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Time-Dependent Supersonic Separation of Tangent Bodies
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U.S. Air Force Wright Laboratory, Wright-Patter son Air Force Base, Ohio 45433-7936

and
Paul I. Kingt

U.S. Air Force Institute of Technology, Wright-Patterson Air Force Base, Ohio 45433-7936

An experimental, time-dependent separation of tangent bodies was performed in a supersonic wind
tunnel (Mach 1.5 and 1.9) to investigate the significance of transient effects and the suitability of using
steady-state assumptions to predict a dynamic separation event. Model configurations consisted of two
bodies placed in a near tangent position. A stationary body, a plate or ogive, was instrumented to obtain
dynamic surface pressures, while a second body, a wedge attached to an air cylinder, was plunged in a
constrained motion away from and toward the stationary model. Three-dimensional flow expansion
around the edge of the wedge reduced the strength of incident shock waves and created a region of low
pressure, near freestream static, on body surfaces between the incident and reflection shock waves. Dy-
namic motion of the wedge did not significantly affect shock-wave development between the bodies, and
steady-state corrections that accounted for the motion-induced wedge angle were appropriate for pre-
dicting time-dependent surface pressures induced by the incident shock wave. However, unsteady pres-
sures caused from the motion of the wedge were evident when separation distances were less than 20%
of the wedge width.

Nomenclature
D = wedge-store width, 6.35 cm
M = Mach number
P - surface pressure normalized by freestream static

pressure
Px = freestream static pressure, N/m2

t = time, s
V = flow velocity, m/s
v = store velocity, m/s
X = axial distance, cm
XLE = distance downstream of leading edge normalized by

plate length, 20.3 cm
X/YE = axial distance normalized by ogive maximum

radius, 1.91 cm
Y = separation distance between wedge-store and

stationary model, cm
Y/D = normalized separation distance
YE = ogive maximum radius, 1.91 cm
Z - plate span distance normalized by plate width,

20.3 cm
ae - effective AOA or effective wedge angle, deg
OLU - induced AOA or induced wedge angle, deg
/3 = shock-wave angle, deg
y = specific heat ratio
e = geometric AOA or geometric wedge angle, deg
p = density, kg/m3

(/> = transducer orientation on plate, deg
ip = transducer orientation on ogive, deg

Subscripts
c = closure motion
s - separation motion
1 = upstream of shock wave
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2 = downstream of shock wave
oo = freestream

Introduction

SUPERSONIC flow around an integrated aircraft with an
externally mounted store is complex, involving viscous

flow, shock waves, and mutual aerodynamic interference. An
understanding of the initial store separation phase is compli-
cated by the time dependency of the dynamic event. Before
computational fluid dynamic (CFD) advances in time-depen-
dent simulation (e.g., dynamic and chimera grids), store tra-
jectory prediction methods were simplified with steady-state
assumptions. Since the relative velocity of the store is signif-
icantly less than freestream velocity, it was assumed that for a
given store position time dependency could be accounted for
by adding an induced AOA [au = arctan(v/Kc)] into the steady-
state calculations. (A steady-state assumption implies that the
flow is instantaneously developed for each store position dur-
ing a store separation event.) However, until this investigation,
the steady-state assumption had not been tested experimentally,
particularly for the initial separation phase of tangent bodies.
This lack of experimental verification has been a concern since
numerical comparisons of steady-state and time-dependent
separation simulations indicate differences in the store aero-
dynamic coefficients and flowfield characteristics.1 Thus, one
objective of this study was to quantify the differences between
steady-state and time-dependent separations of tangent bodies
in a supersonic flow.

Trajectory predictions dependent upon steady-state aerody-
namic coefficients have correlated well with some flight tests.
However, when problems do arise in flight test the most com-
mon cause is underpredicted store rotation rates.2 Since the
store trajectory is sensitive to initial conditions, improvements
in the determination of dynamic effects on the store during the
initial separation phase would increase the accuracy of the tra-
jectory predictions. Recent developments in CFD have ad-
dressed the initial time-dependent conditions with some suc-
cess.3"6 However, there are disconcerting differences found
between steady-state and time-dependent numerical solutions
for equivalent store separation simulations. Both Belk et al.7
and Meakin's8 CFD simulations showed that near the shock
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waves, time-dependent values (pressure and aerodynamic co-
efficients) were reduced in magnitude and lagged in phase (lo-
cation of the shock wave) compared to the equivalent steady-
state solution. The solutions are disconcerting because they
raise doubts about the validity of the current and popular use
of steady-state experimental techniques to characterize the
time-dependent separation events.

Background
One desirable wind-tunnel test would be an experimental

duplication of the Belk et al.7 time-dependent numerical sim-
ulation, where the moving stores are impulsively started and
maintained at an equivalent effective AOA, yielding a clear
identification of the unsteady effects. Unfortunately, there is
no physical step function that can be applied to the store to
give it an instantaneous constant velocity. Although each sep-
aration event can have the same geometric AOA e (relative
position with respect to the freestream), the induced AOA
au = arctan(v/Kc), and therefore, the effective AOA ae, will
change with the varying v, since

ae = e + au (1)

Shock-Wave Perturbation Predictions
Downstream of a three-dimensional curved shock wave the

flow exhibits complex, rotational characteristics and a nonuni-
form entropy distribution.9 This type of flow is governed by
nonlinear differential equations that can only be solved with
numerical techniques. Although a completely analytical solu-
tion for the flow downstream of a three-dimensional shock
wave is not possible, an estimation of the flowfield parameters
may be made for a small change in the shock-wave strength
(perturbation), if the initial solution is known. Since the in-
vestigation was directed toward differences between separation
events, certain assumptions were introduced to allow a sim-
plified perturbations approach for predicting the shock-induced
pressure profiles. These assumptions were as follows:

1) The first-order perturbation to the flowfield occurs in the
store plane of motion. The moving wedge-store primarily de-
flects the flow two dimensionally. The perturbed velocity is
parallel to the wedge motion, changing the induced AOA and
the attached shock-wave angle and strength.

2) The shock wave attached to the wedge store has the char-
acteristics of a two-dimensional shock wave for most of the
wedge width near the wedge surface and for a distance be-
tween the wedge store and plate not to exceed the wedge
width. The intersection of the wedge-store motion plane, that
which includes the wedge-store axial centerline and the at-
tached shock wave, is nearly a straight line.

The primary effect induced by a moving wedge store is the
change in strength and angle of the attached shock wave.
These assumptions limit the flow perturbations to a plane
across a nearly straight shock wave. A preliminary review of
the data indicated a two-dimensional approach would be ap-
propriate, most particularly for the configuration symmetry
plane. Thus, it is assumed that the store motion introduces an
irrotational perturbation into a rotational flowfield downstream
of the attached shock wave. The characteristics of the per-
turbed attached shock wave may be divided into two compo-
nents: 1) position and 2) strength of the shock wave.

Equipment
Wind T\innel

The experiment was conducted in the 0.61 X 0.61 m (2 X
2 ft) test section of the Trisonic Gasdynamic Facility (TGF)
located at Wright-Patterson AFB, Ohio. The TGF is a closed-
circuit, variable-density, continuous flow wind tunnel capable
of operating at subsonic, transonic, and supersonic velocities.10

Freestream supersonic velocities are obtained with fixed area-
ratio nozzles that result in Mach numbers of 1.52 and 1.91. At

Fig. 1 Plate and wedge-store configuration.

Fig. 2 Ogive and wedge-store configuration.

Mach 1.52 the Reynolds number per meter is 0.64 X 10+6. At
Mach 1.91 the Reynolds number per meter is 0.55 X 10+6.
Experimental Models

Two models were tested: 1) a fixed flat plate positioned near
a moving 6.1 or 3.5 deg (upper half angle) wedge-shaped store
as shown in Fig. 1 and 2) a fixed ogive positioned near a
moving wedge-shaped store (Fig. 2). In all configurations, the
fixed models were mounted on a central stationary sting and
instrumented to measure dynamic surface pressures. The sep-
arating store was connected to a two-way air cylinder and a
linear variable differential transformer (LVDT) located in a
housing assembly mounted to the tunnel floor.

Experimental Method
The experimental approach in this work involved two bodies

placed in a near tangent position and dynamically separated in
a constrained motion. The wedge store was attached to an air
cylinder and impulsively plunged in a predetermined vertical
motion away from (separation) or toward (closure) the station-
ary model similar to Belk's et al.7 numerical simulation of a
reflection plate and a parabolic store. The plate and wedge
configuration (Fig. 1) simulated a wing and store separation.
The ogive and wedge store (Fig. 2) was used to investigate
the movement of an oblique shock wave intersecting a conical-
shaped shock wave. The time-dependent surface pressures as-
sociated with the shock-wave pattern between the two bodies
were measured on the stationary body during the dynamic mo-
tion of the wedge store. Steady-state measurements, made with
the wedge store at a fixed position, were used to evaluate the
basic flow characteristics between the two bodies. Analysis of
the time-dependent experimental data was used to evaluate the
accuracy of steady-state assumptions in predicting time-depen-
dent influences of the moving wedge store.

Steady-State Data Reduction
The mean pressure was determined for steady-state store

separation positions using the subroutines from Numerical
Recipes.11 The mean of A^, . . ., jc^ is defined as

x = • (2)
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A nominal one-thousand samples were collected with an ac-
quisition rate of 50 kHz for each steady-state position (chosen
for convenience to match the time-dependent data sample
rate).

Dynamic Separation Data Reduction
Each dynamic separation run was repeated a minimum of

five times, i.e., five closures or five separations. Surface pres-
sures were obtained on the stationary model at each Y/D, the
distance between the plate-sensing surface (or the cylindrical
portion of the ogive) and the shoulder of the separating wedge
store divided by the wedge width, D = 6.35 cm. For a single-
store motion, the pressure at any Y/D was obtained from the
simple average of pressures at nondimensional positions Y/D
= ±0.0005 about the Y/D of interest. The ensemble mean pres-
sure (N = 5) is defined as

PLATE

Fig. 3 Diagram of the shock wave between the wedge store and
plate.

Pressure Prediction
The pressure rise across a shock wave can be determined

from two-dimensional shock-wave relationships13

(5)

(3)

Wedge-Store Velocity
At each time-dependent separation position Y(ti), the aver-

age wedge-store velocity was calculated with a simple central
difference quotient (AF/AO- An acquisition rate of 50 kHz was
chosen so that at a nominal wedge-store velocity of 1.8-m/s
data would be acquired for intervals of 0.1 mm, which exceeds
the resolution of the LVDT (0.07 mm).

Shock-Wave Impingement
Experimentally, a different cte occurs for the time-dependent

separation and closure motions of the wedge store. The data
for the wedge store moving toward the plate (closure) were
arbitrarily chosen as the reference data set. The data set as-
sociated with separation was perturbed (adjusted to account
for a small change in ae) to predict the closure data set. The
difference between the closure and the perturbed separation
data set (closure prediction) will aid in the identification of
unsteady effects associated with the tangent separation of the
wedge store and plate.

Prediction of the shock-wave impingement location on the
plate surface during closure motion was determined by per-
turbing the separation data set such that the closure prediction
and closure data sets had the same ae. Determination of ae
[Eq. (1)] for each time-dependent event depended only on au,
since s remained fixed. With ae determined for each time-
dependent event, the (3 can be calculated from two-dimen-
sional shock-wave theory. The shock-wave impingement lo-
cation on the plate surface (XLE) varies with wedge-store
position and was determined assuming a straight shock wave
as shown in Fig. 3, also verified with schlieren photographs,12

attached to the wedge vertex at a given separation position.
Since the pressure history was available only at fixed surface

locations, it was convenient to predict the particular wedge-
store separation position needed for the attached shock wave
to impinge at any XLE. Setting XLE for the separation and clo-
sure events equal for the corresponding Ys position during sep-
aration, a closure position Yc can be calculated using the linear
equation, X = Y X m + b (where m and b are, respectively,
the slope and F-axis intercept of the shock impingement lo-
cation and wedge position linear relationship), resulting in

Y —•* c —
Ysms

(4)

With closure distances calculated from Eq. (4), discrepancy
between predicted and experimental time-dependent results are
henceforth defined as the transient effects.

The prediction of the plate surface pressure associated with the
wedge-store closure motion was made by adding to the ex-
perimental separation surface pressure the difference between
the calculated pressure rises [Eq. (5)] for the separation and
closure events. Since the upstream Mach number is the same
for separation and closure, the normalized upstream pressure
must also be equivalent. Therefore, the pressure downstream
of the attached shock wave for closure may be predicted (P2p)
from the separation data (P2i) and the calculated pressure dif-
ference between separation and closure events:

(6)

The flow at the surface of the stationary model must pass
through the oblique shock-wave impingement (incident and
reflection shock). Furthermore, the incident shock-wave
strength is reduced by the three-dimensional flow induced by
the finite wedge-store width. Therefore, there is some uncer-
tainty as to what the total surface pressure change will be after
the passage of the impinging shock wave. Despite the fact that
experimental and numerical surface pressures do not conform
to two-dimensional analysis, the attached shock wave remains
nearly planar as discussed in the Results and Discussion sec-
tion, particularly for the close proximity of the wedge-store
and plate (Y/D < 0.89). Thus, discrepancies between predicted
and experimental results of the shock-wave location will be
the primary indicator for identifying the transient effects, and
the comparison of predicted and experimental surface pressure
values will be used for reference purposes to evaluate the po-
tential magnitude of the transient pressures.

Results and Discussion
Steady-State Events

Steady-state experimental and numerical results indicated
three-dimensional flow characteristics downstream of the ini-
tial shock wave attached to the wedge-store vertex. Since the
wedge store was of a finite width, the flow expanded into the
spanwise region off the edge of the wedge store where the
pressure was lower, and resulted in regions of nonuniform flow
deflections, low shock-induced surface pressures, decreasing
pressures, and curving shock waves.

For comparison, a two-dimensional flow of Mach 1.52 en-
countering a 6.1-deg wedge has a normalized pressure jump
(P2IPX) across the initial shock wave of 1.35. At the plate,
where the wedge-induced shock wave impinges, the flow
crosses the shock wave reflecting off the plate surface and
maintains a flow parallel to the plate surface, with a total pres-
sure ratio (P3/PX) of 1.91.

The general features of the shocks and expansions for the
aforementioned example are reproduced from experimental
data in Fig. 4. With the wedge store at Y/D = 0.51, a pressure
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peak of only 1.50 occurred near XLE = 0.34. A three-dimen-
sional inviscid (Euler) simulation showed that the three-di-
mensional expansion region downstream of the initial shock
wave was responsible for the low experimental pressures. In
Fig. 5 the magnitude of the normalized pressure peak induced
by the initial shock wave is slightly higher (1.57) than the
experimental pressure peak (1.50), but is still significantly less
than the analytical two-dimensional predicted value (1.91).
Overall, plate surface pressures were well predicted by the
three-dimensional Euler simulation.

The pressure troughs downstream of the shock waves were
a significant characteristic of the flowfield between the wedge
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Fig. 4 Plate experimental pressure contour: M — 1.52, 6.1-deg
wedge, Y/D = 0.51.

L~J~~"L- CS3

Fig. 5 Plate numerical surface pressure: M = 1.52, 6.1-deg
wedge, Y/D = 0.51.

store and stationary models. Contrary to the expected rise in
surface pressure through a shock-wave reflection pattern, the
experimental surface pressure results (Fig. 4) reveal a flow
expansion, to near freestream conditions at the plate centerline,
between the impinging initial and reflection shock waves (P =
1.0 at XLE = 0.45). The numerical surface pressure results for
the plate (Fig. 5) also show a pressure trough near XLE = 0.59
that extends in the streamwise and spanwise direction from the
plate centerline to the intersection of the initial curving shock
wave near XLE = 0.79 and Z = 0.59. The three-dimensional
flow expansion not only created a low-pressure region on the
plate surface, but also created regions of low pressure in the
flowfield between the bodies and on the surface of the wedge
store.

Numerical results showed that the flow expansion down-
stream of the shock wave also reduced the wedge-store surface
pressures to a freestream value, as seen in Fig. 6. Immediately
downstream of the vertex (XLE = 0.18, Z < 0.16), the surface
pressure rises to the two-dimensional predicted value (P =
1.35) as it crosses the attached shock wave. The decrease in
pressure begins at XLE = 0.21 near the edge of the wedge
(Z = 0.16) and reaches a near freestream condition along the
wedge-store centerline (Z = 0.0) at XLE = 0.44.

These regions of flow expansion between the separating
bodies are an unfavorable condition for stores having pitch-up
tendency14 and conformal-shaped stores designed to reduce
aerodynamic drag and radar signature. The three-dimensional
flow expansion also complicates the analysis of a wedge store
separating from a stationary body. An analysis of wedge-store
separation using oblique, two-dimensional shock-wave rela-
tionships would predict a Mach disk downstream of the initial
shock impingement for the previous case. Incorporating an ar-
tificial two-dimensional expansion (Prandtl-Meyer flow) into
the analysis is not any better, since doing so allows the flow

Fig. 6 6.1-deg wedge numerical surface pressure, M = 1.52.



942 MOSBARGER AND KING

2.00

1.80

1.60

1.40

1.20

1.00

0.80

. . U.HUstatic
separation 030
closure t> = 60

30 o \

A _ Q OOOOOOOOOREFLECTION SHOCK
\\ PASSAGE

|> = 90

OOOOOOOOOOOO (j) = I

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80

xir

INITIAL SHOCK PASSAGE

0.00 0.25 0.75 1.000.50

Y/D
Fig. 7 Normalized plate surface pressure for dynamic motion with 6.1-deg wedge and M = 1.52 (</> = 0, ATLE = 0.32).

2.00 r

1.80 -

1.60 -

1.40 -

1.20 -

1.00 -

j. *.•static

0.80

~

-

: '\i
i
i
i

separation 0.30
closure

0.20

Z
0.10

0.00

0.

''W\
\ \
\ \
\ \
\ \
\\^

1 , , , . 1 ,

(j> = 90
o

<t> = 6° \ ! oo°4>=135
<t> = 30 o0 \ § Oo°°

°oo o o 0°

(h = 0 OOOOOOOOOOOOOO°OOOOOOOOOOOOOOO (h = IgQ

00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80

-^ -*~'*T- •*•*•-•-" H

! . , , , !

0.00 0.25 0.75 1.000.50

Y/D
Fig. 8 Normalized plate surface pressure for dynamic motion with 6.1-deg wedge and M = 1.52 (€J> = 30 deg, XLE = 0.24, Z = 0.11).

to become overexpanded compared to experimental or three-
dimensional numerical results.

Time-Dependent Event: Plate and Moving Wedge
A typical separation event included movement of the wedge

store 4.24 cm in 26 ms, an average speed of 1.6 m/s, and a

maximum au = —0.0051 rad for a freestream Mach number
of 1.52. For closure, a distance of 4.88 cm was covered in 27
ms at an average speed of 1.8 m/s and reached a maximum
au = 0.0057 rad (M = 1.52).

The differences between two time-dependent (separation and
closure) pressure results are because of differences in the ef-
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fective angle ae. An increase in the effective wedge angle (ae
= OLU + e) for closure at a constant Mach number produces an
increase in the shock-wave strength and /3. Since the wedge
store must be at a greater Y/D distance than in the separation
event for an initial shock impingement at the same location on
the plate (XLE), the closure event lags the separation event, as
indicated by surface pressures in Fig. 7.

The combination of two local peaks and troughs in Fig. 7
indicates the development of a shock-wave reflection pattern
between the two bodies. With the wedge store at the fully
separated steady-state position (Y/D = 0.89), the initial shock
wave impinges downstream of XLE = 0.32 (thus, P = 1.00). As
the closure pressure profile is traced for decreasing Y/D, the
initial shock wave produces a local pressure peak at Y/D =
0.46 with P = 1.49. As the initial shock wave moves further
upstream because of the closing motion of the wedge store,
the effect of the spanwise expansion flow causes a pressure
trough at Y/D = 0.31. With further reductions in the separation
distance, the pressure rises again because of the influence of
the reflection shock off the wedge-store surface. The reflection
shock creates a second peak at Y/D — 0.27. The pressure trough
at Y/D = 0.22 results from the flow expansion downstream of
the reflection shock. A final pressure rise occurs as the wedge-
store approaches the near-touch position.

Off-axis pressure transducers on the plate surface near the
region of the orthogonal projection of the wedge-store edge
(Z = 0.16) revealed an increased flow expansion effect. For a
transducer setting of (/> = 30 deg, the furthest upstream position
to capture a shock-wave passage was at XLE = 0.24, Z = 0.11.
In Fig. 8, the separation distances for shock-induced pressure
peaks show the closure event (Y/D = 0.19) lagging the sepa-
ration event (Y/D - 0.16). Although the closure event induced
a stronger shock wave than the separation event, the magnitude
of the shock-induced pressure peaks was nearly equal (P ***
1.28), because the flow expansion about the wedge-store edge
reduced the pressure influence of the initial shock wave im-
pingement, eliminating the expected pressure difference be-
tween the time-dependent separation and closure events.

At greater separation distances, however, the plate surface
pressure was less influenced by the flow expansion about the
wedge-store edge. In Fig. 9, for the pressure transducer posi-
tioned farther downstream (XLE - 0.34, Z = 0.17) and closer
to the projected wedge-store edge Z = 0.16, the differences in
initial-shock-induced pressure magnitudes were not as influ-
enced by the edge-induced flow expansion as the results shown
in Fig. 8. Because of the location of the transducer, the passage
of the initial shock wave on the plate surface (closure event
peak pressure at Y/D = 0.58) occurred at a greater separation
distance than for the upstream pressure transducer locations.
In this case, there was a difference in the shock-induced pres-
sure peaks (AP = 0.03) between the separation and closure
events, whereas in Fig. 8, the shock-induced pressure peaks
were equal. As the separation distance decreased to the near-
touch phase (Y/D ^ 0.20), edge effects eliminate the pressure
difference between the time-dependent separation and closure
events (Fig. 9).

The influence of the flow expansion about the wedge-store
edge during the near-touch phase is seen in Fig. 10 for the
transducers set at cf> = 90 deg. All transducers are at the stream-
wise location XLE = 0.44, but differ on their distance from the
plate centerline: Z = 0.02, 0.15, and 0.24. Progressing outward
from the plate centerline, surface pressures decreased for Y/D
< 0.20 because of the proximity of the wedge-store edge.

A correlation exists between the influence of the wedge-edge
expansion flow and the range of the surface pressures down-
stream of the shock waves. Basically, the area of the plate most
influenced by the wedge-edge expansion had a lower pressure
for Y/D ^ 0.20 and a smaller range of pressure variation
downstream of the shock waves (Y/D < 0.40). For example,
in Fig. 10, at Z = 0.24 there was a maximum pressure of 1.41
at Y/D = 0.10 and a minimum pressure of 1.15 at Y/D = 0.26
for a range in pressure of AP = 0.26. Near the plate centerline
(Z = 0.02), however, the maximum pressure at Y/D = 0.10 was
P - 1.74, and the minimum pressure was P = 1.02 at Y/D =
0.30 for a pressure range three times that of Z = 0.24 (AP =
0.72). In other words, the flow expansion at the outboard po-
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sitions reduces the pressure peaks and expected pressure dif-
ference between the separation and closure events caused by
ae, whereas the flow expansion inboard induces a larger pres-
sure variation between the peak and trough within a single
separation or closure event.

Expansion of the flow between the two bodies during the
near-touch phase of separation had the most significant effect
on the surface pressures and the greatest implications to the
store separation event. The experimental results revealed that
the greater the surface pressures, the stronger the flow expan-
sion became. This characteristic of the expansion flow implies
that the aircraft and store integration should strive to avoid
high near-touch pressures to moderate the pressure variation
at greater separation distances. Reducing the strength of the
expansion flow would retard the unfavorable flow-induced
pitch-up mechanism encouraged by the low-pressure region
between the bodies.

Time-Dependent Event: Ogive and Moving Wedge
The ogive baseline test configuration consisted of the pres-

sure-instrumented ogive and the 6.1 deg wedge store at free-
stream Mach 1.9. The leading edge of the wedge store was
placed at the same streamwise position as the nose of the ogive
to capture the passage of the initial shock wave within the
region of the pressure transducer locations. The ogive config-
uration flowfield characteristics differed from that of the plate
configuration in several ways. First, the initial shock wave at-
tached to the wedge store intersected a conical-shaped shock
wave induced by the ogive prior to impinging on the ogive
surface. Second, the magnitude of the shock-wave-induced
pressure peaks and the piston action influence were reduced
on the three-dimensional ogive surface as compared to the
two-dimensional surface of the plate.

The pressure profile for the ogive transducer position of XI
YE = 3.10, i// = 0 deg (Fig. 11), indicates similar spatial char-
acteristics to those found along the plate centerline: shock-
wave-induced pressure rise, flow expansions downstream of
the shock waves, and piston-type responses at near-touch con-
ditions. For the closure event, the initial shock-wave-induced

pressure peak occurred at Y/D = 0.49. The three-dimensional
flow expansion downstream of the wedge-induced shock wave
resulted in a pressure reduction (trough) for separation dis-
tances of 0.31 < Y/D < 0.49. The reflection of the conical
shock wave from the wedge-store surface is indicated by the
small pressure peak at Y/D = 0.25. Finally, a pressure plateau
is apparent for Y/D < 0.15, but the pressure difference caused
by the piston action for separation and closure events is small,
AP = 0.03, compared to the maximum pressure difference
along the plate centerline AP «« 0.12, as discussed in the Pre-
diction Results section.

At locations rotated away from the wedge store \\f > 0 deg,
the magnitude of the shock-induced pressure peaks was re-
duced because of the orientation of the impinging shock wave.
Whereas, for \\f - 0 deg, a full deflection of the flow crossing
the shock wave occurred such that flow tangency to the surface
of the ogive was maintained, as i// increases, only a component
of the velocity vector downstream of the impinging shock
wave is directed toward the ogive surface; therefore, the de-
flection angle through the reflection shock wave is also re-
duced as is the resulting pressure increase. The pressure re-
duction associated with increasing ifr can be approximated
using the analytical method from Yin.15 Ignoring the conical
shock wave induced by the ogive, an additional simplifying
assumption, the pressure ratio for an impinging planar shock
at fy - 30 deg to that of i/> = 0 deg is 0.96. Experimental results
revealed a similar value of 0.94 (at the transducer location of
X/YE = 3.64).

There was no significant difference in surface pressure be-
tween the time-dependent separation and closure events for the
transducers set at (// > 90 deg. The pressure differences in-
duced by the change in ae did not propagate into ogive surface
regions not impinged upon by the initial shock wave.

Prediction Results
Any time-dependent effects associated with shock-wave de-

velopment can be inferred from a comparison of experimental
closure data with predictions based on steady-state assump-
tions. The initial shock-wave-induced surface pressure for the
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closure event was predicted from separation data perturbed so
that closure and perturbed separation events had the same ae.12

Plate Configuration
The pressure influence of the initial impinging shock wave

was predicted for the closure event along the plate centerline
(4> = 0 deg). Results of the prediction method are given for
XLE = 0.32 with the 6.1 deg (Fig. 12) and the 3.5 deg (Fig.
13) wedge-store configurations. In Figs. 12 and 13, the closure

event pressures from the upstream influence position of Y/D
*** 0.60 through the pressure peaks at Y/D = 0.45 for the 6.1-
deg wedge store (Fig. 12) and at Y/D = 0.50 for the 3.5-deg
wedge store (Fig. 13), show a good agreement of the predic-
tion method with the closure data. Since only steady-state as-
sumptions were used to predict the closure event, the match
between prediction and closure leads to the conclusion that no
significant time-dependent shock-wave-induced pressures are
associated with the movement of the wedge store.
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Although the predicted shock-wave position was correct, the
pressure magnitude predictions were based only on the free-
stream flow crossing an assumed two-dimensional shock wave
(i.e., the method ignored the reflection shock at the stationary
model surface) and the pressure magnitude match may have
been coincidental.

The unsteady effects associated with the initial shock wave
at transducer positions located off the plate centerline (c/> = 30
and 60 deg) were more difficult to assess because of the influ-
ence of the flow expansion that occurred about the wedge-store
edge. However, when the shock-wave passing occurred at sep-
aration distances greater than half of a wedge width (i.e., the
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initial shock-induced pressure peak was found at Y/D > 0.50),
the prediction method matched the magnitude of the closure
event pressure profile. An example is given in Fig. 9. Although
the results of the prediction method could not assess the pos-
sibility of off-centerline shock wave unsteadiness, the experi-
mental results did show that any shock-induced unsteadiness
would be small.

In the near-touch phase, however, the unsteady effects can-
not be ruled out. As seen in Fig. 14, the region of plate sur-
face pressures free of direct shock-wave influences were sig-
nificantly higher for the closure event than for the separation
event. The largest pressure difference found during the near-
touch phase (XLE = 0.45, Z = 0.01) was AP « 0.12, and it
was approximately four times greater than the piston theory

correction. Though the surface pressures were similar to
the responses found in a two-dimensional piston action,16 the
experimental closure pressure exceeded the predicted pres-
sure magnitude of the piston theory because of several fac-
tors. First, although the flowfield about the wedge store and
plate during the near-touch phase of separation is a compli-
cated three-dimensional flow, predicted surface pressures
were based on a simplified two-dimensional analytical theory.
Second, the boundary-layer on the plate increases down-
stream of the coalescing shock waves during the near-touch
phase of separation. This thick boundary layer is not ac-
counted for in inviscid flow assumptions, and additionally,
the boundary layer may allow an upstream pressure propa-
gation.
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Ogive Configuration
Again, the closure event was predicted using steady-state

assumptions to assess the possibility of an unsteady shock-
wave development. In the ogive and wedge-store separation
event an oblique-conical shock-wave interaction is a possible
source of unsteadiness. The effective angle correction for the
initial attached shock wave in the wedge store and ogive con-
figuration was only made along the symmetry plane from the
wedge vertex to the oblique-conical shock-wave intersection.
Downstream of the oblique-conical shock-wave intersection,
the refracted oblique shock wave was assumed to propagate
along a straight path to the ogive surface. Where the wedge
store and ogive were close together (YID < 0.60), the distance
from the oblique-conical intersection was small, and the
straight shock-wave assumption was reasonable within the
conical flow. A closure event prediction is shown for XIYE =
2.57 with i// = 0 deg (Fig. 15), where the initial shock-induced
pressure peak occurred at YID = 0.36. However, the two-di-
mensional planar shock-wave assumption within the conical
flow becomes unreliable at greater separation distances as the
oblique shock wave begins to curve. For example, the initial
shock-induced pressure peak in the closure event was under-
predicted, as seen in Fig. 16 near YID = 0.62.

As discussed earlier, an increase in ip resulted in a reduction
in the magnitude of the shock-induced pressure rise. At for-
ward transducer positions, X/YE < 3.33 and i// > 0 deg, the ae
prediction method overpredicted the pressure, as there was lit-
tle difference between the time-dependent events. However,
downstream on the cylindrical portion of the model, X/YE >
3.33, where the flow deflection across the shock impingement
was similar in magnitude to the flow deflection at the
oblique-conical shock interaction, the prediction method ap-
proximated the initial shock-induced pressure influence.

Conclusions
The evaluation of transient effects and the use of steady-

state assumptions were made by comparing the shock-wave-
induced pressure profiles of the steady-state, time-dependent,
and prediction results of wedge-store separation events. The
uncorrected surface pressure vs separation distance showed
that the steady-state surface pressure of the stationary model
compared favorably with the surface pressures induced during
the time-dependent separations. The small differences between
the pressure profiles follow the expected trend in shock-wave-
induced magnitude and separation position caused by the
known differences in the effective wedge angle ae. Further-
more, the agreement between the steady-state and time-depen-
dent events for the major characteristics of the pressure profile
points to the conclusion that the time-dependent motion of the
wedge store does not significantly affect the shock waves de-
veloping between the two bodies.

Since it was not possible to experimentally achieve time-
dependent separation events having equivalent effective AOAs
while at the same time having different induced AOAs (as in
Belk's numerical study7), the transient effects had to be deter-
mined indirectly using steady-state assumptions to perturb a
selected time-dependent database to predict a second time-de-
pendent event that differed in ae and direction of the wedge-
store motion. This prediction method matched the time-depen-
dent closure event along the plate centerline (</> = 0 deg).
Predictions were also favorable within the configuration sym-
metry plane on the stationary ogive surface (i// = 0 deg) for
separation distances less than 60% of the wedge width. The
result of the prediction method matching the closure event in-
dicates that within the configuration symmetry plane the
steady-state assumptions are valid, and that there are no sig-
nificant unsteady effects associated with the initial shock wave
attached to a moving store.

Surface pressure predictions for locations off the plate cen-
terline ( 0^0 deg) were more difficult to accomplish because
of the curving initial attached shock wave and the limitations

of the two-dimensional prediction method. However, as the
distance from the configuration symmetry plane increased, the
pressure differences caused by the changes in the effective
wedge angle ae decreased; therefore, any unsteady effects that
may exist outside the configuration symmetry plane are small.

In the near-touch phase of separation where body interfer-
ence dominates the flow (separation distances less than 20%
of the store width), and in the region free of the shock-wave
influence, there are indications that the time-dependent effects
are significant. The surface pressures on the plate and ogive
were greater during the closure event than for the separation
event, and the pressure characteristics were similar to the re-
sponses found in a piston action. However, the experimental
pressure differences between the two time-dependent events
exceeded the magnitude of the piston theory predictions. The
discrepancy between experiment and theory is caused by, in
part, the theory assumptions not accounting for a thick bound-
ary layer. This boundary layer contradicts the Newtonian as-
sumptions and provides a mechanism for an upstream pressure
propagation.

Finding no significant unsteady pressure effects associated
with the initial shock wave gives preliminary support for the
quasisteady wind-tunnel methods currently used in store sep-
aration predictions. The captive trajectory support and the grid
survey wind-tunnel techniques, which position the store at a
steady-state attitude that includes an estimated induced angle,
will simulate the appropriate time-dependent flowfield with re-
spect to a secondary stationary model. However, unsteady sur-
face pressure cannot be ruled out for small separation dis-
tances.

The unsteady piston effects are exacerbated when semi-two-
dimensional bodies are separated from the tangent position,
such as was simulated by the plate and wedge-store configu-
ration. Thus, aircraft configured with conformal or tangent car-
riages combined with angular-shaped stores (flat surface ad-
jacent to aircraft) will be more susceptible to the unsteady
piston effects. These desired aircraft and store configurations
that are designed to reduce drag and radar signature are in-
herently more difficult to separate, and therefore, trajectory
predictions become more complicated. The unsteady piston ef-
fect during a time-dependent store separation event will differ
from the measured steady-state wind-tunnel results. Although
the unsteady piston effect has been identified experimentally,
future studies will be required to address how time-dependency
information can be integrated into the initial conditions of ap-
propriate store trajectory prediction methods.
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