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ABSTRACT

Direct Numerical Simulation (DNS) results are presented for high
speed nonreacting mixing layer in a confined test section. The hyper-
velocity mixing layer experiment of Erdos et a/ with H/N, stream is
simulated by discretizing two dimensional Navier Stokes equation
using a higher order (fourth order spatial and second order temporal)
compact numerical algorithm. A favourable comparison of the com-
putation with experimentally measured wall static pressure forms the
basis of further analysis. Instantaneous flow picture and the mean
profiles of various flow variables were examined to determine the
development and general characteristics of the confined mixing
layer. It has been found that the srowth of the mixing layer is
towards the high speed side of the layer. Various turbulence quanti-
ties were derived from the stored time series data of the DNS caleu-
lation and the results were compared with the experimental results of
supersonic free shear layer as no experimental results of turbulence
statistics are available for the confined hypervelocity mixing layer.
The increasing Reynolds stress data with the flow direction indicate
that the turbulence is sustained by transferring the energy from the
mean flow to the fluctuating field as the shear layer develops.
Although the Reynolds stress s negligible in the most portion of the
wall boundary layers, effect of counter gradient effect is observed in
the far downstream location of the lower wall boundary layer. The
general conclusion that for the supersonic mixing layer, various tur-
bulence quantities like Reynolds stress, turbulence intensitics (both
streamwise and transverse) decrease with the increase in the convec-
tive Mach number is also confirmed by our results.

1.0 INTRODUCTION

High Mach number mixing layers play an important role in the
development of supersonic combustor ramjet (Scramjet) engines.
Supersonic mixing layer is inherently more stable than its subsonic
counterpart and this results in the practical consequence that there is
less mixing. For the scramjet propulsion device, where chemical
reaction and heat release occur in the supersonic streams of fuel and

air, adequate mixing between fuel and air is an essential requirement,
The physics behind compressible mixing between two streams is still
poorly understood.

Non-reacting supersonic free shear layers are investigated for the
last few decades by experiment'®, stability analysis™® and numeri-
cal analysis®'". The major results and issues on the non-reacting
free shear layers are discussed extensively in many review arti-
cles""* The precise reasons for the reduced growth rate with
increasing convective Mach number are yet elusive,

Adequate attention has not been received in the literature in the
analysis of laterally confined supersonic shear layer. There exists a
fundamental difference in the development of turbulence in the wall
boundary layer and the mixing layer. The interaction between the
two can affect the structure of the flow and the growth rate of the
mixing layer significantly. Experimental studies onconfined shear
layer are not many. One important experiment on hypervelocity mix-
ing layer is the work of Erdos er @'V in which gaseous H, and N, at
Mach numbers of 3:09 and 3.99 flow off a splitter plate in a 25-4mm
high rectangular test section of more than 500mm length. Measure-
ments are limited to wall static pressures and heat flux. Flow visual-
ization using laser holographic interferometry and pictures of
schlieren and shadowgraph as well as finite and infinite fringe inter-
ferometry have been presented, Although the measurements of tur-
bulence quantities of supersonic free mixing layer are reported in a
few studies™ 1% no results have been reported on the turbulence
measurements in confined supersonic mixing layer.

A few studies on the numerical simulation of the confined super-
sonic mixing layer are reported in the literature. Guirguis ef al''® and
Faruk et al™ performed two dimensional inviscid simulation to
determine the evolution of the shear layer formed by two parallel
streams of air in a confined environment. The velocities, densities
and the static pressures of the two streams are varied in these studies
to determine the effect of these parameters on the growth of the mix-
ing layer. Lu and Wu''® has also performed numerical investigation
of non-reacting supersonic confined mixing layer by solving two
dimensional Euler equations to study the effect of shock in the mix-

Papel_‘ No. 2523. Manuscript received 4 January 2000, Ist revision received 31 May 2000, accepted 22 June 2000.



290 o THE AFRONAUTICAL JOURNAL

M58 et

INFLOW OUTFLOW
YI BOUNDARY BOUNDARY
7 X
21 i / 508 mm |
L 721 |, 7 E 4
[ % N K
SECONDARY FLOW "
| % \
. el

T
PRIMARY FLOW I
e el O

1

NOT TO SCALE

Figure 1. Schematic of the experimental setup''* for which
computations have been made.

ing enhancement process and concluded that the shock induced mix-
ing improvement is local around the shock-impingement area. As
these simulations are inviscid in nature, the viscous phenomena, par-
ticularly the effect of wall boundary layers on the growth and struc-
ture of the mixing layer have not been addressed.

In this paper, we will investigate the non-reacting contined mixing
layer experiment of Erdos et al'¥ through Direct Numerical Simula-
tion (DNS). The cleanliness of the geometry, adequate test section
length for the flow to develop and the measured wall pressures pro-
vide enough incentive to examine through computational technique
this hypervelocity experiment, The stored time series data of DNS is
also analyzed to obtain the turbulent statistics of the confined super-
sonic mixing layer.

2.0 CONSIDERATIONS FOR SIMULATION

The present model free simulation deals with only Hs/N, case.
although the experimental investigation of Erdos er al'” consists of
two different non-reacting cases namely mixing of Hy/N, and N/N,
streams.

In the simulation, the N, stream is considered as the primary
(lower) flow with Mach 3-99 and separated by a splitter plate from
the H, stream with Mach 3-09 which is considered as the secondary
stream {(upper). The schematic of the experimental setup!'™ for which
the computations are made is shown in Fig. | along with the compu-
tational boundaries. The details of the flow parameters for the test
conditions are presented in Table 1. The convective veloeity is 3,000
m/sec and the convective Mach numbers are 0-85 and 0-82 referred
to as H, and N, streams, respectively.

Although the free shear layer experimental studies of Clemens and
Mungal®™, Elliott e al' and the linear stability analysis™ suggest
that oblique disturbances become more and more unstable as con-
vective Mach number exceeds 0:6 and three dimensional effect
becomes more predominant. But, Tam and Hu'** point out through
their linear instability analysis of the confined supersonic mixing
layer that there exists a new instability mechanism called “Super-
sonic Instability” arising from the coupling between the motion of
the shear layer and the reflected channel acoustic wave. The ‘Super-
sonic Instability” is different from the classical *Kelvin-Helmholtz®
instability associated with subsonic free shear flows. The existence
of ‘Supersonic instability’ is alse reported from the lincar stability
analysis of confined temporal supersonic mixing layers by Green-
gough er af®. Zhaung ef af®" confirmed Tam and Hu's conclu-
sion and showed that the disturbance waves propagate outwards
from the shear layer along the Mach angle and the confined walls
provide a ‘feedback mechanism’ between the shear layer and com-

Table 1
Inflow parameters for non-reacting shear layer

Species  u, (km/s) T, (K) M p(MPa) Re/(mm)
H; 2-4 103 3.09 0-021 1,600
N, 3-8 2,344 399 0-021 22,000
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Figure 2. Velocity profile at the inflow plane (edge of splitter plate).

pression/expansion wave system. Also, Zhuang et a/*" obtained a
better match with the experimental result of Papamschou and
Roshko'! by employing the bounded two dimensional mode than the
free three dimensional mode and concluded that confined shear layer
is more unstable than the corresponding free shear layer. The wall
effect was further analyzed by Morris er al®?" and Giridharan and
Mortis®¥, this showed that except for certain specific duct shapes,
the dominant supersonic instability waves are two dimensional and
three dimensional modes are more rapidly damped as the flow con-
vects and the shear layer thickness increases. Experimental investi-
gations have not specifically elaborated on the wall effect which, as
proposed by Tam and Hu''”, give rise to the new instability mecha-
nism for confined supersonic mixing layer. Detailed measurements
were not provided to explain whether the large scale structures origi-
nate from the supersonic instability mechanism, although many other
important aspects were found and discussed. Two dimensional invis-
cid simulations of confined shear layer by Guirguis et al'® and
Faruk e al'? exhibit well defined large structure, though not so
organized, perhaps not so coherent as those found in the subsonic
shear layer. Lu and Wu'"® have performed two dimensional simula-
tion for mixing Jayer with a convective Mach number as high as 1.77
and shown that unless the supersonic mixing layer shocked down to
subsonic speed range, ‘Supersonic Instability’ is fundamentally dif-
ferent from the subsonic Kelvin-Helmholtz instability and the duct
walls play a vital role for generating the instability mechanism.

In the present work, as the shear layer is laterally confined, the
role of large scale structure is very important in the evolution of the
shear layer and can be understood from the two dimensional simula-
tions.

3.0 THE CODE AND COMPUTATIONAL
DETAILS

The code used in the present calculations is the non-reacting version
of SPARK2D code developed at the NASA LaRC by Drummond
and Carpenter®". It discretises two dimensional Navier Stokes equa-
tions by using compact Mac-Cormack’s scheme with fourth order
spatial and second arder temporal accuracy. This choice represents a
compromise between the accuracy of higher order numerical algo-
rithms and the robustness and efficiency of lower order methods.
The code has been validated by computing a linearly unstable shear
flow problem in the early stages of the growth. Carpenter and
Kamath®2% have demonstrated that with the compact schemes con-
sidered here, the growth rates with the initial profiles based on the
eigenfunctions predict those from linear stability theory for free
shear layers to within 1% for a time duration equal to about five
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Figure 3. The imposed velocity fluctuations at the inflow plane (a)
velocity vs time, (b) Fourier transform of velocity fluctuation.

times the sweep time of the flow field. This accuracy is adequate for
the present computations needing a maximum of three sweep times —
one sweep for clearing the flow field. and two more sweeps to
collect statistical information and also check on the statistical invari-
ance of the calculations.

The boundary conditions set for this problem are as follows. On
the upper and lower solid boundary, no slip conditions for the veloc-
ities and the constancy of wall temperature are imposed.In the exper-
imental investigation of hypervelocity mixing layer of Erdos er all¥,
the primary stream is coming through a channel which has a constant
area upstream of the splitter plate, while the secondary stream is
formed by a contoured nozzle designed by the method of characteris-
tics to produce a uniform Mach 3 stream at the exit plane as depicted
in Fig 1. The initial boundary layer for the two streams are calcu-
lated from a laminar Navier Stokes solver based on Mac-cormack’s
predictor corrector explicit scheme. The initial velocity profile used
in the present simulation is presented in Fig. 2.

In the mixing layer experiment of Erdos ef al'', the splitter plate
which separates the two streams before entering the test section. has
a thickness of 0-58mm. Accounting of this effect is important in the
sense that the growth and the subsequent development of the mixing
layer is dependent on the proper accounting of this finite thickness.
No slip conditions for the velocities and the constancy of wall tem-
perature are also applied in the portion of splitier plate thickness.

On the inflow stream is imposed velocity fluctuations over a range
of frequencies at total rms intensity of 0-3% of the mean velocity as
shown in Fig. 3, in which is shown velocity vs time plot in Fig. 3a
and the normalized frequency vs amplitude plot in Fig. 3b. The fre-
quency has been normalized with the mean velocity to channel width
ratio. It can be seen that the input fluctuations have many compo-
nents up to the normalized frequency of 0-003. The frequency range
allows the mixing layer to grow as may happen in reality. The exit
boundary condition is obtained by second order extrapolation and is
considered satisfactory for this problem dominated by supersonic
flow.

The flow domain is of size 535mm X 25.4mm. The two streams
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Figure 4. The pressure vs time obtained with grid refinements in (a)
the axial direction, (b) the cross stream direction.
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Figure 5. The spectral distribution of fluctuations on an amplitude vs

normalised frequency plot (a) with grid refinements in the axial
direction, (b) with grid refinements in the cross stream direction.

are separated by a splitter plate at a height of 12-7mm. The erid is
stretched exponentially in the axial direction with minimum erid
spacing is at the inflow boundary to capture the initial development
of the mixing layer. In the lateral direction, minimum grid spacing is
taken near the interface and it is stretched exponentially towards
both the upper and lower wall. 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 simulation has 1,000 points in the axial
direction with minimum grid size of 0-3mm near the inflow plane
and the maximum size of O-8mm near the outflow boundary. In the
lateral direction 101 grid points are employed with minimum grid
spacing of 0-09mm near the interface and the maximum grid spacing
is of order of 0-5mm in the region away from the mixing layer. The
size of the minimum grid spacing near the solid wall is also taken as
same as that of the interface. The grid considered in the simulation is
sufficient to capture the large scale structure of the flow field as is
evident from the grid resolution studies. Grid resolution calculations
were made by varying the number of grids in both the axial and lat-
eral directions. In this grid resolution study, five different grids
namely, 1,000 > 101, 750 X 101, 500 X 101, 500 X 125 and 500 x
75 were used to determine the effect of grid resolution in the axial
and cross-stream directions. The temporal variation of the pressure
for grid refinement in the axial and cross-stream directions are pre-
sented in the Fig. 4. As can be seen, increasing the number of grids
from 500 to 1,000 in the axial direction and from 75 (o 125 in the
cross-stream direction leave the results almost unchanged.

Further comparison on the effect of grid size on the spectral con-
tent of the pressure fluctuations are shown in Fig. 5 for axial and
cross-stream grid refinements. The amplitudes are normalised by the
mean and the frequency by the ratio of a characteristic thickness to
mean velocity. The characteristic thickness is taken as the channel
width. Even the spectral content of the fluctuations are well tracked
except at high frequencies. Hence, the calculations are model free
except at very small scales which are unlikely to affect the large
scale structure of the flow. The grids chosen namely, 1.000 X 101
give good representation of the temporal evolution of the flow field.
An additional feature of Fig. 5 is that the amplitude of fluctuations
downstream goes up to 12-15%, where as the total rms inflow veloc-
ity fluctuations are only 0-3% of the mean, and the frequency content
of the downstream fluctuations is much richer than in the inflow.
Similar comparisons of velocity fluctuations downstream have
shown similar good results for 1,000 X 101 grids. Hence it is con-
cluded that the 1,000 X 101 grid chosen here is sufficient to give
grid-independent solutions.

The computation continued for two sweeps till the solution
attained statistical steady state. One sweep is taken as the time the
flow takes to cross the test section length with its convective velo-
city. After the attainment of statistical steady state, various flow vari-
ables, like density and velocities are stored at all time steps over one
sweep ol calculation at all the lateral points over few sections of the
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Figure 6. Contour plot of schlieren picture, vorticity, temperature,
hydrogen and nitrogen mass fractions of confined mixing layer.

flow field. For calculating the turbulence quantities, the mean veloci-
ties were obtained by Favre averaging (i = pu/p, v = pv/p) and the
mean density by conventional time averaging. The fluctuating quan-
tities are the given by

w=u—-u (1)
" ~ o
N 2)

The streamwise turbulence intensity (o,) and the transverse turbu-
lence intensity (o) is calculated from the stored transient data as:

- =

q,(—;\{fg(u,—u) (3)
{

o,== 3 (v,— V) (4)

1
71-\{# =1

4.0 RESULTS AND DISCUSSION

The instantaneous flow field for the non-reacting confined shear
layer is presented through the contour plot in Fig. 6. The composite
picture contains the contour plots of numerically generated schlieren
picture, vorticity, temperature and the mass fraction of hydrogen and
nitrogen in the whole flow domain. The shocks emanating from the
splitter plate and from the edge of the boundary layer and their
reflections from the wall is clearly visible. The shocks after under-
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Figure 7. Surface pressure comparison between experiment and DNS
results for H, — N, case. (a) Lower wall, (b) Upper wall.
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Axial velocity, (b) temperature-confined mixing layer.

going various reflections and- interactions develop complex flow
features downstream. The growth of the mixing layer formed at the
interface is clearly evident from the vorticity plot.

The upper stream of H, has a temperature of 103K and the lower
stream of N, a temperature of 2,400K. Although the mixing of the
two streams brings down the temperature of the hot gas consider-
ably, there exists a higher temperature zone of more than 3.000K in
the wall boundary layer of the lower stream. This feature of the mix-
ing of the two streams will be further elucidated through the mean
profiles of various parameters later. Hydrogen and nitrogen mass
fraction contours are presented in the last two plots. The two streams
although initially discrete, mix by turbulence and molecular diffu-
sion. At the farthest downstream location the mixing is nearly com-
plete.

For the calculation of the mean properties. the solutions are first
allowed to attain statistical steady state. The transient surface pres-
sures are stored at all axial points of the upper and lower walls at all
time steps over one sweep of the calculation. Flow properties like
velocities, pressure, density, lemperature and mass fractions of the
species hydrogen and nitrogen are also stored over one sweep at all
lateral points at various axial locations. The mean properties of the
flow variables are then obtained by averaging these transient data.

The comparisons of the computed mean surface pressures (both
upper and lower walls) with the experimental result'™® are presented
in Fig. 7. The computed surface pressure is very close to the experi-
ment. For the upper wall from the location of 350mm from the splil-
ter plate, the computed surface pressure is slightly above the
experimental value. Considering the repeatability of the experimen-
tal data, the comparison can be considered reasonably good.

The mean profiles of the axial velocity and temperature at axial
locations of 100mm. 200mm, 300mm, 400mm and 500mm are pre-
sented in Fig. 8 With the increase in the downstream distance, the
smoothening of the velocity takes place with the decrease in the
mean velocity in the lower stream and the increase in the velocity in
the upper stream. The layer has grown more into the high speed (N,)
side as is clear from the unchanged profile region on the low speed
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Figure 9. Mean profiles at various axial locations for H, — N, case. (a)
H, mass fraction, (b) N, mass fraction — confined mixing layer.
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(H,) side. This implies more of high speed fluid being found in the
mixing layer, a feature described by Koochesfahani et al'®”,
Although due to significant mixing between the hot and cold streams
the temperature in the mixing layer is reducing continuously in the
downstream locations, temperature in the lower boundary has
exceeded 3.200K mainly due to viscous dissipation. The mean
profiles of the H, and N, mass fraction are presented in Fig. 9. The
molecular mixing between the two streams is clearly evident from
the change of the mass fraction profiles.

The profiles of the turbulence quantities like Reynolds stresses
and the trbulent kinetic energy have been derived from the stored
time series data from the mode] free simulation and are presented in
Fig. 10 at axial locations 100, 300 and 500mm. The value of
Reynolds stress is negative and increases with distance from the
splitter plate. Turbulent kinetic energy is also seen to increase in the
flow direction. This indicates that energy is extracted from the mean
flow and fed into the fluctuation field. This transfer of energy is
mainly responsible for the sustenance of turbulence as the shear
layer evolves. The turbulence level in the mixing layer is much
larger in comparison to the turbulence level in the wall boundary
layer. One can also notice from the profiles that the Reynolds stress
is almost insignificant in the boundary layers except near the far
downstream location of the lower wall, where a small positive value
indicates to the presence of countergradient effect.

Similarity profiles of various turbulent quantities namely stream-
wise and transverse turbulent intensities, anisotropy, kinematic
Reynolds stresses and the correlation coefficients of the kinematic
Reynolds stresses are computed from the stored transient data of the
Direct numerical simulation. The quantity n = (v — vy)/b is chosen as
the similarity parameter, where b is the shear layer thickness defined
as the distance between the transverse locations where the value of
(e — u e, — )l is 0.9 and 0.1, u, and u, are the velocities of the
upper and lower streams. The mixing layer centreline Yo 1s taken as
the midpoint between the transverse locations where the value of
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Figure 11. Similarity profile comparisons of (a) Streamwise turbulence
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the computations are for confined shear layer.)

(st — 1, )/(u; — 1)l is 0:9 and O-1. The turbulent intensities are normal-
ized by Au — the velocity difference between the upper and lower
streams. The kinematic Reynolds stress is normalized by Au’. The
turbulent intensities are compared with the results of Goebel and
Dutton Experiment®™ in Fig. 11. It must be noted that the present
computations are for confined mixing layer with high convective
Mach number compared to the experiment of Goebel and Dutton
where a free shear layer is studied at lower convective Mach num-
bers. As no turbulence measurements are available for the super-
sonie confined mixing layer, the comparisons can help us to assess
the qualitative nature of the turbulent statistics for the confined shear
layer. There is a reduction in the turbulence intensities (both stream-
wise and transverse) with increase in convective Mach numbers in
the region of the mixing layer. This is in conformity with the results
of other studies of the free shear layer, The shape of the profile of
streamwise turbulent intensity in the present computation is different
from that of the Goebel and Dutton mainly due to the presence of the
counter- gradient effect present in the downstream portion of lower
wall boundary layer. The similarity profiles of the kinematic
Reynolds stress and the correlation coefficients of the kinematic
Reynolds stress are compared in Fig. 12. Reynolds stress shows
decreasing trend with increasing convective Mach number and the
correlation coefficient for the present computation is also much
smaller compared to the Goebel and Dutton experiment. The
anisotropy (a,/a,) profiles presented in Fig. 13 are markedly differ-
ent for the present case, particularly in the wall boundary layer
region.
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computations are for confined shear layer.)
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5.0 CONCLUSIONS

Direct Numerical Simulations were carried out to study the high
speed non-reacting mixing layer caused due to mixing of two super-
sonic streams separated by a splitter plate in a confined test section.
Two dimensional Navier Stokes equations were discretised using a
compact numerical scheme with fourth order spatial and second
order temporal accuracy. The grid independence of the results were
established by comparing the results with different grids, as well as
analyzing the spectral content of the flow fluctuations for the differ-
ent grids, The simulation captures all the essential features of the
hypervelocity confined mixing layer. The computed surface pres-
sures for both lower and upper walls match fairly well with the
experimental results. The examination of contour plots and the mean
properties of the flow indicate that the growth of the mixing layer is
towards the high speed side of the flow because of more entrainment
by the high speed flow.,

Various turbulence quantities were estimated from the stored time
series data of the DNS calculation. In the absence of any measure-
ments of turbulence quantities for high speed confined mixing layer,
the turbulence quantities were compared with the experimental val-
ues of the free supersonic mixing layers. The general features of the
turbulence quantities of the free shear layer is also observed in the
confined mixing layer. The Reynolds stress, streamwise and trans-
verse turbulence intensities are seen to be less for higher convective
Mach number. The Reynolds stress profile indicate the presence of
counter gradient effect in the far downstream position of the lower
wall boundary layer, although it is almost negligible in the major
portion of the wall boundary layer.
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