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Unsteady Subsonic Aerodynamics for Bodies and Wings with
External Stores Including Wake Effect

P. C. Chen*
ZONA Technology, Inc., Mesa, Arizona 85210

and
H, W. Leet and D. D. Liu$
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An unsteady subsonic method has been developed for aerodynamic computations of any elastic or rigid
aircraft with external stores. The method consists of two integral parts: 1) a body surface panel method (SPM),
and 2) a constant-pressure lifting surface method, which is the subsonic parallel of the harmonic gradient method
(HGM) (or the ZONA51 code) for unsteady supersonics. The body considered can be flat-based or close-ended
and its geometry input is amenable to any given fuselage or store configuration. The present method is considered
an advancement over the past development at least in three aspects: 1) correct unsteady boundary condition on
body, 2) a new wake model to account for the body/wake effect, and 3) improved accuracy in wing-body
interference. Various AGARD lifting surfaces, truncated blunt and pointed bodies, and a number of NLR wing-
store-tiptank combinations were studied for method validation. The present method has shown substantial
improvement in the pressures, stability derivatives, and airloads on these configurations. For all cases considered,
the present results, with or without the wake model, have consistently shown closest agreement with all measured
data among existing methods. Therefore, we believe that an accurate and effective method is finally at hand
for subsonic aeroelastic applications.
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Nomenclature
panel area
steady and unsteady pressure coefficients
(/ZB, /IB, /zS) body structure mode, its slope
and curvature
wing structural mode parallel to the outward
normal vector
reduced frequency
physical body length
freestream Mach number
(nx9 ny, nz) unit outward normal vector of
each panel
^<I>B> perturbed unsteady velocity vector on
the body
V</y, perturbed unsteady velocity vector on
the wing
V0o, perturbed steady velocity vector
location of the control point
pitching axis location

Subscripts

small amplitude of oscillation
unknown doublet strength

£ 77, () = (x0 - x, y0 - y,z0 -. z)
.unknown source strength
body thickness ratio
perturbed steady and unsteady velocity
potentials
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th6 Jth panel
the /th Panel

Superscripts
(.)(/) = (•) of the 7th structural mode
(.)(/) = (.) of the 7th structural mode

Introduction

T HE problem of the wing-store interactions for fighter
aircraft during its subsonic flight phase has been a major

concern for aircraft performance, design, and analysis. The
doublet lattice method (DLM) for lifting surfaces1 and for
wing-bodies2 has been widely adopted as unsteady aerody-
namic tools for subsonic aeroelastic applications. In Ref. 2,
improved DLM has been effective in treatments of bodies of
revolution that is sufficiently slender and could receive mod-
erate lifting contributions due to flowfield asymmetry. The
consistent formulation of Morino's method3 using the com-
bination of source and doublet panels to solve the wing-body
aerodynamics, has opened ways for subsequent development
of steady panel codes, e.g., Refs. 4-6. Although Marino's
approach generally includes unsteady flow formulation, it has
generated limited computed results which prevents one from
assessing its validity for application.

A more comprehensive unsteady wing-body method has
been developed by NLR during the mid-70s7'8 and was re-
cently further documented in Ref. 9. The NLR method em-
ploys the DLM and a constant-source panel method to rep-
resent wings and bodies, respectively. Numerical study was
performed to validate the computed results with the NLR test
data exclusively for the NLR's wing with pylon and stores
model.8-10 Presumably, the NLR approach is based on the
wind-fixed system that was formulated by Labrijere and
Sytsma11 and that of Ref. 7. It is our opinion that the apex
singularity issue results from this system have not been prop-
erly clarified. Furthermore, the lifting-surface representation
of the body wake used in Ref. 8 is physically unrealistic.
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CHEN, LEE, AND LIU: UNSTEADY SUBSONIC AERODYNAMICS 619
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Fig. 1 Variation of lift coefficients of the nonplanar AGARD wing-tail configuration with heave mode vs tail height; M = 0.8 and k = 1.5.

It appears that little has been advanced in the topic area
since NLR group first published their results some 15 yr ago.
Also, all previous works have provided insufficient infor-
mation regarding independent verification of the body-alone
aerodynamics, which, in our opinion, should be taken as an
essential step in the development of unsteady wing-body aero-
dynamics for aeroelastic analysis.

As a counterpart of our unsteady supersonic method de-
velopment for lifting surfaces and wing-body (HGM/ZONA51
code and ZONA7 code series), our recent unsteady subsonic
development is considered an advancement over the previous
methods in the following issues: 1) correct unsteady boundary
condition is applied on the body surface; 2) body/wake effect
due to flow separation at the body base is properly accounted
for by introducing a new imbedded-singularity wake model;
and 3) wing-body influence can be more accurately accounted
for as a result of that our lifting surface method adopts the
constant pressure panel approach, as opposed to the DLM
approach.

Therefore, the objective of this article is twofold. First,
with these improved issues, a new approach to the compu-
tation of unsteady subsonic flow for wing-body will be pre-
sented. Second, numerous cases studied, including various
lifting surface, bodies, and several cases of wing with external
stores, are conducted for the purpose of method validation.

Approach
The present approach adopts the similar paneling scheme

to that of our unsteady supersonic wing-body method12 (i.e.,
the ZONA7 code). The bodies adopt the constant-source
paneling, whereas, the wing planforms adopt the constant-
pressure paneling.

Kernel Formulation
First, the body surfaces are divided in number of body

panels (NB), whereas, the lifting surfaces by number of wing
panels (NW) (see Fig. 1). For an ith control point located at
(jc(), y0, ZQ) on the wing or body panels, the unsteady perturbed
potential represented by <f> can be discretized as

7 = 1

where <jy is the unknown constant source strength on the yth
body panel, and ACW is the unknown pressure jump on the
yth wing panel.

The discretized <j>Bij and <j>Wij represent the potential influ-
ence coefficient (PIC) indicating a unit potential change of
the yth panel of the body and wing, respectively, to the ith
control point; they are

where

(2)

where

(3)

and k = wL/U^ is the reduced frequency, a> is the circular
frequency due to oscillatory motion, U^ is the freestream
speed, and L is the characteristic length.

The kernels associated with the above integrals reads

K -±l(
Ki ~ dn }-,

- MVA2 + r2)]//3
dA

H, = (e-»*IR,)

(4)

(5)

For convenience, we drop the subscripts / and / for this
point onward. Thus, the terms on the right side of Eqs. (4)
and (5) are interpreted as

R = (£2 + r2)l/2

r2 = + ? -
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620 CHEN, LEE, AND LIU: UNSTEADY SUBSONIC AERODYNAMICS

AT? and A£ define the boundaries of the yth panel, and d/dn
denotes the differentiation with respect to the normal of the
wing panel.

To evaluate the integral Eq. (4), Lashka's exponential sub-
stitution procedure13 is applied. Here, only 11 terms in Des-
maris' series D24.214 are used and found adequate for satis-
factory accuracy.

Next, the velocity influence coefficients (VIC) can be de-
rived by taking the spatial gradients of Eqs. (2) and (3) for
wing and body respectively, i.e.

Vw = G6/87T)

VB = [-

= (uB..9 VB.., WB..)

(6)

(7)

Computations of Eqs. (2), (3), (6), and (7) requires special
treatments in their numerical integration schemes. Care must
be taken in the regions where these integrals become singular
(e.g., see Ref. 15). Moreover, it will be seen that to handle
these integrals for wings is different from that for the body.

Numerical Integration Scheme
For wing panels, chordwise integration is performed first

for Eqs. (2) and (6). As no singular integral occurs here,
standard schemes such as Gaussian Quadrature can be em-
ployed for numerical evaluations. However, for spanwise in-
tegration, the integrands of Eqs. (2) and (6) become singular
in the self-influencing strip for both the planar and coplanar
cases. In such a case, a special integration scheme was de-
veloped, similar to the technique used in the DLM, to resolve
the singular integrals. For the control point located outside
of the self-influencing strip the integrands are regular, and
consequently, the integrals can be evaluated by Gaussian
Quadrature.

For body panels, the integrands of Eqs. (3) and (7) are
regular for ordinary and large values of the compressible dis-
tance R, but they appear to be singular when R approaches
to zero on the body surface. The latter leads to the occurrence
of a number of singular-like integrals which requires special
attention. For convenience of evaluation, two asymptotic cases
for large and small parameters of vR are considered, namely
the cases of vR < 1 and vR > 1, which are described in Ref.
30.

Boundary Conditions
It has been known for some time that an apex singularity

for bodies exists in a wind-fixed system for an unsteady po-
tential-flow formulation.

This apex singularity, along with the body-slope singularity,
actually stems from the formal Taylor expansion of the un-
steady velocities about the mean-body position for the bound-
ary condition. Consequently, the wind-fixed unsteady bound-
ary condition yields several second-order singular terms, all
associated with hB, such as <£oxr and '<f>OTT.16 In a more general
derivation, the NLR group obtained a term (VS- V)V$0 in the
boundary condition which is indeed singular.7 It appears that
no clear resolution was stated in Refs. 7, 8, and 11 as to the
remedy of the singular terms.

To circumvent such a type of singularity in a formulation
for an oscillating body in either subsonic or supersonic flow
has been a formidable task. Notably, Hoffman and Platzer16

first pointed out such singularity appears only in the body-
thickness terms in the series-expansion solution. But in the
case of a slender body solution, they showed that the asso-
ciated unsteady pressure coefficient is regular.

In an extensive analysis, Garcia-Fogeda and Liu17 suggested
an approach to adopt an approximate body-fixed formulation,
which ignores the steady flow and mode shape interaction.
This approach could totally circumvent the singularity prob-
lem. It has been further ascertained and adopted by many
subsequent works in the unsteady treatments of bodies and
wing-body combinations in supersonic, subsonic, and incom-
pressible flows, e.g., Refs. 17-20.

Following Garcia-Fogeda and Liu17 for an arbitrary elastic
body performing oscillatory motion with given modes, the
boundary condition in a body-fixed system reads17

VB n = FB(n,V09.hP',k,M,T)

(8)

(9)

on the body surface SB(x, y, z) = 0.
The boundary condition for the wing is the usual downwash

conditions for lifting surface, i.e.

Vw-n = (10)

on the mean surface Sw = 0, where Fw = h'w + ikhw.
It is remarked that the body boundary conditions Eq. (9)

include the influence of F0, and therefore, T and M. By con-
trast, the wing boundary conditions completely decouples from
these parameters. It should be remarked that in the slender
body limit, as T approaches zero, Eq. (9) would not reduce
to Eq. (10).

Pressure Coefficients and Generalized Forces
Based on our previous work,12-17-19 the total pressure coef-

ficient expressed in the body-fixed coordinate reads

= cn. (ii)
and, the generalized forces can be expressed in terms of the
mode functions hBi and hm and the pressure coefficient

Qu = >A*$ (12)

where C^ is the pressure coefficient of the rth panel due to
the /th mode.
Body Wake Effect

The wake generated by flow separation at the tail section
or behind the base of a body has considerable influence to
the wing-body or body-alone aerodynamics. Previous meth-
ods21"23 to model the body-wake flow have been ineffective
and restrictive in their applications. These approaches usually
require tedious iteration procedures and assumed initial wake
shapes. In Ref. 22, the resulting wake solution could not
assure the constant pressure conditions with an ending stag-
nation point at the wake closure. In addition, these methods
are all confined to the treatment of steady or quasisteady
incompressible flows.

As a new approach to the problem, the present wake model
requires the following assumed conditions:

1) Base pressure CPB must be given, a priori; therefore, the
pressure of the adjacent panels to the body base is given by
C — Ci^p — i^PB.

2) No knowledge of the wake shape needs to be assumed
initially.

3) Wake closure and its ending stagnation point can be
assured (and verified numerically).

Based on these conditions imbedded singularities are placed
in the proximity of the base regime to simulate the exterior
wake flow. For steady flow the imbedded singularity is a
source, whereas, for unsteady flow it is a doublet. Next, the
constant pressure condition is imposed at the body base. When
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CHEN, LEE, AND LIU: UNSTEADY SUBSONIC AERODYNAMICS 621

this boundary condition is expressed in terms of Eq. (11), one
obtains

CPO = CPB (13)

Cp = 0 at the body base S(x = L,y,z) = Q (14)

Equation (17) can be combined with the expression of CPO
and Cp of Eq. (11) to yield a compact expression in terms of
the velocities, the mode shape and its derivatives, i.e.

Acj> = Bfa

where A and B are both scalar operators

A = VQ-V + ik

+ ikG-V

G = G(zh'B, 0, -hB)

The steady and unsteady body potentials now read

<Ts)-Ht(v = 0)]

(15)

B = -
d*

(16)

(17)

The location of the imbedded source as and the imbedded
doublet fjid are placed along the extended body axis at x =
L + qs and x = L + qd, respectively, in the wake region
near the base. The values of qs and qd are, in general, related
to the wake length which is yet to be solved as part of the
solution, ordinarily to be solved through an iteration proce-
dure. However, our experience showed that empirical guide-
lines can be set up in which qs can be confined to a width of
0.2-0.4L, and qd of 0.05-0.15L for any circular blunt base.
By numerical experiment, it is found that the converged so-
lutions are found to be rather insensitive to the precise lo-

cation qs and qd (obtained by the iteration procedure) so long
as they are placed within the width given.

In addition to the tangency conditions Eqs. (8) and (9),
Eq. (15) is to be applied on the trailing-edge panels next to
the base.

Thus, in contrast to the previous methods, the present body/
wake solution method is simple, direct, and requires no it-
eration. The wake shape and pressure on the body are ob-
tained simultaneously. Also, for all cases considered (seven
bodies, that will be reported elsewhere), it was numerically
verified that wake closure and the wake termination at a
stagnation point are obtained.

Generalized Normal-Velocity Influence Coefficient (NIC)
Once the downwashes (the mode shape and the mean flow

properties) on the RHS of Eqs. (8) and (9) are known, the
unsteady source and doublet strengths for a given wing-body
configuration can be solved along the surface according to the
following NIC matrix equation:

dn) dn

dn

04</>)

AC,

(18)

where the element (d<l>/dri)WB represents the NIC induced on
the wing by the body, (d0/dn)Wake_w the NIC induced on the
wake by the wing, the wake element (A$)s_Wake the NIC
induced on the body by the wake, etc., and JJL = the unknown
imbedded singularity strength, crs or fjud. Once the unknowns
or, ACP, and JLC are solved from Eq. (18), the unsteady potential
c/> and velocities u, v, and w can be obtained from Eqs. (1),
(6), and (7).

Table 1 Generalized aerodynamic force coefficient for AGARD wing horizontal-tail combination in antisymmetric motion with tail above wing
at z = 0.6

k = 0.01 and 1.50, and M = 0.8
Mode no. Mode

Wing twist / - y(x - 2.25 |y| - 0.85)
Wing bending / = y\y\
Tail roll / = y
Tail pitch / = sgn( y)(x - 3.35)

\ Cpifj dA = Re(Qu) + ik

Pressure mode /
Deflection mode / (/, y )

1,1
2,1
3,1
4,1
1,2
2,2
3,2
4,2
1,3
2,3
3,3
4,3
1,4
2,4
3,4
4,4

te(fi(,),
Present
-0.0645

0.2870
-0.0685
-0.0758
-0.0000
-0.0000
-0.0000
-0.0000

0.0000
0.0000

-0.0000
-0.0000
-0.0001

0.0002
0.6806
0.7396

k = 0.01

DLM
-0.0733

0.2776
-0.0660
-0.0718

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

-0.0001
0.0002
0.6775
0.7205

Im(Qjj)

Present
0.1772
0.3853
0.0386
0.041.6

-0.0385
0.2068

-0.0447
-0.0497

0.0000
0.0002
0.4082
0.4583

-0.0000
-0.0009

0.9991
1.5006

, k = 0.01

DLM

0.1635
0.3788
0.0347
0.0371

-0.0440
0.1961

-0.0420
-0.0459
-0.0000

0.0002
0.3949
0.4355
0.0001

-0.0011
0.9986
1.4769

Re(Q,j)
Present
-0.1634

0.2248
-0.0347
-0.0429
-0.1407
-0.3355
-0.0514
-0.0607
-0.0008
-0.0015
-0.2932
-0.5246
-0.0027
-0.0045

0.3477
-0.0186

, k = 1.5

DLM
-0.1644

0.2243
-0.0343
-0.0406
-0.1232
-0.3303
-0.0496
-0.0573
-0.0008
-0.0015
-0.2914
-0.5089
-0.0028
-0.0046

0.3278
-0.0264

/m(<2,/)
Present

0.1951
0.4112
0.0452
0.0522

-0.0319
0.2268
0.0068
0.0066

-0.0004
-0.0005

0.4497
0.5257

-0.0002
0.0007
1.0915
1.6722

, k = 1.5

DLM
0.1782
0.3974
0.0432
0.0492

-0.0387
0.2147
0.0052
0.0051

-0.0004
-0.0006

0.4322
0.4945

-0.0001
0.0007
1.0701
1.6094
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622 CHEN, LEE, AND LIU: UNSTEADY SUBSONIC AERODYNAMICS

Results and Discussion

Nonplanar AGARD Wing-Tail
Generalized force Qu (lift coefficient) due to a nonplanar

AGARD wing-tail configuration under heaving motion at M
= 0.8 and k = 1.5 vs the tail height z/s (s being the semispan),
is shown in Fig. 1. In the overall range of z/s, it is seen that
the present results are in good agreement with those of
DLM and of piecewise continuous kernel function method
(PCKFM).24

For the nearly-coplanar case, where the present can be
tested in the asymptotic limit of small z, the computed results
are in better agreement with that of PCKFM. However, it
should be noted that the present formulation adopts a similar
approach to that in Ref. 1 for the analytical treatment of the
nearly-coplanar limit.

Table 1 presents the generalized aerodynamic force coef-
ficients for the same coplanar AGARD configuration in four
antisymmetric modes of motion; 1) a wing twist mode, 2) a
wing bending mode, 3) a tail rolling mode, and 4) a tail pitch-
ing mode at M = 0.8 and k = 0.01 and 1.5. Comparisons
with DLM results for all values of Qi} (in Ref. 1) show overall
agreement. Note that <2/7 = -\QU of Eq. (12) up to 9%
difference in values are found for some coefficients. It is be-
lieved that such discrepancies are attributed mostly to differ-
ent orders of doublet distribution used in both methods but
not in the kernel function evaluation.

LMSC Blunt Body
Figure 2 compares the present results with the experimental

pressure distributions along the Lockheed Missile and Space
Company (LMSC) blunt-based body in an incompressible flow.
The experimental data is given by Rattayya et al.23 Notice
that the forebody has two slope discontinuities. It is seen that
the present (no wake) result begins to deviate from the mea-
sured data at a forebody portion of 0.3L, where the second
slope discontinuity is located. The Cpo result gradually dete-
riorates towards the body base and the pressure approaches
the freestream pressure pM as an asymptote. This is clear as
can be seen from the no-wake surface panel method (SPM),
or from the unified subsonic and supersonic aerodynamics
(USSAERO)15 formulation, the perturbed velocities imme-
diately beyond the base panels would vanish, thus rendering
the local pressure there approaching that of freestream. By
contrast, the present (with wake) result shows remarkably

o.oo

-0.25

-0.50

Present (with wake)
Present (no wake)
Experiment (Ref. 23)

0.0 0.2 0.6 0.8

IL

Fig. 2 Comparison of surface pressure distribution for a LMSC blunt
body (Lid = 5) at a = 0 deg, M = 0 and base pressure Cpb = - 0.169.

close agreement with measured data, which indicates that
once the base pressure is properly specified, the wake-model
formulation results in a correct pressure distribution which is
uniformly valid throughout the body length.

Figure 3 shows the side views of the computed base-flow
of the LMSC body, according to the present SPM (no wake)
and the present SPM (with wake). The direction and the
length of the arrows indicate the flow direction and the ve-
locity magnitude, respectively. As expected, the no-wake
flowfield velocities appear to be nearly uniform showing their
immediate return to the freestream condition. It can be seen
that the present wake model appears to closely simulate the
outer wake flow. The dashed line is indeed the dividing
streamline which defines the wake closure, or the computed
wake shape. It is clearly shown that the stagnation point at
the end of the wake is automatically captured by the present
calculation. The computed wake flow is only physically mean-
ingful in the outside wake flow region, whereas, the computed
flow inside the wake is of no physical significance.

NASA Blunt Cone
Figure 4 shows the effect of Mach number on the stability

of a blunt-cone at a pitching-axis location, XG = 0.73. The
experimental data for this body has been obtained by William
and Wehrend.25

For the case without wake, both the static and damping
moment predicts reasonably well with the overall trend of the
measured data. When the wake is taken into account, it is

a) Without wake model

b) With wake model
Fig. 3 Computed wake shape for a LMSC blunt body at M = 0 and
a = 0 deg; a Meridian-Plane view.

1.5

1.2

0.3

-0- Present (with wake)
~3&~ Present (no wake)
• Experiment (Ref. 26)

— - Slender body theory

0.3 0.5 Y 0.7 0.9

S I'-
Fig. 4 Effect of the pitching axis location on damping-in-pitch mo-
ment for a cone-cylinder body (Lid = 7.5) at M = 0.3.
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GHEN, LEE, AND LIU: UNSTEADY SUBSONIC AERODYNAMICS 623

seen that it improves substantially on the static moment
throughout the Mach number range considered.

Since no transition effect or boundary-layer effect was taken
into account in the present calculation, the improved agree-
ment between the measured static moment and the present
results clearly indicate that the wake effect is of primary im-
portance for the prediction of stability derivatives, an effect
totally ignored in almost all previous analysis. The present
wake model has less impact on the damping derivative. It is

-0- Present (with wake)
-A- Present (no wake)
- Experiment (Rcf. 25)

-^- Slender body theory

£OA]^ ' "

. 0 9 -

k —— A— ~ — -* — — A •— — Tl

; _ Q

0.2 0.6 0.8

0.2 0.6 0.8

Fig. 5 Effect of Mach number on moment derivatives for a NACA
blunt cone (Lid = 1.2) with pitching axis at XG = 0.73.

ACP

Cnd

0.9

0.8

0.7

0.6

0.5

0.4

0.2

.0.1

0.0

-0.1

' , ^

, 1.39

I

1
1

I
I

\

A

r

a -4° M-°-6 Present vJEST*

Longitudinal Loading
Over Fuselage CrfJ/d,™ ' * * * ——

Chordwise Loading
on Wing Over AAA ---
y-0.2b^(ACP)

\
•̂^

^\s
-*• Winj Location —

b .̂> — —-•-<-
10 20 30 40 50 60 70 80 90 100

Percent Fuselage Length

Fig. 6 Static loading of a NACA wing-body configuration; M = 0.6
and a = 4 deg. ,

believed that the present base-flow boundary condition is basi-
cally quasisteady, which may be overly imposed on the un-
steady pressure (CP = 0). Efforts to improve the base-pres-
sure boundary condition are currently underway.

Damping Moment of a Cone-GyUnder
Figure 5 shows the effect of the pitching axis location XG

on the aerodynamic damping moment for a slender cone-
cylinder of Lid = 7.5 at a Mach number equal to 0.3. The
experimental data are given by Byk'ov.26

It is seen that the present result (with wake but without
considering the boundary layer effect) is in good agreement
with Bykov's measured damping moment. Notice that the
wake effect is to increase the negative damping of the body.
As expected, all methods confirm that negative damping can
be increased as the pitching axis moves toward the apex.
However, in terms of damping moments for flight dynamics
and design applications, it is important to note that the slen-

AERODYNAMIC MODELING
WING BOXES = 90
TANK PANELS = 264

Fig. 7 NLR wing-tip-tank configuration showing paneling scheme.

Present (with wake)
Present (without wake)

a)
0.00 0.20 0.40 0.60 0.80 1.00

x/L

Present (with wake)
Present (without wake)

-.—— NLR Analysis
o NLR Test

0.40 0.60 0.80 1.00
x/L

Fig. 8 Steady pressure distribution along the tip-tank of NLR wing-
tip-tank configuration; M = 0.45, a = 0 deg: a) 0 = 292.5 deg and
b)0 = 67.5 deg.
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624 CHEN, LEE, AND LIU: UNSTEADY SUBSONIC AERODYNAMICS

der-body-theory prediction is most unconservative, whereas,
the present (no wake) prediction is most conservative.

configurations, Table 2 is provided to relate the present figure
sequence to those in the NLR publications.

NACA Wing-Body Interference
Longitudinal loading (cnd/dmax) over a 10% thick body with

a taper wing (AR = 4.0 and tapered ratio = 0.6) are presented
in Fig. 6. The measured data have been obtained by Loving
and Eastbrooks.27

The sectional normal force pressure coefficient Cn is defined
as

,' = 1 f27

'" d Jo (19)

where d and dmax represents the diameter and maximum di-
ameter of the body, respectively.

A bump-like loading along 40-70% of the body length is
observed as a result of the wing-body interference due to the
presence of the tapered wing. In addition, lifting pressure
distribution along the wing chord is also plotted at 20% semi-
spanwise location. It is seen that good agreement is found
between the computed and measured results. Thus, the steady
aerodynamic option of the present method is validated by the
present interference example.

In what follows, calculations based on two sets of NLR
measurements were performed (Refs. 8 and 10) involving the
model configurations shown in Ref. 10. The model paneling
schemes of these two cases are shown in Figs. 7 and 11. Here,
all forces definitions such as normal load Cz and side load Cv
strictly follow that of NLR. For discussion of these NLR

4.00

3.00

2.00

Re(Cp) 1.00

0.00

-1.QO

-2.00

Present (with wake)
Present (without wake)

——— NLR Analysis
O NLR Test

0.00 0.20 0.40 0.60 0.80 1.00
1.00

0.50

lm(Cp) 0.00

-0.50

' 0.00 0.20 0.40 0.60 0.80 1.00
x/L

Fig. 9 Unsteady pressure distribution along the tip-tank of NLR
wing-tip-tank configuration; M =. 0.45, a = 0 deg, k = 0.305, *0 =
0.15c*, and 0 = 202.5 deg.

NLR Wing Tip-Tank Configuration
Based on the configuration and the paneling scheme shown

in Fig. 7, the computed steady pressure coefficients along the
tip-tank at two azimuthal angles, 1) 0 = 292.5 deg and 2) 0
= 67.5 deg, are presented in Fig. 8. The present results with
or without wake appear to be in good agreement with each
other and with NLR's computed and measured data.

However, no "leading-edge peak" due to the wing leading
edge as claimed by NLR was obtained in the present result.
It should be mentioned that the wake model was set up by
simply imposing the base pressure CPB to match the measured

4.00 - - - --- Present (without wake)
——— NLR Analysis

Q NLR Test

Present (with wake)

-1.00

-2.00
0.00 0.20 0.40 0.60 0.80 1.00

1.00

0.50

lm(Cz) 0.00

-0.50

-1'°&.00 0.20 0.40 0.60 0.80 .1.00
X/L

Fig. 10 Unsteady normal load distribution along the tip-tank of NLR
wing-tip-tank configuration; M = 0.45, a = 0 deg, k = 0.305, and

AERODYNAMIC MODELING
WING BOXES = 90
PYLON BOXES = 24
TANK PANELS = 264
STORE PANELS = 216

Fig. 11 NLR wing-tip-tank-pylon-store configuration showing panel-
ing scheme.

Table 2 Cases of comparison with NLR

Present
Fig. no.

NLR Fig. no.
Ref. no.

8
5 and 6

7

9 and 10
5 and 6

8

12
13
9

13
9 and 10

8

14 and 15
11 and 12

8

17
9b and 15

28
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a)

-0.40

-0.30

-0.20

-0.10

0.00

0.10

0.20

—— Present (with wake)
---• Present (withoutwake)
o NLR Test

p.oo
-0.30

-0.20

-0.10

0.00

0.10

0.20
b) 0.00

-0.30

0.20 0.40 0.60 0.80 1.00

0.20 0.40 0.60 0.80 1.00

-0.20

-0.10

0.00

0.10

0.20

C) 0.00 0.20 0.40 0.60
x/L

0.80 1.00

Fig. 12 Steady pressure distributions along the store of NLR wing-
tip-tank-pylon store configuration; M = 0.45, a = 0 deg: a) 0 = 90
deg, b) S = 180 deg, and c) 0 = 270 deg.

Cp at XIL = 0.9. It is seen that solutions with and without
wakes are almost indistinguishable. Here the wake option
could be used to verify the flow situation at the body tail.
With a selected CPB input, if the solution with wake appears
to be the same as that without wake, the program logic would
determine that no flow separation occurs, which is the present
case.

Figure 9 presents the unsteady pressures along tip-tank at
an azimuthal angle 9 = 202.5 deg. It is seen that the present
results are in good agreement with the NLR measured data.
This time, the leading-edge peaks are obtained by the present
computation. The present no-wake in-phase CP appears to
deteriorate towards the tail of the tip-tank, whereas, that with
wake appears to correlate best with the measured data. This
is expected, because the flow is known to separate at the rear
in this case, according to Ref. 8. For the out-of-phase CP, the
NLR computed results show a discrepancy with the measured
data starting from the midbody.

Figure 10 presents the unsteady normal load Cz along the
tip-tank. It is seen that the present predicted values of the in-
phase and out-of-phase Cz are in better agreement with the
measured data than those of NLR, particularly for the cases
with the wake model. In addition, the NLR's out-of-phase
result show considerable departure from the measured data.
The discrepancies found for the NLR's computed results in
Figs. 9 and 10 could be due to a number of causes, which
could amount to any combination of the three issues consid-
ered presently (see Introduction).

4.00

3.00

2.00

Re(Cp) 1.00

0.00

-1.00

-2.00

Present (with wake)
Present (without wake)
Present (body only)

——— NLR Analysis
o NLR Test

O

0.00 0.20 0.40 0.60 Q.80 1.00

1.00 i—————————————————————————

0.50

lm(Cp ) 0.00

-0.50

" 0.00 0.20 0.40 0.60 0.80
a) x/L

4.00

1.QO

Present (with wake)
Present (without wake)
Present (body only)

-2.00
0.00 0.20 0:40 0.60 0.80

1.00

1.00

0.50

lm(Cp ) 0.00

-0.50

0.00 0.20 0.400.60
b)

0.80 1.00
x/L

Fig. 13 Unsteady pressure distributions along the store of NLR wing-
tip-tank-pylon store configuration at a) 0 = 157.5 deg and b) 0 =
292.5 deg. M = 0.45, a = 0 deg, k = 0.305, and *0 = 0.15c*.

NLR Wing-Tip-Tank-Pylon Store
The computed steady pressure distributions along the store

at three azimuthal angles, namely, 0 = 90, 180, and 270 deg,
are presented in Fig. 12. The solution with wake is seen to
have better agreement with the measured data than that with-
out a wake. This leads one to believe that the flow might have
separated at the body tail in this experiment, although no
such information was supplied in Ref. 10.

Figure 13 presents the unsteady pressure distributions along
the store at two azimuthal angles: 1) 6 = 157.5 and 2) 9 =
292.5 deg. From the present computed results, it is seen that
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Re(Cz

Present (with wake)
Present (without wake)

——.— NLR Analysis
o NLR Test

3.00

2.00

1.00
)

0.00

-1.00

-2.00
0.00 0.20 0.40 0.60 0.80 1.00

1.00

0.50

lm(Cz ) 0.00

-0.50

"1'°0.00 0.20 "0.40 0.60 0.80 1-00

x/L

Fig. 14 Unsteady normal load distribution along the store of NLR
wing-tip-tank-pylon store configuration; M = 0.45, a = 0 deg, k =
0.305, andjc0 = 0.15^.

3.00

2.00

Re(Cy )
1.00

——— Present (with wake)
— . - - • Present (without wake)
—— NLR Analysis

o NLR Test

0.00

-1.00

-2.00
0.00 * 0.20 0.40 0.60 0.90 1.00

i.OO

0.50

lm(Cy ) 0.00

-0.50

~1'°<?.00 0.20 0.40 0.60 0.80 1.00

x/L

Fig. 15 Unsteady side load distribution along the store of NLR wing-
tip-tank-pylon store configuration; M = 0.45, a = 0 deg, k = 0.305,
and x0 — 0.15Cfl.

adding the wing-tip-tank-pylon has altered the unsteady pres-
sure distributions on the store substantially. The same ob-
servation was pointed out in Ref. 8. In all cases, the present
results with or without wake are in good agreement with the
measured data. In particular, the solution with wake seems
to show better agreement than the no-wake solution for the
in-phase CP, and there the solution also shows a trailing-edge
peak due to pylon-store interaction (at 0 = 292.5 deg).

On the. other hand, NLR's computed results in the out-of-
phase CP indicates a solution departure from the measured
data starting from the midbody section, and further deteri-
orates towards the body tail. Again this discrepancy could be
caused by the insufficiency in the NLR method in treatments
of wing-body interference, as well as the boundary condition
employed. By contrast, it is seen that both present solutions
results in much better agreement with the measured data,
especially near the body tail.

Figures 14 and 15 present the unsteady normal forces and
unsteady side forces along the store, respectively. It is seen
that the present solution with wake is in better agreement
with the measured data than others considered. Careful ob-
servation of the measured data of Figs. 13-15 reveals that
the unsteady pressures and force coefficients tend to approach
zero at the body tail. Presumably, if the flow-separation at
the tail can be justified from the study in Fig. 12, then the
present finding should support the present wake model [Eq.
(14)] being physically plausible for a close-ended body as well.

At least for bodies in mildly unsteady motions, the current
wake model is further validated by its consistent agreement
with these measured data which were obtained in the low-
frequency range (k = 0.305).

F-5 Wing with Tip Missile
In Fig. 16, another NLR test configuration, involving a

F-5 wing tip missile, is modeled by 72 panels for the wing, 14
panels for the pylon, 16 panels for the four canard fins, 24
panels for the four aft fins, and 112 body panels for the missile

Pitching about
50% root chord

Fig. 16 Northrop F-5 wing with tip missile configuration showing
paneling scheme.

body. This configuration was wind-tunnel tested by a NLR
group led by Tijdeman.28

Figure 17 presents the computed spanwise normal load dis-
tribution and the computed pitching moment distribution for
the clean wing, and the complete configuration with pitching
axis located at 50% root chord at M = 0.6 and k = 0.2. The
measured trend for the in-phase normal force shows a de-
parture course between the clean-wing results and that of the
complete configurations starting from the root chord, and the
difference widens up towards the wing ip. Both the present
method and the NLR method confirm the same trend. How-
ever, the present results correlate closer to the measured data
than the NLR results.

One recalls the counterpart study of the same configuration
in Ref. 12 for unsteady supersonic flow (Fig. 21,12 M = 1.35
and A: = 0.1). Judging from the predicted (and measured)
damping forces and moments of the same complete config-
uration (and the clean wing), it can be concluded that the
configuration is dynamically unstable in subsonic flow (M =
0.6), whereas, it is marginally stable in supersonic flow (M
= 1.35). In general, the tip-missile effect on the wing appears
to have a more pronounced impact on the in-phase forces and
moments than the out-of-phase ones.
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EXP.

O
•f

THEORY

——— DLM
--- NLR

ZONA6

• • •

A A A

CONFIGURATION

CLEAN WING
WING + TIPSTORE

M = 0.6 k = 0.2

ReC2i 0.8

lmC2l

ImCmi 0.2

Fig. 17 Unsteady spanwise normal forces and pitching moment for the clean F-5 wing and the complet wing with tip missile configuration at
M = 0.6, k = 0.2 and *0 = 0-5 CR.

Conclusions
A general unsteady subsonic method has been developed

for computation of wing-body aerodynamics including the body-
wake effect. For aeroelastic applications, the wing-body con-
figuration could be modeled to represent realistic aircraft with
various combinations of external stores. As a counterpart of
our unsteady supersonic method for the wing-body (the HGM,
or the ZONA5129 and the ZONA712 series), the present sub-
sonic development is considered an advancement over the
previous methods in the following sense:

1) Correct unsteady boundary condition is applied on the
body surface.

2) Body/wake effect is properly accounted for by introduc-
ing a new imbedded singularity wake model. Such an effect
is found to substantially influence the pressures and the sta-
bility derivatives for the bodies and wing-store configuration.

3) Wing-body influence can be more accurately assessed by
the present panel method for lifting surfaces which is one
order higher than that of DLM.

For code verification, computed results of various lifting
surfaces, bodies, and a number of wing-store combinations
are compared with existing computed and measured data. It
can be seen from all cases presented that the present results,
with or without the wake model, consistently shows best
agreement with the measured data among existing methods.

Furthermore, a comparative study with results obtained
from a previous supersonic investigation (computed by
ZONA712) on the F-5 Wing with tip missile and those present
in Fig. 16 was conducted. The computed results confirms those
measured by NLR that 1) the wing-body interference effect
is more pronounced in subsonic flow; and 2) the configuration
is less dynamically stable in subsonic flow. Therefore, the
present case, along with others considered, warrants a more
active unsteady subsonic method for aeroelastic analysis.

Meanwhile, a computer program (code name ZONA6) has
been developed for aeroelastic application to realistic aircraft
configurations. This program contains several salient features:
1) it has a built-in subsystem for input; 2) it is valid for all
reduced frequencies; and 3) it is applicable to complex elastic
wing-body combinations with any given mode. Therefore, we
believe that an accurate, versatile, and effective unsteady sub-
sonic method is finally at hand for aeroelastic applications.
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