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Compressibility Effects and Mixing Enhancement in
Turbulent Free Shear Flows
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National Tsing Hua University, Hsinchu 30043, Taiwan, Republic of China

Computational simulations have been performed to study compressible, spatially developing turbulent free
shear layers with various velocity regimes—subsonic/subsonic, supersonic/subsonic, and supersonic/supersonic—
for convective Mach numbers in the range of 0.14-1.28. The numerical code used the finite volume technique
and a modified Godunov's scheme. The computed results for the supersonic/subsonic case are first compared
with experimental axial mean-velocity profiles, vorticity thickness, and turbulence parameters. Mixing layers with
various velocity regimes are then calculated to investigate compressibility effects on the evolution of large-scale
structures through the flow visualization of the vorticity field, growth rate of the vorticity thickness, and vorticity
dynamics analysis. Various forcing frequencies are applied at the inflow boundary to examine mixing enhancement
for free shear layers with higher convective Mach numbers. It is found for the first time that the growth rate of
supersonic/supersonic free shear layers increases markedly when the forced layers move up and down with time
instead of forming vortex roll-up and pairing.

Nomenclature
a = speed of sound, m/s
e = total energy per unit volume, J/m3

F = convective flux vector in x direction
/o = fundamental frequency, 1/s
/i = first subharmonic frequency, /o/2, 1/s
/2 = second subharmonic frequency, /o/3, 1/s
G = convective flux vector in y direction
L = axial length of computational domain, m
M = Mach number
Mc = convective Mach number, (MI — wc)/ai
p = pressure, N/rn2

Q - conservation variables vector
t - time coordinate, s
t* = nondimensionalized time, t/(L/Ua)
u = velocity in* direction, m/s
u* = nondimensionalized velocity, (u — £2) /(HI — "2)
ua = average inlet velocity, (u\ +ui)/2, m/s
uc = convective velocity, (a\ui +aiu\)l(a\ + <22), m/s
v = velocity in y direction, m/s
x = longitudinal coordinate, cm
y = transverse coordinate, cm
yo = location where M = (u\ + W2)/2, cm

p
au

* = -
specific heats ratio
vorticity thickness, (u\ + U2)/(di4/dy)m
growth rate of vorticity thickness, dS^/
momentum thickness, cm
density, kg/m3

streamwise turbulence intensity
lateral turbulence intensity

9 cm

Subscripts

i = incompressible
1 = top stream; Fig. 1
2 = bottom stream; Fig. 1
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Superscripts
1 = turbulent fluctuation value of variable
— = time-averaged value

Introduction

T HE spatially developing shear layer generated by turbulent
mixing of two coflowing fluid streams, as shown schematically

in Fig. 1, has been one of the most active areas of research in fluid
mechanics and is encountered in many engineering applications.
The large quasi-two-dimensional coherent vortical structures in sub-
sonic turbulent free shear flows were first observed by experimental
investigations,1'2 which drastically altered researchers' perceptions
of the mixing process in these flows. In the recent development of
efficient supersonic combustion ramjet (scramjet) engines and ad-
vanced aerospace propulsion systems, there is renewed interest in
the study of supersonic turbulent mixing layers. Most current con-
cepts relevant to the scramjet engines employ the mixing-limited
heat release, which depends on the rate of mass and momentum
transfer across the fuel-air shear layer and hence can be described
using the shear layer growth rate. Unfortunately, experiments3"5

showed that the growth rate of the mixing layer in two supersonic
streams is considerably smaller than that in two subsonic streams. It
is therefore important to find methods or mechanisms to enhance the
mixing rate between the two coflowing supersonic streams. Further-
more, even if only one of the streams in a shear layer is supersonic,
experiments6'7 still reveal that the growth rate decreases with in-
creasing convective Mach number (Mc). The term Mc is defined as
Mc = (iii - uc)/ai, where uc = (aiu2 + a2ui)/(ai + tf2)6'7 and
Mc is a parameter characterizing the compressibility effects in shear
flows.3'5 Most experiments on compressible shear layers were lim-
ited to the mean flow measurements and the compressibility effects
on the shear layer growth rate.3"5 There are few experiments6'7

Fig. 1 Schematic illustration of flow configuration and geometry in a
mixing layer.
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providing, in addition to the mean flow data and growth rate, the
turbulence information for validating the computational schemes.
Recently, Lele8 has reviewed the features of the turbulent state that
depend on compressibility and gave a good overview on compress-
ible mixing layers.

Computationally, a fair number of numerical studies on the spa-
tially developing mixing layers have been carried out using two
subsonic9"11 or two supersonic12"14 parallel streams of gas. In con-
trast, the computation of mixing layers formed by a supersonic and
a subsonic stream has received limited attention to date; however,
this type of flow regime is often encountered in the practical ram-
jet combustor and ejector and is associated with the noise prob-
lem caused by a supersonic jet discharging into a subsonic stream.
Farouk et al.12 used the flux-corrected transport algorithm mainly
to study the mixing and stability in a shear flow of two supersonic
streams; partly, they reported the results of a limited computation
on a shear layer resulting from the mixing of a supersonic and a
subsonic stream. Their results regarding the supersonic-subsonic
interaction were only presented in terms of the flow visualization
of the mixing ratio and the spectra of pressure fluctuations, without
quantitatively comparing them with available experimental mea-
surements. This fact provides one of the motivations for the present
study.

This paper attempts to develop a numerical algorithm to study
the large vortical structures and their evolution in the spatially de-
veloping mixing layers between two fluid streams at three types
of velocity regimes: subsonic/subsonic, supersonic/subsonic, and
supersonic/supersonic. The present numerical method solves the
governing equations directly using a modified Godunov's scheme
without subgrid-scale (SGS) turbulence models; consequently,
the complexity of empirical turbulence models, especially those with
compressibility correction terms, can be avoided. Liou et al.15 have
recently demonstrated the applicability of this numerical method
to the study of subsonic turbulent nonreacting and reacting flows
in a coaxial sudden-expansion combustion chamber with gaseous
fuel radially injected from the porous wall. The present work ex-
tends the calculations to the spatially developing turbulent free
shear layers of various velocity regimes and assesses the numer-
ical algorithm by comparing the calculated results of the super-
sonic/subsonic velocity regime with existing experimental data.6'7
In addition, the effects of compressibility on the large coherent
structures and growth rate of the vorticity thickness are discussed.
The other major objective of this paper is to devise techniques for
enhancing the mixing in supersonic shear layers whose growth
rates are significantly less than those of incompressible shear
layers.

Governing Equations and Numerical Algorithm
Experiments1'2-16 have confirmed that the evolution of mixing

layers at low Mc is mainly characterized by large, organized two-
dimensional vortices and their pairing. To examine whether three-
dimensional obliquity prevails for high Mc flows, Papamoschou17

showed experimentally no obvious evidence that the large struc-
tures are obliquely oriented at high Mc. Experimental results of
Clemens and Mungal18 showed that the supersonic mixing layer,
when driven to a low Mc of 0.28, behaves as an incompressible
layer with characteristic two-dimensional organized structures. As
Mc increases to 0.62 and 0.79, the mixing layer becomes three di-
mensional. Sandham and Reynolds19'20 used both linear theory and
numerical simulations to show that three-dimensional structure may
occur for Mc above 0.6. Although the turbulent mixing layer at high
Mc would be three dimensional, two-dimensional numerical simu-
lations have been shown to capture satisfactorily the major features
of subsonic mixing layers9"11-21 and supersonic mixing layers,12"14

especially in predicting the growth rate of a mixing layer. The major
objective of the present simulations is to examine the effects of com-
pressibility on the growth rate and to devise techniques for enhanc-
ing the mixing in supersonic shear layers. Therefore, it would not
be unrealistic to perform two-dimensional simulations. In addition,
the basic vortex dynamics in a shear layer is essentially inviscid,9'30

which suggests that the present simulations can be formulated using
two-dimensional Euler's equations.

Governing Equations
The compressible Euler equations in two-dimensional Cartesian

coordinates without body forces and external heat addition can be
written as

dQ_~
dt

8F—
dx

8G—
dy (1)

where Q, F, and G are vectors given by
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(2)
The equations represent the conservation of mass, momentum, and
total energy of inviscid fluid motion. For an ideal gas, the pressure
is related to the equation of state

(3)

Numerical Algorithm
The code used the finite volume technique.15 An explicit scheme

was selected to resolve the time evolution of the large scales in tur-
bulent flowfields. The vector Q in Eq. (2) representing conservative
variables was calculated at the center of each computational cell
and the flux vectors F and G in Eq. (2) were calculated at the cell
edges using Godunov's scheme.22 The basic idea behind Godunov's
scheme is to use the exact solution of the gasdynamic equations with
piecewise initial states to construct the finite difference schemes.
Godunov used the characteristic information so that the Riemann
problem could be solved forward in time and then used the solu-
tion of the Riemann problem to calculate the numerical flux at the
cell edges. The major disadvantage of Godunov's original scheme
is the first-order spatial accuracy, which results in a relatively poor
resolution of flow structures. To improve the order of spatial ac-
curacy of Godunov's original scheme, in this work the piecewise
initial states to the left and right of the cell edges were obtained by
a second-order extrapolation. In addition, a limiting technique was
applied to achieve numerical stability/Three benchmark test cases
were given23 to examine the accuracy of the present scheme, includ-
ing a one-dimensional Riemann's shock tube problem at pressure
ratio of 10, a one-dimensional two interacting blast waves problem
at pressure ratios up to 105, and a two-dimensional shock reflection
problem. Comparison with the exact solutions demonstrated the
robust stability of the present scheme with complicated wave de-
velopments and interactions. A detailed derivation of the modified
Godunov's scheme and its improvement on the numerical accuracy
were presented in the work of Liou et al.23

Boundary and Initial Conditions
The primitive variables (p,u, v, p) need to be specified at the

boundaries of the finite computational domain because they are in-
volved in the flux vectors. The top and bottom boundaries are as-
sumed to be streamlines and the numerical boundary conditions
specified there are v. = 0 and dq/dy = 0, where q is p, u, or
p. Characteristic-based boundary conditions are enforced at the in-
flow and outflow boundaries in compressible flows. At the entrance,
both mass and energy fluxes are kept constant with v — 0 specified
for the subsonic inflow since there are three incoming characteris-
tics and one outgoing characteristic. For the case of the supersonic
inflow, the primitive variables are specified since there are four in-
coming characteristics. At the exit plane, there are four outgoing
characteristics as the exit flow is supersonic and the outflow bound-
ary conditions need not be specified. For the subsonic exit flow,
the pressure needs to be specified at the outflow plane since there are
three outgoing characteristics and one incoming characteristic. The
specification of the initial conditions is based on the experiments.6'7

Results and Discussion
The presentation and discussion of the computational results are

classified into three parts: code validation, effects of compressibility,
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and mixing enhancement in supersonic shear layers. In all velocity
regimes, the density, velocity, and pressure ratios of the two streams
are fixed at the same values.

Code Validation
In one case of the previous experiments,6'7 the mixing layer is

formed by two airstreams at the density ratio p2/p\ = 0.64, velocity
ratio U2/u\ =0.36, and pressure ratio pi/p\ = 1. The two free-
stream Mach numbers are M\ = 1.83 and MI = 0.51 and Mc is 0.51.
These experimental conditions of a supersonic/subsonic shear layer
are used as an initial input of the present calculations for code vali-
dation. For this experimental case, a detailed description of the mean
flow measurements was given in Samimy and Elliott6 and the tur-
bulence quantities in Elliott and Samimy.7 Their measurements6'7
were performed in the region of x < 21 cm, before the expansion
or compression waves generated at the trailing edge of the splitter
plate reflect off the top wall and interact with the shear layer; there-
fore, the present computational domain is assumed to be 60 cm
long and 30 cm high to avoid the reflected waves impinging on
the shear layer before x = 21 cm. Four sets of uniform grids—
202 x 102, 322 x 162,402 x 202, and 482 x 242 (jc x y)—were
examined for a grid-independence study and the grid independence
was attained for grid sizes of 402 x 202 and 482 x 242. The devia-
tions in the axial mean velocity and turbulence quantities calculated
from these two grid systems were approximately negligible (less
than 3%). Consequently, the results presented later are based on
the 402 x 202 grid system. The Courant number (aAt/Ax) was
fixed at 0.6 to guarantee numerical stability and to advance the code
in time properly. All simulations were carried out on a DEC 3000
model 600 workstation, and for this case (Mc = 0.51), a com-
plete run for the statistical data obtained by taking a time average
over an appropriate period of time (4 < t*.< 8) required about
22 h of CPU time. Although the present numerical method solves
the Euler equations directly without SGS turbulence models, nu-
merical dissipation (which has no relation to the laminar viscous
terms in a direct simulation) has been considered as a SGS model in
many other investigations.24"27 Especially, Oran and Boris27 have
performed various tests to support that the local, time-dependent
numerical dissipation in the Euler equations behaves as a subgrid
turbulence model for scales smaller than grid sizes and this sub-
grid model properly connects the large, energy-containing scales
with the unresolved subgrid scales of motion. In fact, the numerical
dissipation is here proportional to A2 (A being the computational

Fig. 2 Comparison of computed axial mean velocity profiles with mea-
sured data for supersonic /subsonic free shear layer.
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Fig. 3 Comparison of computed vorticity thickness with measured
data for supersonic/subsonic free shear layer.
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Fig. 4 Comparison of computed turbulence quantities with measured
data for supersonic/subsonic free shear layer.

resolution), which is very similar to a normal SGS model of dissi-
pative nature.28

The calculated results depicted in Figs. 2-4 are the axial mean
velocity profiles, axial variation of the vorticity thickness, and dis-
tributions of the turbulence quantities, respectively. Experimental
data6'7 are also included for comparison. The variables used in these
figures, such as u* = (u - M2)/(wi - u2), y* = (y - y0)/8wrand
Sa = (ui -f M2)/(9w/3y)max> are defined as in the experiments. The
lateral distributions of the normalized axial mean velocity at vari-
ous streamwise stations shown in Fig. 2 suggest that the flow attains
self-similarity for x > 12 cm; this feature agrees closely with the
experimental results.6 In addition, the plot of axial mean velocity
profiles using the overall physical scales (u vs y) is included in
Fig. 2 as an inset, which shows that the computed velocity profiles
of the physical scales also capture the experimental results satisfac-
torily. A comparison of the calculated vorticity thickness with the
experimental data6 shown in Fig. 3 indicates that the shear layer
growth is predicted reasonably accurately by the present numerical
method. A further comparison of the calculated results and experi-
mental data7 is shown in Figs. 4a-4c in terms of the development of
the streamwise and lateral turbulence intensities, and the Reynolds
stress (cru, crv, and — u'v'), respectively. From Fig. 4, one can readily
see the following. First, the profiles of the computed turbulence
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quantities appear to collapse only for x > 15 cm, which shows that
the turbulence similarity is achieved further downstream than the
mean flow similarity. This qualitative feature of the calculated tur-
bulence results is in good accord with the experimental observation.7
Second, the distribution of the turbulence quantities has a charac-
teristic bell shape, as shown in both calculated and experimental
results. The preceding results reveal that the self-similarity feature
and bell-shaped curve of the turbulence quantities are still present
in the mixing layer of a supersonic/subsonic velocity regime. Third,
the calculated turbulence quantities are larger than the experimental
data. In this study, the overpredictions are typically within 40% of
au, 90% of a,,, and 94%_of_-wV, as compared with 86% of cru,
56% of orv, and 96% of -u'v1 in the work of Inoue.29 In general, the
overprediction in the turbulence quantities is a distinctive feature of
the two-dimensional numerical simulations in turbulent free shear
flows.29 Nevertheless, the sum of the turbulence intensity peak ob-
tained by a two-dimensional computation seems to be conserved and
equal to that of a three-dimensional mixing layer, as indicated by the
results of Inoue.29 Of course, a three-dimensional numerical sim-
ulation would be preferred; unfortunately, it is beyond our present
computer capability. In sum, from the preceding discussion the cal-
culated results and the corresponding measured data are found to be
in good agreement for the mean flow profiles and shear layer growth
and generate the same trend for the turbulence parameters. This fact
lends reasonable confidence for the present numerical method and
following study of the compressibility effects and mixing enhance-
ment in turbulent free shear layers.

Effects of Compressibility
Figures 5a-5e show the instantaneous vorticity contours at t* = 8

for various velocity regimes corresponding to different convective
Mach numbers, Mc = 0.14,0.51,0.64, 0.86, and 1.28, respectively.
In all cases, the density, velocity, and pressure ratios remain the
same as in the case of Mc = 0.51 discussed earlier. The main differ-
ences in this sequence are that the vortex roll-up in the shear layer
appears to be delayed and the large-scale structures are more flat-
tened, elongated, and less mixed as Mc goes up. The snapshot for
the subsonic/subsonic velocity regime of low Mc (Fig. 5a) clearly
shows the vortex roll-up and pairing process between two adja-
cent vortices, as is expected from incompressible results.1'2'10'15 For
the cases of supersonic/subsonic velocity regimes (Figs. 5b-5d), a
slower development of the shear layers is observed with increasing
Mc\ however, a well-developed vortex roll-up similar to the charac-
teristic of subsonic/subsonic shear layers finally occurs and then the
large-scale structures appear in the downstream region, even if one
stream of the mixing layer is supersonic and Mc goes up to 0.86.
The supersonic/supersonic case (Fig. 5e) exhibits a considerably
different behavior, for which vortex roll-up is not observed and the
large-scale organized structures are apparently no longer present.

To understand the physics underlying the change in the mixing
layer flow structures at high Mc, it is useful to study the mechanisms
of vorticity dynamics/The vorticity equation for an inviscid, two-
dimensional flow can be expressed as

dco do) da) du dv

, _ _
p2 \dxdy dy (4)

which states that the rate of change of vorticity is due to three ef-
fects (convection, dilatation, and baroclinic torque) corresponding
to the terms on the right-hand side of Eq. (4). The cross-sectional
averaged magnitudes of these quantities along the streamwise axis
are depicted in Figs. 6a and 6b for the cases of Mc = 0.14 and
1.28, respectively. It is found that the convection effect is dominant
and the dilatation and baroclinic-torque terms are much smaller and
almost negligible for the case of Mc = 0.14; therefore, the roller-
type vortices formed at the trailing edge of the splitter plate will
convect downstream and merge with each other to develop a large-
scale organized structure in the downstream region as shown in
Fig. •5a< However, this feature is changed for the case of Mc = 1.28
since a significant dilatation effect appears in this flow, even if the
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Fig. 5 Instantaneous vorticity contours at t* = 8 for various velocity
regimes.
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Fig. 6 Axial variation of contributions to vorticity equation for Mc =
0.14andl.28.

baroclinic-torque effect is still negligible. The dilatation effect is es-
sentially of opposite sign to the convection term (Fig. 6b), and thus
it obstructs the development of the vortices (Fig. 5e). In general,
the vortex becomes more flattened and elongated in the streamwise
direction with increasing Mc (Fig. 5) because the fluid element ex-
pands due to the compressibility effects associated with the larger di-
latation term. It is also interesting to mention that the physical mech-
anism responsible for the delay of the vortex roll-up and the change
of large-scale structures in subsonic reacting flows results from the
significant baroclinic-torque effect associated with heat release, as
described in the work of Liou et al.15 This fact reveals that the com-
pressibility effects on the fluid motions behave in a comparatively
different manner as the mechanisms of vorticity dynamics change.

Bogdanoff3 and Papamoschou and Roshko5 introduced Mc as a
parameter to characterize the intrinsic compressibility effects and
quantified the compressibility effects on the growth rate. Their re-
sults showed a good correlation between Mc and compressible free
shear layer growth rates nondimensionalized by the incompressible
shear layer growth rate under the same density and velocity ratios.
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Fig. 7 Variation of normalized vorticity growth rate with Mc.

Figure 7 compares the calculations of normalized vorticity growth
rates with the data shown in Lele's review article,8 where (<%)/ =
0.181(wi - U2)/(ui -f«2) used in the present simulations is defined
as in the experiment.6 As can be seen, the calculated results agree
very well with the measurements.6 In addition, Fig, 7 shows a rapid
reduction in growth rate as Mc increases from 0.4, resulting from the
more elongated vortex structures for higher values of Mc, as shown
in Fig. 5. The elongated vortex cannot entrain as much fluid as the
near-circular vortex structure appearing in the incompressible shear
layers; hene0, the growth rate of the mixing layer is decreased. The
collapse of the normalized mixing layer growth rate data collected
in Fig. 7 has significant scatter, which may result from the sensitivity
of the mixing layer flow to background disturbance environment,
the variable degree of realization to the self-preserving1 feature, and
uncertainty in the normalizing incompressible mixing layer growth
rate encountered in different experiments, as addressed by Lele.8

Mixing Enhancement
Faced with the decrease in growth rate of themixing layer with

increasing Mc, one important objective of supersonic shear layer
research is to devise methods of increasing the mixing between
the two streams since, for example, the enhancement in mixing im-
plies the improvement of the performance in supersonic combustion
engines. The subsonic shear layer growth rate was demonstrated
experimentally to be altered markedly by introducing external per-
turbations near the point of initial mixing30'31 and it is interesting
to examine whetherthe same concepts are still effective for achiev-
ing the mixing enhancement in supersonic shear layers. Figure 8
shows the instantaneous vorticity contours alt* = 8 for the super-
sonic/subsonic mixing layer (Mc = 0.64) under a sinusoidal normal
velocity disturbance at the inflow boundary, which includes various
forms of forcings applied at the fundamental frequency (/o) and
its first two subharmonics (/i and /2), each with an amplitude of
0.15(5i + «2)/2. The fundamental frequency is obtained from the
experimental power spectra of pressure fluctuations32 that showed a
characteristic frequency (5 kHz) of the shear layer near the splitting
plate. The evolution of the forced mixing layers is distinctly different
from each other and from that of the unforced case (Fig. 5c). When
the mixing layer is forced by the fundamental frequency (Fig. 8a),
the initial formation of vortices develops quickly and then the vortex
merging is suppressed for quite a long distance, i.e., the shear layer
in this region consists of a row of well-aligned vortices that do not
interact with one another. Eventually, the vortex pairing resumes
further downstream as in the unforced mixing layer. For the first
subharmonic frequency forcing (Fig. 8b), the vortex-merging sup-
pression occurs later in space. Forcing at the second subharmonic
frequency, the merging of three vortices is observed near x = 30
cm (Fig. 8c). From the preceding results, the forcing frequency of
the normal velocity disturbance is found to have pronounced effects
on the evolution of the large-scale structures, even for the super-
sonic/subsonic mixing layer; in turn, it can effectively manipulate
the spreading rate of the mixing layer.

Perhaps a better physical representative of the local width of the
mixing layer is provided by the momentum thickness defined as6

/
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Fig. 8 Instantaneous vorticity contours at ?* = 8 for Mc = 0.64 with
various types of forcings.
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Fig. 9 Axial variation of momentum thickness for Mc = 0.64 with
various types of forcings.

The momentum thickness growth rate is closely related to the shear
layer entrainment and spreading rate.6'30'31 The effect of various
types of forcings on the streamwise development of .0 is presented
in Fig. 9 for the case shown in Fig. 8. Figure 9 shows that the forc-
ing frequency influences the evolution of 0 markedly as compared
with the unforced mixing layer. The streamwise variations of 0 in
all forced mixing layers reveal a general tendency characterized by
three regions. In region 1, the initial thickness of the forced mixing
layer exceeds that of the unforced case. In region 2, the growth rate
with increasing x slows down or stops and may even become nega-
tive. It is believed that the growth rate is retarded because the large-
eddy amalgamations are inhibited, i.e., there are no vortex pairings
in region 2, as shown in Fig. 8. Beyond region 2, the mixing layer
resumes its downstream growth in region 3. A careful examination
of the results in Fig. 9 shows that the length of region 1 appears
to be inversely proportional to the forcing frequency. From Figs. 8
and 9, the effects of the forcing frequency on the vortex dynam-
ics and momentum thickness of a supersonic/subsonic mixing layer
exhibit a development similar to the experimental observations of
subsonic/subsonic mixing layers.30'31 In addition, the momentum
thickness at the end of region 1 for the second subharmonic fre-
quency forcing shown in Fig. 9 is 120% larger than the correspond-
ing unforced flow; consequently, this method of enhancing the mix-
ing in a supersonic/subsonic shear layer may offer an opportunity of
improving the performance in the related engineering applications.
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As for the cause of the mixing enhancement, examining the ax-
ial variations of the contributions to the rate of change of vorticity
[Eq. (4)] may provide a clear physical rationale. A comparison be-
tween the unforced and forced (the second subharmonic frequency
forcing) flows is therefore made in Fig. 10. The convection term of
the forced flow becomes much larger than the corresponding un-
forced case, especially in the region between x = 20 and 35 cm,
whereas the effects of forcing on the dilatation and baroclinic-torque
terms appear to be negligible. The augmented convection effect ac-
celerates the vortical motion and makes the vortices merge with each
other quickly (Fig. 8c); therefore, the mixing layer grows rapidly
(Fig. 9). Lele33 showed the contours of individual terms of the vor-
ticity equation for one case (Mc = 0.4) to describe the stabilizing
effect of the dilatation term. The present paper uses the vorticity
dynamics analysis to explore the flow mechanisms for different Mc
flows and the physics of the mixing enhancement under excitations.

In addition, the axial variations of the cross-sectional averaged mag-
nitudes of various terms on vortex dynamics used in the present study
offer a clear understanding of the streamwise evolution of large-scale
structures under various Mc and forcing conditions for the first time.

The effects of the normal velocity disturbance on the vortex
dynamics of a supersonic/supersonic mixing layer (Mc = 1.28)
are presented in Fig. 11. The forced mixing layers of the super-
sonic/supersonic velocity regime reveal a more oscillatory fashion
as compared with the unforced case (Fig. 5e). To further visualize
the temporal evolution of the forced supersonic/supersonic mix-
ing layers, a time sequence of the instantaneous vorticity contours
is shown in Fig. 12 for the case of the second subharmonic fre-
quency forcing. The normalized time interval, At* = A[f/(L/wa)],
between the two consecutive pictures is 0.5 and the upper one is
recorded earlier. These snapshots indicate that the forced super-
sonic/supersonic mixing layers move up and down with time. By
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Fig. 14 Axial variation of momentum thickness for Mc = 1.28 with
various types of forcings.

way of swaying, these oscillatory mixing layers attain a significantly
greater rate of growth, as shown in Figs. 13 and 14 that compare the
time-averaged vorticity contours and momentum thickness of the
forced cases with those of unforced flows, respectively. The mixing
enhancement mechanism of supersonic/supersonic mixing layers
presents a marked difference from the conventional enhancement
mechanism for the subsonic/subsonic mixing layer growth. Quanti-
tatively, the forcing of /2 in the supersonic/supersonic mixing layer
can achieve a linear growth rate of 250% of the unforced flow.

Conclusions
A numerical experiment of two-dimensional turbulent free mix-

ing layers consisting of two coflowing fluid streams under various
velocity regimes (subsonic/subsonic, supersonic/subsonic, and su-
personic/supersonic) has been performed using an unsteady numer-
ical simulation incorporated with a modified Godunov's scheme.
Reasonable agreement between the predicted and available exper-
imental results has been demonstrated. The numerical flow visual-
ization of the vorticity field and the associated vorticity dynamics
analysis facilitate a systematic understanding of the streamwise evo-
lution of flow structures under various convective Mach numbers,
for instance, providing a rationale for the presence or absence of
the vortex roll-up and pairing, and hence for the growth rate of free
mixing layers under different degrees of compressibility.

New information is provided that the mixing enhancement for the
case of supersonic/supersonic free mixing layers can be achieved
as the forced shear layers move up and down with time, a brand
new mixing enhancement mechanism in contrast to the conventional
vortex roll-up and pairing process for the subsonic/subsonic mix-
ing layers. The present computation also supplements information
to the lacking literature for the supersonic/subsonic mixing layers
whose growth rate, as reported in this paper, can be significantly
enhanced by transversely disturbing the inlet flow with the second
subharmonic forcing frequency. A detailed quantitative comparison
between the present computation and previous measured data for the
supersonic/subsonic mixing layers is reported here for the first time.
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