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Flowfield Investigation of a Supercruise Fighter Model

David E. Reubush,* E. Ann Bare,* and Steven F. Yaros*
NASA Langley Research Center, Hampton, Virginia

and

Jeffrey A. Yettert
Boeing Military Airplane Company, Seattle, Washington

A cooperative NASA Langley-Boeing investigation was conducted in the Langley 16-ft Transonic Tunnel to
survey the flowfield around a model of a supersonic cruise fighter configuration. In this investigation a model of
a Boeing-designed supersonic cruise fighter configuration formerly utilized in afterbody-nozzle performance in-
vestigations was surveyed with a single multiholed probe to determine local values of angle of attack, side flow,
and Mach number. The investigation was conducted at Mach numbers of 0.6, 0.9, and 1.2 at angles of attack
from 0 to 10 deg. The purpose of the investigation was to provide a data base of experimental data for use in
verification of theoretical methods, and to compare the experimental data with predictions from currently
available theoretical techniques. The comparisons of experimental data with theoretical predictions show that
the theoretical techniques give a qualitative estimate of the flowfield, but much work will be required to give

good quantitative results.

Nomenclature
M  =Mach number
MS =model station
o« =angle of attack
8 = sideflow angle

Introduction

HE next generation of high-performance aircraft will be

required to operate over a wide range of flight conditions
to meet the desired mission requirements. The designers of
these aircraft will be faced with a multitude of design options,
particularly regarding the aircraft propulsion system and how
it is integrated with the airframe. These options will include
such variables as engine location, inlet location, inlet type,
nozzle location, nozzle type, etc. The effects of all of these
variables on configuration performance must be evaluated
and performance trades must be made to arrive at the op-
timum configuration to meet the mission requirements. It is
recognized that the construction and testing of wind tunnel
models to evaluate all of the configuration variables would be
physically as well as financially impossible. As a result, most
performance trade studies involving variations in aircraft con-
figuration are made using theoretical techniques with only the
most promising configurations being wind tunnel tested. In
order to develop confidence in the theoretical techniques, suf-
ficient comparisons between the theoretical predictions and
good experimental data must be made.

As part of a NASA program to provide an experimental
data base suitable for theory verification, the NASA Langley
Research Center and the Boeing Military Airplane Company
entered into a cooperative agreement to test, in Langley
facilities, a Boeing designed and constructed wind tunnel
model of an advanced supersonic cruise fighter. The wind tun-
nel model, which simulated a Mach 2.0 design, 49,000-1b air-
craft was originally designed as a research model for advanced
exhaust nozzle concepts.!”> The objective of the current in-
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vestigation was to survey the model flowfield to provide local
values of angle of attack, side flow, Mach number, etc., which
could be utilized in the development and verification of
theoretical techniques useful for trade studies. In addition,
predictions from currently available theoretical techniques
were compared with the experimental data to evaluate the cur-
rent state of the art.

The wind tunnel investigation was conducted in the Langley
16-ft Transonic Tunnel at Mach numbers of 0.6, 0.9, and 1.2
at angles of attack of 0, 5, and 10 deg (7.5 deg maximum at
M=1.2). Flowfield data were obtained by use of a single
multiholed probe mounted on a survey apparatus.

Experimental Methods
Wind Tunnel and Tests

The investigation was conducted in the Langley 16-ft Tran-
sonic Tunnel. This facility is a continuous-flow, single-return,
atmospheric wind tunnel with capability of continuously
variable Mach numbers from 0.0 to 1.3. A detailed description
of the tunnel can be found in Refs. 6 and 7.

This investigation was conducted at Mach numbers of 0.6,
0.9, and 1.2. Angle of attack was set at 0, 5, and 10 deg at the
two subsonic Mach numbers and at 0, 5, and 7.5 deg at
M=1.2. Reynolds number based on mean geometric chord
varied from 3.1 to 3.9 x 10°

Model and Support System

This investigation was conducted with a 10.5%-scale model
of a twin-engine fighter aircraft designed as a supercruiser.
Figure 1 shows a sketch of the supercruiser, while Fig. 2 is a
photograph of the model installed in the Langley 16-ft Tran-
sonic Tunnel. All tests were conducted with O0.1-in.-wide
boundary-layer transition strips of No. 100 silicon carbide.
Transition strips were located 2.0 in. aft of the nose and 0.20
in. normal to the leading edge of the upper and lower surfaces
of the wings. Although the fighter configuration included a
canard for control purposes, this investigation was conducted
with the canard removed. The model was supported in the tun-
nel by a sting-strut support in which the strut replaced the ver-
tical tail. The strut had an NACA 0006 airfoil section with a
60-deg sweep, 29.17-in. chord, and a maximum thickness of
1.75 in.
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The configuration had a delta wing with 68-deg leading-
edge sweep and an aspect ratio of 1.5. The model had a wing
span of 37.8 in. and an overall length of 100.5 in. The con-
figuration was designed for a cruise speed of Mach 2 with a
design lift coefficient of 0.10. The trim condition for the vehi-
cle was established from the criterion that the vehicle be 5%
unstable subsonically, which resulted in the vehicle being 4%
stable for the supersonic design case.

Flowfield Survey Probe and Translating Mechanism

A three pressure prism probe was used for the flowfield
measurements. The probe was constructed of three 0.020-in.
i.d. stainless steel tubes. The tips of the two outer tubes were
cut at an angle of 45 deg with respect to the probe centerline.
The local flow angle is proportional to the difference in
pressure measured by the outer two orifices normalized by the
difference in pressure between the center orifice and the
average of the outer two. The local Mach number is propor-
tional to the average of the outer pressures normalized by the
center pressure. The variation of these two parameters with
Mach number and flow angle was determined by an in-tunnel
calibration. Calibration tests were made at Mach numbers
from 0.4 to 1.28 at angles of attack from —15 to + 15 deg.
The measured pressures obtained during the experimental in-
vestigation were reduced to local Mach number and flow angle
by use of a double interpolation scheme.

The survey probe was moved through the flowfield by a
translating mechanism mounted on the tunnel angle-of-attack
strut. The probe was attached to the mechanism by a support
sting 1.00 in. in diameter. The translating mechanism allowed
the survey probe to be positioned within a cylindrical volume
approximately 4 ft long and 4 ft in diameter. The probe may
be translated in both the longitudinal and lateral directions
and rolled about the axis of the probe support sting. The ac-
tual longitudinal location of the survey region is determined
by the length of the probe support sting.

Procedure

Flowfield measurements were obtained in three survey
areas. Areas 1 and 2 were below and above the wing, respec-
tively, at model station 70.50 (see Fig. 1). Area 3 was forward
and above the wing at model station 50.50 (see Fig.1). Surveys
were made for each area in separate tunnel runs. The survey
probe was positioned at the desired model station before tun-
nel startup. Flowfield surveys were then performed by
systematically varying the support blade roll angle and survey
sting radial position. The data were initially taken with the
survey probe in an upright configuration. The probe was then
rolled 90 deg and the run repeated. The results from the two
runs were interpolated to obtain local values of angle of at-
tack, side flow, and Mach number. It is estimated that the
angles of attack and sideflow angles are within +0.05 deg and
the Mach numbers are within +0.005.

Fig. 1 Supercruise fighter showing survey areas.
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Presentation and Discussion
of Experimental Results

Because there is a large quantity of data that indicates there
are only small Mach number effects on the various measured
quantities, only the data obtained at M = 0.9 will be presented.
Also, since the character of the flow is similar at lifting condi-
tions, only data at 0 and 5 deg will be presented. (A complete
set of data may be found in Ref. 8.) Results of this investiga-
tion are presented as contours of local angle of attack,
sideflow angle, and Mach number, as well as a composite vec-

Fig. 2 Flowfield-survey probe and model installed in Langley 16-ft
Transonic Tunnel. .
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tor plot visualizing the direction of local flow (in a plane
perpendicular to the model longitudinal axis). In the com-
posite vector plots the magnitude of each vector represents the
resultant of the local angle of attack and side flow. (Note: The
scale factor may differ among different survey areas and test
conditions.)

Figure 3 presents contours of local angle of attack for
survey areas 1 and 2 at angles of attack of 0 and 5 deg. For
survey area 1, below the wing, the measured angles of attack
are always less than the freestream value. For 0-deg freestream
angle of attack the contours of constant local angle of attack
are relatively parallel to the wing and become increasingly
lower than freestream as the lower surface of the wing is ap-
proached. This indicates that the incoming flow is forced to
bend downward to flow around the wing. At lifting conditions
(angles of attack of 5 and 10 deg) the contours shift such that
the lowest angles of attack are inboard and the angle increases
spanwise. For survey area 2, above the wing, the measured
angles of attack vary from less than freestream to considerably
above freestream. At 0-deg angle of attack the local angle of
attack varies from 2.0 deg close to the surface of the wing to 0
deg above the wing and toward the fuselage. At lifting condi-
tions (o> 0 deg) the contours of local angle of attack increase
from values less than freestream close to the fuselage to values
twice freestream near the wing outboard edge.

Figure 4 presents contours of constant local side flow for
survey areas 1 and 2. For survey area 1 the local side flows are
generally directed spanwise away from the body and increase
as the wing leading edge is approached. An increase in angle of
attack results in an increase in local side flow as well as an in-
crease in the magnitude of the side-flow gradient across the
measurement region. For survey area 2 the local side-flow
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Fig. 4 Local side-flow contours for areas 1 and 2 (MS =70.50 in.);
M=0.90.
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characteristics vary considerably with angle of attack. The
magnitude of the side flows and the side-flow gradients across
the measurement area increase with angle of attack. Also,
typically the magnitude of the local side flow decreases in the
direction away from the wing.

Figure 5 presents the contours of constant local Mach
number in survey regions 1 and 2. These contours may be con-
sidered representative of the chordwise flow characteristics.
For survey area 1 at positive lift conditions (>0 deg) the
local Mach numbers are less than freestream, as would be ex-
pected for a region of positive pressure coefficient. Also at lif-
ting conditions the Mach number appears to increase as either
the body or wing is approached; however, the Mach number
gradient across the survey region is generally small. For the
0-deg angle-of-attack case the local Mach numbers are above
freestream, as would be expected for a condition of no lift and
low pressure. For survey region 2, above the wing, the max-
imum local Mach number is obtained inboard and toward the
wing surface. Typically, the Mach gradient across the survey
region increased with angle of attack. At subsonic conditions
an increase in angle of attack produced the expected increase
in local Mach numbers.

A summary of the local flowfield characteristics for survey
areas | and 2 is shown in Fig. 6 as a composite vector plot
visualizing the direction of local flow in the survey plane
perpendicular to the model longitudianal axis. For survey area
1 at 0-deg angle of attack the flow is directed downward away
from the wing, while at lifting conditions the flow is directed
in a spanwise direction with a slight upward component near
the leading edge. This upward component near the leading
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edge is indicative of the flow from below the wing moving
around the leading edge into the vortex which forms above the
upper surface near the leading edge. For survey area 2, above
the wing, the tendency toward a rotational flow can be seen
even at 0-deg angle of attack. The flow tends to rise upward
away from the wing and bend toward the fuselage.

Data obtained in survey area 3 which is forward of the wing
are presented in Figs. 7-10. Here the dominant flow
phenomena are due to the flow passing around the body.
Figure 7 presents the contours of constant local angle of attack
for survey area 3. As would be expected, the local angle of
attack is above model angle of attack near the body and
decreases away from the body.

Figure 8 presents the contours of constant local side flow
for area 3. Again, as would be expected from visualizing the
flow being forced to pass around the body at 0-deg angle of
attack the side flow (which is directed outboard) is greatest
near the body and decreases in an outboard direction. At angle
of attack, the side-flow contours indicate that the flow is
directed toward the body very near the body. Slightly away
from the body the flow then changes direction to outboard.
This flow toward the body is probably due to the flow trying
to fill in the low-pressure region created near the body.

Local Mach number contours for survey area 3 are shown in
Fig. 9. At an angle of attack of 0 deg the local Mach numbers
are very near freestream. Increasing the angle of attack to 5
deg results in increased local Mach numbers which are greatest
near the body. At angles of attack above 5 deg the local Mach
numbers increase even further.

Figure 10 summarizes the flowfield at survey area 3 with the
composite vector plots. At 0-deg angle of attack the flow is
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primarily directed outboard away from the body and upward
with the magnitude of the vector decreasing away from the
body. At angle of attack the flow is primarily directed upward
with a slight inboard component near the body and a slight
outboard component away from the body.

Numerical Flow Prediction

A number of theoretical methods were used to predict the
flowfields around the model. Certain criteria were used to
assess the applicability of each of the theoretical methods.
Solution accuracy, integrity of the geometric model, opera-
tional ease, and computational time were the most important
criteria. In the final analysis, for supersonic cases, a three-
dimensional Euler equation marching code, STEIN, was
chosen over a surface paneling code, the PAN AIR pilot code.
Although the latter program was applicable to a wide range of
geometric configurations and has reached a high level of
technical development,’ recent studies!® have shown that it is
less accurate relative to the STEIN code and substantially
more expensive to operate.

A similar situation developed in the search for a transonic
code. Ultimately, a small-disturbance code, WIBCO, was
chosen over a full-potential code, FLO-30, which is the latest
member of a family of FLO-codes,'!"!® each of which is
capable of handling a more complex wing-body configuration.
Investigation of some FLO-30 calculations,'* however, in-
dicated that the method by itself was capable of solutions for
fuselages of only moderate complexity, particularly if the wing

~was of low aspect ratio. Since many of the fighter cross sec-

tions varied considerably from an axisymmetric shape, it was
decided that WIBCO would be the better choice, in spite of the
small-disturbance approximation applied in the calculations.
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The results presented herein are solely from the transonic
code, WIBCO. STEIN, the supersonic code,!>'¢ while pro-
viding satisfactory results for flows in which there were no im-
bedded subsonic regions, was unable to successfully negotiate
its marching solutions past areas of complex geometry, such as
the wing/fuselage juncture, below M =1.9. This was not unex-
pected since neither WIBCO nor STEIN had been developed
for application to such complex configurations as fighters.

The WIBCO transonic code was developed by Boppe!’
primarily to apply the solution of the small-disturbance poten-
tial equation to arbitrary wing and body geometries.
Recognizing the increasing complexity of traditional grid
transformations as configurations become more three-
dimensional, Boppe avoided these problems by imbedding
fine Cartesian grids into an overall coarse grid in regions
where more flow detail is required. The wing and body fine-
grid systems are constructed to totally encapsulate their por-
tions of the geometry and provide computations over a much
smaller area of the flow. These two fine-grid systems overlap
and transfer information to each other, as well as to the crude-
grid system, during the course of the iterations. It should be

noted that aithough the body fine-grid system is a regular.

Cartesian grid, the wing fine-grid system is swept and tapered
according to the planform shape. The finite difference ap-
proximations are straightforward. Central differencing is used
throughout except in areas of local supersonic flow, in which
upwind differencing is used for most of the second derivative
terms. In keeping with the near-isentropic nature of the flow,
nonconservative difference operators are used, although it is
acknowledged that results will become less accurate with in-
creasing shock strength. For a wing-body configuration, the
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solution begins with an arbitrary number (typically 100) of
successive line-overrelaxation sweeps of the crude grid to pro-
vide a starting solution for the fine-grid systems. The second
phase of the solution involves a sweep of the wing fine-grid,
the body fine-grid, and the crude-grid systems with ap-
propriate updating of overlapping areas. Approximately 80
second-phase iterations are usually required. Since none of the
grid systems are body or wing fitted, boundary conditions are
applied at mesh points nearest the actual surfaces. Corrections
are applied at these points for wing-surface slope and body
displacement as well as for local flow inclination.

The version of WIBCO used herein is the basic wing-body
code. Further capabilities have been added,!® including the
fine-grid system applied to pylons, nacelles, and winglets, as
well as a scheme for modeling inlet spillage and exhaust in-
terference effects. Previous results for other fighter-type con-
figurations have been presented in Refs. 19 and 20.

The WIBCO code was capable of generating solutions for
all nine points in the Mach number/angle-of-attack test
matrix. Typical results are shown as Figs. 11-13, which are ata
freestream Mach number of 0.9 and angle of attack of 5 deg.
It can be seen that both the local angle of attack and sideslip
exhibit more activity than the predictions indicate. This effect
increases strongly with increasing Mach number and is
especially noticeable in the greatly increased inflow over the
wing. Local Mach number predictions at the lowest two
freestream Mach numbers are reasonable, but at the highest
Mach number become chaotic, both above and below the
wing.

At the highest angles of attack a vortex is shed from the
leading edge of the wing. It is not surprising that the WIBCO
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Fig. 11 Comparison of measured and predicted local angle-of-attack
contours at M=0.90, =5 deg.

code is unable to predict this flow development, for codes
capable of doing such are rather specialized. However, even
though WIBCO is partially unsuccessful in these cases, it is
pointed out that the predictions below the wing where the flow
is much better behaved are reasonable in most cases.
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Concluding Remarks

The flowfield investigation of a supersonic cruise fighter
configuration has yielded a substantial data base of flowfield
characteristics such as local angle of attack, local side flow,
and local Mach number which can be utilized in the develop-
ment of advanced computational techniques. As would be ex-
pected for this type of configuration, the experimental data
have indicated that the flow under the wing is the most benign,
being shielded by the wing, while the flow above the wing is
most complex, being dominated by the leading-edge vortex.
The comparison of the experimental data with predictions of
currently available theoretical techniques indicates that while
the analytical methods are capable of giving a qualitative
estimate of the flowfield, much work will be required to give
good quantitative results.
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The thermal management of a spacecraft or high-speed atmospheric entry vehicle—including communications satellites,
planetary probes, high-speed aircraft, etc.—within the tight limits of volume and weight allowed in such vehicles, calls for
advanced knowledge of heat transfer under unusual conditions and for clever design solutions from a thermal standpoint.
These requirements drive the development engineer ever more deeply into areas of physical science not ordinarily con-
sidered a part of conventional heat-transfer engineering. This emphasis on physical science has given rise to the name,
thermophysics, to describe this engineering field. Included in the two volumes, this one and jts companion, are such topics
as thermal radiation from various kinds of surfaces, conduction of heat in complex materials, heating due to high-speed
compressible boundary layers, the detailed behavior of solid contact interfaces from a heat-transfer standpoint, and many
other unconventional topics. These volumes are recommended not only to the practicing heat-transfer engineer but to the
physical scientist who might be concerned with the basic properties of gases and materials.
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