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PAN AIR Analysis of a Transport High-Lift Configuration

E. N. Tinoco,* D. N. Ball,t and F. A. Rice 11$
Boeing Commercial Airplane Company, Seattle, Washington

PAN AIR panel method analyses of 737-300 takeoff high-lift configurations were performed in support of
the aircraft's flight development phase during a precertification flight test. The configurations analyzed
feature a highly complex three-dimensional leading- and trailing-edge high-lift flap system. Modeling details
of two takeoff flap settings consisting of significantly different flap and slat arrangements are presented.
Computational results are presented and compared with flight test data. These comparisons include wing and
nacelle pressure distributions, wing section lift coefficients, and aircraft L/D. The agreement of computa-
tional results with flight data is improved by incorporating in-flight aeroelastic twist and flap blow back.
These improvements to the geometric description of the computational model were based on in-flight optical
measurements and 737 structures load staff estimates.

Nomenclature
c = chord length based on cruise wing planform
CD =drag coefficient
CDi = induced drag coefficient
CDP - parasite drag coefficient
CL =lift coefficient
C, = section lift coefficient
Cp = pressure coefficient
n =unit normal vector
V^ =freestream velocity
Kstall = stall speed
v = perturbation velocity vector
w_ = perturbation mass flux vector
W - total mass flux vector
a = angle of attack
77 =span fraction
o = source strength
JJL = double strength
£ =vorticity strength
$ = total potential
</> = perturbation potential

Subscripts
I = lower (or internal) side of panel
u = upper (or external) side of panel

Introduction

T HE field of computational fluid dynamics (CFD) has
made much progress in recent years, particularly in the

area of three-dimensional transonic flows. Computational
methods for the low-speed high-lift regime have emphasized
the two-dimensional, viscosity dominated flowfield that ex-
ists near maximum lift. Three-dimensional high-lift modeling
has been mainly limited to zero thickness inviscid lifting sur-
face methods.1'3 The area of full (thick) surface geometry
modeling for high-lift configurations has not received much
attention, probably because of the complexities of geometry
definition as well as flowfield calculation.
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During the spring of 1984, the Boeing 737-300 was well
into flight testing in preparation for Federal Aviation Ad-
ministration (FAA) certification. Modern onboard flight
data computers, used during the precertification flight
development phase, provided test results that indicated
almost immediately whether the configuration being tested
was an improvement.4'5 Additional detailed data were
desired to show why a test configuration was better or worse
than previously flown configurations.

In an attempt to enhance the understanding and to provide
guidance to the flight development program, two of the
authors were called upon to support the flight test effort by
means of a parallel computational effort. The decision to use
the Boeing in-house version of the PAN AIR panel method
code was made for several reasons: 1) The flight test con-
figurations of interest had relatively low trailing-edge flap
angles, thus reducing the influence of major viscous effects
such as separation; 2) the flight regime being explored was
conducted at speeds near to and greater than the 1.2 Fstall
speed, hence there was no need to compute viscous flow near
QmaX; 3) tne data extraction capabilities of the program
would provide both surface- and off-body flowfield param-
eters at any point; and 4) we were interested in whether or
not a full three-dimensional high-lift configuration could be
analyzed successfully. Previous attempts with PAN AIR had
been limited to isolated wings with deployed leading-edge
slats and trailing-edge flaps.3

Computational Method
PAN AIR6"9 is a general three-dimensional boundary

value problem panel method solver for the Prandtl-Glauert
equation. This panel method is applicable to the analysis of
inviscid linear flows over vehicles in subsonic or supersonic
flight, surface and underwater marine vehicles, and for inter-
nal flows, such as those in wind tunnels or in ducts. Several
features distinguish PAN AIR from other panel methods.
The most important features are its higher order numerics
(linear source and quadratic doublet variation on each
panel), continuity of doublet strength, continuity of ge-
ometry, a very general user-specified boundary condition
equation, a very robust full direct matrix solver, and the im-
plementation of the Kutta condition. Many of these features
were deemed necessary to analyze the complex high-lift con-
figurations successfully. PAN AIR currently exists in several
code forms (both pilot and production) for dissemination
throughout the United States. In this paper, PAN AIR will
refer to the technology embodied in version 3.0, and in the
Boeing in-house enhanced pilot code. Previous versions of
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these codes should be capable of reproducing most of the
results presented in this paper.

Configuration Geometry and Modeling
The 737-300, shown in Fig. 1, is a derivative of the

737-200 airplane. The major configuration changes are 1)
forward body stretched 44 in., aft body stretched 60 in.; 2)
wingspan extended 28 in.; 3) CFM56-3 engine and strut; 4)
leading-edge slat contour change and chord length extension;
5) trailing-edge flap modifications (called thrust gates) or
flipper flaps) to accommodate the strut and engine exhaust
plume; 6) Krueger flap planform and contour change; 7)
horizontal tail span extended 72 in.; and 8) dorsal extension
to vertical tail.

The first six items were incorporated into the computa-
tional models. The horizontal and vertical tails were not in-
corporated into the analysis because their influence on the
wing flowfield is minimal. The configurations of interest
consisted of two takeoff flap settings, with flaps 15 used for
most takeoffs, and flaps 1 used for high-altitude hot fields.
The numerical designation refers to the nominal deflection
angle of the trailing-edge flaps. The computational models
consisted of approximately 1750 panels for the flaps 1 con-
figuration, 2500 panels for the flaps 1 configuration inside a
wind tunnel, and up to 2900 panels for the flaps 15 models.
A flaps 15 paneling is shown in Fig. 2. The body and nacelle
paneling were based upon previous work by the 737-300 con-
figuration staff. The wing, leading- and trailing-edge devices,
and related wake panelings were developed specifically for
this study.

The leading-edge devices consisted of an inboard Krueger
flap and an outboard slat. The Krueger flap contours were
not yet finalized at the time this study was conducted, so the
initial rollout Krueger flap configuration was used. The
Krueger had a single deployed position requiring a rotation
of 96 deg from the wing's lower surface. As a modeling
simplification, the Krueger was represented by a thin doublet
sheet and translated slightly from its true position to provide
a convenient abutment between the wing leading edge and
the Krueger trailing edge (Fig. 3). This abutment was a
requirement of the mathematical conditions applied at net-
work edges to insure doublet strength continuity; because the
Krueger trailing edge was abuted to the wing, it was not
necessary to shed a wake from the Krueger flap.

Two outboard slat configurations were modeled. The
17-deg rotation position, used with low-trailing edge flap
angles, is sealed against the wing. For this slat position, the
slat geometry was integrated into the wing paneling as il-
lustrated in Fig. 4. This modeling was used for the flaps 1
configuration. The 30-deg slat position, used with the higher
trailing-edge flap angles, had a gap between the wing and
slat. Here the slat was treated as a separate element entirely.
The wing leading edge was repaneled to represent the fixed
portion of the wing beneath the slat. The shed vorticity from
the slat was carried downstream by a wake doublet sheet
running parallel to and above the wing upper surface as
shown in Fig. 5. The distance between the vorticity sheet and
wing was equal to the gap between the slat trailing edge and
the wing. Previous PAN AIR studies had shown that solu-
tions were not very sensitive to the exact position of the slat
trailing wake. This modeling was used in the representation
of the flaps 15 configuration.

Modeling the trailing-edge flaps also required special con-
siderations. The flaps 1 (1 deg) takeoff flap deflection angle
was paneled as an integral part of the wing. This was ac-
complished by moving the triple slotted flaps to the correct
positions and then picking discreet points that would best
describe the merged geometry as illustrated in Fig. 4.
Although the resulting wing sections with the sealed leading-
edge slat and merged trailing-edge flaps are smooth in the
chordwise direction, the planform geometry still has several
span wise discontinuities as shown in Fig. 6. The span wise
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Fig. 1 737-300 comparison to the 737-200.

Fig. 2 Paneling—flaps 15 configuration.

Fig. 3 Krueger flap.
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Fig. 4 Merged flaps 1 geometry—wing section.
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Fig. 5 Flaps 15 geometry and wakes.
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discontinuities at the end of the deflected leading-edge slat
were sealed with side edge paneling that resulted in a 0.1-in.
gap (full scale) between opposing sides. The trailing-edge dis-
continuities between the thrust gates and flaps were filled
with very small triangular networks to give a continuous
edge from which to shed the trailing wake. These gap filling
panels were treated as an impermeable addition to the wing
surface. Neither the close opposition of adjacent panels, nor
the proximity of panels of greatly differing area required any
special panel sequence ordering or resulted in any numerical
difficulties.

The larger 15-deg flap deflection for the flaps 15 cases was
handled by paneling the triple slotted flaps as a single ele-
ment separate from the wing. At this flap setting the gap be-
tween the forward vane and the main flap has not yet
opened, and the gap between the main and aft flap is still
minimally opened. A comparison of the true and modeled
geometries is shown in Fig. 7. The relation between the
wakes from the slat, wing, and trailing flap are illustrated in
Fig. 5. The wing wake extends from wing tip to the side of

INBOARD FLAP-
INBOARD THRUST GATE-

OUTBOARD THRUST GATE-
OUTBOARD FLAP-

Fig. 6 Merged flaps 1 geometry—wing planform.

COMPUTATIONAL GEOMETRY

Fig. 7 Merged geometry—flaps 15.

0.1 in
FULL SCALE

the body with abutments between all adjacent wake networks
that made up the wake shed from the wing trailing edge. The
flap and slat wakes extend only the width of the elements
from which they were shed. The resulting wing planform,
without leading- and trailing-edge flaps, also has several
leading- and trailing-edge spanwise discontinuities that were
paneled closed as shown in Fig. 8.

The nacelle modeling was based on previous work.10 In-
itially, a solid exhaust plume model was used. Later studies
included use of a more complex model shown in Fig. 9. This
model included a more realistic simulation of the exhaust
geometry and its effects. A network at midlength of the in-
terior of the fan cowl is used both to control the mass flow
into the inlet and provide an exhaust through the fan duct
over the core cowl. This network provided the only connec-
tion between the fan cowl and the core cowl. The specifica-
tion of zero total potential over the backside of this control
network and on the base of the core cowl ensures a well-
posed boundary-value problem for the exhaust simulation.
Wake-type plumes were shed from the trailing edge of the
fan cowl and the base of the core cowl. No significant dif-
ferences have been noted between the two nacelle simula-
tions, although the latter is deemed to be a more realistic
representation. The nacelle was attached to the wing with a
simple thin-doublet-sheet strut. The nacelle paneling was
rather sparse in that the main interest was on the wing flow.

To account for the twist effects of aerodynamic loading on
the wing, the entire wing model was twisted about the wing's
elastic axis as a function of wing span location. The twist
distribution was based on preflight estimates provided by the
737 Structures Load staff and was modified on the basis of
in-flight measurements taken at two spanwise locations. Also
taken into account was the amount of flap rotation due to

V^-n + wu-n
SPECIFIED

PLUME WAKE

Fig. 9 Nacelle modeling.
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Fig. 11 737-300 flaps 1 wing spanload.
Fig. 13 Flaps 1 section lift.
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Fig. 12 737-300 flaps 15 wing spanload.
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Fig. 14 Flaps 15 section lift.

load on the flaps 15 configuration. Ground tests and in-
flight photographs showed that the outboard flaps would
decrease as much as 2-3 deg in deflection angle when
deployed in flight. This is a result of the load reversal on the
tracks and rollers used in the actuation system. During
ground rigging, the weight of the flaps pulls the system
down; in-flight, the aerodynamic loads work in the opposite
direction.

Unless otherwise stated, composite source and doublet
panels were used to represent the geometry with indirect
mass flux impermeability boundary conditions. On the
nacelle, the leading-edge slat, arid the trailing-edge flaps in
the flaps 15 configuration, the more robust direct mass flux
impermeability boundary condition was used. The vorticity-
matching Kutta condition available in PAN AIR version 3.0
and in the Boeing in-house enhanced pilot code was used on
all sharp trailing edges. These boundary conditions are il-
lustrated in Fig. 10. Previous studies have shown that the
vorticity-matching Kutta condition is more robust than the
doublet-matching condition originally in PAN AIR. No at-
tempts were made to determine if the doublet-matching
Kutta condition would have been adequate for this analysis.
Together, the more expensive direct impermeability specifica-
tion used where appropriate (a judgment call) along with the
vorticity-matching Kutta condition, produce robust and
reliable solutions even with unusual or sparse paneling.

Results
The PAN AIR analysis was carried out concurrently with

the precertification flight-test development. Eighteen major
cases were analyzed during a three-month period. These
cases included the basic flaps 1 and flaps 15 configurations
with wind tunnel or flight twist, flow-through and powered
nacelles, free-air and in-the-wind-tunnel solutions; ground
effect, sealed and slotted slats; and other geometric varia-
tions. Comparisons of some of these PAN AIR results were
made with experimental data obtained during the precertifi-
cation development phase of flight test on the 737-300. Sur-
face pressure distributions on the wing and the nacelle of the
aircraft were obtained during a series of flights. Plastic tub-
ing was bonded to the wing surface at six spanwise locations

and to one nacelle at eight circumferential locations. For the
takeoff configurations, the flaps and leading edge slat were
fixed for the entire flight with the plastic pressure tubing
draped over their surfaces. Pressure data were taken for a
series of fixed conditions in terms of percentage of stall
speed. Data were obtained for a nominal 1.4, 1.3, 1.2, and
1.1 times stall speed for the aircraft weight and altitude.
During another flight at similar loading conditions, measure-
ments were made with optical targets on the wing that com-
bined with twist estimates provided by the 737 Structures
Load staff and allowed a nominal definition of the aero-
elastic twist of the wing to be determined. This twist
distribution was then incorporated in the PAN AIR com-
putational models.

The flight pressure measurements at each spanwise loca-
tion were integrated to yield a section lift coefficient for each
flight condition. These data were then compared with PAN
AIR results. Fig. 11 shows a comparison of spanwise lift
distribution for the flaps 1 configuration. Flight and wind
tunnel data as well as PAN AIR results for both jig and
aeroelastic wing-twist distributions are presented. The com-
parisons were made for comparable lift conditions. The low-
speed wind-tunnel model, originally built in the late 1960s
during the 737-100/200 development and later modified to
the 737-300 configuration, featured the jig twist. The inclu-
sion of the aeroelastic twist in the computational model is
necessary for good test-theory agreement with flight. Fig. 12
shows a similar comparison for the flaps 15 configuration.
Here, in addition to the inclusion of the aeroelastic twist, it
was also necessary to account for the flexibility of the out-
board flap tracks in the flaps 15 position. A nominal
estimate of this deflection or "blowback" was incorporated
into the PAN AIR models. Good agreement has also been
found between PAN AIR estimates and wing spanwise lift
distributions extracted from wind tunnel wake surveys.11

Figures 13 and 14 show the variation of local wing lift coef-
ficient with angle of attack for the flaps 1 and flaps 15 con-
figurations. The flight test data show the wing to be
operating in the linear range of lift coefficient even at these
high angles of attack, the PAN AIR results are in good
agreement with the flight data. The overpfediction of lift
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Fig. 16 Flaps 15 wing pressure distribution.
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Fig. 17 Nacelle pressure distribution.

level and slope on the outboard sections are to be expected
due to the lack of any viscous modeling in the PAN AIR
calculations.

Detailed streamwise pressure distribution comparisons
were made between the flight data and the computational
results. Comparisons for the flaps 1 configuration are shown
in Fig. 15. PAN AIR results are shown for both an approxi-
mate angle of attack match and for a lift match. Considering
the many factors influencing this comparison, such as flap
blowback, aeroelastic effects, and neglect of viscous effects
in PAN AIR, the agreement was surprisingly good. The
simplifications made to the computational geometry to
simulate the sealed slat geometry did not unduly compromise
the results. The sealed slat pressures were very well
predicted, as were the overall pressure distributions. Similar
comparisons for the flaps 15 configuration are shown in Fig.
16. The agreement between flight and computation is not as
good at this condition as for the flaps 1 configuration. The
higher lift levels achieved with this flap configuration result
in greater viscous effects which the PAN AIR solutions have
not simulated. The overall agreement between test and PAN
AIR is still very good when the limitations of the computa-
tional theory and the geometrical complexity of the con-
figuration have been accounted for.

A comparison of pressures measured on the nacelle with
PAN AIR results are presented in Fig. 17. These com-
parisons are for the flaps 15 configuration and are quite
similar to those observed at flaps 1. These comparisons show
the large variation of pressure distribution around the nacelle
at these high angle-of-attack conditions. The calculations
were made at a nominal inlet mass flow ratio representative
of engine operation at low-speed high angle-of-attack flight.
No attempt was made to better match the exact engine mass
flow ratio flown during the pressure measurements. In spite
of a crude computational model for the nacelle, the agree-
ment with experimental data is again quite good.

The results of these PAN AIR calculations as well as
results from a multielement inviscid code based on two-
dimensional PAN AIR technology with viscous and
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separated flow modeling,12 a three-dimensional lifting sur-
face multielement wing body code,1 and handbook-type pro-
file drag estimates were used to predict the aircraft L/D at
the critical 1.2 Kstall condition. The drag buildups for both
the flaps 1 and flaps 15 configurations are illustrated in Fig.
18. Handbook procedures were used to estimate the profile
drag of all airplane components with exception of the wing.
The wing profile drag was based on the span wise integration
of a series of two-dimensional analyses with the coupled in-
viscid/viscous modeling. The wing profile drag estimate had
been made during the development of the 737-300 several
years ago with the aid of the three-dimensional lifting sur-
face multielement wing body code. The integrated surface
pressures from the PAN AIR solutions were taken to repre-
sent the induced drag of the configuration. The advantage of
using PAN AIR for this estimate is that it can adequately ac-
count for the presence of the engine nacelle, which in this
aircraft is very large compared to the wing. The use of a
higher order singularity distribution, the direct matrix solver,
the splined pressure integration, and an adequately paneled
model result in a high degree of accuracy in the calculation
of induced drag on a complex configuration. The drag
buildups were used to calculate aircraft L/D at the 1.2 Fstall
condition. The comparison of the result of these buildups

with performance data extracted from the precertification
flights is shown in Fig. 19. The precertification performance
data bands are 1-2% wide with the computed estimates fall-
ing within these bands.

The improved understanding of the flow details over the
wing and nacelle, and of the drag build up at the critical 1.2
Fstall condition provided by the PAN AIR analysis aided in
the development of the final FAA-certified configuration.
Without a doubt, the final configuration could have been
developed without the aid of the PAN AIR analysis, but
whether it would have required one, two, or more additional
development flights is not known. The key to the usefulness
of the PAN AIR analysis was the timeliness of its availablil-
ity, unusual in that most CFD is done after the fact. Initial
solutions were available within three weeks from the start of
the analysis phase. Subsequent analyses were able to incor-
porate information gained during the flight development
program such as the aeroelastic twist distribution and flap
blow-back.

Concluding Remarks
PAN AIR panel method analyses of 737-300 takeoff high-

lift configurations were performed in support of the air-
craft's flight development phase during precertification flight
test. The configurations analyzed featured a highly complex
three-dimensional leading- and trailing-edge high-lift flap
system. Modeling details of two takeoff flap settings con-
sisting of significantly different flap and slat arrangements
are presented. Computational results are presented and com-
pared with flight test data. These comparisons include wing
and nacelle pressure distributions, wing section lift coeffi-
cients, and aircraft L/D. The agreement of computational
results with flight data is improved by incorporating inflight
aeroelastic twist and flap blow-back into the model. These
improvements to the geometric description of the computa-
tional model were based on in-flight optical measurements
and 737 Structures Load staff estimates. The reliability and
robustness of PAN AIR were important factors in its us-
ability. Neither special modeling studies nor special care in
panel or network ordering were necessary. Ensuring that all
required network abutments were made and that panels did
not intersect—conditions for which adequate program
diagnostics are available—was required.
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