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ANALYSIS OF WING-BODY INTERACTION FLUTTER
FOR A PRELIMINARY SPACE SHUTTLE DESIGN

by
Richard R. Chipman and Peter Shyprykevich

Grumman Aerospace Corporation, Bethpage, N. Y.

SUMMARY

Subsonic flutter analyses for a preliminary Space Shuttle design were per-

formed to determine the effect of wing-body aerodynamic interaction on the vehicle

flutter speed. It was found that the proximity of the large bodies of the Shuttle to

the wing reduces critical flutter speed by 11%. Aerodynamic reflection off the

bodies is the dominant interaction effect while aerodynamic forces caused by body

motion are of secondary importance in most cases.

The analyses employed a doublet-lattice representation of the Space Shuttle,

wherein the wing and body surfaces were modeled by a lattice of nonplanar lifting

surface elements. Axial singularities were introduced to account for body inci-

dence, volume, and camber (slender body) effects. A series of studies on the place-

ment and number of these elements was performed to ensure convergence of the

results.

INTRODUCTION

The flutter characteristics of an aircraft component can be affected by aero-

dynamic interaction between it and other proximate components. Classic examples,

when both components are lifting surfaces, are T-tail flutter (ref. 1) and wing-tail

flutter (ref. 2). To predict subsonic aerodynamic forces arising in such configu-

rations, the kernel function method of Watkins (ref. 3) and the doublet-lattice

method of Rodden (ref. 4) and of Stark (ref. 5) were developed and extended to

handle multiple planar and nonplanar surfaces. The success obtained in applying



these theories to wing-tail configurations is recorded by Sensburg (ref. 6), Mykytow

(ref. 7), and Triplett (ref. 8). Similarly, Chipman used the doublet-lattice flutter

analyses method to correlate successfully with wind tunnel data for pairs of close!"

spaced wings such as might be found on the fly-back-booster Space Shuttle configu-

rations (ref. 9).

The calculation of aerodynamic forces arising from the interaction between

bodies and lifting surfaces is fairly recent. Woodward (ref. 10) developed a method

for steady flow which determines aerodynamic influence coefficients for such con-

figurations. Similar work has been performed by Hess (ref. 11). By extending the

"^oodward method to quasi-steady flow, Huntington (ref. 12) has shown that wing-

body interaction effects can be substantial on vehicle gust-response characteristics.

For unsteady flow, Rodden and Giesing (ref. 13) developed a technique which

combines the doublet-lattice method with Miles' slender body theory (ref. 14).

Additionally, Giesing (ref. 15) has added the method of images to this technique.

The present Space Shuttle concept features four large, flexible bodies: the

orbiter fuselage, the external tank (ET), and the two solid-rocket boosters (SRB's).

The proximity of these bodies to the orbiter wing admits the possibility of a change

in vehicle flutter boundary as a result of aerodynamic interaction. Consequently, a

two-phase study has been initiated to obtain analytical and experimental confirmation

of this contention. This report summarizes the first phase of this work: A prelim-

inary design — the Grumman G III — of the parallel-burn, Space Shuttle concept is

analyzed using Rodden's method (ref. 13) to determine the effect of wing-body

aerodynamic interaction on flutter.

SYMBOLS

IA I slender-body aerodynamic operator

c nondimensional pressure for jth mode



H

aerodynamic operator for wing alone

aerodynamic operator for wing and interaction panels

ET external tank

slender-body downwash operator

M Mach number

Q nondimensional generalized forces for Rth pressure mode and Sth
' deflection mode

SRB solid-rocket boosters

V-g-f velocity-damping-frequency

w. downwash for jth mode

I w I wing downwash distribution
W )

{ w I body downwash distribution
B I •

!
w „ 1 wing downwash distribution due to body

W, BJ

(w 1 body downwash distribution on interaction panels due to body
I B'B)

x axial dimension

y spanwise dimension

z vertical dimension

{AC I nondimensional pressure distribution fo"f the ith pressure type ~"



THEORY

Vibration Analysis

Before performing flutter studies, vibration characteristics of the Grumman

version of the Space Shuttle (figure 1) were determined. The flight trajectory point

chosen for the study was at M = 0.8 and an altitude of 4, 570 m (15, 000 ft). The

weight distribution appropriate to this point was used and summarized by component

weights in table 1.

The vibration analysis was performed using standard matrix methods. The

flexibility data for the orbiter were obtained from a large finite element model. The

one full-span control surface was considered rigid although attached flexibly to the

wing. These data were subsequently reduced and force-coupled through the attach-

ment points to the beam idealizations of the external tank and the SRB's. These

couplings were all statically determinate. Table 2 summarizes the interstage flex-

ibilities (including the local structure around the attachment points). The symmetric

vibration analyses employed 120 degrees of freedom, and the antisymmetric vibration

analyses consisted of 145 degrees of freedom.

Vibration analyses were performed for the complete vehicle, for the orbiter

and external tank without SRB's, and for the orbiter alone. Various interstage

coupling flexibilities were also investigated. The attachment between the external

tank and the SRB's is quite flexible, so that a large stiffness range is covered by the

rigid and actual attachments.

Tables 3 and 4 summarize the results of the vibration analysis. Frequencies

and dominant component motion are identified for both symmetric and antisymmetric

conditions. Mode shapes for the complete vehicle are presented in figure 2; only

the modes which are important for flutter are shown. Symmetrical modes are

indicated by the vertical motions of the orbiter and external tank, vertical and

lateral motions of the SRB, and fore-and-aft motion of the fin. Antisymmetrical



modes are shown by the vertical motions of the wing, lateral motions of the fuselage,

fin, and external tank, and vertical and lateral motions of the SRB. The rotational

degrees of freedom (not shown in figure 2) were included in the analysis. For com-

pleteness, the generalized mass are included in table 5.

Aerodynamic Analysis

Subsonic generalized aerodynamic forces were calculated for the configurations

studied by direct application of the nonplanar doublet-lattice method of ref. 13. In

this method lifting surfaces are modeled by a lattice of doublet panels. The effects

of isolated bodies are represented by axial doublets whose strengths are independently

determined by slender body theory. Interaction between bodies and lifting surfaces

is obtained by placing doublet panels on the idealized surface of each body in regions

close to the lifting surfaces.

The strength of the doublets on the body and lifting surfaces are calculated

simultaneously to produce normalwash on their boundaries. The slender body and

surface panel solutions are coupled by assuming that the axial doublets from the

slender body solution affect the boundary conditons that must be satisfied by the sur-

face doublets. Thus, before the strengths of the surface panel doublets are deter-

mined, the normalwash prescribed on the wings and interaction regions is decre-

mented by the normalwash generated on these surfaces by the axial doublets. For

single-body configurations, this subtraction results in a zero body-netwash, since

the" slender body solution- already satisfies-the-prescribed_wash_on.the .body ̂ surface.

For more than one body, the body panel netwash is no longer equal to zero due to

small contributions of normalwash caused by the axial elements of other bodies.

This method may be better understood by considering a single wing and body

pair. The generalized aerodynamic forces are produced by the contribution of six

distinct types of pressure distributions. The vibration of the wing causes three of

these pressures:



1. A direct pressure on the wing itself

2. A direct pressure on the body

3. A pressure on the wing due to reflections off the body

Similarly, the remaining three pressure distributions arise from the vibration of

the body

4. A direct pressure on the body itself

5. A direct pressure on the wing

6. A pressure on the body due to reflections off the wing.

These effects are illustrated in figure 3.

In the doublet-lattice method, these pressures are computed using the afore

mentioned lifting surface panels, slender body elements, and interaction panels.

Specifically, the vibration of the wing produces a down wash which, if the wing is

alone, gives rise to pressure no. 1:

w
W

A C
P(D

(1)

When a set of rigid interaction panels are placed in proximity with the wing,

pressure rios. 2 and 3 are produced:

ww
o

=
Dw,l"

• *

AC + AC
P(3)

AC
P(2)

(2)

Using slender body theory, pressure no. 4 is determined directly from the downwash,

w }, generated by the motion of the body:

A C
P(4)

w
B (3)



The axial singularities to generate this pressure augment the downwash field over

that due to the motion of the lifting surface and reflecting panels:

wW, B

w.
B, B H AC

P(4)

This, in turn, gives rise to the final two pressures:

D
AC + AC + AC

Pd) P(3) p(5)

A C + A C
P(2) P(6)

WB - WB, B

W W- W W,B

(4)

(5)

The generalized forces for the wing and body pair are then obtained from the

products of the AC 's from eq. (3) and (5) and their corresponding mode shapes.

For configurations with more surfaces and bodies than the wing and body pair,

equations similar to eq. (1) through (5) are solved. However, due to the complexity

of notation, they are not included here.

Aerodynamic Idealization

As seen from figure 1, the Space Shuttle is comprised of five main components:

the wings, the fin, the orbiter fuselage, the external hydrogen-oxygen tank (ET), and

two solid-rocket boosters (SRB's). For purposes of this study, consideration of the

fin is omitted. Figures 4A and 4B show the aerodynamic element combination used

to model this configuration. The wing is modeled by a lattice of doublet panels. The

fuselage and the external tank are each represented by a line of axial doublet elements

whose orientations are vertical in the symmetric case and horizontal in the antisym-

metric case. Similarly, the SRB's are modeled by axial doublets but, since the



SRB's are located off the vehicle midplane requiring both lateral and vertical de-

grees of freedom in both the symmetric and antisymmetric cases, each SRB must

be represented by two sets of axial doublets, one oriented horizontally and one

oriented vertically.

To account for interaction between the bodies and the wing, doublets are applied

to the idealized surfaces of each body in the regions close to the wing.

Vehicle Idealization Studies

Before deciding upon the idealization to be used in the flutter analysis, varia-

tions in number and distribution of aerodynamic elements were studied to determine

their effect on generalized forces and flutter speed. In all, variations in the follow-

ing parameters were made:

• Chordwise and spanwise number of wing lattice boxes

• Circumferential distribution of orbiter fuselage interaction panels

• Axial distribution of fuselage panels

• Number and location of slender body elements for the orbiter fuselage.

Wing lattice boxes - Seven different combinations of lattice boxes were used to idealize

the wing planform. Flutter analyses of the isolated wing with as few as 28 boxes

(7 chordwise and 4 spanwise) and as many as 88 boxes (11 chordwise and 8 spanwise)

were run. Less than one percent variation in flutter speed was obtained, indicating

that accurate results can be obtained with rather coarse paneling.

Interaction panels - The cross-section of the fuselage was modeled seven different

ways, as shown in figure 5. Assuming that the seventh case represents the converged

solution, comparisons are made for other models using case 7 as a base. Table 6

contains the generalized force comparison for the above cases. The generalized forces

were computed for the symmetric modes of the "orbiter alone" configuration and are



shown for the first two modes only. As can be seen, even a crude model (1 or 2)

gives reasonable accuracy. Model 5 was subsequently used for final flutter analyses.

A limited number of variations in the number and axial locations of fuselage

panels were considered. The recommendations of ref. 13 were followed to the extent

that panel edges coincided with wing root panel edges. Generalized forces for dense

and sparse paneling, as shown in figure 6, are compared in table 6. The differ-

ences are very small, indicating that the solution is not sensitive to the number of

longitudinal panels. It should be noted that, even for the large grid, the panel length

is within the recommended limits, i.e., the box length is small compared to the basic

wavelength.

In modeling bodies that are in close proximity, convergent results were ob-

tained only if the axial panel edges coincided. This is the reason for the longitudinal

compatibility of the boxes on the orbiter fuselage, the external tank and the SRB's.

To improve numerical resolution much care was exercised in modeling the complete

vehicle, aligning spanwise and chordwise panel edges as much as possible. For

instance, three additional strips of wing panels were added to align wing panel span-

wise edges with the SRB panels. This edge alignment produced convergent results

with the least number of panels.

Slender body elements - Slender-body-element definitions of the orbiter fuselage

were varied to determine the resulting pressures' sensitivity to the number and

location of such elements. Three different representations, shown in figure 7, were

analyzed. The real part of pressures calculated for two~ fuselage-bending modes are -

plotted together with the corresponding mode shapes. As can be seen, the number

and location of elements is not very critical, although the density of panels should be

higher at body radius changes and for higher-order modes. The densest element

distribution was used in the flutter analyses.



In summary, the experience gained in using the doublet-lattice program has

shown that the recommendations of ref. 13 are good guidelines but that, in complex

configurations, various models should be tried to ensure convergence of the general-

ized aerodynamic forces. With proper panel alignment, however, an adequate solu-

tion can be obtained with a relatively sparse grid.

PARAMETER STUDY DESCRIPTION

Aerodynamic Variations

To isolate the effects of each component in the aerodynamic idealization on the

flutter speed of the vehicle, a series of analyses were made using a single set of

vibration modes but varying the aerodynamic composition of the configuration. The

modes used were those of the complete shuttle, shown in figure 2. Results of these

analyses were compared with those of a base configuration consisting of aerodynamic

forces from the orbiter wing along — without any reflections off the bodies.

In table 7, the configurations studied are denoted. Run 1A, the base case,

has only pressures of type no. 1, as in eq. (1). Run 2A includes interaction panels

on the orbiter fuselage, but does not include axial elements. Consequently by com-

paring 2A with the base, 1A, the effects of reflection off the orbiter body are isolated

(pressure type no. 3, as in eq. (2)). Axial elements modeling the fuselage are in-

cluded in run 3A, so that all pressure types no. 1-6 are present as in eq. (5). In

4A, interaction paneling and axial elements are placed on the external tank. Similar-

ly, 5A includes interaction panels on the SRB and 6A includes axial elements for the

SRB. Configuration 7A has interaction panels on the surface of all bodies but no

axial elements. Since 6A includes axial elements and interaction panels on all bodies,

it is the most complete representation studied.

An additional run, 8A, was run using a complete aerodynamic representation

as in run 6 A but with the separation between the SRB and the wing halved.

10



Structural and Configurational Variations

In addition to variations in aerodynamic idealization, various combinations of

components and structural idealizations of the Space Shuttle were also analyzed for

flutter. The configurations studied are summarized in table 7 as different columns

(letter series). Since each row of this table denotes the same aerodynamic configu-

ration, comparison across columns provides correlation between different component

combinations and structural idealizations. Thus, column A represents the complete

Space Shuttle structure: free-free flexible orbiter, flexibly connected flexible

external tank with flexibly attached flexible SRB's. All other configurations are

simplifications of the above configuration and are, in a way, a measure of how much

the configuration or structure can be simplified without sacrificing accuracy in com-

uting vehicle flutter speed.

RESULTS OF ANALYSIS

Flutter Modes for Base Configuration

Figures 8 and 9 show the V-g-f plots for the base configuration (run 1A) in the

symmetrical and antisymmetric a I cases, respectively. The antisymmetric flutter

speed is lower and, therefore, is the critical flutter speed. Tables 8 and 9 present

the major modal contributions to the eigenvectors of the various flutter instabilities.

The roots are numbered in ascending frequency order. In the symmetric case the

principarflutter instabilities^are as'follows;- --

• The lowly damped 7th root instability. This root is primarily the seventh
mode, first fuselage bending causing wing plunge or heave. This couples
with the fourth and fifth modes, which are both first wing-bending-type
modes, creating a slight instability at speeds as low as 221 m/sec (430
knots). If a damping level of 0. 01 is chosen as representative of the actual
structural damping, the root does not go unstable.

• The 9th root instability at 365 m/sec (710 knots) for 0. 01 damping. The
main contributor to this root is the ninth mode, which is a fuselage bending
mode causing wing pitch. It is strongly unstable when aerodynamically
coupled with the fourth and fifth modes. Coupling with the eleventh mode
also is present.

11



• The llth root instability at 388 m/sec (755 knots) for 0. 01 damping. This
root is made up almost equally of modes 10 and 11 approximately 180° out
of phase. It also is strongly unstable. Coupling with the sixteenth, fourth,
fifth, seventeenth, and ninth modes is important.

If all modes except those mentioned above are eliminated from the.analysis

the flutter characteristics are virtually unchanged, as shown in figure 10.

For the antisymmetric case there are five principal instabilities:

• The 9th root instability at 303 m/sec (590 knots) for 0. 01 damping. The
ninth mode, wing first torsion, couples with the sixth through eight modes
(wing bending modes) and the tenth mode.

• The 10th root instability at 290 m/sec (565 knots) for 0. 01 damping. The
main contributor is the tenth mode, which is a fuselage bending mode caus-
ing wing pitch. It couples with the sixth through ninth modes .

• The 12th and 13th root instabilities at 344 and 336 m/sec (670 and 650
knots) for 0. 01 damping. Both of these roots are comprised mainly of the
twelfth mode, which is third fuselage bending causing wing pitch. This
couples aerodynamic ally with modes six, eight, and ten. Wing heave modes
thirteen and fifteen contribute to the first and second of these instabilities,
respectively.

• The llth root instability at 496 m/sec (965 knots) for 0. 01 damping. The
eleventh mode is a fuselage bending causing wing pitch (much like the tenth
mode) and couples with modes eight and ten.

If only modes 6 through 15 are retained in the analysis, all instabilities except

the llth root are predicted with fair accuracy, as shown in figure 11.

Effects of Aerodynamic Interaction - Antisymmetric

Table 10 shows the flutter speeds and flutter speed ratios obtained for the

various roots in each of the antisymmetric analyses, while table 8 and 9 present the

modal composition of the flutter vectors. To determine distinct flutter speeds to

facilitate comparisons for lowly damped instabilities a structural damping level of 1%

is assumed, as was done in the base case. Roots nine and ten are highly coupled in

all configurations so that uniqueness is difficult to obtain; consequently, the damping

12



characteristics of these roots seem to interchange from configurations 1A and 2A to

3A through 6A. To make appropriate comparisons between runs, the more unstable

of these two roots is referred to as root ten while the less unstable is denoted root

nine. For example, in the V-g-f plot for run 6A (figure 12), the root-ten flutter

speed ratio is calculated using the ninth (lowest) root since it is more unstable than

the tenth.

In examing table 10, first consideration is given to root ten since it has the

lowest flutter speed. Body aerodynamics (body motion plus body interaction) lowers

this flutter speed by 11%. Of this reduction, 6% is attributed to the presence of the

orbiter (run 3A), 1% to the external tank (run 4A), and 4% to the SRB's (6A). If the

slender-body aerodynamics were neglected, the reduction would be 8% (run 7A);

consequently, body motion (in an aerodynamic sense) is not too important to this

mechanism.

Root nine, which was only marginally unstable in the base case, is destabilized

13% by simple reflection off the rigid bodies (run 7A), but is stable when body motion

is included in the analysis as in runs 3A-6A.

The flutter speeds of roots twelve and thirteen are lowered only 6% by body

aerodynamic effects, about half the effect being caused by body motion and half by

reflection.

Much like root ten, root eleven experiences an 8% reduction in flutter speed

due-to simple reflection. Body-motion-(of the-fuselage), -however, -has ̂ a-pronounced.

effect on this mechanism, lowering the flutter speed an additional 22%. This re-

duction is accompanied by a drastic change in the phasing of the flutter vector com-

ponents. Computing phase angles from the real and imaginary parts of the eigen-

vectors'presented in table 9, one finds that in the base run modes 8 and 10 lead

mode 11 by 49° and 74°, respectively, but lag mode 11 by 8° and 172° in run 6A.

To determine the relative importance of the body aerodynamic forces which

cause these changes in flutter speed, inspection is made of the generalized aero-

13



dynamic force matrix for a reduced frequency near flutter. Table 11 shows selected

elements of this matrix for runs 1A, 6A, and 7A. In particular, the elements selec-

ted are those involving the major modal contributors to roots ten and eleven. For

each element, this table has three columns which correspond respectively to the

summation of forces caused by pressures on the wing panels alone, on the wing and

interaction panels, and on the total vehicle, i. e., the wing and interaction panels and

the axial elements.

Referring to eq. (1), one sees that the base run consists of only pressure type

no. 1 of page 6 . As eq. (2) indicates, pressure types no. 1 and 3 appear on the

wing in run 7A. For run 6A, eq. (5) illustrates that the generalized forces of column

one in table 11 arise from pressure no. 1, 3, and 5, while those of column two in-

clude effects of pressure no. 2 and 6 and those of column three also include pressures

of type no. 4. , .

By comparing the various table entries, one can assess the relative importance

of a particular body aerodynamic effect on the generalized forces. For example, com-

parison of the Q and Q terms indicates that reflection effects are not as im-
11, o rl, 11

portant to this force as slender body effects and that pressure of type no. 4 is partic-

ularly large in this case.

If, for instability 10, attention is confined to the principal modes involved

(8, 9, and 10) and table 11 is consulted, the following simplified explanation of the

effect of body aerodynamics emerges. Mode 8, the driving mode of the flutter mecha-

nism, is wing bending almost exclusively (disregarding fin motion) and, as such,

contributes little or no body-motion forces. Only reflection of signals from the wing

affects the mode-generated aerodynamic forces. Mode 9, wing torsion, also has a

small amount of body motion; again, reflection off the bodies is the only substantial inter-

action effect. Mode 9 is affected more than mode 8 because torsion involves more

motion inboard (close to the reflecting bodies) than does bending. Mode 10, struc-

turally coupling fuselage bending and wing pitch, has significant body motion which

14



generates aerodynamic forces (type no. 4-6) and has considerable wing root motion

which makes reflection (type no. 3) important. From this detailed account, we see

that reflection is the major factor affecting the root 10 instability, although body

motion is of some significance.

For root 11, modes 8, 10, and 11 are principal modes. Mode 11 is similar to

10 in that reflection and body-motion effects are both important but, in mode 11, the

latter is the more important of the two. Since the root 11 instability involves two

modes (10 and 11) where body motion is important, a larger variation in flutter speed

due to body-motion (22%) is experienced for this coupling mechanism.

As an additional indication of how important body motion is to the flow field,

figure 13 shows the effect on the wing of the downwash induced by body motion for

mode 11. Corresponding to the right-hand side of eq. (5), the augmented downwash

is quite different from the prescribed downwash. Figure 14 shows the resulting

differences in wing pressures.

Effects of Aerodynamic Interaction - Symmetric

Table 10 gives the flutter speeds of the various roots in the symmetric analyses,

while table 8 presents the flutter vector composition for runs 1A and 6A. Figure 15

shows the V-g-f plot for run 6A.

In examining root 9, the principal instability, body aerodynamics is seen to

lower the flutter speed by 9%, of which 3% is attributed to the presence of the orbiter,

2% to the external tank, and 4% to the SRB's. "If"the aerodynamics "due to body motion

were neglected, run 7 A indicates that the reduction would be 6%. A sin the antisym-

metric case, body reflection associated with wing motion has a greater effect than

body motion on the flutter speed of the principal instability.

The flutter speed of root 11 experiences a mere 2% reduction due to body aero-

dynamics, and this is seen to result from SRB reflection effects. The marginally

stable 7th root first becomes unstable (. 01 damping level) for configuration 3A at

15



288 m/sec (560 knots) with the introduction of fuselage motion. It becomes more

stable by reflection of other bodies and removal of fuselage motion (run 7A). The

external tank motion also tends to stabilize this marginally unstable root (run.4A).

As in the antisymmetric runs, an examination of the generalized aerodynamic

force matrix for a reduced frequency near flutter is made. Table 12 shows the

elements of this matrix that relate to major modal contributors of root 9 for runs

1A, 6 A, and 7A. The body aerodynamic effects can be understood in the following

way. Since mode 4 has little body motion, only reflection can have a big effect on

its generalized forces. As a bending mode, however, mode 4 has little wing motion

at its root (close to the reflecting bodies) and, hence, is affected little by interaction

Mode 5, also a wing bending mode, has some body motion, causing changes in the

aerodynamic forces. As a fuselage-bending/wing-pitch mode, mode 9 has both con-

siderable reflection and body motion effects. Like mode 4, mode 11 has little body

motion, and body effects are limited to reflection. With this composition, the re-

sponse of root 9 to reflection effects and relative insensitivity to body motion is easily

comprehended.

Effects of SRB Proximity

As shown in table 10, halving the separation between the top of the SRB and the

wing does not significantly affect flutter speed. To investigate this phenomenon!,

generalized forces in the antisymmetric case were calculated at a reduced frequency

near flutter for various separations, giving the trends of figure 16. As shown, re-

flection effects level out at a separation of about one-half the SRB radius. Any

increased proximity past this point has almost no effect. Since the present analysis

uses linear aerodynamic theory and does not account for the Venturi effects that

would arise when the SRB is close to the wing, this conclusion is of doubtful validity.
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Structural and Configurational Effects

To obtain the mass and structural effects of the external tank and SRB's upon

the vehicle flutter speed, several additional analyses were performed, as indicated

in table 7, and compared with the A-series of runs which use the modes of the com-

plete vehicle. For each set of comparisons, the same aerodynamic idealization was

used. Table 13 summarizes the results.

The omission of the SRB's results in a 3% and 8% decrease in the critical

flutter speed (comparison of runs 4C and 4A) for the symmetric and antisymmetric

conditions, respectively. Since the flutter mechanism involves essentially the same

type of modes, the different flutter speed can be attributed to small changes in fre-

quencies, mode shapes, and phasing.

While the omission of the external tank and the SRB's (3A vs 3E) does not change

the flutter speed for the antisymmetric case, there is a 5% drop for the symmetric

case. Again, the flutter mechanisms are essentially identical. Ignoring tank aero-

dynamic effects, flutter calculations for the orbiter alone are conservative.

Studies were also made of the effect of interstage flexibilities on flutter. For

the symmetric case, making the interstage connection rigid between the external tank

and the orbiter decreases the flutter speed by 8% (comparison of runs 4C and 4D).

The drop in flutter speed is traced to a change in the flutter mechanism; viz, a

coalescence involving a mode in closer proximity to the driving mode. Mode 3

(original ly-at-2...97- cps)_is now.fhitter-critical as opposed to mode 4 at 3.32 cps.

Both modes are fuselage and external tank bending with wing pitch. In the sym-

metric oase, a 5% drop in flutter speed occurs.

The interstage connection between the external tank and the SRB seems to have

little effect on flutter speed. This is shown by comparing runs 5 A, 6 A representing

a soft connection with runs 5B, 6B in which the connection is rigid. Only a 2% change

is realized. The small difference is attributed to the fact that SRB mode and fre-

17



quency changes have little effect on the flutter mechanism which, throughout the

whole study, has been consistently wing bending-fuselage bending/wing pitch. The

results indicated here are only applicable to the configuration studied and may not

hold for smaller SRB mass.

CONCLUSION

Analytical flutter studies were conducted to determine the effect of wing-body

interaction on the flutter speed of a preliminary shuttle design. The Space Shuttle

model used included wing and body aerodynamics from the orbiter fuselage, external

tank, and SRB's. Studies verified the validity of the guidelines cited in ref. 13 for

establishing an appropriate aerodynamic idealization. A converged solution was

obtained using 208 lifting surface elements and 63 axial elements.

For the shuttle configuration studied, the critical flutter mechanism was the

coupling of the wing-first bending mode with a fuselage-bending/wing-pitch mode.

Body aerodynamics reduced the flutter speed corresponding to this mechanism by

11%, with reflection off the bodies being the predominant effect. Body-motion aero-

dynamics was of secondary importance for this mechanism, but it did have large

effects on certain other noncritical flutter modes.

Configurational and structural effects of the external tank and the solid-rocket

booster on flutter speed were also evaluated. Whereas excluding aerodynamic

coupling from the analysis raised the predicted flutter speed, excluding structural

coupling between components reduced the predicted flutter speed. Consequently, an

analysis using full vehicle-coupled modes without aerodynamic coupling between

components is less conservative than a component analysis. However, both give

higher flutter speeds than an analysis including aerodynamic, coup ling.

18



Two other parameters studied were SRB vertical location and interstage flexi-

bilities. Decreasing the nominal (half-SRB-radius) separation between the wing and

the SRB had no effect on flutter speed, while removing the SRB entirely raised the

speed by 4%. Due to the limitations of linear potential theory, the validity of the results

for small separations is in doubt. The flexibility of interstage connections between the

external tank and the orbiter does affect the flutter speed, however, since the SRB's

modes have little effect on flutter, the interstage flexibility between SRB's and the

external tank is not an important parameter for the configuration studied.
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TABLE 1. - TOTAL WEIGHTS OF SPACE SHUTTLE

Component

Orbiter

ET

SRB (2)

Total

Mass, kg

153,044

726,383

1,041,645

1,921,072

Weight, Ib

337,405

1,601,401

2,296,435

4,235,241

TABLE 2. - LOCAL INTERSTAGE FLEXIBILITIES

Local attachment

SRB/ET a fwd x
y
z

SRB/ET3 aft y
z

Orbiter/ETb fwd y
z

Orbiter/ETb aft x

x-zc

y
*x

yV

Symmetric flexibilities

m/Nx 108

0.782
3.809
7.040

3.809
7.040

4.796

1.612
....9JOL

-.0296

(in./lbx 106)

(1.37)
(6.67)

(12.33)

(6.67)
(12.33)

(8.40)

(2.82)
(1.59)
(-.0519)

Antisymmetric flexibilities

m/Nx 108

0.782
10.706
5.710

10.706
5.710

1.456

1.753
.000105

-.00628

(in./lbx 106)

(1.37)
(18.75)
(10.00)

(18.75)
(10.00)

(2.55)

(3.07)
(.000184)

(-.011)

a Flexibility is from £ of SRB to<£ of ET.

k Flexibility is from orbiter attachment point to <£ of ET.

^ Off-diagonal (coupling) terms
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TABLE 5
GENERALIZED MASSES FOR MODES
OF THE COMPLETE VEHICLE

Mode
index

(a)

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

Generalized mass, kg (Ib)

Symmetric

33,623
431,670
173,977

3,873
8,545

210,721
17,234

137,304
8,481

52,404
3,991

18,213
14,350
5,001

27,803
2,749

14,002
13,112

1,741
17,527

(74,125)
(951,672)
(383,553)

(8,538)
(18,839)

(464,560)
(37,995)

(302,703)
(18,697)

(115,532)
(8,799)

(40,152)
(31,636)
(11,025)
(61,295)

(6,060)
(3,087)

(28,908)
(3,839)

(38,641)

Antisymmetric

17,815
60,676
46,235

395,613
239,945

4,886
15,132
1,017

11,107
8,943

11,848
13,403
20,904
56,623
13,142
8,411
9,921

18,234
8,038
6,461

(39,276)
(133,767)
(101,931)
(872,177)
(528,988)

(10,772)
(33,361)

(2,241)
(24,486)
(19,715)
(26,121)
(29,549)
(46,085)

(124,833)
(28,974)
(18,544)
(21,873)
(40,199)
(17,722)
(14,243)

aSee Table 4.
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TABLE 6
RATIOS OF GENERALIZED AERO FORCES OF REFERENCE MODELS

Model number

(see Figure 5 and 6)

1

2

3

4

5

6

7
(Reference model)

8
(Reference model)

9

Ratio: QR § of model at flutter to that of reference model

QU
Real Imag

Ql,2

Real Imag

Q2,2

Real Imag

Cross section model

0.992

1.006

.995

.999

.999

1.000

1.000

0.990

1.001

.998

.999

.999

1.000

1.000

0.980

1.000

.994

.998

.998

.999

1.000

1.026

.903

1.016

.995

1.006

.992

1.000

0.941

.972

.989

.998

.998

1.001

1.000

0.999

.975

1.006

.999

1.001

.998

1.000

Fuselage spanwise panel model

1.000

1.003

1.000

1.000

1.000

1.000

1.000

.998

1.000

1.001

1.000

.963
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TABLE 7. - FLUTTER ANALYSIS RUN NUMBERS

Aerodynamic
configuration

1 . Wing alone

2. Wing & refl of fuselage

3. Wing & refl & slender '
body of fuselage

4. Wing, fuselage & ET
refl & slender body

5. Wing, fuselage, ET;
& SRB refl only

6. Complete aero of
orbiter, ET & SRBs

7. Wing aero plus refl
effects of all bodies

8. Complete aero with
vertical separation of
SRBs halved

Run number

Structural configuration

A
Complete
vehicle

1A

2A

3A

4A

5A

6A

7A

8A

B
Orbiter with
flex, attached
ET & rigid,
attached SRBs

4B

c
Orbiter with
flex, attached
ET

3C

D
Orbiter with
rigid, attached
ET

4D

E
Orbiter

5E

6E
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TABLE 8 - MAJOR MODAL CONTRIBUTIONS TO EIGENVECTORS OF PRINCIPAL
FLUTTER INSTABILITIES, SYMMETRIC ANALYSES

Mode
index

(a)

4

5

7

9

10

11

16

17

4

5

7

9

10 ~

11

16

17

Contribution

Root 7

Real Imag

Root 9

Real Imag

Root 1 1

Real Imag

RUN lAb

0.13

-.09

1.00

-.03

—

-.03

-.03

0.14

-.09

.00

-.02

—

-.02

-.01

-0.27

.10

—

1.00

—

.15

.10

-.06

-0.08

.03

—

.00

— .

.01

-.01

—

0.17

-.09

—

.02

1.00

-.82

-.28

.08

0.02

-.01

—

—

—

.04

.03

-.01

RUN 6Ab

0.12

-.16

1.00

-.08

—

-.03

—

0.21

-.13

.00

-.06

—

-.03

—

-0.59

.12

.12

1.00

—

.17

.09

-.10

-0.14

.06

-.03

.00

"— - •-

—

-.03

-.01

0.19

-.14

—

-.24

-1,00

-.93

-.38

.07

—

-0.01

—

-.04

-.00

.07

.05

-.04

a See Table. 4.
DSee Table 7.
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TABLE 9. - MAJOR MODAL CONTRIBUTIONS TO EIGENVECTORS OF PRINCIPAL
FLUTTER INSTABILITIES, ANTISYMMETRIC ANALYSES

Mode
Index
(a)

6

7

8

9

10

11

12

13

15

6

7

8

9

10

11

12

13

15

Contribution

Root 9

Real Imag

Root 10

Real Imag

Root 1 1

Real Imag

Root 12

Real Imag

Root 13

Real Imag

RUN lAb

-0.05

-.04

-.29

1.00

.18

-

-

-

-

-0.07

-.04

-.28

.00

.14

-

-

-

-

-0.17

-.10

-.64

-.14

1.00

.04

.05

-

.09

-0.07

-.02

-.08

.00

.00

.02

.01

-

.01

0.04

-

.14

-

.13

1.00

-

-

-.05

0.04

-

.16

-

0.45

.00

-

-

-.05

-0.10

-.04

-.24

-

-.27

-

1.00

-

.19

-0.07

-.02

-.10

-

-.07

-

.00

-

.03

0.30

.13

.62

-

.62

-

1.00

.06

-.58

-0.02

-.03

-.18

-

-.21

- '

00

-.08

.34

RUN 6Ab

0.19

.16

1.00

-.43

-.82

-.13

-

-

-

0.06

.00

.00

.80

.27

.00

-

-

-

-0.12

-.12

-.66

-.86

1.00

.19

—

-

-

-0.08

.00

-.05

-.06

.00

.02

-

-

-

0.07

-

.21

-

-.29

1.00

-

-

-

-0.01

-

-.03

-

-.04

.00

-

-

-

-

-

-0.19

-

-.28

-

1.00

-

-

-0.20

-

-.36

-

-.33

-

.00

-

.22

-

-0.06

-

-.15

-

1.00

-

.06

-0.11

-

-.20

-

-.16

-

0.00

-

.13

a See Table 4.
bSee Table 7.
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TABLE 10.- RATIOS OF FLUTTER SPEED TO FLUTTER SPEED OF WING ALONE

Run
no.
(a)

1A

2A

3A

4A

5A

6A

7A

8A

Ratio: Flutter speed/reference flutter speedb

Root?

[-1

[-]

[1.00]

[1.07]

[-]

[-]

[1.07]

[-]

Root 9C

1.00 [1.00]

.92 [.985]

- [-97]

- [-95]

- [-91]

- [-91]

.87 [.94]

- [-91]

Root 10

1.00

.96

.94 ;

.93 ,

.90

.89

.92

.89
i

Root 11

1.00 [1.00]

.95 [1.01]

.72 [1.00]

.72 [1.00]

.70 [.98]

.70 [.98]

.92 [.98]

.70 [.98]

Root 12

1.00

.99

.98

.98

.94

.94

.97

.94

Root 13

1.00

1.00

.97

.97

.94

.94

.97

.94

aSee Table 7.
b

Use flutter speed of run no. 3A for root 7 and flutter speed of run no. 1A for
roots 9, 10, 11, 12 & 13.

Q

Root 9 is stable for run no.'s 3A, 4A, 5A, 6A, and 8A - antisymmetric.

Note: Numbers in brackets refer to symmetric configurations. Numbers without
brackets refer to antisymmetric configurations.
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TABLE 13. - FLUTTER SPEEDS FOR CONFIGURATION AND STRUCTURAL VARIATIONS

1

Aerodynamic
configuration

3. Wing & reflection
& slender body of
fuselage

4. Wing & fuselage
& ET reflection
.& slender body

5. Wing; fuselage &
ET reflection
& slender body;
SRB reflection

6. Complete aero of
orbiter, ET &
SRBs.

Anti-
Sym

Sym

Anti-
Sym

Sym

Anti-
Sym

Sym

Anti-
Sym

Sym

Flutter speed, m/sec (kt)

Structural configuration

A
Complete
vehicle

273
(530)

354
(690)

270
(525)

346
(675)

261
(510)

332
(645)

258
(505)

332
(645)

B
Orbiter with
flex, attached
ET & rigid,
attached SRB

268
(515)

340
(660)

268
(515)

340
(660)

C
Orbiter with
flex, attached
ET

250
(485)

338
(655)

D
Orbiter with
rigid, attached
ET

237
(460)

309
(600)

E
Orbiter

273
(530)

338
(655)

f

j
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// Vertical Tail

External Tank

Orbiter Fuselage SRB

Symmetric Mode 4 (2.02 Hz)

Symmetric Mode 5 (2.36 Hz)

Fig. 2 Mode Shapes of Orbiter Flexibly Attached
to ET and SRB (Sheet 1 of 9)
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Symmetric Mode 7 (2.64 Hz)

Symmetric Mode 9 (3.40 Hz)

Fig. 2 Mode Shapes of Orbiter Flexibly Attached
to ET and SRB (Sheet 2 of 9)
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Symmetric Mode 10 (4.16 Hz)

Symmetric Mode 1J (4.54 Hz)

Fig. 2 Mode Shapes of Orbiter Flexibly Attached
to ET and SRB (Sheet 3 of 9)
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Symmetric Mode 15 (5.98 Hz)

Symmetric Mode 16 (6.26 Hz)

Fig. 2 Mode Shapes of Obiter Flexibly Attached
to ET and SRB (Sheet 4 of 9)
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Vertical Tail

Orbiter Fuselage
SRB

External Tank

Antisymmetric Mode 6 (1.73 Hz)

Antisymmetric Mode 7 (2.10 Hz)

Fig. 2 Mode Shapes of Orbiter Flexibly Attached
to ET and SRB (Sheet 5 of 9)
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Antisymmetric Mode 8 (2.29 Hz)

Antisymmetric Mode 9 (2.53 Hz)

Fig. 2 Mode Shapes of Orbiter Flexibly Attached
to ET and SRB (Sheet 6 of 9)
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Antisymmetric Mode 10 (2.80 Hz)

Antisymmetric Mode 11 (2.94 Hz)

Fig. 2 Mode Shapes of Orbiter Flexibly Attached
to ET and SRB (Sheet 7 of 9)
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Antisymmetric Mode 12 (3.44 Hz)

Antisymmetric Mode 13 (3.97 Hz)

Fig. 2 Mode Shapes of Orbiter Flexibly Attached
to ET and SRB (Sheet 8 of 9)
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Antisymmetric Mode 15 (4.33 Hz)

Fig. 2 Mode Shapes of Orbiter Flexibly Attached
to ET and SRB (Sheet 9 of 9)
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WING MOTION

1. WING INDUCES PRESSURE ON WING
2. WING INDUCES-PRESSURE ON BODY
3. PRESSURE IS REFLECTED BACK ON WING

FUSELAGE MOTION

4. BODY INDUCES PRESSURE ON BODY
5. BODY INDUCES PRESSURE ON WING
6. PRESSURE IS REFLECTED BACK ON BODY

Fig. 3 Wing-body Interaction Effects
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ORBITER FUSELAGE

SLENDER BODY
ELEMENTS

WING

SOLID ROCKET BOOSTER (SRB)

EXTERNAL TANK (ET)

44
Fig. 4A Aerodynamic Model of Space Shuttle, Overall View



VIEW LOOKING AFT

VIEW LOOKING DOWN

Fig. 4fi Aerodynamic Model of Space Shuttle, Views Looking Aft and Down
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IDEALIZATION
CONTOUR

Fig 5 Cross Section Models of Obiter Fuselage
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Fig;.6 Axial Panel Locations for Orbiter Fuselage
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Fig. 7 Slender Body Modeling Study

.o
CM,

2~
O

-1.0

CN

-JI-10



.04

.02

-.02

-.04

-.06

MODES 1-20 INCLUDED IN ANALYSIS BUT
FOR CUARITY, ONLY 7 ROOTS PLOTTED

ALTITUDE = 4670M (15,000 FT)

M = .8

ROOT INDEX

6 r

- 4.1

too 200 300 400 500
J

600 M/SEC

200 400 600 800
EQUIVALENT AIRSPEED

1000

Fig. 8 V-g^f Plot tor Symmetric Run 1 A:
Wing Aerodynamics with Complete Vehicle Modes

1200 KT
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MODES 1-20 INCLUDED IN ANALYSIS;
FOR CLARITY. ONLY 8 ROOTS PLOTTED

ALTITUDE = 4670M (15.000 FT)
M = .8

N)ROOTINDEX

-.061-

o
z
LU

O
LU
OC

50

I M/SEC
100

T
200 300 400 500 600

I J KT
200 400 600 800

EQUIVALENT AIR SPEED
1000 1200

Fig. 9 V-g-f Plot for Antisymmetric Run 1 A:
Wing Aerodynamics with Complete Vehicle Modes



.04 r- MODES 4, 5. 7. 8. 9, 11, 16, 17 INCLUDED IN ANALYSIS;
FOR CLARITY. ONLY 7 ROOTS PLOTTED

a.
S
<
Q
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Fig. 10 V-g-f Plot for Symmetric Run 1 A:
Wing Aerodynamics with Selected Complete Vehicle Modes
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EQUIVALENT AIRSPEED

Fig. 11 V^-g-f Plot for Antisymmetric Run 1A:
Wing Aerodynamics with Selected Complete Vehicle Modes
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.04r

MODES 1-20 INCLUDED IN ANALYSIS BUT
FOR CLARITY, ONLY 8 ROOTS PLOTTED
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Fig. 12 V-g-f Plot for Antisymmetric Run 6A: Aerodynamics and Modes of the Complete Vehicle
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.2 r

•— PRESCRIBED DOWNWASH

DOWNWASH INCLUDING SLENDER BODY CONTRIBUTION

y = 3.81 M
(150.0 IN.)

REAL

y= 5.36 M
(211.0 IN.)

REAL

/= 7.62 M
(300.0 IN.)

3.75 5.25 M

_L
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1500 1600 1700 1800 1900 2000 21001 IN.

STREAMWISE DIMENSION, x

Fig. 13 Slender Body Effect on Wing Downwash



COMPLETE AERODYNAMICS
NO SLENDER BODY

y = 3.81 M
(150.0 IN.)

y= 5.36 M
* (211.0 IN.)

y= 7.62 M
^2^ (300.0 IN.)

3.75I 4.75 5.0 M

14001 15001 1600! 1700 1800 1900 2000 IN.

STREAMWISE DIMENSION, x

Fig. 14 Slender Body Effect on Wing Pressures
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04,- • MODES 1-20 INCLUDED IN ANALYSIS;
FOR CLARITY, ONLY 7 ROOTS PLOTTED

• ALTITUDE ' 4670M (15,000 FT)
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Fig. 15 V-g-f Plot for Symmetric Run 6A: Aerodynamics and Modes of the Complete Vehicle
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Fig. 16 Nondimensional, Real, Generalized, Aerodynamic
Wing Forces as a Function of SRB Separation,

NASA-Langley, iaV4 CR-2429 57
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