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Sensitivity of Mixed Subsonic-Supersonic
Turbulent Mixing Layers

D. Chad Cottrell III* and Michael W. Plesniak’
Purdue University, West Lafayette, Indiana 47907-1003

Numerical predictions of compressible turbulent mixing layers have been performed for convective Mach
numbers up to 0.7 (M¢< 0.7). This flow is particularly challenging to compute because the mixing layer con-
sists of one supersonic stream and one subsonic stream, resulting in a mixed hyperbolic/elliptic solution. The
FLUENT® computational fluid dynamics code, which incorporates a renormalization group k-¢ turbulence model
and the SIMPLEC solution algorithm, was used to perform the computations. Initially, predictions were performed
for several different convective Mach numbers (M¢ =0.2, 0.5, and 0.7), and the computed results (mixing layer
thickness, mean velocity, and turbulence parameters) were compared with experiments to benchmark the code.
Following this qualification procedure, the sensitivity of the M¢ =0.7 case to disturbances was further investigated
by introducing small perturbations to the boundary conditions and recomputing the mixing layer. Specifically,
effects of perturbations to the secondary stream stagnation pressure and test section wall adjustment angle were
investigated. It was found that the compressible mixing layer growth rate was significantly altered by small changes
(<4 %) in the secondary stream stagnation pressure. In addition, divergence or convergence of the test section walls
ofless than 3 deg resulted in appreciable changesin the streamwise pressure gradientand mixinglayer development.

Nomenclature

test section cross-sectional area, m?

speed of sound, m/s

10% AU mixing layer thickness

(Yo9av — Yo.iav), mm

empirical mixing layer growth rate constant
parameter in k-¢ turbulence model

mixing layer growth rate

enthalpy, kJ/kgK

thermal conductivity, W/mK

turbulent kinetic energy, m>/s’

turbulent lengthscale (eddy scale), m
convective Mach number

pressure, kPa

= ideal gas constant, kJ/kgK; or rate of strain term in
Eq. (6), m?/s*

freestream velocity ratio, i /il p

freestream density ratio, ps / pp
temperature, K

temporal coordinate, s

convective velocity, m/s

streamwise velocity component, m/s
primary kinematic Reynolds shear stress (also
—(u'v')), m?*/s?

transverse velocity component, m/s
streamwise coordinate, mm

mixing layer virtual origin, mm

transverse coordinate, mm

wall adjustment angle, deg

specific heat ratio

freestream mean velocity difference, it p—it 5, m/s
turbulent dissipation rate, m?/s’

dynamic viscosity, kg/ms

= kinematic viscosity, m*/s
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0 = density, kg/m®

T = stress tensor

10} = relaxation parameter

Subscripts

eff = effective value (molecular plus turbulent
contributions)

i = incompressible case

o = stagnation quantity

P = primary stream, Fig. 1, top

S = secondary stream, Fig. 1, bottom

T = turbulent contribution

Superscripts

! = turbulent fluctuating component

= time-averaged value (also ())

Introduction

NUMBER of recent studies have focused on gaining a better

understanding of the fundamental flow physics of compress-
ible turbulent mixing layers because they exhibit a reduced growth
raterelativeto theirincompressiblecounterpartsat the same velocity
and densityratios. This reductionin growthrate is undesirable when
rapid and efficient mixing of the two streams is required. Therefore,
the goal of many of these studies has been to gain a better under-
standing of the mixing process and, ultimately, to develop practi-
cal methods of enhancing the compressible mixing layer growth
rate. A practical application of supersonic mixing is the supersonic
combustion ramjet (scramjet) engine, which has been proposed as
a means of propelling hypersonic vehicles. One difficulty associ-
ated with the scramjet engine is that the turbulent mixing between
the fuel and the oxidizer is inhibited, and, consequently, a longer
combustor is required. Incomplete mixing of the fuel and oxidizer
results in inefficient combustion and excessive pollutant formation.
In addition to supersonic combustion, compressible mixing layers
are also found at the thrust nozzles of some jet and rocket engines.
For this application, mixing enhancement has been proposed as a
means of reducing the noise generated by the exhaust of these en-
gines. Noise abatement is becoming increasingly more important
as stricter regulations are being introduced to limit the permissible
noise level produced by aircraft.!
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Fig. 1 Schematic of the two-stream planar mixing layer.
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Fig. 2 Normalized mixing layer growth rates.

The two-stream planar mixing layer, shown schematically in
Fig. 1, is a canonical flow that has been widely used to investigate
the physics of mixing processes>~7 A mixing layer is formed when
two streams of different velocities (and/or densities) merge down-
stream of the sharp trailing edge of a splitter plate. Throughout this
manuscript, the high-speed stream will be referred to as the primary
(shown on top), and the low-speed stream will be referred to as the
secondary (shown on bottom), with properties denoted by P and
S subscripts, respectively. Although several different definitions of
the mixing layer thickness appear in the literature? we define the
mixing layer thickness b as the transverse distance between the lo-
cations where ug+0.1 - (up —ug) and us+0.9 - (up —uy), that
is, 10% AU thickness. The mixing layer growth rate is defined as
db/dx. For the incompressible case, the self-similar growth rate (as-
suming that the entrainment velocity is proportional to the mean
velocity difference) is expressed as

dx :

where (r =ug / up) is the freestream velocity ratio, (s = ps/pp) is
the freestream density ratio, and C, = 0.0825 is an experimentally
determined constant.2 Experiments have shown that the growth rate
of the incompressiblemixing layeris governed by the formation and
evolution of well-organized, large-scale two-dimensional spanwise
structures, which convect downstream at a constant velocity.’~!!
Through the manipulationof these structures, it is possible to change
the growth rate of incompressible mixing layers.!>~ 14

Following the pioneering work of Brown and Roshko,” many
investigations have shown that compressibility effects tend to in-
hibit the mixing process, thereby resulting in a reduced growth

(A —=r)(1+s?)

1
(1—|—r-s%) W

rate compared to an incompressible mixing layer operating at
the same velocity and density ratios >~ To quantify the level of
compressibility, Bogdanoff'> and Papamoschou and Roshko’ as-
sumed thatorganizedlarge-scalestructures were presentin the com-
pressible mixing layer. The convective velocity of these structures
isUc = (asup +apiis)/(ap +as), whereas (Mcp = (up — Uc) Jap
and M5 = (Uc — ii5) /as are the Mach numbers of the primary and
secondary freestreams, respectively, relative to an observer moving
at the convective velocity, U (Ref. 15). Therefore, Mcp and Mcs
are usually referred to as convective Mach numbers, and they have
been shown to provide a measure of the compressibility level of
mixing layers. Note that, for the case of equal specific heat ratios
(yp =ys), the degree of compressibility is characterizedby a single
convective Mach number, defined as

Mc = (up — ug)/(ap+as) 2)

Following Papamoschou and Roshko,’ the effects of compress-
ibility are illustrated in Fig. 2 on a plot of the normalized growth
rates vs M¢p. The data band shown in Fig. 2 represents a compila-
tion of experimental results from several differentinvestigators® To
isolate the effects of compressibility,the growth rateshave been nor-
malized by the incompressible growth rates at the same velocity and
density ratios using Eq. (1). The data all exhibit the same general
trend: as Mcp increases, that is, as compressibility increases, the
normalized growth rate decreases. At very high levels of compress-
ibility (M¢p > 1.0), the normalized growth rate appears to reach
an average asymptotic value of about 0.3. Note that considerable
scatter exists in the data for a variety of reasons, including different
experimental facilities and techniques, different definitions of the
mixing layer thickness, different initial conditions, etc.

Both numerical'®~'® and experimental~® studies have suggested
that the observed reductionin growth rate at higher compressibility
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levels is associated with a change in the large-scale structure of
the mixing layer. As Mcp increases, evidence of irregular three-
dimensional structures has been found. These irregular structures
cannot entrain as much fluid as the nearly round two-dimensional
structures found in mixing layers originating from turbulent bound-
ary layers on the splitter plate in the incompressible case. Several
investigators''*-?° have attempted to enhance the compressible mix-
ing layer growth rate, but their success has been limited, often re-
sulting in only localized effects. One of the most promising methods
appearsto be theintroductionof streamwise vorticityinto the mixing
layer.

The current work is concerned with the behavior of mixed, that
is, subsonic-supersonic, mixing layers. Experimental and numeri-
cal investigations of canonical subsonic-supersonic mixing layers
(i.e., zero pressure gradientand no shock or expansion waves) have
proven rather challenging due to the hyperbolic behavior of the
supersonic stream and the elliptic behavior of the subsonic stream,
which make it difficult to match pressuresat the splitter plate trailing
edge. The objectives of this investigation are as follows. First, the
performance of a commercial computational fluid dynamics (CFD)
code was assessed for computations of mixed compressible two-
stream planar mixing layers. To confirm the validity of the code,
several different compressible mixing layers were computed, and
the computational results were compared with the experimental
data of Goebel and Dutton*? and Goebel et al.* Second, the ef-
fects of perturbations to the boundary conditions were investigated
to determine the sensitivity of compressible mixing layers to vari-
ous parameters. Small changes to one of the boundary conditions
(e.g., the secondary stagnation pressure, or the adjustment of the
test section walls) were systematically introduced, and the mixing
layer was recomputed. The results help to explain the reasons for the
scatter in experimentally determined growth rates and also quantify
the sensitivity of compressible mixing layers. The results provide
design guidelines for investigators who wish to construct facilities
in which to study clean, mixed compressible turbulent mixing lay-
ers. Possible methods of enhancing compressible mixing may also
be inferred from results of this and similar future studies.

Code Description

The FLUENT® CFD code was selected for computing the dy-
namics of compressible two-stream planar mixing layers. FLUENT
is a commercially available package that includes many options for
modeling phenomenasuch as fluid flow, heat transfer, and chemical
reactions. FLUENT solves a Reynolds-averagedform of the govern-
ing equationsusinga control volume-basedfinite differencemethod.
The solution algorithmis based upon the SIMPLE (or, alternatively,
SIMPLEC) algorithm (see Patankar®!). An iterative line-by-linema-
trix solveris used, and multigrid accelerationis availableto facilitate
more rapid convergence. All variables are underrelaxed (w < 1.0) to
maintain stability. Additional details of the FLUENT software may
be found in the FLUENT reference manual.?? Only the models and
options used in the current study are discussed hereafter.

Governing Equations and Turbulence Model

In the current study, FLUENT was used to solve the Navier-
Stokes equationsin the following Reynolds-averaged form:

ap 9 .
— 4+ —(pii,)) =0 3
or T ox, (pu;) 3)
9 9 AT 9P  J—
—(pit;) + — (Pt ;) = —L — — + — (Pl 4
” (pu;) o, (pu;u;) ox, ox o, (pu;u;) “)
9 _- 9 _ 9 aT 9P 9P
—(ph) + —(pi;h) = — | K— ) + — + i1, —
o P T gy, (P 8x,-< 8x,-> or oy
+_ 812, , Buf bl (_,—h/) (5)
Li— + 1, — — —(py;
Tax;  Uax;  ax Pl

where the overbar represents a time-averaged quantity and the
prime represents the fluctuating component from the Reynolds de-
composition. In Egs. (3-5), the density fluctuations have been ne-
glected based on the assumption that p’ < p, that is, Morkovin’s
hypothesis 2> Morkovin’s hypothesisis a reasonable assumption for
nonhypersonic, nonreacting flows without strong shock waves or
significant heat transfer3

FLUENT incorporates several different turbulence models. The
standard k-¢ turbulencemodel was used initially, but it failed to cap-
ture accurately the reduced growth rate of the compressible mixing
layer? Subsequently,a k¢ turbulence model based on renormaliza-
tion group (RNG) theory was used to model the Reynolds stress ten-
sor, turbulentdiffusion of energy, and dissipationrate terms. Among
other features, RNG theory provides an expression for the varia-
tion of effective viscosity (ue = + ) with Reynolds number
(or eddy scale).”?

As in the standard k- model, transportequations for k and ¢ are
solved. The transportequation for ¢ is

de de e &? ] de
A L SR A Ao
ot Miow T TeET =% ey ©

where « is an inverse Prandtl number for turbulent transport, and
$? =25;;S;; is the modulus of the rate of strain tensor. Just like the
effective viscosity,« is also allowed to vary with the Reynolds num-
ber (eddy scale) to improve the model’s predictionin low Reynolds
number flows; the constants C;, and C,, are also evaluated from
RNG theory. In the high Reynolds number limit, the RNG model
gives o =1.39, C;, =1.42, and C,, = 1.68. The rate-of-strain term
R in Eq. (6) is modeled using RNG theory.??

FLUENT’s RNG k-¢ model incorporatesa compressibility mod-
ification to the standard transport equation for turbulent kinetic en-
ergy, k. The k-transportequation solved by FLUENT for compress-
ible turbulent flow is

3y _ 3y __ 9 (ur dk\ _ - _Ck
Z (k) + — (piik) = — ( ELZZ ) 12,5, — p=— (7
ot (ok) ax; (pusk) ax; (ak 8x,-> F TSy P v, ™

where

ve=v+vr/(142M2) )

and M is a turbulent Mach number defined by

M; = /k/yRT ©)

Note that, in the high Reynolds number limit, the transport equa-
tion for k reduces to the compressibility modification proposed by
Sarkar (see Ref. 24). Sarkar’s modification has been shown to im-
provethe predictionsof compressiblemixing layer growthrates (see
Ref. 25).

Solution Procedures

The SIMPLEC solution algorithm was used for all computations
because it eliminated convergence problems that were encountered
initially when using the SIMPLE algorithm. For all variablesexcept
velocity, a power-law scheme (see Patankar®') was used to obtain
values at the cell (control volume) faces. Velocity interpolation was
accomplishedviaa viscosity weightedmethod, whichis basedon the
continuity of shear stress for control volumes. This method results
in more accurate prediction of turbulent kinetic energy inside shear
layers, without excessive generation of turbulence >? Higher-order
schemes (for example, QUICK) were investigated; however, they
tended to create convergence problems and introduced oscillations
into the solution, with no noticeable increase in accuracy. Multigrid
accelerationwas used to reduce the number of iterationsrequired to
reach convergence.
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Fig. 3 Boundary conditions for the code validation study.
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Results and Discussion

Code Validation

To evaluate the accuracy of the FLUENT CFD code, compress-
ible mixing layers were simulated to duplicate the experimental
conditions of Goebel and Dutton>* and Goebel et al.,* and then
the computed results were compared to experimental results. Us-
ing laser Doppler velocimetry (LDV ), Goebel and Dutton measured
mean and turbulence quantities in planar two-stream mixing lay-
ers operating at various levels of compressibility (M. =0.2, 0.5,
0.7, 0.9, and 1.0). FLUENT was not expected to successfully com-
pute the highest M. cases. (Note that FLUENT is primarily an
incompressible code and that computations for M > 0.7 did not
compare favorably with experiments: The M. =0.9 results were
in poor agreement, and convergence could not be attained for the
M =1.0case. This is attributableto shortcomingsin the Reynolds-
averaged framework, compressibility models, and SIMPLEC solu-
tion algorithmincorporatedin FLUENT, as well as that the compu-
tation was two-dimensional whereas the flow becomes increasingly

three dimensional with M.) Predictionsof the M < (.7 cases were
performed to benchmark the predictions These were blind tests in
the sense that no modeling constants were adjusted to force agree-
ment with the experimental data. All results for M¢ <0.7 agreed
well with experiments; hence, only the highest compressibility case
(M =0.7) will be discussed here.

The simulated experimental flowfield (M- =0.7) consisted of
a supersonic (Mach 2.0) primary stream that merged with a sub-
sonic (Mach 0.3) secondary stream downstream of a 0.5-mm-thick
splitter plate. Both streams were air at a stagnation temperature of
285 K, and the splitter plate was tapered by 2.5 deg on the sec-
ondary side. At the splitter plate trailing edge, each stream was
23.75 mm high by 96 mm wide. Following their initial merger,
the streams continued through the test section, which was approx-
imately 47.5 x 96 x 500 mm long. The test section walls were ad-
justableto minimize the streamwise pressure gradient. Experimental
measurements were reported only for 0.0 < x <225 mm, due to the
interaction of the mixing layer with the top or bottom wall bound-
ary layers downstream of x =225 mm. The M = 0.7 experimental
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Fig. 5 Computed and experimental a) turbulent kinetic energy and b) primary Reynolds shear stress profiles.
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operating conditions are listed in Table 1. Additional details of the
experimental facilities may be found in Ref. 2.

The numerical predictions were two dimensional, which is ap-
propriate only for the moderate M. cases.®’ The geometry of the
computed physical domain was chosen to match the experimental
geometry as closely as possible, with a total height of 47.5 mm. The
length was set to 300 mm, which includes a 75-mm-long initial de-
velopment section, where the streams were separated by a 0.5-mm,
adiabatic, no-slip splitter plate. The purpose of the initial develop-

Table 1 Experimental operating conditions (mean
values) for M¢ =0.7 code validation

Quantity Mean Value
Mc 0.7
Mp, Mg 1.96,0.27
Tro,Tso, K 285,285
up,us, m/s 499,92
Tp, Ts, K 161,281
ap,as, m/s 255,341
P (centerline static), kPa 53
op, ps, kg/m? 1.15,0.66
Ll —— P =54 kPa
i - O - P ~55kPa
Pso=56 kPa (Base)
15—

P =57 kPa
P =58 kPa

10

10% Shear Layer Thickness, b (mm)

COTTRELL IIT AND PLESNIAK

ment section was to allow boundary layers to grow on the splitter
plate, to match the experimental conditions, before the two streams
began to mix. Uniform inlet flow properties were specified for each
stream. For the purposeof the initial code validation, the top and bot-
tom walls were specified as adiabatic, parallel, and permitting slip.
The specification of inviscid external walls and initial development
region resulted in the best agreement with experiments, compared
to other options considered.

All boundary conditions were specified to match the experiments
as closely as possible.For the M =2.0 primary stream, a supersonic
inlet boundary condition was applied, thatis, P, T, i, u’ /i, and L
were specified. For the M = 0.3 secondary stream, a subsonic (stag-
nation pressure) boundary condition was applied, that is, Py, Ty,
u' /i, and L were specified. At the exit plane, the flow was partially
subsonic and partially supersonic;therefore,a mixed boundary con-
dition was applied. The mixed exit boundary condition consisted of
a supersonic (extrapolated) exit boundary condition in the super-
sonic portion of the flow and a subsonic (static pressure specified)
exit boundary condition in the subsonic portion of the flow. (For
supersonic flows, a zeroth-order extrapolation from the upstream
cells is applied for the exit boundary condition in the case where all
of the fluid crossing the boundary is leaving the domain.) Several
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Fig. 6 Computed a) growth rates and b) mean velocity profiles for different secondary stagnation pressures.
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iterations were performed to determine the transverse location that
divided the supersonic and subsonic flow. A schematic of the phys-
ical domain and the applied boundary conditionsis shown in Fig. 3.
Several differentgrid sizes were investigatedin a grid-independence
study (100 x 50, 200 x 100, and 400 x 200). Grid independence
was achieved using the 200 x 100 orthogonal grid. The grid points
were clustered near the splitter plate trailing edge, where the gradi-
ents are expected to be largest. The solution was considered com-
pletely converged when the normalized residual (normalized by the
residual at the second interation and summed over all cells) for each
equation (exceptcontinuity) was on the orderof 1076 - 1077, At this
point, theresidual for the continuityequation was typically on the or-
derof 107 - 107%. The FLUENT manual®? suggests that a solution
is typically converged when the normalizedenergy residualis on the
order of 107® and all other residuals are below 1073, Therefore, the
convergencecriterion used in the current study is somewhat stricter
than that suggested by FLUENT. All computations were performed
on an IBM RS6000 model 380 workstation. For the 200 x 100 grid,
nominal run times were on the order of 20 CPU hours, and the total
memory core size was approximately 30 MB.

The computational and experimental results (M = 0.7) are com-
pared in Figs. 4 and 5. Note that the lower compressibility cases

4500 m/s*
20 — (uu' +v'v)R

)
]

Transverse Coordinate, Y (mm)
(=)

(M =0.2, 0.5) agreed at least as well as the My =0.7 case?
Figure 4 shows the mean velocity profiles and mixing layer thick-
ness (computed from the mean velocity profiles). Note that the
computations capture the physics of the Mc =0.7 mixing layer
rather well, although the growth rate is overpredicted by approx-
imately 15%. However, the experimental data points are some-
what scattered, whereas the computed mixing layer exhibitsa linear
growth, as expected in the self-similar region. Aside from slightly
overpredicting the secondary stream mean velocity, the computed
mean velocity profiles agree very well with the experiments. The
computed turbulence quantities for M- =0.7 also agree well with
experimental results (see Fig. 5), except in the wake region fol-
lowing the splitter plate trailing edge. This is not surprising be-
cause the flow in the wake region is very sensitive to the initial
conditions. The computations predict the correct maximum values
of turbulent kinetic energy and Reynolds shear stress but do not
match the experimental profiles exactly, especially toward the end
of the test section. Three-dimensional effects such as growth of
boundary layers on the side walls of the test section become im-
portantin the downstreamregion. The primary kinematic Reynolds
shear stress was computed from the following (two-dimensional)
expression:
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Pso=56 kPa (Base)

— - Pso=58 kPa

=
1 1 i
-20 10 30 160
a) Streamwise Coordinate, X {mm)
- ® - P =54kPa
P_ =56 kPa (Base)

1600 m?/s PS°_58 o
20—  -<uv> Ao Pyymobkba

=y
[

3
T

Transverse Coordinate, Y (mm)
<
\l/
]

10 50

I I
160 150

b) Streamwise Coordinate, X (mm)

Fig. 7 Computed a) turbulent kinetic energy and b) primary Reynolds shear stress profiles for different secondary stagnation pressures.
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J— k> (ou v
1= I —

(WvYy=—uv C”s<8y+8x> (10)
where C,, =0.0845, that is, the limiting value for high Reynolds
number turbulence. Note that the Reynolds shear stress [which in-
volves approximations associated with differencing of the partial
derivativesin Eq. (10)] agrees better with experiments than the tur-
bulent kinetic energy (which is solved for directly from the gov-
erning equations). The discrepancy in the turbulent kinetic energy
probably arises from the assumption of isotropicturbulence (u’ = v")
implicit in the RNG k-& model. Experimental results indicate
that the streamwise turbulent fluctuations are considerably larger
than the transversefluctuations,especially at higher compressibility
levels 226

In addition to the M = 0.7 benchmark case, other compressible

niques for) the compressible mixing layer. The perturbation study
was performed by introducing slight variations into the boundary
conditions of the M- =0.7 code validation case. Similar sensitiv-
ity studies have already been performed for incompressible mix-
ing layers.!* For brevity, only select results are presented here; a
complete discussion of the perturbationstudy is given by Cottrell *
Specifically, this paper presents perturbation results for two differ-
ent variables: 1) the secondary stream stagnation pressure and 2)
the angle of the external walls. The range of parameters studied
was chosen based on typical experimental adjustments reported in
the literature.”?” Table 2 summarizes the perturbations that were
studied.

Table 2 Perturbations studied

Perturbation Ppo,kPa Pso,kPa o«ap,deg «ag,deg

mixing layers were simulated to qualify FLUENT. Results of all Base case 391 56 0 0
benchmark cases (omitted here for brevity) may be found in the the- £50 :g: 2‘51 8 8
sisby Cottrell ® Based on the very goodagreementwith experiments, S0 ;
. . . Pso 391 57 0 0
FLUENT was found to be acceptable for simulating compressible Pso 391 58 0 0
mixing layers for Mc <0.7. Wall adjustment 391 56 0 25
Wall adjustment 391 56 2.5 0
Perturbation Study Wall adjustment 391 56 2.5 2.5
Furth . f dat M ~0.7 ifvth Wall adjustment 391 56 0 =25
urther computationswere performedat M¢ ~0.7 to quantify the Wall adjustment 391 56 0 —1.25
sensitivity of (and to identify possible mixing enhancement tech-
5000
[ —-— P, =54kPa
- {0 - Pso=55 kPa
P_ =56 kPa (Base) -~
B — 5~ P =STkPa —
[T - o
g 4000 — & - P_=58kPa -
g g so
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¥ g R
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2 &
& 3 3000 |-
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=
2000 /] I l i l i l
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gE
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y/ 50
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Fig. 8 Distributions of peak a) turbulent Kinetic energy and b) primary Reynolds shear stress for different secondary stagnation pressures.



COTTRELL IIT AND PLESNIAK 831

The procedureused to identify the effect of each perturbationis as
follows. The perturbation was introduced; the flowfield was recom-
puted; and the perturbed results were compared with the original
M =0.7 code validation results (base case), which were already
shown to agree with experiments. Thus, the original M =0.7 code
validation results serve as a reference case to identify the effects
of perturbations on the mixing layer behavior. Note that, when in-
vestigating perturbationsto the wall adjustmentangle, no-slip walls
were included in the base case, and the initial development region
was omitted.

Secondary Stagnation Pressure

To quantify the sensitivity of the subsonic-supersonic mixing
layer to small changes in the secondary stagnation pressure, com-
putations were performed in which Pso was perturbed £1 kPa
(£1.8%) and & 2 kPa (&£ 3.6%), relative to the base case. Results
of computations involving perturbations to the secondary stream
stagnation pressure are presented in Figs. 6-8. In terms of absolute
quantities, a decrease in Pso (and secondary mass flowrate) re-
sulted in an increase in the growth rate (Figs. 6 and 7). The increase
in growth rate with decreasing Pso is caused by insufficient sec-

ondary mass flow, which causes the mixing layer to spread further
into the secondary stream to entrain the required amount of fluid.
Figure 8 shows that the peak turbulence quantities (indicative of
the amount of mixing) decrease with increasing secondary stagna-
tion pressure. These trends are in agreement with the experimental
results of Clemens,® who states that

in a supersonic/subsonic mixing layer. . . [t]here is some subsonic
Mach number for which the flow rate exactly meets the entrain-
ment requirement. Additional flow will act to remove shear from
the layer, thus reducing entrainment and only result in pressuriz-
ing the subsonic side, hence pushing the layer up and creating a
strong shock at the splitter tip. Reduced flow increases the entrain-
ment rate thus depressurizing the subsonic stream, resulting in an
underexpanded supersonic stream.

Note that the peak values of the two-dimensionalturbulentkinetic
energy and primary Reynolds shear stress do not reach asymptotic
values for downstream. This trend is exhibited in both the data and
baseline computations. Thus, it must be concluded that the mixing
layer has not achieved self similarity (of the turbulence quantities).
This lack of similarity is due to the adverse pressure gradientin the
test section.
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Fig. 9 Computed a) centerline static pressure distributions and b) mixing layer growth rates for different wall divergence angles.
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Results of perturbations to the secondary stagnation pressure il-
lustrate the precision necessary to study properly an undisturbed
subsonic-supersonic mixing layer under the influence of zero pres-
sure gradient. For example, theseresultsindicatethata 1-kPa (1.8%)
change in Pg, causes a 7% change in the growth rate and a 7%
change in the peak value of turbulent kinetic energy. If the sec-
ondary stagnation pressure is not controlled precisely, the primary
(supersonic) stream will pass through a compression or expansion
wave at the entrance to the test section, and the mixing layer will de-
flect away from the horizontal. The results also suggestthat, because
it impacts the subsonic-supersonic mixing layer growth rate, ma-
nipulation of secondary stagnation pressure could lead to practical
mixing enhancement techniques. This finding is extremely signif-
icant, for example, on the flow around the trailing edge of turbine
vanes and blades.

External Wall Adjustment Angle

To identify the sensitivity of the subsonic-supersonic mixing
layer to the wall adjustment angle, computations were performedin

20 — T

—
=3
|

Transverse Coordinate, Y (mm)
o
I

.
S
i

which the primary and/or secondary walls were adjusted £1.25 or
+2.5 deg from the horizontal. Of primary concern was the influence
of the wall adjustmentangle on the streamwise pressure gradientand
the resulting effect on the mixing layer dynamics. The literature?”’
contains conflicting reports regarding the effectiveness of adjusting
the walls to achieve a zero streamwise pressure gradient in mixed
compressible mixing layers.

The wall adjustment angle « is defined as being positive if the
walls are diverged away from the x axis. In other words, & > 0 corre-
spondsto a setting that causes an increasein flow areain the stream-
wise direction (divergence,dA/dx > 0), whereas « < 0 corresponds
to a setting that causes a decrease in flow area in the streamwise
direction (convergence, dA/dx <0). A wall setting parallel to the
x axis corresponds to o =0, that is, the base case. The subscripts
P and S refer to the primary and secondary (top and bottom) walls,
respectively.

Divergence of Primary and Secondary Walls

Computations were performed to determine if diverging (o > 0)
the external walls would significantly affect the streamwise pressure
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Fig. 10 Computed a) mean velocity and b) turbulent Kinetic energy profiles for different wall divergence angles.
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gradient or mixing layer behavior. The results are shown in
Figs. 9-11. Note that the divergence angle for each wall was ei-
ther 0 or +2.5 deg, which corresponds to a vertical displacement
of about 10 mm (0.4 in.) at the exit plane of the physical domain
(x =225 mm). This displacement was based on the range of ex-
perimental adjustments reported by Papamoschou and Roshko’ and
Hall et al.”’

The results illustrate that divergence of the primary wall has a
greater effect on the mixing layer than divergence of the secondary
wall. This is due to an expansion fan that emanates from the primary
wall, whereitbeginsto diverge (see Fig. 12). This expansionfan then
impinges on the mixing layer and causes additional compression
and expansion waves throughout the primary stream. Based on the
first (Mach 2) characteristic emanating from the primary wall, the
expansionfan begins to impinge on the mixing layer between x =40
and 50 mm. The impingement of the expansion fan on the mixing
layer results in a significant turning of the layer toward the primary
stream. Note, in Fig. 10, that the mixing layer is deflected upward in
the last three profiles (x = 100, 150,200 mm), but not in the first two
profiles (x = 10,50 mm). This effectis absentin the first two profiles
because the flow (near the mixing layer edge) has not yet been
turned by the expansion fan at these locations. Similar turning of
compressiblemixing layersdue to impingementof shock/expansion
waves has also been observed experimentally?

Although the expansion fan caused a noticeable deflection of the
mixing layer, the growth rate was relatively unchanged (<4%, see
Fig. 9b). Also, the profile shapes and peak values of the mean and
turbulencequantitiesremainedessentiallyunchanged.The most sig-
nificant result of diverging the primary wall is that the mixing layer
no longer remains straight. Instead, it develops bends because of
the impingement of expansion and compression waves. This illus-
trates the importance of maintaining a perfectly straight primary
wall if an undisturbed subsonic-supersonic mixing layer is to be
studied. It also introduces the possibility of utilizing this effect to

Expansion Fan

Mach 2
Characteristic

Mixing Layer

Fig. 12 Expansion fan resulting from primary wall divergence.
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Fig. 11 Computed maximum a) turbulent kinetic energy and b) primary Reynolds shear stress distributions for different wall divergence angles.
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Centerline Static Pressure (kPa)
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Fig. 13 Computed a) centerline static pressure distributions and b) primary Reynolds shear stress profiles for different secondary wall convergence

angles.

cause the mixing layer to oscillate up and down with time, possibly
enhancing the transverse turbulent fluctuations and the growth rate.
The numerical results of Liou et al.?® suggested that, by causing the
mixing layer to oscillate up and down with time, its growth rate may
be increased significantly.

Convergence of Secondary Wall

Several subsonic-supersonic mixing layer experiments®?’ have
controlled the streamwise pressure gradient by slightly converging
the secondary wall. Therefore, the effect of secondary wall conver-
gence (s = —1.25 or —2.5 deg) was also investigated, with «p = 0.
Results are presented in Fig. 13.

Figure 13a shows that the shape of the centerline pressure distri-
bution (and, hence, the local streamwise pressure gradient) is altered
significantly by convergingthe secondary wall. Note that in both the
experiments and computation that an adverse pressure gradient oc-
curred in the test section. Recall that the exit plane static pressure

(in the subsonic flow) was kept constant throughout all computa-
tions. The mean streamwise velocity profiles (not shown) remained
relatively unchanged. The Reynolds shear stress decreased slightly
due to the convergence of the secondary wall (see Fig. 13b), and
the turbulent kinetic energy (not shown) exhibited a similar trend.
Based on these results, adjustment of the secondary wall appears to
be a practical means of controllingthe streamwise pressure gradient
in subsonic-supersonicmixing layers. In addition, manipulating the
secondary wall angle does not introduce compression or expansion
waves, which are undesirable when an undisturbed mixing layer is
to be studied.

Conclusions
A numerical study of subsonic-supersonic planar mixing layers
hasbeenperformedusing the FLUENT CFD code, whichis based on
the SIMPLEC solutionalgorithmand incorporatesan RNG k-¢ tur-
bulence model with compressibility correction. Based on the good
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agreement of computed mean and turbulencequantities with experi-
ments, this study has qualified FLUENT as a validtool for accurately
simulating mixing layers with M < 0.7. In addition, a perturbation
study has quantified the sensitivity of subsonic-supersonic mixing
layersto small changesin the imposed boundary conditions.Results
regardingthe influence of the external wall adjustmentangle and the
subsonic stream stagnation pressure on the mixing layer behavior
and streamwise pressure gradient were discussed.

These results illustrate the precision with which the subsonic
stream stagnation pressure must be controlled, for example, in an
experiment, to study properly an undisturbed subsonic-supersonic
mixing layer. It was found that changes of less than 4% in the
subsonic stream stagnation pressure result in significant variations
(>10%) to the growthrate and peak turbulencequantities. The study
also showed that small adjustments (<2.5 deg) to the external wall
angle cause appreciable changes in the local streamwise pressure
gradientand mixing layer dynamics. Results of this and future stud-
ies may prove beneficial with respect to identifyingpractical mixing
enhancement techniques for subsonic-supersonic mixing layers.
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