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Aeroelastic Stability of Space Shuttle Protuberances

L.E. Ericsson* and J.P. Redingt
Lockheed Missiles and Space Company, Inc., Sunnyvale, Calif.

The cable trays of rectangular cross section that carry the cables over the hydrogen-oxygen (HO) tank surface
on the Space Shuttle launch vehicle encounter high cross-flow velocities, induced by the bow shock from the
solid rocket booster (SRB) at transonic and supersonic speeds. A few cable tray sections experience 90-deg cross-
flow and several sections are subject to cross flow between 60 and 90 deg. An analysis of the aeroelastic
characteristics of these cable tray sections indicated that the structural integrity of the cable trays could not be
ensured. Consequently, it was decided to use an aerodynamic fix, consisting of a 20-deg flow ramp, on the first
Space Shuttle launch vehicle, which flew successfully April 12, 1981.

Nomenclature
=span
=two-dimensional chord length
=body diameter
=drag, coefficient c,=d’/ (pV?/2)c
=frequency
=altitude
=cross-sectional height of cable tray
=sectional lift, coefficient ¢, =1/ (pV?/ 2)c
=Mach number
=pitching moment, coefficient
C,=M,/(p,U%/2)Sd
=generalized mass
=sectional pitching moment, coefficient
¢, =m,/(pV?/2)c?
=normal force, coefficient C,, =N/ (p,, U%/2)S
=sectional normal force, coefficient
c,=n/(pV?/2)c
p =static pressure, coefficient
C,=(p—D)/(0V?/2)
P(r) =generalized force
q =pitch rate
q(t) =normalized coordinate
Re,Re, =Reynolds number, Re=Vc/v,,, Re,=Vx/v,
r; =radius of torsional inertia
=reference area = 7d? /4
=torsional moment
=time
=axial velocity
=cross-flow velocity
=reduced velocity = V/fh
=horizontal body coordinate, axial in three-dimen-
sional and chordwise in two-dimensional flow
=spanwise coordinate
=vertical coordinate, Fig. 6
=angle of attack
=increment and amplitude
=time lag
+¢{, =aerodynamic damping, fraction of critical
$o =structural damping, fraction of critical
=dimensionless y coordinate = y/b
= perturbation in pitch and torsion
= dimensionless radius of torsional inertia =2r,/c
= kinematic viscosity of air
=dimensionless x coordinate =x/c
o =effect of separation point movement, Eq. (23)
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¢, =Karman-Sears wake lag parameter, Eq. (29)
o = air density

fer =effective density of cable tray

¢ =normalized modal deflection

w =angular frequency =2=nf

€

=reduced frequency = wc/ V or we/U

Subscripts and Superscripts

a =attached flow

CT =cable tray

E =external

( ); =controlling flow separation

( )! =separation induced; e.g., A’C,, =separation-
induced normal force

max =maximum

oC = oscillation center and moment reference axis

s =separated flow

Sp = separation point

V =} component

0 =initial or time-average value

1,2,3... =numbering subscripts

oo = freestream conditions

( )’ =sectional force referenced to frontal area; e.g.,

¢, =n/(pV?/2)h

Derivative Symbols

ac,,
¢ =
ma d(cq/V)
ac,,
Cona = a
dc,,
C, = —
me d(ca/V)
Cong =Cg +Cprg
B Jdo L d%q
“ 9T

Introduction

F the various cable trays present on the main Space

Shuttle booster, the hydrogen-oxygen (HO) tank (Fig. 1),
the LO, cable tray was of special concern because of its low
margin of safety. Examination of the LO, tank flowfield
revealed that the interference from the nose cone of the ad-
jacent solid rocket booster (SRB) subjects the LO, cable tray
to large cross-flow angles, up to 90 deg, at transonic and low
supersonic speeds (Figs. 2 and 3). The rectangular cross
section of the cable tray (Fig. 4) causes its aerodynamics to be
dominated by separated flow. The separation-induced loads,
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Fig.1 Space Shuttle launch configuration.
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Fig. 2 Oil flow photographs of HO and SRB tanks at o= 0.26 deg
and M=1.1.
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Fig. 3 Interpretative flow sketches of oil flow photographs.

which are statically stabilizing! (Fig. 5), will be dynamically
destabilizing owing to the time lag associated with the
aerodynamic loads induced by separated flow.>® To deter-
mine whether or not these adverse, unsteady aerodynamics
can cause aeroelastic instability of sufficient magnitude to
endanger the structural integrity of the LO, cable tray is the
purpose of the present analysis.

Analysis
The dynamics of the cable tray are analyzed for oscillations
in torsion, the critical degree of freedom.” The equation of
motion can be written in the following form using standard
notations:

mG(t) +28,wq (1) +’q (1) | =P(1) 0]

The generalized force P(¢) is given by the virtual work}
done by the aerodynamic forces and moments.

TIf Wis the work done, P=3W/dq.
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Fig.5 Aerodynamic characteristics of a rectangular prism.}

For the torsional degrees of freedom P(¢) becomes

dT
P(1) = j FIGLL @

where d7/dy is the torsional pitching moment per unit span
and ¢ (y) is the normalized torsion mode.
There are three different types of generalized force,

P()y=P (1) +P, (1) +P,(1) 3)

where P, (r) is the generalized force in separated flow, P, (1)
the generalized force in attached flow, and P,(¢) the
generalized force independent of body motion, e.g., due to
buffeting or vortex wakes.

While P,(#) and Py(¢) usually can be defined by well-
established methods, P, () can often not be defined without a
special analysis tailored to the problem at hand. Thus the
main effort is devoted to the description of P, (¢).

Figure 6 shows the cable tray in cross flow of velocity V.
For small perturbations the sectional aerodynamic force and
moment induced by separated flow can be expressed in
derivative form as follows§:

a7, _pVZ o z ; cé 4
E)}'—MS—TC [Acm9(0+7)+Acm97] “)

The corresponding
derivatives is

M= e (00 ) ren 7]
& =M,= 5 ¢ [cm@ (0+ v *Cpmy % &)

expression for the attached flow

§The aerodynamic acceleration derivatives are assumed negligible
compared to the structural counterparts. All-aerodynamic ground-
interference-type terms, c,, (z), associated with the height z of the
tray above the surface of the ET are also assumed to be negligible.
This is probably a good assumption for the initial cable tray cross
section (Fig. 4).
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Fig. 6 Definition of cable tray coordinates.

Equations (1-5) give the following results9:
G +20($o+ 8, + )G (1) +@2q(t)y =Py(t) /m )
With n=y/b, where b is the spanwise distance between cable

tray supports, {,+{, can be written as follows for constant
cross-flow velocity:

pVeih
4wm

ot tm =2 (et ticy,) | 07 an )

For the cable tray with constant cross section, c¢X#, the
generalized mass can be expressed in the following form:

1
ﬁ1=ﬁCTr§hchO 62 (n)dy ®)

Pt 18 the effective average density of the cable tray and r,
is the cross-sectional radius of inertia in torsion. Substituting
ry=xc/2 and ¢ =¢,+ (1 - ¢,)sin(nwn)** in Eq. (8) gives for
the nth mode,

1-26,+3¢5  20,(1—,)
2 nw

Kpor :4m/hc3b{

x (=1 =11 (9a)

For fixed end points, ¢, =0, Eq. (9a) reduces to
K2 G = 81/ hei b (9b)

Combining Eqs. (7) and (8), the aerodynamic damping can be
defined as follows:

p - )
— Inr? "b‘__ V(C'”O +A’Cm0-)
cT

Sat§s= (10)

Aerodynamic Damping
The minimum value of the structural damping for

aeroelastic stability in torsion, determined by Eqgs. (6) and
(10), is

g g F D) (n

1 _
> s = V(e
Per
Studying the pressure distribution on rectangular cross
sections®? the load distribution shown in Fig. 7 was obtained
(the “‘primed”’ coefficient is based on the frontal area rather
than on the horizontal area). The effect of Mach number was
assumed to be similar to that measured on a flat-faced
cylinder'® (Fig. 8), resulting in the lumped load characteristics

INeglecting ground interference from the ET surface.
**This is shown in Ref. 7 to be a good representation of the mode
shape.
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Fig. 8 Measured pitch damping of a flat-faced cylinder.!?

shown in Fig. 9. To be conservative the peak value is used
until M=M_,=0.9.

Thus, having obtained an estimate of the static
aerodynamics, the next step is to obtain the dynamic
characteristics by determining the phase relationship for the
lumped load relative to the body motion. This has been done
for blunt-nosed cylinder-flare bodies with good success,!! and
one would expect that the lumped load phase relationships
established for the cylinder-flare body!' could be modified
and applied to the cylinder-alone body in Fig. 8. For the
negative nose load component one obtains the situation
sketched in Fig. 10. The phasing is caused by the effectiveft
time lag A¢. The figure shows how in the static case the
separation-induced force A'Cy(r) at a>0 is stabilizing,

TTEve‘r:effects that are not due to convective time lag can be
représented mathematically by an effective time lag.
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Fig.9 Estimated lumped load derivatives for the cable tray.
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Fig. 10 Sketch of effective time lag effects.

whereas in the dynamic case the residual force, A'Cy (f) at «
=0 and time ¢, is generated by the flow separation created at
the earlier time f— Ar, when «(f— At) >0, thus generating a
residual force that drives the motion and hence is dynamically
destabilizing.

With a () =a, +6(¢), one obtains for A'Cy (1),

AIC, (1) =AICy, o, (1)
s s (12)
a; (1) =y +0(1—Ab)

For harmonic oscillations, 8= Afsin(wt), 6(f—At) can be
written

f(t— At) = ABsinwtcoswAt
(13)

— AfcoswisinwAt

J. SPACECRAFT

That is,
(1 — At) =0coswAt — (8/w)sinwAt (14)

With At=cAr/U, i.e., using the dimensionless time lag A7,
which denotes the amount of reference lengths (c=d) that
the vehicle travels during the physical time lag Az, one obtains
the following expression for Eq. (14):

O(I—At)—ﬁcos(wAT)—ng (15)

Thus the sepafation-induced pitch damping derivative
component A"CNO. =0A'Cy_/9(c/U) is defined by Eqs. (12)
and (15) as follows:

) in(wA .
A’CN(; R MA'CN (16)

s w Qg
For slow oscillations, @Ar=0.2, Eq. (16) simplifies to
AiCy, ~—ATNCy 17
Thusit

Ar=—AICy, /NCy, ==AIC,, /NC, (18)
(X CYS

mg

The separation-induced effects, A’ CN and A'C,, , are

the differences between the measured vafues at M <1\/f and
the “‘supersonic’’ levels at M>M,, where M, <1.0. Flgure 8
shows the supersonic levels at M=M, to approach the slender
body values. With these as the attached flow reference levels
the figure gives

Ar=—-A'C, /A'C,
s s (19)
1.9=Ar=<3.1

The low value for A7 is obtained at M =0.4 and the high
limit at M, =0.8.

From the dynamic stall analysis in Refs. 12 and 13 one
obtains the following value for the dimensionless time lag
when nose stall has occurred. This would be the case ap-
plicable to the cable tray, which has nose stall already at & =0
atM<M,

Ar=E,+§, (20)

where £, =1.5.

The value for &£, is zero when the separation point is
fixed, >3 as in the “case of a sharp-edged rectangular cross
section. When the leading edge is rounded, as in the case of
the LO, cable tray (Fig. 4), £, takes the following values:

£,=0.75 turbulent stall
21
=30 laminar stall
Thus one obtains
2.25<Ar=<4.5 22)

The rather good agreement between the three- and two-
dimensional time lag values, Egs. (19) and (22), respectively,
is reassuring. Combining Eqgs. (18) and (22) gives

~2.25<Ac,, /A, =-45 (23)
s s

{1The lever arm to the separation-induced force is the same in the
stanc as in the dynamic case, and Al (Cpp, —wZC,,, ) ~A’Cm , as
@? <1.
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Fig. 11 Computed aerodynamic damping of cable tray torsional
oscillations in subsonic cross flow.
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Fig. 12 Computed stability boundary for cable tray torsional
oscillations.

From Fig. 9 one obtains for 0 <M <M, the following moment
around midchord
Alc

My

=0.33¢, (24)
s af

Assuming that the attached flow-type derivative, Crng» is of
negligible magnitude in the nose-induced separated flow
region existing at 0 <M <M, one obtains from Eqgs. (23) and
(24) the following estimate of the aerodynamic damping
derivative:

0.75 < (Cppy + A€, )/ =€, =1.5 (25)

ay

wherec, =c, /2.6 for the LO, cable tray, withc, given
o « C(l
by the solid line in Fig. 9.
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Fig. 13 Cable tray fixes used on the first Space Shuttle flight vehicle.

Using Egs. (9), (10), (24), and (25) together with the
measured local environment’ gives the aerodynamic damping
for the first torsion mode (f=40.82 Hz, Ref. 7) shown in Fig.
11. The upper and lower boundaries of {, 4+ {, are essentially
due to Eq. (25). The attached flow damping, {,, in Fig. 11 was
obtained as follows, using the analytic tools developed in
Refs. 12-15:

Cmy. =Cn, 16,025~ £0c) +0.25(0c —0.75)] (26)

where
£,=1.5 @©=<0.16
(27
=0.245/w@ ®>0.16
With the value ¢, =5.5 for the cable tray, £,-=0.5, and
®=0.16, Eqgs. (26) and (27) give

¢, =—0345(1+0"1)

mga

V h
:~0.345<1+ i 7)
2% ¢

™

(28)
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Fig. 14  Aerodynamic fixes on first Space Shuttle flight vehicle.
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Fig. 15 Comparison between old and new stability boundaries.

Thus, for the cable tray with ¢/h=2.6,

Cpy = —0.345(1 + V/16.3) 29)

a

Figure 11 shows that 5% structural damping, {,=5%, is
not sufficient to insure aeroelastic stability for torsional
oscillations in the lowest mode,” f=40.82 Hz.

The requirement for damped oscillations expressed in Eq.
(11) can be written

G 1o
Vo 2wk? pep

(Cpy +AC,,) (30)

Wlé

The upper, most conservative, stability boundary defined
by Eq. (30) is shown in Fig. 12, revealing that not only the
first, but also the second, torsional mode’ (f=83.45 Hz) will
be aeroelastically unstable for ¢, = 5%.

The above analysis is only valid for M,<M,, where
M,=0.9 has been assumed. At M, >0.9 the aecrodynamics
become discontinuous in character and one has to perform a
nonlinear analysis, as is described in Refs. 7 and 16.

J. SPACECRAFT:

The results of the above analysis indicated that the
structural integrity of the LO, cable tray could not be assured
with the existing design. The same was also true for the two
aft SRB cable trays, which were directly exposed to the full
axial flow over the HO tank. It was, therefore, decided that
on the first Space Shuttle flight vehicle 20-deg flow ramps
would be applied as upstream wind shields for the LO, and
SRB cable trays, and also for some sections of the LH, cable
trays (Fig. 13). The ramps for the different cable trays are
visible in the pictures of the roll out of the first flight
vehicle!”-1® (Fig. 14).

The analysis presented here was by necessity very con-
servative, as neither static nor dynamic test results were
available for the actual cable tray cross section. However, the
final analysis,” in which such experimental data was used, led
to the same conclusion in regard to the need for aerodynamic
fixes. The dynamic test!? also verified the soundness of the
time lag concept used in the initial analysis, as is illustrated by
the comparison in Fig. 15 between the ““old’’ prediction (Fig.
12) and the aeroelastic stability boundary obtained using the
measured'® aerodynamic characteristics for the original LO,
cable tray cross section. The agreement is remarkably good.
The main difference is the change of the limiting Mach
number for continuous subsonic aerodynamic characteristics
from the assumed value M, = 0.9 t0 0.66.

Conclusions

An acroelastic analysis of the Space Shuttle cable trays
shows that cable tray sections experiencing 60-90-deg cross
flow are aeroelastically unstable for torsional oscillations in -
the complete Mach number range investigated. Thus flow-
ramp-type aerodynamic fixes were installed on the first Space
Shuttle launch vehicle to assure the structural integrity of the
cable trays.
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