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Navier-Stokes Study of Supersonic Cavity Flowfield with
Passive Control

I. Kirn* and N. Chokanit
North Carolina State University, Raleigh, North Carolina 27695

A computational investigation of the supersonic turbulent flow past a two-dimensional rectangular cavity
with passive venting is described. The effect of passive venting was included through the use of a porous surface
over a vent chamber in the floor of the cavity. The passive venting was numerically simulated by the use of a
linear form of the Darcy pressure-velocity law. The time-accurate solutions of the two-dimensional, Reynolds-
averaged, Navier-Stokes equations were generated using the explicit MacCormack scheme. The capability Of
the numerical scheme is first demonstrated by the computations of an open and closed cavity without passive
venting. The results of these computations also provide a reference case for the passive venting computations.
The effect of passive venting on the closed cavity is then demonstrated and analyzed. These results show that
the passive venting dramatically changes the closed cavity flow to nearly an open cavity flow. The free shear
layer formed between the high-speed outer flow and slower inner flow is seen to bridge the cavity completely j
resulting in an open cavity flow. The passive venting velocities are determined to be less than 5% of the freestream
velocities, and largely confined to the upstream and downstream portions of the cavity floor. The computational
results show good agreement with available experimental data.

Nomenclature
CD = drag coefficient, Jf(pRW - P
CF = cavity floor
Cp = pressure coefficient, (p — p
D = depth of cavity
Dv = Van Driest damping coefficient
E0 = stagnation energy
e - specific internal energy
FP == flat plate upstream of cavity
FW = forward wall of cavity
I.P. = injection parameter, (pwvw)/(pxu*)
kj = van Karman constant
L = length of the cavity
LID = length-to-depth ratio of cavity
M = Mach number
Pr = Prandtl number
p - static pressure
q = heat flux
R = specific gas constant
Re = freestream Reynolds number
RP = flat plate downstream of cavity
RW = rearward wall of cavity
T = temperature
Tc = characteristic time, inch/ux
u, v = velocity components in Cartesian coordinates
UT = friction velocity, \/frwlpw
vw = normal velocity of fluid injected or withdrawn

from the cavity floor
V* - vJuT
jc, y = Cartesian coordinates
y + = law-of-the-wall coordinate, yujv
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intermittency
shear-layer thickness
coefficient of molecular viscosity
coefficient of eddy viscosity
kinematic viscosity
transformed coordinates
density

= viscous stress

Subscripts
c = vent chamber condition
max = maximum value
min = minimum value
0 = stagnation condition
uc = cavity upstream corner condition
w = wall condition
w + 1 = condition at grid point adjacent to wall
00 = freestream condition

Introduction

T HE weapon bays on high-speed military aircraft and the
recessed areas on some missile configurations are three-

dimensional rectangular cavities. These features on the aero-
dynamic vehicle may have an adverse effect on the overall
vehicle performance. Previous studies have shown that a
supersonic flow over a cavity can exist in two distinct config-
urations. The first type of distinct flow is termed a closed
cavity flow and occurs when the length-to-depth ratio is large
(typically LID > 13. In this flow, the shear layer, formed
between the high-speed external flow and low-speed flow within
the cavity, first turns towards the floor as it expands over the
forward wall; an expansion fan is thus generated at the leading
edge of the cavity. This shear layer then impinges on the cavity
floor, and then turns upwards generating a series of compres-
sion waves. The shear layer then exits the cavity above the
rearward wall. The typical surface pressure distribution as-
sociated with this flow is shown in Fig. 1, and consists of a
low pressure over the upstream portion of the cavity floor,
followed by a gradual pressure rise as the flow impinges on
the cavity floor, a pressure plateau as the flow passes along
the cavity floor, and a sharp pressure rise near the rearward
wall. The second type of distinct flow is termed an open cavity
flow and occurs when the length-to-depth ratio is small (typ^
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Fig. 1 Sketches of cavity flowfield characteristics.
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Fig. 2 Passive control on supercritical airfoil.

ically LID < 10). In this flow the shear layer bridges the cavity
entirely and impinges the rearward wall at the top. The as-
sociated pressure distribution is quite constant over most of
the cavity length, and rises sharply at the shear layer impinge-
ment location on the rearward wall. Existing experimental
data1"2 has shown that the drag of a cavity with closed flow
is substantially higher than that of a cavity with open flow.
Therefore, it is desirable to have a cavity with open flow in
practical aerodynamic applications. However, a cavity of small
length-to-depth ratio is cumbersome for practical applica-
tions, and thus closed cavities are often employed.

Recently, the passive-control concept has been studied as
an economical method to improve the performance of a su-
percritical airfoiF"7 in transonic flows. This concept consists
of replacing a part of the airfoil upper surface by a porous
plate with vent chamber beneath the porous plate (Fig. 2).
Since the pressure behind the shock is greater than the pres-
sure in front of the shock, by locating the vent chamber in
the shock foot region, flow suction and blowing can be achieved
across the porous plate. In a supercritical airfoil, the blowing
process produces a thickening of the boundary layer in front
of the shock, and this thickening in turn generates a series of
compression waves that weaken the nearly normal shock. In
this manner the entropy rise across the shock is minimized,
hence a smaller wave drag is achieved, and the drag rise Mach
number is postponed. Recent experimental work conducted
by Wilcox2 has suggested that the passive-control concept can
also be used to obtain more favorable pressure drag charac-
teristics of the closed cavity flowfield. Wilcox's cavity model
was designed to house a porous floor with a vent chamber

porous floor
Fig. 3 Flowfield characteristics of cavity with passive control.

beneath the floor. For the closed cavity flow, this arrangement
allowed the high pressure air at the rear of the cavity to vent
to the low-pressure region at the front of the cavity and, it is
suggested, caused the flowfield to switch to a nearly open flow
(Fig. 3). Because of this change of the flow characteristics,
the experimentally measured drag of closed flow cavities with
passive control was reduced by a factor of 3. This motivated
the development of a numerical method to computationally
simulate the passive control effect on a supersonic cavity flow-
field, with a view to complement the experimental investi-
gations and to improve the understanding of the control con-
cept.

Mathematical Formulation
Although a three-dimensional analysis is feasible, the cost

of such an analysis for the initial studies would be extremely
high. Previous studies8 have nevertheless shown that the fun-
damental cavity flow is two-dimensional in nature. Thus for
this study a two-dimensional analysis was chosen. The gov-
erning equations of the flow are the Reynolds-averaged, two-
dimensional, unsteady, compressible Navier-Stokes equa-
tions. The conservation form of the equations written with
respect to a Cartesian coordinate system are:

dU dE dF n— + — + — = 0
dt dx dy

where U, E, and F are the following vectors:

(1)

u =
p
pu
pv

E =

F =

pu
pU2 + p - Txx

pUU - Txy

(EQ + p)u - urxx - urxy + qx

' pv

PV2 + p - Tyy

(E(} + p)v - urxy - vryy + qy

dy_ _ du
" dy dx

i du dv
'''> \ty

Pr Pr dx

Pr PrJ dy
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(4)
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(9)
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Sutherland's expression for the molecular viscosity:

t t _ t t (xV/2zk±jM-MrJ T + S

(10)

(U)

where /*ref, rref, and 5 are constants for air, T is the static
temperature, and the perfect gas relationship:

p = pRT (12)

are also employed. The effects of turbulence in the unsteady
flow were accounted for by specifying a turbulent Prandtl
number Prt = 0.9, and by incorporating the two-layer alge-
braic eddy-viscosity model of Cebeci and Smith with modi-
fications for mass-transfer, free shear-layer flow and history
effects. In the inner layer, the eddy-viscosity coefficient is
given as:

= pkfy2Dl\uy (13)

where kt is 0.4 and Dv is the Van Driest damping coefficient
with mass-transfer modification:

Dv = I - exp[-v(|Tw/pJ)1/2M^] (14)

A = 26exp(-5.9iC) (15)

On solid surfaces this reduces to the unaltered inner-layer
formulation. This modification was previously used by Cho-
kani and Squire3 in numerical studies of passive control. In
the outer layer over the flat-plate regions upstream and down-
stream of the cavity, the eddy-viscosity was given as:

fjiot = kpu^OtP (16)

where k = 0.0216 and p = [1 + 5.5 (y/8)6]~l.
In the outer layer over the cavity floor, the free shear-layer

flow modification9 was used, and the eddy-viscosity can be
expressed as:

= /c'pwmax0,/3 (17)

where k' = 0.064 and the incompressible momentum thick-
ness is:

The eddy viscosity was switched from the inner to the outer
value when ̂  > JJLO. A relaxation length modification10 was
applied to the eddy-viscosity obtained in the region over the
cavity floor. This modification was incorporated to account
for the strong disturbances the flow might encounter at the
leading edge of the cavity, and is given as:

M, = Hue + (M, - /O[l ~ exp(-(jt - xuc)/W8)] (19)

Here /*, is the value calculated from Eqs. (13) and (17), ^uc
is the value at upstream corner, 8 is instantaneous boundary-
layer thickness at the upstream corner, and (jc - xuc) is the
stream wise distance from the corner.

On all solid boundaries, the isothermal, no-slip conditions
and zeroth-order linear extrapolation for pressure are used,
which are

u = v = 0

= Tw

(20)

(21)

dn - 0, i.e. pw = (22)

where n is the direction normal to the surface. The isothermal
wall temperature was taken as 510 R.

In simulating the flow on the porous surface, the normal
wall velocity over the porous surface was evaluated using the
linear form of the Darcy pressure-velocity law:

or
(Pc ~ (23)

where pc is the vent chamber pressure and is taken from
experimental data.2 The geometric porosity factor a for the
11.2% porosity of the porous cavity floor was taken as 0.607;
this value was determined from interpolation of the experi-
mentally determined values of Chokani and Squire3 for 13.6%
porosity and Savu et al.4 for 10% porosity. The boundary
condition given by the Eq. (23) was applied all along the
porous cavity floor; no separate numerical solution of the vent
chamber was thus necessary. This relationship was success-
fully used by Chokani and Squire3 to simulate the transpi-
ration velocity in a transonic shock-wave/boundary-layer in-
teraction. An initial velocity profile based on the one-seventh
power law is given along the upstream boundary, and the
initial temperature profile is obtained from Crocco's temper-
ature-velocity relation. This inflow boundary was more than
ten mean boundary-layer thicknesses upstream of the cavity
forward wall for all the computations; it is expected that this
was sufficiently far upstream to be uninfluenced by the cavity
flowfield phenomena. The outflow boundary and upper flow
boundary were also positioned so that they did not influence
the cavity flow significantly; at these locations the boundary
conditions were determined by extrapolating the values from
interior points.

Fig. 4 Computational meshes: a) open cavity; b) closed cavity; and
c) closed cavity with passive control.
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Table 1 Flow conditions and cavity dimensions

Mx Re/ ft TOJ °R
1.5
1.6
1.6

2
2
2

x
x
X

106

106

106

585
585
585

LID
6

17.
17,

.5
,5

D, in.
1.0
0.4
0.4

Cavity type
Open

Closed
Closed with passive control

Numerical Procedure
The computational domains surrounding the cavity config-

urations were described by nonuniform Cartesian grids shown
in Fig. 4. The cavity dimensions are given in Table 1. In the
open cavity flow, the grid in the planes exterior to the cavity
and interior to the cavity consisted of 63 x 27 and 37 x 37
points, respectively, in the *, y directions; for the closed cavity
the distribution of points was 113 x 27 and 77 x 37, re-
spectively; for the closed cavity with passive control, it was
113 x 27 and 77 x 24. The clustering of grid points was
determined so as to provide an adequate resolution of the
flow features. Thus, grid clustering was used on the flat plates
upstream and downstream of the cavity, along the cavity for-
ward and rearward walls, and over the cavity mouth with the
following minimum grid spacings:

(A*min/D) = 0.05, (Aymin/Z)) = 0.0015 (24)

Above the level of the cavity mouth, the grid was exponen-
tially stretched towards the upper boundary. For the cavity
flows without passive control, within the cavity the grids were
exponentially stretched both from the cavity mouth and the
cavity floor. In the case of the cavity flow with passive control,
the computational results early in the study showed that there
were no large flow gradients normal to the floor of the cavity,
and so only stretching downwards from the cavity mouth was
employed. On the flat plate upstream of the cavity, the normal
grid spacing resulted in a y + = 3 and 7 at the first grid point
above the plate at the inflow boundary for the closed and
open cavity, respectively; the boundary layer, on the flat plate
upstream of the cavity, had 16 and 13 points within it for the
closed and open cavity flows, respectively. It was considered
that the grids with these characteristics adequately captured
the essential flow features. Conventional formulae were used
to evaluate the metric coefficients of the transformation from
the physical domain (;c, y) to the uniform computational do-
main (£, 17), i.e. , central differences for the interior grid points
and one-sided differences at all walls and flow boundaries.

Unsteady solutions of cavity flow were obtained using the
time-dependent, explicit, two-step predictor-corrector finite
algorithm of MacCormack.11 The predictor and corrector steps
can be written as

(25)

(26)

where the superscripts n, n + 1 denote the time levels, and
the overbar denotes predictor values. As part of the algo-
rithm, a fourth-order pressure damping term,12 commonly
employed to suppress numerical oscillations arising from the
regions with large gradients, was added at each predictor and
corrector step.

Results and Discussion
Although numerical solutions of cavity flow exist,8-10 13 there

are no numerical solutions for the cavity flow with passive
control. This paper provides the first numerical solutions of

cavity flowfield with passive control. To validate the com-
putational code, numerical solutions of an open and closed
flow without passive control are first obtained. The results of
the computations without passive control also provided a ref-
erence case for the passive-control computations. For the ini-
tial conditions of the computation, the upstream conditions
are imposed for the flow outside the cavity, and inside the
cavity the flow is assumed to be static. The freestream con-
ditions and cavity specifications used for this study are listed
in Table 1.

Open Cavity
After a visual inspection of the instantaneous results ob-

tained by running the code for 30 Tc, where characteristic time
Tc was defined as the time it would take for the freestream
to move 1 in., it was considered that the nonphysical initial-
ization of the flowfield was purged and that the flow had
entered a self-sustained oscillatory state. Presented in Figs. 5
and 6 are the computed density contours of the flowfield and
the velocity vectors within the cavity, respectively, at five
instants of time during a cycle of oscillation. The density
contours are normalized with respect to the freestream value.
In Fig. 5, the shear layer is seen to be highly unsteady and
constantly changes its shape and impingement location during

30TC

-0.82 34TC

lAT
t[/ 1.02

0.74^

- 2 0 2 4 6

x/D
Fig. 5 Density contours for a cycle of oscillation.
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Fig. 6 Velocity vector plots within open cavity for a cycle of oscil-
lation.

RP.

Fig. 7 Surface pressure coefficient distributions for a cycle of oscil-
lation.

0 5 1 0

Fig. 8 Time-averaged surface pressure coefficient distribution.

the oscillation. In Fig. 6, the vortices driven by the shear layer
are seen to continuously move around. It took approximately
20Tc for a complete cycle of flow oscillation. The flow oscil-
lations in the next cycle were very similar but not exactly the
same as the oscillations in the previous cycle. The sequence
of instantaneous surface pressure coefficients corresponding
to the previous plots is shown in Fig. 7; since no experimental
unsteady pressures were available, the time-averaged surface
pressure is shown for comparative purposes. The computed
surface pressure is seen to undergo severe fluctuations during
a cycle of oscillation depending upon the location and strength
of the vortices. The computed surface pressure averaged over
a cycle of oscillation is compared with the experiment in Fig.
8. In general, excellent agreement is shown between the com-
puted and experimental data, with only a small discrepancy
at the location of the shear-layer impingement on the rearward
cavity wall. The computed drag coefficient, obtained by in-
tegrating the pressures on the forward and rearward walls of
the cavity, was determined to be 0.13.

Closed Cavity
Unlike the open cavity flow, no significant flow fluctuations

were detected in the closed flow computation. Figure 9 shows
the computed density contours. A strong expansion fan is
seen near the upstream corner of the cavity, where the shear
layer is turned towards the cavity floor; strong compression
waves are formed at the shear-layer impingement and sepa-
ration locations on the cavity floor. Clockwise rotating vor-
tices are formed in the separated flow regions near the forward
and rearward walls of the cavity, as seen in the velocity vectors
plot (Fig. 10). Within much of the cavity the velocities are
comparable to the freestream velocity. The computed and
experimental pressure coefficient distribution (Fig. 11) shows
a low pressure on the forward wall due to the initial expansion;
a rise in pressure at the shear-layer impingement region fol-
lowed by a relatively uniform pressure in the region where
the shear layer is attached to the cavity floor; and then an
increasing pressure as the shear layer detaches from the cavity
floor and exits the cavity at the rearward wall. The computed
pressure coefficients are underpredicted near the forward wall,
and overpredicted near the rearward wall. The major source
of this discrepancy is believed to be the three-dimensional
effects in the experiment; that is, the experiment is three-
dimensional (cavity width, W/D = 5.5) and the computation
is two-dimensional (i.e., infinitely wide cavity). For closed
cavity computations, it is believed that with the wider cavities,
the shear layer expands more freely, resulting in a sharper
flow deflection and lower pressure near the forward wall. With
the stronger flow expansion, the flow inside the cavity be-
comes faster for a wider cavity, and this faster flow inside the
cavity inevitably ends up with a stronger exit shock, causing
the higher pressure rise. A similar three-dimensional effect
on the cavity surface pressure distribution was also observed
in the surface pressure measurements of transitional cavities
(10 < LID < 13) with various widths and these three-dimen-
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Fig. 9 Density of contour of closed cavity.
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Fig. 10 Velocity vector plot within closed cavity.
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Fig. 11 Surface pressure coefficient distribution of closed cavity.
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Fig. 12 Velocity vector plot within closed cavity with passive control.

sional effects are experimentally found to be much greater
for a closed cavity than open cavity.1 This explains why the
closed cavity computation shows just qualitative agreement
with the experiment, whereas the open cavity computation
shows quantitative agreement with the experiment. The closed
cavity drag coefficient was determined to be 0.95.

Closed Cavity with Passive Control
In Fig. 12, the velocity vectors of the closed cavity flow

with passive control are shown; the passive venting system is
seen to dramatically change the flow within the cavity. The
separated flow regions that were observed near the forward
and rearward walls in the closed cavity without passive control
are seen to be absent; the flow velocities within the cavity are
substantially lower than the freestream values. This passive
control allowed air from the high-pressure region at the rear

Q. O -

10 15

x/D

Fig. 13 Injection parameter on porous floor of closed cavity with
passive control.

Q. CN
o 6

_: expt.fwithout control, ref.2)
oj expt.Cwith control.ref.2)

:expt.(vent chamber,ref.2)
-; computation(with control) w«

* 'H0U

FPFW CF RW RP

0 5 10

Fig. 14 Surface pressure coefficient distribution of closed cavity with
passive control.

10

x/D

15 20

Fig. 15 Density contour of closed cavity with passive control.

of the cavity to vent to the forward of the cavity; a large
circulation flow region within the cavity, centered at 60% of
the cavity length measured from the forward wall of the cavity,
is seen to be formed. The injection parameter, a measure of
the local mass flux injected or withdrawn from the porous
cavity floor, is shown in Fig. 13; this result shows that the
normal wall velocities are small, typically less than 5% of the
freestream velocity. It is interesting to notice that there is only
negligible mass transfer over 40% of the cavity floor located
around the center of circulation, suggesting that other meth-
ods such as ducts installed on the cavity floor could indeed
be used to transport air from the high-pressure region at the
rear of the cavity to the low-pressure region at the front part
of the cavity. The computed surface pressure distribution is
shown in Fig. 14; also shown by the filled-square symbols is
the experimental vent chamber pressure. The features of the
surface pressure distribution are quite similar to that of an
open cavity flow—namely, a nearly constant pressure over
the forward portion of the cavity floor followed by a gradual
pressure increase over the near portion. The experimentally
measured surface pressure with and without passive control
are also shown by the unfilled and filled-circle symbols, re-
spectively. The computed surface pressure distribution agrees
very favorably with the experimentally measured surface pres-
sure; this result confirms that the simulation of the passive
control by the use of a linear form of the Darcy pressure-
velocity law is appropriate for cavity flows. The result also
shows that the three-dimensional effects of a closed cavity are
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minimized by applying the passive control. The density con-
tour plot is shown in Fig. 15. Consistent with the pressure
distribution, there are no expansion waves near the forward
wall, and most of the shear layer bridges the cavity. The
overall flowfield characteristics of an open cavity flow and
closed cavity flow with passive control are similar, but the
shear-layer structure of a closed cavity flow with passive con-
trol is slightly different from that of an open cavity flow;
namely, in the former flow, a portion of the shear layer sep-
arates from the main shear flow and weakly impinges on the
floor. This action caused the pressure on the floor to start to
increase in the middle of the floor for the closed cavity with
passive control, whereas the same increase occurred near the
rearward wall of the cavity for open flow. With this flowfield
change, the computed drag coefficient of this closed cavity
with passive control was determined to be 0.25.

Another interesting point is that even though the surface
pressure distribution of a closed flow with passive control is
smaller to that of an open flow, the large surface pressure
fluctuations associated with the open cavity flow did not exist
in the closed flow with passive control. Although disturbances
are generated at the shear layer separation location, these are
apparently damped by viscous dissipation effects in the shear
layer. Further work is being conducted to examine the passive
effect in the unsteady cavity flowfields.

Conclusions
Time-accurate solutions for supersonic flow over cavities

were obtained by numerically solving the unsteady Navier-
Stokes equations. The Navier-Stokes code was first validated
by calculations of open and closed cavity flows, and then the
capability of the numerical scheme to predict cavity flow with
passive control was demonstrated. Simulation of the flow over
an open cavity (LID = 6) showed that this flow undergoes
severe fluctuations and the time-averaged surface pressure
distribution agreed quite well with the experimental mea-
surements. No significant flow fluctuations were detected in
the closed cavity (LID = 17.5) computation, and the nu-
merical solution showed just qualitative agreements with ex-
perimental data mainly due to the three-dimensional effects,
which are observed to be much greater for a closed cavity
than open cavity. The simulation of a flow over a cavity with
passive control (LID = 17.5) was conducted with the use of
a linear Darcy pressure-velocity law. The following are sig-
nificant findings observed in the study of the passive control
applied to the closed cavity:

1) Passive control modifies the flowfield of a closed cavity
to nearly that of an open cavity. The strong expansion and
compression waves detected in the closed cavity flowfield are
absent with the passive control.

2) Passive control caused a large circulation flow region
centered at 60% of the cavity length from the forward face
of the cavity to be formed, instead of the two clockwise vor-
tices in the closed cavity without passive control.

3) The velocity of fluid injected or withdrawn from the
porous surface was small, less than 5% of the freestream
velocity. Also this mass transfer was negligible over the 40%
of the porous surface.

4) By applying the passive control, the computed drag coef-
ficient of the closed cavity was reduced by a factor of 4, from
0.95 (without passive control) to 0.25 (with passive control).

5) Although the flowfield of a closed cavity with passive
control mimics the open cavity flowfield, it appears that no
large flow fluctuations associated with the open cavity flow-
field exist in the closed cavity flowfield with passive control.

The results of these first numerical studies of passive control
applied to closed cavity have shown to be very promising.
Work is continuing to examine in detail the unsteady flow
features of the cavity flowfield with passive control.
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