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SUMMARY

An experimental investigation has been conducted in the Langley 16-Foot
Transonic Tunnel to measure static pressures on the afterbody, nozzle, and tails of
an axisymmetric single-engine configuration representative of today's fighter
aircraft. Data were recorded at Mach numbers 0.6, 0.9, and 1.2. Nozzle pressure
ratio was varied from 1.0 to 8.0 and angle-of-attack was varied from -3 deg. to 9
deg. at each Mach number. Three empennage arrangements were tested (aft, forward,
staggered) with a single dry power nozzle. Detailed pressure data were obtained for
these configurations for which force and moment data had been previously recorded.
Two numerical codes were used to predict the static pressure coefficients on the
staggered empennage arrangement. Comparisons were made between the experimental
pressure coefficients and numerical results from both codes.

INTRODUCTION

Because of the large effect of tail surfaces on afterbody/nozzle drag, an
extensive experimental program to determine these effects on single-engine fighter
configurations is being conducted at the Langley Research Center. Detailed
experimental data can be found in references 1, 2, and 3 for a generic single-engine
configuration representative of today's fighter aircraft. These data show how area
ruling, tail arrangement and tail span can effect forces and moments acting on the
afterbody and nozzle. Tail interference effects can account for nearly 40% of the
total drag at transonic speeds depending on the empennage arrangement (ref. 2).
However, a lack of detailed flow data on and around the afterbody, nozzle, and tails
has made it very difficult to determine the origin of this interference and explain
why it occurs. The detailed static pressure data needed to analyze the flow
characteristics over the nozzle/afterbody would also be useful in validating
theoretical codes designed to predict this complex flowfield. A recent AGARD
assessment of prediction capabilities for afterbody flows (ref. 4) indicated that a
good prediction of boattail pressure drag was not a good criteria for code
validation. Instead, static pressure distributions should be used to verify code
predictions. Reference 4 also pointed out the lack of experimental static pressure
data available for this use. This paper describes an experimental investigation
aimed at filling the need for static pressure data on complex afterbody
configurations with and without tails. In addition, two theoretical codes (one
production, one developmental) were used to predict static pressure coefficients on
the afterbody and nozzle.

SYMBOLS
b span(root to tip) of baseline tail surface (used for both vertical and
horizontal tails), in
Cp static-pressure coefficient, (p-p_)/q,
L model length, 71.70 in
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M Mach number

NPR nozzle pressure ratio

p local static pressure, psi

P, freestream static pressure, psi

q, freestream dynamic pressure, psi

R radial coordinate, in

X streamwise coordinate, in

y spanwise coordinate, in

a angle-of-~attack, deg

) meridian angle, positive counter~clockwise, deg

EXPERIMENTAL APPARATUS AND TEST PROCEDURES

The investigation was conducted in the NASA Langley 16-Foot Transonic Tunnel, a
single-return atmospheric tunnel with a slotted octagonal test section and
continuous air exchange. A complete description of this facility can be found in
reference 5. Data were recorded at Mach numbers 0.6, 0.9, and 1.2. At each Mach
number, an angle~of-attack and nozzle pressure ratio(NPR) sweep were made. Angle-
of-attack varied from -3 deg. to 9 deg. while NPR varied from 1.0 (jet-off) to
8.0. Reynolds number based on the model length (L) varied from approximately 6.6 x

107 at M = 0.6 to 7.9 x 107 at M = 1.2. To insure a turbulent boundary-layer,

transition strips of no. 100 grit were placed on the leading edges of the tails and
the nose of the model. The nozzle exhaust flow was simulated by a continuous flow
of clean dry air at a controlled temperature of 70°F.

A sketch of the sting-~strut-supported single~engine model is presented in
figure 1. The overall model arrangement represents a typical single-engine fighter
aft-end. The axisymmetric nozzle simulates a dry power subsonic cruise mode of
operation while the horizontal and vertical tails are sized to represent a typical
righter empennage arrangement. Three empennage arrangements were tested; aft,
forward, and staggered. Figures 2(a) and 2(b) fully describe the horizontal and
vertical tails. Figures 3(a) and 3(b) give the afterbody and nozzle dimensions as
well as pressure orifice locations. Photographs of the model installed in the wind
tunnel are presented in figure 4. The tails are shown in the staggered empennage
arrangement.

INSTRUMENTATION

Forces and moments were not measured during this test since references 1, 2,
-and 3 fully document them for the configurations of this test. The stagnation
pressure and temperature of the jet exhaust were measured just ahead of the nozzle




throat as shown in fig. 1. Over 300 static pressure orifices were located on the
model.

THEORETICAL METHODS

Two prediction methods for afterbody flow problems were examined. The first
method was a well known production code called VSAERO while the second method was a
viscous-inviscid interaction scheme developed by Wilmoth and Putnam (ref. 6).

VSAERO (Vortex Separation Aerodynamic Program) is a surface singularity program
which utilizes quadrilateral panels to represent arbitrary three-dimensional
bodies. Source and doublet singularities are distributed in a piecewise constant
fashion on each panel. Neumann boundary conditions are applied to determine the
source strengths while Dirichlet boundary conditions are applied to determine the
doublet strengths. The jet wake is modeled using doublet sheets with a linear
variation in doublet strength in the streamwise direction. Viscous effects are
accounted for by performing a two-dimensional integral boundary-layer calculation
along surface streamlines determined from an initial potential flow calculation.
The boundary-layer thickness is simulated by surface transpiration from which a new
potential flow solution is derived. VSAERO is used primarily for predicting
subsonic aerodynamic characteristics and is a well known and highly used code.

The viscous-inviscid interaction scheme developed by Wilmoth and Putnam is
illustrated in figure 5. RAXJET (ref. 7) is a viscous-inviscid method for isolated
axisymmetric boattails and is used to calculate an effective body geometry
accounting for boundary-layer displacement and jet plume effects. Figure 6
illustrates the flowfield which RAXJET attempts to solve by patching together
several numerical methods each designed to calculate a particular part of the
flow. This type of jet flowfield modeling has proven to be very accurate for
isolated boattail geometries. For the tails, an integral boundary-layer calculation
is performed in strip fashion. The resulting effective body and tails is input to
the inviscid full-potential finite volume transonic code FLO30V. This developmental
code utilizes the method of Caughey and Jameson (ref. 8) which is based upon the
simple form of the quasilinear potential equation and a mesh generation technique
which wraps a C-type grid around the body and tails. Ideally the boundary-layer
calculation of this method would be repeated to convergence as shown by the dashed
line in figure 5, however, for the calculations shown in this paper only one pass
through this procedure was performed. The bounday-layer iteration scheme requires a
method for calculating the boundary-layer on a three-dimensional surface. RAXJET
assumed axisymmetric flow over the body which was an excellent initial calculation
but could not be applied to the body and tails because the axisymmetric flow
assumption was no longer valid. Since the boundary-layer on the body and tails were
computed separately, tail interference effects were not included in these
calculations.

EXPERIMENT/THEORY COMPARISONS
All compar1sons between predicted and measured static pressure coefficient data
were done at 0° angle-of-attack for the body without tails and the staggered
empennage arrangement. However, the experimental database does include data for
other empennage arrangements and angles-of-attack.




Body only, tails off.- Figure 7 presents FLO30V and VSAERO results at Mach
number 0.9 and NPR 5.0. The experimental data were taken from the ¢ = 18% row
however, any row could have been used due to the symmetry of this configuration.

The experimental pressure data indicate that the flow accelerates gradually over the
afterbody and nozzle and then rapidly decelerates near the nozzle exit. The entire
flowfield remained subsonic and the low velocities near the nozzle exit were caused
by jet plume blockage effects. The pressure recovery and positive pressure
coefficients on the nozzle reduced the nozzle pressure drag to essentially zero for
this configuration. Both codes accurately predict the afterbody pressure
coefficients, however, predictions for the nozzle region show some disagreement.

The flow about the nozzle is significantly influenced by jet entrainment and viscous
effects. For this reason the FLO30V results which model these phenomena through
RAXJET are superior to the VSAERO results. In VSAERO the jet wake is modeled using
doublet sheets with a linear variation in doublet strength in the streamwise
direction. The "velocity jump" that occurs across the doublet sheet is calculated
by the program. Figure 6 indicates that this type of modeling is inferior to the
viscous-inviscid modeling used in RAXJET. The VSAERO results are inviscid and very
sensitive to slop discontinuities in the geometry, which may explain why the minimum
C, occurs at the point of maximum nozzle surface curvature. However, upon closer
iﬁspection no discontinuities could be found in the mathematical model of the
nozzle. Similiar results were obtained at M = 0.6 and NPR = 3.0.

Staggered empennage arrangement.- The staggered.empennage arrangement places
the root leading edge of the horizontal tails at x/1 = 0.78 and the trailing edge at
x/1 = 0.96. The vertical tail root leading edge is at x/1 = 0.64 and the trailing
is at x/1 = 0.87. The photographs in figure 4 may help in visualizing this
arrangement. The staggered tail arrangement was choosen because it produced the
least tail interference at transonic conditions of the three configurations tested
in reference 2. This is substantiated by the data of reference 3 which shows that
the interference drag is nearly zero for the staggered tails. Other tail
arrangements such as the horizontal and vertical tails aft, produced very large
. interference drag. Figure 8 compares the numerical results with the experimental
data at M = 0.6, NPR = 3.0, and ¢ = 18°. The experimental results indicate that
the flow slows down in the vicinity of the vertical tail leading edge and then
accelerates towards the maximum thickness of the vertical tail. Although the
presence of the tails are evident in the data, interference effects are
negligible. The numerical results show good agreement with the data except in the
vicinity of the nozzle. In this region strong viscous effects caused by the jet
predominate. VSAERO attempts to model this flowfield with doublet sheets of varying
strength. FLO30V on the other hand, relies on the RAXJET calculations for an
effective body which accounts for the effects of jet entrainment and flow
separation. As a result, the FLO30V calculations better predict the experimental
data near the nozzle. Ahead of the nozzle, the VSAERO calculations more accurately
predict the experimental data, however, the differences between the VSAERO and
FLO30OV results are small.

At M = 0.9 tail interference effects become significant as shown in figure 9.
Data are presented for NPR = 5.0 and ¢ = 18°. The experimental data show some
regions of the flow approaching sonic conditions, however no flow separation appears
to be present. The VSAERO results are inviscid since a viscous solution at M = 0.9
could not be obtained due to divergence of the calculation. At ¢ = 18°, the
nearness of the vertical tail is evident in these data. The stagnation occuring at
the leading edge of the vertical tail can be seen as a local pressure coefficient
peak at x/1 = 0.64. This peak is over predicted by VSAERO and underpredicted by
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FLO30V. The VSAERO results tend to overpredict the tail installation effects over
the entire pressure distribution. This was expected since the calculations were
inviscid. The FLO30V calculations did account for viscous effects but the boundary-
layer on the body and tails were computed separately as two-dimensional elements so
that the influence of the tails are not included in the body boundary-layer
calculation. As a result, the FLO30V calculations show some influence of the tails
(potential) but fail to predict the severity of the interference (viscous) caused by
the tails. A full three-dimensional boundary-layer calculation would significantly
improve the capability of the viscous-inviscid interaction scheme by providing
FLO30V with an effective body geometry which accounts for the presence of the tails.

In figure 10 experimental data and numerical results are shown for ¢ = 72 ©
which is near the left horizontal tail. As in f1gure 7, the Mach number is 0.9 and
the NPR is 5.0. The data are similiar to the ¢ = 18° data because the stagnation
at the leading edge of the horizontal tail produces a local pressure coefficient
maxima just as the vertical tail did. However, the staggered empennage arrangement
places the horizontal tail further aft (leading edge located at x/1 = .78 and
trailing edge at x/1 = .96) 1in a region of higher velocity flow so that the
pressure coefficient peak is not as significant. The presence of the vertical tail
can still be seen in the ¢ = 72° data as a local pressure coefficient maxima at x/1
= 0.64. This seems to indicate that the interference is widespread covering the
entire area between the horlzontal and vertical tails. The numerical results are

1m111ar to the ¢ = 18° data with one exception. The vertical tail effects at ¢ =
729 are not predicted. As a result, the theoretical data would indicate less
interference than is actually present.

CONCLUSIONS

The experimental pressure coefficient database generated by the investigation
described compliments the existing force and moment database and will contribute to
the understanding of the tail interference problem as well as aid in theoretical
code development and validation. The numerical results of this investigation lead
to the following conclusions:

(1) The type of jet wake modeling used in VSAERO did not accurately model the
entrainment effects thus reducing the usefulness of the code to
afterbody/nozzle propulsion installations

(2) The viscous-inviscid computational model showed promise, but requires a
fully three-dimensional boundary-layer calculation to accurately predict
tail interference effects.
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Figure 1. - Sketch of the sting-strut-supported single-engine model.
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Figure 2.- Dimensions for the horizontal and vertical tails including pressure
orifice locations.
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Figure 3.- Dimensions for the afterbody and nozzle including pressure
orifice locations and coordmate system orientation.
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Figure 5. - Viscous-inviscid interaction procedure utilizing RAXJET and FLO30V codes.
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Figure 6. - Flowfield about an axisymmetric nozzle as seen by the RAXJET code.
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