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PAN AIR APPLICATION TO THE F-106B

Farhad Ghaffari
Vigyan Research Associates, Inc.

Hampton, Virginia 23666-1325

SUMMARY

The PAN AIR computer code was employed in the present study to
investigate the aerodynamic effects of the various geometrical changes and
flow conditions on a configuration similar to the F-106B half-airplane tested
in the Langley 30x60-foot wind tunnel. The various geometries studied
"~ included two forebodies (original and shortened), two inlet flow conditions
(open and closed) and two vortex flap situations (off and on). The attached
flow theoretical solutions were obtained for Mach number of 0.08 and angles of
attack of 8°, 10°, 12°, and 14°.

In general this investigation revealed that the shortening of the
forebody or closing of the inlet produced only a small change in the overall
aerodynamic coefficients of the basic F-106B configuration throughout the
examined angles of attack. However, closing the inlet of the configuration
resulted in a slightly higher drag 1level at 1low angles of attack.
Furthermore, at and above 10° angle of attack, it was shown that the presence
of the vortex flap causes an increase in the total 1lift and drag. Also, these
theoretical results showed the expected reduction in longitudinal stability
level with addition of the vortex flap to the basic F-106B configuration.
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SYMBOLS AND ABBREVIATIONS

b = span

CI = Ith combination of basic configuration with inlet, forebody,
and vortex flap (Fig. 2)

CODAC = Cockpit Oriented Display of Aircraft Configuration

Cp = drag coefficient, drag/q_ S

Cp, = 1lift coefficient, lift/q_S

Cm = pitching moment coefficient, (pitching moment)/q°° Sc

Cp = pressure coefficient, (p-p_)/q_

c = chord

c = reference chord

M = Mach number

; = unit normal vector

p = static pressure

PAN AIR = panel aerodynamics computer code

q = dynamic pressure

S = reference area

V’ = total velocity

-; = total perturbation velocity

VX’ VY, VZ = X, Y, Z components of the total velocity, respectively

W = total mass flux

w : = total perturbation mass flux

X, Y, Z = global coordinate axes

x/c = fractional distance along chord

a = angle of attack, degrees

n = \fraction of wing theoretical semispan

p = density
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INTRODUCTION

In support of the F-106B leading-edge vortex £flap project,' a half—
airplane was tested in the Langley 30x60~foot wind tunnel. Unfortunately,
available model and tunnel-constraints caused the tested configuration to
differ from that to be used in flight. To gage the effect of the differences,
attached flow solutions were obtained using the PAN AIR (panel aerodynamics)
computer code [1,2] on a configuration similar to the wind-tunnel model.
Though exact agreement is not expected due to the difference in flow type,
i.e., attached flow for PAN AIR and vortical for the wind tunnel test,
qualitative information should be determinable from this general analytical
code. Computational fluid dynamic codes do not currently exist which can
handle the complete configuration with vortical flows. The aim in obtaining
these theoretical results was to ascertain whether the various geometrical
changes or flow conditions actually tested would be reflected in the measured
data. The F-106B half-airplane configuration which was wind-tunnel tested
consisted of a Case XIV wing (instead of the flight vehicle Case XXIX wing,
see reference [3]) mounted on a shortened forebody, open and closed inlet, and

with and without a 30° deflected leading-edge vortex flap.

The various geometrical changes were all part of the planned experimental
investigation, with the exception of the forebody. The original forebody on
the full-scale model was modified as a result of a compromise which had to be
made between the aerodynamic load center of the half-airplane and the center
of gravity of the tunnel ground board support. This compromise -— brought
about by model support considerations -- fixed the location where the half-

airplane could be positioned on the tunnel ground board. However, it was



subsequently determined that at high angles of attack (o » 300), the original
forebody of the half-airplane approaches too close to the tunnel wall, where
the flow may no longer be uniform due to the wall interference effects.
Therefore, to minimize these interference effects the fuselage forebody was
shortened. The photograph in Fig. 1 shows the test setup for the F-106B half-

airplane with the modified forebody and leading edge vortex flap in place.

The flexibility and geometrical generality of the PAN AIR higher-order
panel code (linear source and quadratic doublet distribution) provides the
user with a great deal of freedom and capability in modeling potential flow
problems. This study attempts to '‘exercise the various capability of the code
such as modeling the actual surfaces of the complete configuration including
different inlet flow éondition, wing vortex~flap combination and off-body flow
field survey. Applications of this code to many different aircraft
configurations héve been well documented (i.e., see references [4-7]) and
demonstrate the inherent accuracy of this method. The PAN AIR theoretical
representation of the vafious studied geometries on the F-106B included two
forebodies (original and shortened), two leading-edge vortex flap situations
(on and off), and .t-v..ro inlet flow conditions (open and closed). These eight
different combinations are indicated in the solution chart shown in Fig. 2.
Theoretical solutions were obtained for each combination at a Mach number of
0.08 and angles of attack of 8, 10, 12, and 14°. These solutions include
second~order surface pressure coefficients, forces, moments, and off-surface
flow fields around the leading edge of the wing (or vortex flap) at five
different span stations. It should be noted that these solutions are obtained

for free air.



GEOMETRY PREPARATION

This chapter introduces and gives demonstrations of the different
computer codes employed either to display or generate the various geometry

components used in the present analysis.

Basic F-106B Configuration

The original F-106B geometry was defined using approximately 3200 grid
points which, once converted into surface panels, were well in access of the
PAN AIR code limitation. As a result, the number of grid points were reduced
to about 900, without introducing any significant changes to the original
airplane geometry. This geometry manipulation was performed by using a
computer code called GEOMX [8]. The new set of grid points were then used in
another computer code called CODAC (Cockpit Oriented Display of Aircraft
Configurations [9]) to display the configuration with its hidden lines
removed. Figure 3 illustrates an isometric view of the éurface panels
associated with the reduced number of grid points for the F-106B wing-fuselage
combination. The PAN AIR input geometry consisted of 401 panels for the

fuselage and 464 panels for the wing.

Shortened Forebody

The surface panel representation of the shortened forebody was generated
from three measured curves, defined by a small number of grid points. These
curves were located along the upper and lower surfaces of the vertical plane
of symmetry and along the waterline, as shown schematically in Fig. 4.

Obviously, the number of grid points available to describe these curves was



deficient for both good curve definition and subsequent generation of the
required surface panels. However, this problem was circumvented by making an
assumption that the desired curves were cubics and the surface bi-cubical. A
further assumption was that this surface would blend with the well-defined
fuselage surface panels and would pass through all the measured grid points.
This principle was applied and the surface panels for the shortened forebody
were generated by émploying the geometry capability of PATRAN-G [10],
developed by PDA. The three~view computer drawing of the constructed surface
panels transposed over the original forebody is shown in Fig. 5. Also, the
isometric view of the fuselage with the shortened forebody is shown in Fig. 6

to illustrate the relative size change by the forebody modification.

Leading-Edge Vortex Flap

The PAN AIR input geometry for the wing was modified to include the 30°
deflected leading-edge vortex flap. Although the vortex flap tested on the
half-airplane was extended to the wing tip section (Fig. 1), no geometrical
data was available to model the wvortex flap surface panels beyond 947 of the
wing semispan. Figure 7 shows the surface panels for the wing-fuselage
combination with the 30° deflected leading~edge vortex flap. Furthermore,
Fig. 8 shows an isometric view of the streamwise cuts through the wing vortex-
flap combination. The PAN AIR input geometry consisted of 568 panels for the

wing with the leading edge vortex flap.

Survey Networks

The flow field survey networks wused in present investigation were

vertical planes at five spanwise stations, and were also generated by



PATRAN-G. Due to the great interest in establishing the geometrical and flow
condition influence on the velocity field solutions around the wing leading
edge, the nose region of the wing geometry was enclosed by these networks.
Furthermore, since the stagnation point is very sensitive to flow condition
changes and it is often on the lower surface, that part of the wing nose
region was emphasized. The networks had the same interior shape as the input
geometry for a particular wing section and stood off from the surface
approximately 0.1% of the wing root chord. An isometric view of a typical
survey network positioned on the wing is shown in Fig. 9. Furthermore, the
cross—-sectional view of the same typical survey network is shown in Fig. 10.
The same principle was applied to generate the corresponding survey networks
for the vortex flap leading-edge. The cross-sectional view of a typical
survey network constructed to examine the flow field \around the leading-edge

of the vortex flap is shown in Fig. 1ll.

PAN AIR UTILIZATION

In addition to modeling the external shape of the various configurations
of interest, the present study utilized several built-in features of the PAN
AIR code. These included the Influence Coefficient (IC) update and inlet flow
simulation. The IC-update capability provides for the computation of the
velocity field solutions on the survey networks in an expeditious manner.
Furthermore, the IC-update capability of the code enables one to examine
configurations which differ from the ones already processed in a limited

fashion with respect to geometry or boundary conditioms. In this economically



efficient process a configuration surface is partitioned into several
networks, with one or more tagged "updatable" in the original submission. The
subsequent run, with any change (i.e., size, location, or boundary conditions)
in the updatable networks can utilize some of the unaffected calculations

which have been performed and saved from the original execution.

Regarding inlet flow simulation, the inlet flow conditions investigated
were those measured during the wind-tunnel test, namely, closed and open. For
the closed inlet, an impermeable surface was employed at the inlet opening
face to prevent the flow from entering through the inlet duct. Whereas, for
the open inlet, a dimensionless mass flux were specified in terms of the
freestream value. It should be noted that for the latter case, two probes
were located inside the inlet just behind the opening face of the half-
airplane model to measure the velocity £field. The simple process of

developing corresponding mass flux in a dimensionless form is given next.

The total mass flux (TJ;) in PAN AIR theory document [2] is defined as:
— -_—
W=1(o/p,) =V ()

where p and p_  are the local and freestream fluid demnsity respectively,
and -‘? is the fluid total velocity. For iIncompressible flow (p = pm), the
perturbation mass flux (_;) is equal to the perturbation velocity (;); the
mass flux boundary condition is then equivalent to that of normal velocity at
the surface. Hence,

-~
v

— — - — -
W=V=V_+w=V_+ (2)
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where V_ 1is the total fluid freestream velocity. Furthermore, let B be

the unknown amount of the mass flux through the inlet face, therefore,

A . A

(B) =Wen = (¥_+wen = (V_+7v)en 3)

The above equation relates the total mass flux to the total fluid velocity.

Applying this equation to the inlet opening and a tunnel station away from the

test section where the flow is uniform (i.e.,'; = 0). The resulting ratio
becomes
N -~ —a =S "~
Bi (Wi)°n (V, + v.)en
S ~— = (4)
t (Wt)'n Vt‘n

where the subscripts 1 and t denote the flow conditions at the inlet face
and a tunnel station away from the test section. The right-hand side of the
above equation is the ratio of the total fluid velocity measured at the open
inlet to that of the tunnel freestream velocity. At 8° angle of attack, the
average total velocity measured by the two probes at the inlet face was 101.13

ft/sec. based on the full-scale tunnel freestream of 90.0 ft/sec. As a result

B

By 101.13
B, ~ 90.0 - 1.12 (5

This dimensionless total mass flux was specified in the PAN AIR code to
simulate the amount of flow entering through the inlet face. Although this
mass flux ratio could vary slightly with angle of attack, it is assumed that
it remains constant throughout the examined angles of attack range in the

present study.



RESULTS AND DISCUSSIONS

The PAN AIR theoretical solutions for the various studied geometries on
the F-106B configuration include two forebodies (original and shortened), two
leading edge vortex flap situations (on and off), and two inlet flow
conditions (open and closed). Although, total of eight different combinations
(Fig. 2) were investigated, due to space limitation, only four will be
discussed in thils report. These four combinations are selected such that the
aerodynamic effects resulting from 1) presence of vortex flap, 2) shortened
forebody, and 3) closing of the inlet, could be addressed through a direct
wing pressure comparisons with the ones obtained for the basic F=106B
configuration. Furthermore, the PAN AIR theoretical chordwise pressure
distributions were obtained for fourteen stations along the wing semispan,
however, only five selected typical stations will be presented here for each
combination, as shown in Fig. 12. In addition to the wing pressure
comparisons, the total aerodynamic coefficients of the modeled configurations
as well as a typical leading edge velocity field surveyed for each combination
at a station (n = .24) nearest to the fuselage will also be discussed. This
station was selected because of the maximum aerodynamic effects resulting from
the various studied combinations, in particular from the inlet and forebody,
occurred around the leading edge portion of this station. The velocity field
plots presented in this report are the resultant velocity vectors obtained
from vectorial addition of the axial (VX) and the upwash (Vz) velocity
components which have been computed, by the PAN AIR code, at the center point
of each panel in a particular survey network. As a result, the plotted

velocity field solutions do not include any contribution from the sidewash



(VY) velocity component. Furthermore, it should be noted that the semispan
locations at which the leading edge velocity field have been surveyed differ
from the stations where the wing (or vortex flap) chordwise pressures have
been calculated, because PAN AIR calculates the pressures at the center point
of each panel, whereas, the survey networks are aligned with the dinput
geometry of the wing and/or flap section. The theoretical solutions were
obtained for each combination at Mach number of 0.08 and angles of attack of

o 0

8, 107, 120, and 14° these theoretical calculations were all based on second-

order pressure rule.

Basic F-106B Configuration

To assess the aerodynamic effects of various geometrical changes or imlet
flow conditions iIn the present study, a basic F-106B geometry was chosen to
serve as a baseline configuration. This configuration is composed of the
original forebody, open 1inlet, and no leading-edge vortex flap. The surface
panels representation of this configuration modeled by the PAN AIR was shown

earlier in Fig. 3.

The effect of angles of attack on the wing chordwise pressure
distribution for the basic F-106B configuration is shown in Fig. 13, for Mach
number of 0.08. In this figure, the chordwise distance along each wing
semispan have been nondimensionalized with respect to the wing local chord.
Figure 14 shows the total aerodynamic characteristics for the basic F-106B
configuration. It should be noted that all the theoretical drag coefficients
presented in this report have been adjusted to include the experimental value

of drag at zero lift (CDO) of 0.015. Also, the wing leading=-edge velocity



field solutions obtained at the fractional theoretical semispan location of
n = 0.24 for the two extreme angles of attack of 8° and 14° are shown in Fig.

15.

Effect of Shortened Forebody

This section 1is designed to address the aerodynamic effects of the
forebody modification on the F~106B configuration. The wing chordwise
pressure distributions computed by the code for the basic F-106B configuration
with the original and shortened forebody are shown in Fig. 16. A4s it can be
seen from the figure, the forebody modification do not have a significant
effect on the wing pressure distribution throughout the examined angles of
attack. Figure 17 also shows the insensitivity of the total longitudinal
aerodynamic characteristics to the forebody modification. Furthermore, the
wing leading-edge velocity field solutions computed for 8° and 14° angles of
attack, n = 0.24, are shown in Fig. 18. A comparison of this figure with Fig.
15, indicate that no considerable change is occurring on the wing leading-edge

velocity field solutions as a result of the forebody modification.

Effect of the Inlet Flow Condition

As part of the present study, it was important to investigate thé
aerodynamic effects of the closed inlet flow conditions on the neighboring
surfaces. For this purpose, no flow through boundary condition was imposed on
the inlet face network. The wing chordwise pressure distribution computed by
the PAN AIR code for the basic F-106B configuration with open and closed inlet
are shown in Fig. 19. It is evident from this figure, that at low angles of

attack (8% and 10°), the closing of the inlet produces a slight change in the

10



wing pressure distribution only at the most inboard station (n = .225).

However, this effect appears to vanish at higher angles of attach (12° and
14%). Outboard of this station (n = 0.225), no considerable change in the
wing pressure distribution camn be noticed throughout the examined angles of
attack. Furthermore, Fig. 20 shows the effect of inlet flow condition on the
total 1longitudinal aerodynamic characteristics of the basic F-106B
configuration to be small. This minimal effect can also be seen from a
comparison of the wing leading-edge velocity field calculations shown in Figs.

21 and 15.

Effect of Leading-Edge Vortex Flap

Significant changes are to be expected in the leading edge region with
the addition of a vortex flap. The basic F-106B geometry was modified to
include the 30° deflected leading-edge vortex flap. The PAN AIR surface panel
representation of the configuration is shown in Fig. 4. A single component
(comprised of an upper and lower surface network) approach was chosen to model
the wing vorte#—flap combination. The forward portion of the basic wing lower
surface geometry was changed dramatically as a result of the vortex flap

thickness being attached there (see Fig. 8).

The chordwise pressure distributions on the wing vortex-flap combination,
as well as the basic F-106B configuration, are shown in Fig. 22. (Note that
the x/c values of less than zero are on the flap.) At the wing most inboard
station (n = 0.225), the presence of the vortex flap apparently has only a
slight effect on the basic wing pressure distribution. This could be well due

to the small local chord in the vortex flap apex area. However, outboard of

11



this station, the basic wing pressure distribution, especially the wupper
surface, has change dramatically. For example, at n = 0.666, this figure
shows the very interesting results of a double suction peak at and above 10°
angle of attack. Though this is attached flow, similar double suction peaks
were measured experimentally as shown in reference [l1]. 1In addition, this
figure reveals that the presence of the vortex flap reduces the wing leading
edge suction peak without producing a significant change on the wing lower
surface pressure distribution except around the tip where the contribution of
the flap thickness to the overall Qing sectional thickness becomes large (see

. Fig. 8).

The effect of the presence of the leading-edge vortex flap on the
longitudinal aerodynamic characteristics of the basic F-106B configuratioﬁ is
preseﬁted in Fig. 23. It is interesting to note that af 8° angle of attack,
this figure shows that no considerable change is occurring in neither 1ift or
drag, however, at higher angles of incidence the vortex-flap presence causes
an increase in both 1lift and drag coefficients. Furthermore, the results on
the pitching moments indicate that adding the vortex flap to the basic F-106B

configuration bring about the expected reduction in the slope of the

longitudinal stability curve (de/da). Also, the vortex flap leading-edge

velocity field solutions cbmputed for the two extreme angles of attack of 8°
and 14°, at n = 0.24, are shown in Fig. 24. It appears that, 8° angle of
attack, the leading-edge vortex flap is aligned with incoming flow. This
effect can also be noticed at the other semispan stations by examining the
flatness of the chordwise pressure distribution on the flap surface in Fig.

22.

12



CORCLUDING REMARKS

The results obtained from the PAN ATR code indicated that the shortening
of the forebody did not have significant effect on the wing pressure
distributions throughout the examined angles of attack. Furthermore, the
insensitivity of the forebody modification on the total longitudinal

aerodynamic characteristics of the basic configuration was also disclosed.

At low angles of attack, the results showed that the closing of thé inlet
caused a slight change in fhe wing chordwise pressure distribution only at the
leading-~edge portion of the most inboard station. However, this effect
appeared to vanish at higher angles of incidence. Inbaddition, this minimal
effect was also reflected in the total | longitudinal aerodynamic

characteristics of the basic configuration.

As expected, the presence of the leading—edge vortex~flap resulted in the
most drastic change in the wing pressure distributions, expecialiy afound the
leading=-edge area. Though attached flow, these solutions shbwed a double
suction peak (one for the flap leading edge and the other for the wing leading
edge) at and above 10° angle of attack. It was also evident that, .the
aerodynamic effects of the presence of the vortex flap on the basic F-106B
configuration become more pronounced with increasing -angle of -attack.
Furthermore, the results on the pitching moments indicate that adding the
vortex flap to the basic configuration provides a reduction in the slope of

the longitudinal stability curve.
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Fig. 4.

X measured grid points
on the shortened forebody

Schematic view of the measured grid points on the shortened forebody.
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Isometric view of the F-106B fuselage with shortened forebody.

Fig. 6.
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Fig.

9. A typical flow field survey network on the
basic F-106B configuration.
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Fig.

11.

enlargement

Cross—-sectional view of a typical vortex-flap
flow field survey network.
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Fig. 17. Effect of forebody on longitudinal aerodynamic characteristics,
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Effect of inlet flow on the wing chordwise pressures at four angles

42



INLET

OPEN

CLOSED
O ALPHA=8"

0  ALPHA=10
O ALPHA=12
A

ALPHA=14"

x/c

(b) n = 0.335

Fig. 19. Continued.

43

1.0



5.5

5.0

4.5

INLET

OPEN

CLOSED |
O

O
<
A

ALPHA=8
-]

ALPHA=10
[+

ALPHA=12

ALPHA=14"

x/c

(¢) n = 0.469

Fig. 19.

Continued.

44



INLET

5.5
OPEN CLOSED
5. J (-]
e ALPHA=8
4.5 o
—————————— 7 ALPHA=10
4, °
— S ALPHA=12
3.5 e
—— - A ALPHA=14
3.0k
|
2. \
[N
2.0 i
AN
<\§S>\\
1.0 Iy
\\\ ~
5 ===
0 —m——
-5
0 .2 4 6 8 1.0

45

Fig. 19.

x/c

(@ n = 0.666

Continued.



INLET

OPEN CLOSED
O

O
- &
A

ALPHA=8
[
ALPHA=10

ALPHA=12"

ALPHA=14

Fig.

x/c

(e) n = 0.911

19.

Continued.

46



47

_.02 r

-.04 ¢+

-.05+ — —~—Basic F-106B.

0.09 r —(®—Basic F-106B with closed inlet.

:___J\ ’ | ] 3. - ' ]
8 10 12 14

o, deg

Fig. 20. Effect of inlet flow on longitudinal aerodynamic
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