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SUMMARY

The Naovl Air Development Center is in the procem of applying state-of-theart CFD (Com-
putational Fluid Dynamics) analysis techniques to Navy aircraft under an IR program (reference a).
This effort required the acquisition and evaluation of numerical coda which predict the behavior
of ircrft under various flight aonditiont AIs the first tan k under this ninrste on the panel pro- e

i Wa PANAIR wg efquirgd and impleameand on the Navel Air Delopmant Center CDC 175
i sComputer. After deetoping fn oprtion capability with the prognm, n prlysis of complete

This report summarizes the work accomplished while utilizing PANA IR to predict the wing ..-
prssur distributions on the T45 Hawk aircraft and then comparing thus data to experimental-..
wind tunnel results. The T.45 aircraft Is part of a now Navy training sstm that will provide fixed
wing jet flight training for Intermediate and adane phses of the Navy Integrate Flight Train-
Ing System (N IFTS) to most future pilot production requirmntL Comparisons of the theoretical...

predictions obtained from PANAIR with experimental results show excellent agreement between
the two da ats.

INTRODUCTION

The rapid advanes which are occurring In computer technology have had a significant effect.
upon the procedures which engineers employ to design practical system As an example it is to be
noted that aeodynamics problems praviously considered computationally unattainable have
become almost routine. Both the academic and industrial communities re contributing to this
evolution in numerical computation techniques. The technology is moving so rapidly that many
new research codes are being developed for various regions of aerodynamic analysis.

- In view of these developments the Naval Air Development Center is conducting an I R program
to acquire, implement and evaluate the best wilale codes for the solution of problem that apply
to Navy unique vehicle configurations. The purpoe of this task would be the Integration of these

"- research codes Into practical design tools for investigation of many flow ragions and conditions.
Further, it will be necessary to perform sufficient comparisons with experimental de to validate
that the computational codes are operating in the manner that was originally intended.

PURPOSE

It is the purpo of this report to document the work performed in utilizing the linear inviscid
flow program called PANAIR on the analysis of the T45 Hawk aircraft. This report summarizes
the excellent agreement possible when using PANAI R to predict model pressure data in a wind
tunnel at low Mach numbers. The Naval Air Development Center, under this I R program, Is attemnpt-
ing to transition computational fluid dynamics reserch codes into practical and useful design/
analysis tools p r "/'7,-

OBJECTIVE

In this repor the objective is to summarize the current progres in employing linear inviscid
panel codes In the solution of Navy aircraft problems. Work on the T45 has shown thet it is
possible for the Navy to perform a complete analysis of an entire aircraft in the low Mach number
range. This analysis will be extended to high Mach numbers to show that the computational models ,'. .'
re capable of predicting transonic and supannic performance of Navy aircraft. "
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DISCUSSION

The Naval Air Development Center Is developing capability in the ae of applied compu-
tationel aerodynamics. Because this am of research is receiving a great deal of industrial emphasis,
many codes have bean developed which permit the analysis of different regions of fluid behavior,
I.e.. subsonic, transonic, supersonic and hypersonic.

After an initial investigation of the available computational fluid dynamics methodology it was
decided that a panel method program would best serve as the basic computational element. Since
in the Initial phases of this project the primary concern is predicting the subsonic performance of
Naval aircraft, a decision to acquire an inviscid code would lead to the gretest initial operational
capacity. Although there are several operational inviscid codes in existence Boeing Company's
PANAIR (reference b, c, d) appeared to best satisfy in-house Navy operational requirements. This
particular code provides solutions to the Prandtl-Glauert equation, i.e.,

a2o a4s a2(1.M2) 2 +--- -o0:!
Ia, 2 Wz2bX2  B/2 OZ2  --

where Moo - Mach number at infinity

X - coordinate direction coincident with distant flow

y,Z -coordinates perpendicular to distant flow

0 - potential function

Panel methods determine solutions to the above equation by utilizing sources and doublets,
i.e., singular solutions, of unknown magnitude which are imbedded in the configurational surface
of the vehicle under consideration. Prcise adjustment of the magnitudes of thes quantities, by the
computer software, may be made to yield the inviecid flow field corresponding to the arbitrary
spatial arrangement under consideration. Since PANAI R employs higher order numerical techniques,
it is less sensitive to the particular paneling procedure adopted by the investigator. Further, this
computational algorithm is capable of determining flow field behavior in the supersonic region, i.e.,
between Mach numbers of 1.3 to 1.8. Obviously the accuracy and flexibility inherent in this code
is the reason for the larger operational costs; however, in view of the continual decrase in computer
costs this constraint will eventually disappear.

After completing an analysis of the available panel code a copy of the PANA' R program was
acquired. As the first step in determining the computational integrity of the code, selected sample
cases were run and evaluated. Comparisons of the results with the information supplied by Boeing
personnel from their solution of the identical problems proved that the code was operating correctly.
Next it was desired to obtain an understanding of the code's performance under operational condi-
tions (eferena e.) To satisfy this objective an Investigation of three paneling. of the unit sphere,
i.e., 16, 64 and 128 panels, was conducted. Since the sphere posseses an exact solution to zero
Mach number, an absolute measure of the accuracy of the code versus panel density was obtained.
Indeed, numerical comparson, reference (a) of the PANAIR results with the theoretical solution
indicated excellent ageemnt between the two data sets provided the code was supplied with a
proper model. Since the sphere exhibits a blunt profile to the flow and the Mach number approxi-
mates values exhibited by airships, the Initial study was followed by an application to an airship. '
Very good experimental information obtained in Germany over fifty years ago, was available on the

2

., ?.N."



NADC-84077-60

Hindenburg for comparison purposm. Thus, an analysis of the German airship Hindenburg was
initiated since its experimental data bale was as extense in scope as was neceary for evaluation
purposes. In reality the German results represented presure measurements taken during wind
tunnel tests of a model measuring 24 meters in length. Further, thee data reflect the behavior of
the basic form of the airship, i.e.. there was no attempt to characterize the tail surfaces, proplsion
system, etc. of the vehicle. Again a sequence of three distinct panelings of the object, I.e., Hinden- ...

burg, were constructed and the resulting models were subjected to analysis using PANAI R. This
latter set of studies, reference (a), showed that flow analysis with the present instrument is relatively
insensitive to pneling density provided a sufficient number of panels are included in the representa-
tion of the physical system. Indeed, all experience indicates that relatively reliable results may be
obtained provided reasonable care is exercised in utilizing the program.

Having acquired sufficient experience in the operation of the code to be certain of the
computational results it was decided to investigate a complete aircraft configuration. However, it
is important to recognize that this task was needed to establish operational techniques which were
not at variance with the modeling requirements imbedded in the PANAIR code. Therefore, an
example had to be selected which would validate the capability of operating the code to obtain
meaningful engineering data. To insure the quality of the remits, it was also desirable to investi-
gate a systern for which accurate experimental data existed.

At the present time the Navy is in the process of acquiring the T-45 Hawk aircraft as part
of a new training system for pilots to replace the T-2B/C and TA-4J trainer aircraft. In view of the
Navy's interest in this particular aircraft, it was decided to employ the Hawk as the next application
study aircraft.

Several wind tunnel tests have been performed on the Hawk. Available experimental informa-
tion included wing pressure data implying that a reasonably complete comparison of the pre-
dictions of PANAI R with experiment could be performed.

REPRESENTATION OF THE PHYSICAL SYSTEM

The central problem in performing a complete analysis of any aircraft is the development of
a valid numerical representation of that vehicle. This task requires the construction of a sequence
of computer programs and their integration into a procedure which will perform certain functions'

Models for the PANAI R program are produced by subdividing the surface of the aircraft model
into sequences of rectangles. These rectangles or panels form the basic computational elements
in the PANAIR program. One defines the extent of each panel by prescribing the position of the
four comer points of the rectangle. In the regular procedure the four panel corner points, i.e., a
portion of an aircraft fuselage, etc., are input by interpolating given engineering configurational
data. Junctions formed by the intersection of the wing, horizontal and vertical tail with the fuselage . -.,
are generated by a software package called PASS. Since Information on the spatial configuration of
the Hawk was acquired from the Douglas Aircraft Company in digital form, the geometric data
for the model was entered manually. An in-house developed program was utilized to transform the
PANAI R input data format to be compatible with HAB'S, i.e., a graphic plot routine, input format.
Next HABS was employed to display the geometric form defined by the PANAIR input file in order
to check the consistency of the input information. This particular graphic routine allows the user to
enlarge any portion of the figure under examination for detailed inspection. In this manner, most of
the initially input geometric errors can be detected and corrected before an attempt to perform a
PANAI R run. Insuring the fidelity of the computational construct is significant when considering

3
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the quality of the output data. Small geometric errors can produce gaps in the representation of
the aircraft and theme elements can seriously alter the local flow field and degrade the accuracy of
the computed velocity components.

After the computer run is accomplished, an in-house developed computer program, PANfREAD
is employed to read the PANAIR output file. This output data is then transformed into the input
format of a plot routine called UTABS. Finally, the computed results are plotted so as to conven-
iently summarize the emnce of the numerical output. If need be, UTABS is sufficiently flexible
to admit the plotting of experimental data lists simultaneously with the computed results.

As previously mentioned numerical information on the configuration of the Hawk was ac-
quried from the Douglas Aircraft Company. Most of these data consisted of digital descriptions
of the fuselage and wing contours oorresponding to fixed stations along the aircraft fuselage and
wing. For purposes of completeness it is of importance to observe that this information was eam-
ployed to fabricate two distinct representations of the Hawk. Specifically, one of these models
would depict the complete Hawk while the other construct removed all of the tail assemblies.
The wind tunnel model used to ascertain the pressure distribution across several wing stations did
not possess a tail assembly. Thus, the computational model attempted to exactly reproduce in a
mathematical sense the physical situation which existed in the wind tunnel during the experimental
tsts In this regard it is necessary to note that the experimental equipment permitted air flow
through its interior. Therefore, the computational configuration was constructed to admit flow
through the engine inlets, Figures I and 2 depict the two versions of the Hawk which were
developed. Although no computational work was performed with the complete version of the Hawk,
this model was constructed so that we could investigate the complete configuration at a later time.
The previously mentioned figures were computer drawn utilizing the input data supplied to
PANAIR, hence, they depict the actual configuration under analysis. Further, it should be noted
that the wakes adopted to satisfy the Kutta condition have been deleted from the figures. Unfor-
tunately the addition of these quantities to the representation would obscure some of the details
of the physical system so that the wakes were removed to insure clarity of the resulting diagram.
However, it is conceptually necessary to record that the wakes were located at the trailing edge of
the wing, along the lower fuselage to the rear of the wing and around the end of the aircraft so that ""
the exhaust was confined to a typical plume like domain.

EXPERIMENTAL DATA

Experimental observations of the behavior of the model of the Hawk were obtained while the
onset flow was held at a Mach number of 0.2. Of particular relevance for the present study was the
fact that the empirical information included pressure measurements along four wing stations corres-
ponding to four different angles of attack. Specifically, the pressure data was recorded at 25, 47,
69.5 and 87.5 percent semispan along the wing corresponding to angles of attack of -2., 4.31,
14.28 and 16.78. In the PANAIR model, the panels were constructed in a regular fashion to insure
numerical stability of the computational output and, therefore, the physical location of the two
data sets does not coincide. Thus, although the Mach number and angles of attack were made to
correspond exactly between the experimental system and the PANAI R model the stations at
which the pressures were determined are different. Therefore, it was necessary to interpolate one
of the two sets of data so that the results could be compared at identical wing station locations.
The PANAI R data was interpolated linearly along the span of the wing to bring the data sets into
coincidence. Although this linear operation will somewhat distort the non-linear function, i.e.,
the coefficient of pressure, this procedure should not seriously effect the comparisons between
theory and experiment

4
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COMPARISON OF THEORY AND EXPERIMENT

The experimental and analytical results are compared in figures 3 through 18. In the case of the
69.5 percent semispan station the two sets of points were physically identical so that interpolation
of the PANAIR data proved unnecessary. Thus, this data set provides the best direct comparison
between theory and experiment. Inspection of figures 11, 12, 13 and 14 indicates an excellent
agreement between the two data sets except in the region of the first several percent of the wing.
Of course, this type of behavior is to be expected since we are utilizing a linear small perturbation
theory and in the forward part of the wing the perturbations must be large since a stagnation point
is located in the region. PANAI R does include an ability to empirically correct computational
data in this domain, however, at this stage it was important to generate unmodified PANAIR data.
Corrections for the presence of a stagnation point will be employed after testing of the basic PAN-
AIR procedures has been completed. Figures 3 through 10 and 15 through 18 summarize the identi-
cal information provided by the previous four figures but corresponding to the three other semispan
locations, i.e., 25%, 47% and 87%. These remaining figures also indicate excellent agreement be-
tween the experimental and analytic data sets. Thus, it may be concluded that the linear interpola-
tion procedure does not seriously distort the representation of the data. Indeed, only for the 25
percent semispan station does the agreement between theory and experiment degrade. This, of
course, is a consequence of the fact that it is located near the fuselage. Certainly the characteris-
tics of the wing-fuselage interaction are such that its effects on the inboard sections of the wing
should be observable in the experimental data. Unfortunately, a pure inviscid treatment of these
actions is not adequate so that one would suspect the PANAI R data without some correction for
viscous effects.

The really excellent agreement between the two data sets at the large angles of attack, i.e.,
14.28 and 16.78, is surprising. One would normally expect that separation would have been
initiated and, thus, the inviscid flow field would not have been applicable at such a large angle of
attack. Certainly the wing design in the low Mach number region is exceptional. Boundary layer
investigations have not progressed to the point where an analysis of this particular wing is possible.
However, at a later time a follow-on investigation of the physical reasons for the excellent agree-
ment between theory and experiment at the large angles of attack will be conducted.

CONCLUSIONS

The Naval Air Development Center is in the process of applying state-of-the-art computation-
al procedures to Navy aircraft under an I R program. As the first step in achieving this goal we have
acquired and implemented the linear inviscid code known as PANAIR. Numerical experiments
have been performed in order to obtain an operational capacity with this code. This work has led
to the computational analysis of a complete aircraft. This investigation has shown that the capabil-
ity exists to determine the flow field about a complete aircraft in the low Mach number region.
As experimental information becomes available it is intended to prove that this capability is ex-
tendable to the higher Mach number range of subsonic flows, i.e., corresponding to operational
velocities.
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