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Numerical Simulation of Shock-Enhanced Mixing
in Nonuniform Density Turbulent Jets
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A numerical study of the interaction of weak normal shock waves with turbulent jets was conducted. The
con� guration consisted of a planar jet of air, helium, or carbon dioxide situated on the centerline of a shock tube
with an air co� ow. The shock strengths were Ms = 1:2 and 1:4. The numerical model was based on a time-dependent,
Navier–Stokes approach and a two-equation q–! turbulence model. The results indicate that passage of a shock
through low-density (helium) jets produces a vortexlike structure not seen for the case of the air or carbon dioxide
jets. Helium jets exhibit a decrease in mean jet � uid concentration due to shock interaction of up to approximately
30% at a location 30 jet exit heights downstream of the jet exit for a shock strength of Ms = 1:4. The amount of
mixing enhancement increases with increasing shock strength and decreases with increasing downstream distance.
In comparison, the air and carbon dioxide jets show a signi� cantly smaller degree of mixing enhancement. These
results are qualitatively consistent with recent experimental results in axisymmetric, turbulent jets subject to
normal shock passage.

Introduction

A TTAINING very rapid and ef� cient mixing in compressible
jet � ows is crucial to the successful implementation of super-

sonic combustiondevices,given the very short residence time in the
combustor. Mixing improvement in supersonic shear � ows is, thus,
a subject of continuing interest in � uid mechanics and combustion
communities.One topic of fundamental interest is the interactionof
shockswith turbulentjets and the consequentshock-inducedmixing
augmentationand changes in turbulent jet structure.This problemis
of direct importance to supersonic combustion applications, given
the inevitability of shock waves and regions of nonuniform density
in a scramjet combustor.

Although the penetration and mixing characteristics of gas jets
issuing into supersonic primary streams have been examined pre-
viously, for example, by Hollo et al.1 and Hermanson and Winter,2

the featuresof the interactionof these jets with compressionwaves,
such as changes in jet structure and mixing rate, are not fully es-
tablished.Previous work3,4 has suggested that mixing enhancement
in fuel jets can be brought about by the baroclinic vorticity gener-
ated by the shock/jet interaction. Strong, nonuniform acceleration
can also lead to shear (Kelvin–Helmholtz) and inertial (Rayleigh–

Taylor) instability.5 ¡ 7 Thus, the growth of actual disturbances and
subsequent mixing enhancement may be a combined result of sev-
eral instabilitymechanisms to an extent as yet not fully established.

Several � ow con� gurationshavebeen studiedexperimentallyand
numerically to examine the effectivenessof baroclinic vorticity and
other shock-induced mixing enhancement mechanisms. For exam-
ple, the investigation of the behavior of spherical and cylindrical
regions of different density on passage of normal shock waves has
provided a clear demonstration of vorticity generation by the baro-
clinic effect.6 Many of the previous studies of the interaction of
vortical structures with shock waves,8 ¡ 12 have focused more on
the noise production than on mixing enhancement. The mixing en-
hancement and � ow structure for this problem were studied exper-
imentally by Cetegen and Hermanson.7 Numerical and analytical
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studies were conducted for similar shock wave/vortex interactions
by Ellzey et al.13 The passage of shock waves in free turbulencehas
also been studied experimentally14 and computationally15 and has
demonstrated the creation of high-intensity Reynolds stresses and
increased turbulence due to shock passage.

The interactionof propagatingshock waves with laminar jets has
also been studied in experimentsand by numericalsimulations.16 ¡ 19

Jacobs18 investigated the interactionof a normal shock wave propa-
gating over the cross section of a laminar helium jet. The dynamics
of the vorticity production due to shock interaction was seen to re-
sult in the generation of a vortex pair. Quantitative information on
the degree of mixing enhancement in a similar con� guration was
reported by Budzinski.19

Huh and Driscoll20 examined the interaction of oblique shocks
with a nonpremixed, supersonic � ame and report an increase in
fuel/air mixing that resulted in a decrease in the � ame length by as
much as 20%. The case of shock interactionswith a turbulentgas jet
has also recentlybeen studiedby Hermansonand Cetegen.21,22 They
studied experimentallythe mixing enhancementin an axisymmetric
turbulent jet of nonuniform density caused by the passage of weak
shock waves along the jet axis. This is a con� guration of practical
interest that extended the previous studies in laminar jets, vortex
rings, and stagnant gas regions by bringing in the important effects
of turbulence and the associated rapid mixing and dilution. The
simplicity of this con� guration aids in the study of the fundamen-
tal mixing mechanisms operative in more complicated combustor
geometries. Previous work3,4 has demonstrated the utility of using
unsteadyshockpropagationto study mixing processes in compress-
ible jet � ows by showing that the intersection of an oblique shock
wave with a steady fuel jet can be simulated, locally, by the passage
of a shock wave though a stationary cylindrical region of gas.

Experiments for the case of weak normal shocks interactingwith
light gas turbulentjets (helium jets in air) have shown the generation
of a pronouncedsecondaryvortexstructure.21,22 Therealso appeared
to be a clear reduction in mean � uid concentrationcaused by shock
passage, indicatingan increasedrate of dilutionand mixing.Neither
the structuralchangeor a measurableimpactonmixingwas apparent
for constant density jets. In addition, such changes were also not
apparent for a heavy jet (carbon dioxide into air) even though the
mean magnitude of the density gradient was comparable to that for
the light jets at the same shock strength.22

In this paper we report complementarynumerical results on mix-
ing enhancementcaused by the passageof weak shock waves along
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the axis of planar, turbulent jets of nonuniform density. The nu-
merical model is based on a time-dependent,Navier–Stokes (N–S)
approachand employsa two-equationturbulent(q – x ) model for the
modelingof turbulenttransport.The two primaryexperimentalvari-
ables are the density ratio between the jet gas and the surrounding
airstream and the shock strength.

Numerical Simulation Approach
The time-dependentconservationequations (mass, N–S, and en-

ergy), coupled with a multi-species conservation and turbulence
model, were adopted as the governing equations for the numerical
modeling of the changes in turbulent mixing due to shock passage.
All principalphysicalquantities,such as density and pressure, tem-
perature, and velocity, were represented in these equations. The
two-equation turbulent (q– x ) model by Coakley23 was employed
for the modeling of turbulent transport. Transport variables, such
as molecular diffusivity, viscosity, and thermal conductivity were
expressed as the sum of laminar and turbulent values. The laminar
transport coef� cients were estimated from the molecular collision
constants; those for turbulent transportwere obtained from the two-
equation turbulent model.

The basic computational � ow properties, the density q , veloc-
ity U, and total energy e are contained in the three conservation
equations for mass, momentum, and energy shown here:

Çq + r ¢ q U = 0 (1)

q ÇU + U r ¢ q U = r ¢ ¾ (2)

q Çe + r ¢ q (e + p)U = r ¢ (U ¢ ¾) ¡ r ¢ K (3)

where an overdot indicates a time derivative, ¾ is the � ow stress
tensor, and K is an energy � ux vector. The conservation equation
for the chemical species is represented by a species mole density
fk :

Çfk + r ¢ fkU = ¡ r ¢ J (4)

where the diffusion coef� cient J represents the sum of the laminar
and turbulent diffusion processes.

The modelingof the turbulentviscosityis central to the numerical
simulation. The two-equation q– x turbulence model employed in
this work was chosen largely for its generally excellent numerical
stability.A turbulentvelocityscaleq and a turbulentfrequencyscale
x are the principalvariablesin the model. These two parameters are
governed by the two equations for turbulent energy conservation
and turbulent dissipation conservation:

q Çq + r ¢ q qU = r ¢ Gq + Hq (5)

q Çx + r ¢ q x U = r ¢ G x + Hx (6)

where G and H , respectively, indicate the viscousdissipation terms
and theproductionsourceterms.Here,q and x wereused to compute
the turbulent viscosity used in the de� nition of G. The source terms
H were de� ned in terms of the � ow stress as determined from the
velocity, as explained in Ref. 23. The values of q and x at the jet
exit were determined from the experimental planar jet results of
Gutmark and Wygnanski.24

The numerical scheme was based on a lower–upper alternating
direction implicit (LU-ADI) approximate factorization total varia-
tion diminishing (TVD) � nite difference formulation of full N–S
equation by Obayashi et al.25 The discretization is � rst order in
time and third order in accuracy for the convective terms accord-
ing to the Chakravarthyand Osher26 upwind TVD formulation, and
second order for central-differencedviscous diffusion terms. Good
convergence was attained by employing the Van Leer-type differ-
ential � ux limiter used by Anderson et al.27 in the TVD scheme and
Newton-iterative correction for the time integration.

Computational Grid and Flow Conditions
The � ow conditions in these simulations were chosen to cor-

respond, to the extent possible, to those of the experiments of

Hermanson and Cetegen.22 Those experiments were conducted us-
ing a circular jet nozzle 1.1 mm in diameter situated on the cen-
terline of a square shock tube duct 50 £ 50 mm in cross section.
In the two-dimensional numerical simulations presented here, the
duct half-heightwas 50 mm and the jet half-height0.55 mm. Com-
putations were performed on a grid consisting of 115 points in the
downstreamdirection and 25 points in the transversedirection.The
downstream distance, normalized by the nozzle full-height, ranged
from x / h = ¡ 32 to 59.

The jet exit velocities were taken to be U0 = 206 m/s for the air
jet,U0 =531 m/s for the heliumjet, and U0 =193 m/s for the carbon
dioxide jet. The corresponding jet Reynolds numbers, based on the
full nozzle height and the velocity and kinematic viscosity of the
injected gas were Re0 = 10,700; 3,700; and 18,800 for the air, he-
lium, and carbon dioxide jets, respectively.These are comparableto
the injection Reynolds numbers used by Hermanson and Cetegen.22

The rationale for the different values lies in the fact that the local
Reynolds number, de� ned as Red =Ucl d / m cl, where Ucl is the mean
centerline velocity, d the local jet width, and m cl the kinematic vis-
cosity corresponding to the mean centerline composition, changes
with downstream distance owing to the dilution of the jet with air.
This results in an increase in Reynolds number for the helium jet
and a corresponding decrease for the carbon dioxide jet, allowing
the study of shock-enhanced mixing in regions of comparable lo-
cal Reynolds number. The temperature of the jet at the nozzle exit
was in all cases 350 K; the temperature of the co� ow was 300 K.
The strength of the air co� ow for the two-dimensional numerical
simulations reported here was determined by matching the ratio of
the jet momentum to that of the co� ow (q 0U 2

0 A0 / q airU 2
air Aair ) with

that from the experiments of Hermanson and Cetegen.22 Here A0

and Aair are the cross-sectionalareas of the jet exit and co� ow duct,
respectively.This gave an air co� ow velocity of 6.5 m/s for the air
and carbon dioxide jets and 11.0 m/s for the helium jet. The air
co� ow velocity was suf� ciently high in all cases to prevent jet � uid
circulation within the computationaldomain.

The computationalboundary conditionsappliedwere as follows.
At the lower boundary of the computational domain, which corre-
sponds to the � ow duct centerline, � ow symmetry was enforced.
The upper boundary was taken to be open and allowed the in� ow of
additionalco� ow air into thecomputationalregiondue to jet entrain-
ment. The conditions at the jet nozzle exit (pressure, temperature,
density, and velocity) were � xed. In addition, the turbulent velocity
parameter q and the turbulent frequency parameter x were � xed
at the nozzle exit. Both of the turbulent parameters were estimated
based on 0.2 times the mean velocity and � ow duct height.24 The
pressure at the co� ow inlet and the computational domain outlet
were � xed at the same value as at the jet exit (1 atm).

The computed average total variationover all grid points was ap-
proximately 0.1%. The total variation was de� ned as the average
normalized sum of the variation of all � ow variables (density, ve-
locity, energy, co� ow and jet species concentration, and turbulent
variables) at each grid point. The stability of the computation was
indicated by a Courant–Friedrichs–Lewy (CFL) number typically
less than 0.5. Therefore,the absolutetotal error associatedwith each
time step, equal to the product of the CFL number and the total vari-
ation, was less than 0.05%; the average error for each of the nine
� ow variableswas 0.006%. Note that the focus of this work was not
the detailed modeling of the behaviorof the turbulent planar jet, but
ratheron the changesin jet behavior,by the use of a given turbulence
model and computational approach, brought about by the passage
of a normal shock wave.

Results
Steady Turbulent Jets

The concentration � elds associated with planar, turbulent jets of
air, helium, and carbon dioxide are shown in Figs. 1a–1c. The � ow
is from left to right in all cases and the entire computationaldomain
is shown. The lines of constant concentration shown here (and in
subsequent � gures) are presented in increments of 0.05, with the
outer edge corresponding to 5% jet � uid concentration. That the
growth rate of the helium jet exceeds that of the air jet is apparent
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a) Air jet

b) Helium jet

c) Carbon dioxide jet

Fig.1 Mean concentrationcontours for baseline turbulent,planarjets.

from Fig. 1. The carbon dioxide jet exhibits a still lower growth
rate than the air jet. These results are in qualitative agreement with
previous results for planar jets.28

Shock/Turbulent Jet Interaction
The pressure and concentration� elds of a planar, turbulentair jet

undergoing the passage of an Ms =1.2 shock wave are shown in
Figs. 2a–2d. The corresponding pressure rise is p2 / p1 =1.5. The
lines of constant pressure shown in Figs. 2a and 2c (and subsequent
� gures) are presented in increments of 0.1 atm. The shock propa-
gates in all cases in the same direction as the jet � ow, left to right.
In Figs. 2a and 2b, the shock location is at a downstream location
of x / h = 29.6. The corresponding location for Figs. 2c and 2d is
x / h =53.2. These two downstream distances are the same for all
cases presented in this paper.

Subsequentto the passageof the shock wave, the jet near the noz-
zle region undergoes a pinching off due to the reduction in jet � ow
broughtaboutby the rise in staticpressuredue to shockpassage.The
high convection velocity downstream of the shock (here ¼ 112 m/s)
also shifts the jet � uid downstream of the nozzle tip, leading to the
regions relatively clear of jet � uid seen in the � gures. These re-
sults are qualitativelyconsistentwith experiment.22 Other than this,
there appears to be little qualitative change in the structure of the
air jet, as indicated by the mean concentration contours shown in
Figs. 2b and 2d, due to the passage of the shock wave. The apparent
increase in the angle of the jet with shock passage, as seen by com-
paring Figs. 2b and 2d with Fig. 1a, does not necessarily represent
an increase in the jet growth rate. Most of the apparent change in
the angle of the jet is due to convection downstream of the shock
wave, with the � uid nearest the nozzle exit being displaced further
downstreamthan � uid near the shock front at the instant in question.
This shorteninghas important implications for the determinationof
the mixing enhancement of turbulent jets due to shock passage, as
discussed in the following section.

Similar results are observedfor the case of an air jet with a higher
shock strength, Ms =1.4, as shown in Figs. 3a–3d. The correspond-
ing pressure rise is p2 / p1 =2.1. The more complete stopping of
the jet � ow and the greater downstream shift of the jet � uid due to
shock passageare consistentwith the higher static pressure rise and

a)

b)

c)

d)

Fig. 2 Pressure and concentration contours for the interaction of a
normal shock wave with a turbulent air jet; shock propagation is from
left to right with strength Ms = 1:2.

convection velocity of the gas after shock passage compared with
the previous case of Ms =1.2 (Figs. 2a–2d).

Corresponding results for the turbulent helium jet with shock
passage are shown in Figs. 4a–4d and 5a–5d for shock waves of
Ms = 1.2 and1.4,respectively.The heliumjet exhibitssimilarpinch-
ing off and convective shifting of the jet � uid due to shock passage
as for the case of the air jets presented earlier. However, two ef-
fects are apparent that do not occur for the air jet. First, from the
pressure contours associated with the shock wave in Figs. 4a and
4c and 5a and 5c it can be seen that the shock wave propagates
slightly faster through the helium jet than through the air co� ow
due to the slightly higher sound speed within the jet. More strik-
ingly, the mean concentration contours shown in Figs. 4b and 4d
and 5b and 5d reveal a change in jet structure due to shock passage.
The passage of the shock appears to give rise to a vortical region
in the jet � uid for the case of a helium jet that does not occur for
the nearly constant-densityair jet. This change in structure may be
a manifestation of the production of baroclinic vorticity in the out-
of-plane direction, with the potential bene� t of enhancing mixing
between the jet � uid and its surroundings immediately behind the
shock wave. The vortical structure observed for the helium jet with
the weaker shock strength (Ms = 1.2, Figs. 4b and 4d) appears to
be somewhat weaker than for the stronger Ms =1.4 shock (Figs. 5b
and 5d).

Correspondingconcentrationand pressure� elds for the turbulent
carbon dioxide jet with shock passageare shown in Figs. 6a–6d and
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a)

b)

c)

d)

Fig. 3 Pressure and concentration contours for the interaction of a
normal shock wave with a turbulent air jet; shock propagation is from
left to right with strength Ms = 1:4.

7a–7d, for Ms = 1.2 and for an Ms =1.4 shock wave, respectively.
The results appear qualitatively very similar to the air jet results
presented earlier, but are different from those of the helium jets.

The lack of signi� cant density gradients in the transverse direc-
tion in the air jets precludes the generation of signi� cant amounts
of the baroclinic torque believed responsible for the observed vor-
tical structure in the case of the helium jet. In addition, that such a
change in turbulent structure is not apparent for the carbon dioxide
jet due to shock passage, as indicated by changes in the shape of
the mean concentrationcontours,suggests that the baroclinictorque
mechanism does not play a signi� cant role in that case.

It can be noted that the density difference between the jet and
air co� ow, at a given downstream location, is less for the carbon
dioxide jet than the corresponding helium jet owing to the molec-
ular weight of air being much closer to that of carbon dioxide than
that of helium. A value of the overall density gradient in the jet can
be de� ned as D q / d 5% ´ ( q cl ¡ q air) / d 5% , where q cl and where q air

are, respectively, the average centerline jet density and the density
of the air co� ow and where d 5% is the jet width based on the 5%
jet concentrationcontour.The magnitude of D q / d 5% for the helium
jet exceeds that of the carbon dioxide jet by factors of roughly 1.9
and 2.6, respectively,for the normalizeddownstreamjet locationsof
x / h =29.6 and 53.2. At the same time, the pressure rise across the
shock wave, expressed as D p/ p, is more than twice as large for the
Ms =1.4 shockthan for the Ms =1.2 shock.The productof the over-
all density gradient and the shock pressure rise, (D q / d 5%)( D p / p),

a)

b)

c)

d)

Fig. 4 Pressure and concentration contours for the interaction of a
normal shock wave with a turbulent helium jet; shock propagation is
from left to right with strength Ms = 1:2.

is suggestiveof the magnitudeof the rate of baroclinicvorticitypro-
duction for a given jet/shock combination.This parameter relates to
the right-hand-side� rst term of the vorticity transport equation

D(! / q )
Dt

=
r q £ r p

q 3
+

(! ¢ r )u
q

(7)

The absolute values of the parameter ( D q / d 5%)( D p / p) at
x / h =29.6 and53.2 for the carbondioxidejet,with a shockstrength
of Ms = 1.4 (Fig. 7), are comparable to those of the helium jet with
a shock strength Ms = 1.2 (Fig. 4). Because in this study the jet is
turbulent, the gradient of density is locally distributed in random
directions. In addition, the thickness of the shock wave is not pre-
cisely known. Thus, the accurate estimation of the magnitude of
the baroclinic torque is dif� cult. However, the sign of the quantity
D q / d 5%, which plays an important role in the generation of vortic-
ity, is clearly not the same for the light and heavy jets considered
here. That vortical features appear to be generated only for the he-
lium jet, and not for the carbon dioxide jet, suggests that the effects
of baroclinic vorticity (which is necessarily of opposite sign in the
helium jet vs the carbon dioxide jet) on jet structure and mixing are
fundamentally different in a light jet vs a heavy jet.

These numerical results are qualitatively consistent with recent
experiments,22 which have also shown that shock passage in a he-
lium jet can generate secondary vortical structure not produced by
shock passage in a constant-densityjet.
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a)

b)

c)

d)

Fig. 5 Pressure and concentration contours for the interaction of a
normal shock wave with a turbulent helium jet; shock propagation is
from left to right with strength Ms = 1:4.

Mean Jet Mixed Fluid Concentration
The concentration � elds for the turbulent, planar jets with and

without shock interaction were postprocessed to determine the av-
erage concentration in a given region of jet � uid, from which quan-
titative changes in jet mixing could be estimated. An average jet
concentration was de� ned based on the area enclosed bounded by
the 1% jet � uid concentration level by the following formula:

c̄ = s
c dA

s
dA

) Rc =
c̄with shock

c̄without shock

(8)

where c is the mole fractionof jet � uid and S indicatesthe regionen-
closed by the 1% jet � uid concentrationlevel. The mean jet concen-
trationswere obtained by computing the averageconcentrationsfor
the regionsbehind the shock wave. For a shock strengthof Ms =1.2
the streamwise extent of this region was � xed at 21.2 and 39.1 jet
nozzle heights for normalized shock positions of x / h = 29.6 and
53.2, respectively. For the Ms = 1.4 case the corresponding values
were 17.3 and 31.1. These values are based on the distancebetween
the shock position xs and the location x f = xs V f / Vs , where Vs is
the shock propagation velocity and V f the velocity of the gas be-
hind the shock. The distance xs –x f approximately corresponds to
the distance from the shock wave to the pinched-off region of the
jet. To allow for quantitativecomparison of the mean jet concentra-
tion between jets with and withoutshock interaction,the streamwise
extent of the regions over which Eq. (8) was evaluated for the un-
shocked jets was larger than that for the corresponding cases with

a)

b)

c)

d)

Fig.6 Pressure and concentrationcontours for the interaction of a nor-
mal shock wave with a turbulent carbon dioxide jet; shock propagation
is from left to right with strength Ms = 1:2.

shock wave interaction. This accounts for the shortening of the jet
due to convectiondownstreamof the shockdiscussedearlier.For the
region immediately behind the shock, by taking the velocity in the
jet to be negligible compared with the convection velocity behind
the shock, the amount of this contraction can be shown to be equal
to the density ratio across the shock wave, q 2 / q 1 .

The computed change in mean concentration for the air, helium,
andcarbondioxidejetswith andwithoutshockinteractionare shown
in Table 1. The quantity Rc denotes the ratio of the average jet con-
centration for the case with shock interaction, as determined using
Eq. (8), to that of the jet without the shock. The amount by which Rc

is below unity is, thus, indicative of the degree of mixing enhance-
ment. All jets shown exhibit some decrease in mean concentration,
which re� ects an increase in mixing, due to shock passage. The
increase in mixing is more apparent in the nearer � eld of the jets
(x / h ¼ 29.6), than for the shock locations farther downstream. As
baroclinic torque effects are effectively absent in the air jet cases
and, based on the results of the preceding section, appear to not
be signi� cant for the carbon dioxide cases, any increase in mix-
ing/decrease in mean concentrationappears to be due essentially to
changesin the convective� ow� eld broughtabout by shock passage.

The most substantial change in mixing occurs for the helium jet.
For the stronger(Ms =1.4) shock,the meanconcentrationdecreases
byasmuchas 30%at thenormalizedlocationx / h =29.6 aftershock
passage compared with the baseline turbulent jet. For the weaker
(Ms =1.2) shock, the corresponding amount of mixing enhance-
ment is approximately 22%. In both cases the mixing enhancement
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a)

b)

c)

d)

Fig.7 Pressure and concentration contours for the interaction of a nor-
mal shock wave with a turbulent carbon dioxide jet; shock propagation
is from left to right with strength Ms = 1:4.

Table 1 Normalized average jet � uid
concentration

Ms x / h Rc

Air
1.2 29.6 0.862
1.2 53.2 0.887
1.4 29.6 0.858
1.4 53.2 0.886

He
1.2 29.6 0.779
1.2 53.2 0.829
1.4 29.6 0.697
1.4 53.2 0.774

CO2
1.2 29.6 0.851
1.2 53.2 0.878
1.4 29.6 0.850
1.4 53.2 0.880

is less pronounced with increasing downstream distance. This is
consistent with the baroclinic torque mechanism, which becomes
weaker as the density gradient between the jet � uid and the co� ow-
ing airstream also decreases with downstreamdistance.The mixing
enhancement for the helium jet is qualitatively consistent with the
experimental result reported by Hermanson and Cetegen.22 They
measured a decrease in mean jet � uid concentration in an axisym-
metric helium jet of nearly 30% at a downstream distance of 30 jet

Fig. 8 Change in normalized average jet � uid concentration due to
shock passage for turbulent helium, air, and carbon dioxide jets.

nozzle diameters after passage of an Ms =1.45 shock. The regions
over which the jet � uid concentration was averaged in that work
were different in streamwise extent from those used in the current
study.

The change in average jet � uid concentration due to shock pas-
sage for the three jets is compared graphically in Fig. 8. In all cases
shown here the shock is located at x / h = 53.2. The marked increase
in mixing for the helium jet, as indicatedby the drop in averagenor-
malized jet � uid concentration,can be seen in the � gure. Compared
to the helium jet, considerably less mixing enhancement is evident,
for a given locationandshockstrength,for the air andcarbondioxide
jets, where the effectsof baroclinictorqueare either absent (as in the
case of air) or of the oppositesign (as in the case of carbon dioxide).
This result is also qualitatively consistent with the experiment.22

Summary
A numerical study of the interaction of turbulent, planar air, he-

lium, and carbon dioxide jets with weak normal shock waves was
conducted. The numerical model was based on a time-dependent,
N–S approach and employed a two-equation (q– x ) turbulence
model. The shock waves were of strength Ms =1.2 and 1.4, and
the computationaldomain extended 60 nozzle heights downstream
of the jet exit.

The helium jet exhibits a change in behavior due to shock prop-
agation not apparent for the air and carbon dioxide jets. For the
helium jets, the mean concentration contours suggest the genera-
tion of a vortex-like region centered on the jet centerline due to
shock passage, consistent with the results of recent experiments.
This vortical structure becomes more apparent for the higher shock
strength,and is consistentwith the expectedvorticitygenerationdue
to the action of baroclinic torque. Such structure is not apparent for
the case of the turbulent air jet, again consistent with experiment.
The carbon dioxide jet also did not show the development of the
vortical structure.

Consideration of the mean jet � uid concentration in the region
behind the shock wave shows an increase in mixing of up to 30%
for the helium jet at normalized downstream distance of x / h =30
for the stronger (Ms =1.4) shock wave. The amount of mixing
enhancement is somewhat less (22%) for the weaker (Ms =1.2)
shock. The amount of mixing enhancementdecreases with increas-
ing downstream distance from the nozzle exit, owing to the lower
jet concentrationahead of the shock.

Noticeably less mixing enhancement is seen for both the air and
carbondioxidejetsdue to shockpassage,amountingto lessthan15%
in all cases studied. For Ms ¸ 1.2, the amount of mixing enhance-
ment for these jets appears to be insensitive to the shock strength.
The considerablysmaller increasein mixing for the air jet compared
to the helium jet is qualitatively consistent with experiment.

These results suggest that baroclinic vorticity, to the extent that
it is operative in turbulent jets subject to shock passage, has a fun-
damentally different effect in jets lighter than the ambient air than
in heavy jets.
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