blown up view near the nozzle
exit) is shown in Fig. 5. It can be observed that all the fine
features of the flow field including number of shock cells
are crisply captured in the simulation. The mass fraction
distribution of Argon gas in the symmetry plane is shown
in Fig. 6. Due to high momentum of coflowing compared to
Argon jet, the diffusion of Argon gas in air stream is very
little. The comparison Argon gas mass fraction profile at
x/D¼0.99, 4.2926, 8.1102, 12.1381, 18.11 and 22.03 between
experimental data, RANS data of Vulcan and LES data [11]
are compared in Fig. 7. Present computations show a very
good match with the experimental results at near field as
well as in the far field locations. If we closely look the
profiles at x/D¼22.03 (Fig. 7(f)), we can observe that in the
central zone (0or/Do0.4), present computations match
the experimental value better than the VULCAN results
and LES results. The experimental pitot pressure profile is
compared with computation values in Fig. 8 at x/D¼0.99,
4.2926, 8.1102, 12.1381, 18.11 and 22.03 and very good
match is obtained. It is clear that well resolved RANS
calculation can predict the mean profiles of supersonic
mixing layers as good as LES.

The mixing layer boundaries (mole fraction of Argon
gas between 0.01 and 0.99) obtained from the numerical
simulation and are compared with RANS results of VUL-
Fig. 9. (a) Mixing region boundaries and (b
CAN (Ref. [9] and [10]) and are shown in Fig. 9. Although
the lower boundary of Argon layer (δ0.99), match extre-
mely well between these two computations, present
computation over predicts the upper boundary of Argon
(δ0.01) in the region 10ox/Do22 by 10–15%. The cause of
this difference was not explored in detail which is con-
jectured to be due to difference in grid structure, numer-
ical scheme and turbulence model in two computations.
The thickness of the mixing layer between the center jet
and coflow is defined as δ0.01–δ0.99. The rate of change of
this thickness, or mixing-layer growth rate, is 0.0432.

The nondimensionalised velocity profiles (u/ue) (ue
being the free stream central jet velocity) at various axial
locations x/D¼0.99, 4.29, 8.11, 112.13, 18.10 and 22.04 are
plotted against nondimensionalised distance (y/δ) in
Fig. 10. We can observe that the velocity profiles have
collapsed into single curve indicating the attainment of
self similarity at x/D¼4.3.

4.2. Helium oxygen (He–O2) mixture–Air results

The comparison of Helium gas mass fraction profile at
x/D¼0.99, 4.29, 8.11, 12.14, 18.1 22.04 between experim-
ental data, RANS data of Vulcan and LES data [11] are
) mixing layer thickness for Ar–Air case.



Fig. 11. Comparison of Helium mass fraction profile between experimental result, RANS, LES (Ref. [11]) and present computations at x/D¼0.99, 4.2926, 8.11,
12.14, 18.11 and 22.04.

Fig. 12. Comparison of pitot pressure profiles for He–O2–Air mixing layer between experimental result, RANS, LES (Ref. [11]) and present computation at
x/D¼0.99 4.2926, 8.1102, 12.1381, 18.11 and 22.04.
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compared in Fig. 11. Present computations show a very
good match with the experimental results at near field as
well as far field. The experimental pitot pressure profile is
compared with RANS, Hybrid RANS/LES and present com-
putations at x/D¼0.99, 4.29, 8.11, 12.14, 18.11 and 22.04 in
Fig. 12. Although RANS results (Ref. [11]) and present
computations match very well with experimental data at
both far field and near field regions, hybrid RANS / LES
computations failed to capture the pressure profile
towards inner jet for x/D44.29. The computed total
temperature profile at x/D¼10.06 is compared with
experimental results and RANS results in Fig. 13. A very
good match of computations and experimental data is
observed. For y/D40.7, both the computations slightly
over predict (�1%) the experimental value. The computed
He–O2/Air mixing layer boundaries are compared with
RANS results of VULCAN (Ref. [9]) in Fig. 14. A good overall
match is obtained and the computed mixing layer thick-
ness is 0.0562. The computed nondimensionalised growth
rate is compared with RANS calculation (Ref. [9]) as well as
Dimotakis fit (Ref. [1]) in Fig. 15. The mixing layer gro-
wth rate (δ) is nondimensionalised with incompressible
Fig. 13. Comparison of total temperature (Tt) measurements with RANS
data (present computation and VULCAN (Ref. [9])) at x/D¼10.06.

Fig. 14. (a) Mixing region boundaries and (b) m
growth rate (δinc) defined as (Ref. [10]):

δinc ¼ 0:17n
1�u2

u1

h i
n 1þ ρ2

ρ1

� �0:5
� �

1þ u2
u1

ρ2
ρ1

� �0:5

where u1, u2, ρ1, ρ2 are the velocities and densities of inner
and outer streams respectively. For both the cases, com-
puted growth rate matches with RANS calculations.
Although for He–O2/Air mixing computed growth rate
matches nicely with Dimotakis curve, but for Argon–Air
mixing (Mc¼0.16), the computed growth rate is more than
Dimotakis curve by 30%.

5. Conclusion

Three dimensional RANS simulations with the k–ε
turbulence model are presented to study the mixing of
coaxial supersonic streams of dissimilar gases in a free jet
environment. Two important experiments namely mixing
of (1) Argon/Air streams and (2) He–O2 (95% He and 5%
ixing layer thickness for He–O2–Air case.

Fig. 15. Comparison of nondimensionalised growth rate Vs Convective
Mach number.
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oxygen) mixture/Air streams representing compressible
mixing flow phenomenon under scramjet operating con-
ditions are numerically explored. The convective Mach
number (Mc) of Argon/Air case is 0.15 whereas that of
He–O2 mixture/Air case is 0.7. Although, both jets are at
Mach 1.8 but because of the greater speed of sound of the
center jet, its velocity is more than twice that of the outer
stream. A fine structured mesh involving 0.45 million grid
points are utilized in the computational domain and the
simulations captured all pertinent flow features including
number of shock cells near the exit planes. The species
mass fraction and pitot profiles at various axial locations-
match very well with experimental data as well as
calculations of other numerical results (VULCAN) and LES
for far field and near field regions. For Argon/Air case, pre-
sent computations match the profile better with experi-
mental data compared to VULCAN and LES results at far
field region. For He–O2/Air mixing case, although both
present computation and VULCAN results compare the
experimental data well for all the axial location, hybrid
RANS/LES method fails to capture the experimental trend
of the inner jet particularly at far field region (x/D44.29).
A good overall match is obtained the mixing layer bound-
aries between the VULCAN results and present computa-
tions for both the cases, present computation over predicts
the upper boundary of Argon (δ0.01) in the region 10o
x/Do22 by 10–15%. The nondimensionalised growth rate
for He–O2/Air mixture (Mc¼0.7) matches well with the
empirical Dimotakis curve, while the computed growth
rate of Argon/Air mixture is higher than that of Dimotakis
relation. The present simulations has indicated that well
resolved RANS calculation can capture adequately the time
averaged flow profiles of supersonic mixing layer.
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