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Aeroelastic Characteristics of the Space Shuttle
External Tank Cable Trays

L.E. Ericsson* and J. P. Reding1^
Lockheed Missiles & Space Company, Sunnyvale, California

A study of the cable trays on the Space Shuttle external tank has shown that they are subject to high velocity
crossflow, which causes flow separation. Preliminary aeroelastic analysis showed that the flow separation could
endanger the structural integrity of the cable trays. A systematic experimental test program incorporating static
and dynamic tests provided the information needed for a more definitive aeroelastic analysis, which is described in
the present paper. The results of the analysis show that even when considering structural and geometric changes in
the cable tray design since the initial analysis, the end result is the same, i.e., the structural integrity of the cable
trays cannot be ensured. Consequently, various aerodynamic fixes were investigated to alleviate or possibly
eliminate the adverse separated flow effects. The one selected consists of a 20-deg flow ramp that shields the cable
trays from direct high-velocity crossflow.

Nomenclature
A = amplitude parameter, Eq. (7b)
c = two-dimensional chord length
c0 — delta wing root chord
ct = command module height (Fig. 8)
/ = frequency
h = cross sectional height of cable tray (Fig. 3)
A/z = gap size (Fig. 3)
1 = sectional lift, coefficient c1 = l/(pV2/2)c
/ = length of ground plane (Fig. 3)
M = Mach number
mp = sectional pitching moment, coefficient

cm = mp/(PV2/2)c3

r = corner radius
/ = time
A/ = time lag
V = crossflow velocity
V = convection velocity
x = chordwise coordinate
a = angle of attack
A = increment and amplitude
£0 = structural damping, fraction of critical
Sa

 + fs = aerodynamic damping, fraction of critical
0 = perturbation in pitch or torsion
X = disturbance wave length
v = kinematic viscosity of air
£ = dimensionless x-coordinate, £ = x/c
£sp = effect of separation point movement, Eq. (12)
|w = Karman-Sears wake lag parameter, Eq. (12)
p = air density
T = dimensionless time, T = Vt/c
<> = phase angle, <J> = coA /
co, co = oscillation frequency, to = coc/K
Subscripts
a = attached flow
COMP = computed
L = linear range termination
MAX = maximum
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s = separated flow
sp = separation point
tot = total
u = upstream
w = wake
0 = value at co2 «c 1
oo = freestream axial flow conditions
Superscript
* = circulation-induced, c* in Eq. (13)
Derivative Symbols
Cm* = 9 c d a
6

cm# = integrated mean value

Introduction

OF the various cable trays present on the main Space
Shuttle booster, the hydrogen-oxygen (HO) tank (Fig. 1),

the LO2 cable tray was of special concern because of its low
margin of safety. Examination of the LO2 tank flowfield
revealed that the interference from the nose of the adjacent
solid rocket booster (SRB) subjects the LO2 cable tray to large
crossflow angles (up to 90 deg) at low supersonic vehicle
velocities.1 The rectangular cross section of the cable tray (Fig.
2) causes the crossflow over it to separate. The initial analysis2

was made neglecting the presence of a pipe and the external
tank (ground plane) surface (Fig. 2a). The later design with its
added heat protection material brought the ground plane
surface much closer (Fig. 2b), and its presence could no longer
be neglected. Consequently, static and dynamic tests1'3'4 were
performed in a more or less two-dimensional flow arrange-
ment (Fig. 3). The static test was performed only for a
nominal sharp cornered cable tray configuration (Fig. 4a), but
in the dynamic test a series of configurations (Fig. 4b) was
investigated to define with the needed details the unsteady
aerodynamics to be used in the final aeroelastic analysis.

Analytic Approach
Because of the problem of dynamic scaling, it was essential

that the dynamic test data could be predicted using static
experimental results. Figure 5 shows that the dynamic results
of models 1 and 2 in Fig. 4b could be predicted rather well.
Using the experimental dynamic results for model 2 (Fig. 4b)
gave an aeroelastic stability boundary which was in remark-
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Fig. 1 Space Shuttle booster.
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Fig. 2 Cable tray geometries.
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Fig. 3 Wind tunnel test arrangements.

b. Dynamic Test

Fig. 4 Tested cable tray geometries.

ably good agreement with the preliminary (old) prediction of
Ref. 1 (Fig. 6). However, the main concern was the analytic
treatment of the nonlinear aerodynamics introduced by the
severe ground plane interference experienced by the new cable
tray geometry (Fig. 2b). Of particular importance was the
determination of possible static hysteresis effects associated
with the discontinuous change of cable tray characteristics at
transonic crossflow velocities,2 as they would generate nonlin-
ear frequency effects.5"7 The comparison between predicted4

and measured3 nonlinear dynamic characteristics showed no
nonlinear frequency effect (Fig. 7). The static hysteresis effect
is inversely proportional to the frequency for the measured
dynamic stability parameter, i.e., the linear measure of energy
dissipation per cycle.5"7 Thus, the results in Fig. 7 prove that
no static hysteresis was present, and that the developed ana-
lytic method for prediction of rigid body dynamics4 was
sufficiently accurate. This was a necessary prerequisite for the
extension of the analysis to predict the aeroelastic characteris-
tics of the Space Shuttle cable trays.

Aeroelastic Analysis
If the geometry had been the only change between the old

and the new cable tray configurations (Figs. 2a and b, respec-
tively) the new aeroelastic cable tray characteristics could have
been computed utilizing the new sectional aerodynamics in the
old aeroelastic analysis. (The analysis in Ref. 2 used linear
structural representation, together with nonlinear aerodynamic
characteristics, to determine the single degree of freedom
response in bending or torsion. It was found that the critical
response occurred in torsion, generating amplitudes that ex-
ceeded the structural capability of the LO2 cable trays and
supports, thus necessitating the use of protective flow ramps in
the high crossflow region.) However, the new cable tray design
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Fig. 7 Nonlinear damping characteristics of the LO2 cable tray geom-
etry at M =0.92.
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Fig. 6 Aeroelastic stability boundary.

had a load carrying lid, which increased the structural stiffness
by an order of magnitude. As a result, the application of the
unsteady cross sectional aerodynamics, which had been ob-
tained at low reduced frequencies, to the elastic cable tray
with its very much higher reduced frequencies, presented a
dynamic scaling problem.

Dynamic Scaling
Complete dynamic simulation of, for example, the LO2

cable tray in a subscale test is, for all practical purposes,
impossible. What one is concerned with, rather, is the two-
dimensional unsteady aerodynamics of the cable tray cross-
section in presence of the external tank (ET) surface. These
cross-sectional unsteady aerodynamic characteristics will be
used to obtain the full scale aeroelastic characteristics of the
cable tray, in the manner described in Ref. 2.

The use of dynamic derivatives builds upon the concept of
linearity in a manner similar to what is the case for static
derivatives. The static aerodynamic characteristics of an airfoil

vary linearly with angle of attack up to a certain angle a = CLL,
where beginning flow separation causes deviations and the
characteristics become nonlinear. For a < aL the static
aerodynamics are described completely by the derivatives, e.g.,
cla and cma. For perturbations in pitch, 0, around a = a0 one
has

(1)

provided that \a0 + 0\ < CLL.
Extending the linear concept to the dynamic case of a

pitching airfoil, one writes

/ x
Cl = Cj ( Ct0) + Cl

Cm = Cm(ao) +
c26

9~7 (2)

where 0, c6/V and c20/V2 are measured in radians.
The aerodynamic inertia or acceleration terms, Cj^(c2S/V2)

and cmQ(c26/V2), are negligible compared to their structural
counterparts. It is only the damping terms, c^(c6/V) and
cm#(c6/V), that are of concern. The contributions caused by
nonzero pitch rate, 6 ¥= 0, can be written

(3)

These damping terms also have linear branches. In the case
of a steadily increasing pitch rate, as in the pitch-up maneuver
of an aircraft, one obtains a situation that is a direct extension
of the static case. Thus, the linear characteristics prevail as
long as

V (4)
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[This is a conservative value, as dynamic effects extend the
linear branch beyond a = aL (Ref. 11).]

However, in the case of an airfoil that describes pitch
oscillations around a = CLO, i.e., when

SA ESCAPE CONFIGURATION

0 = A0sincor \
c6 cco A >
— - — A0 cos c o r f

one finds that the magnitude of c6/V is

C0

K

(5)

(6)

That is, \cd/V\ is determined by two parameters, the pitch
amplitude A0 and the reduced frequency co. How the two
together affect airfoil characteristics, in attached and sep-
arated flow, has been described extensively in Refs. 8-11.
These results will be used to delineate the applicability of the
dynamic derivative concept.

For the case of attached flow, i.e., when Eq. (4) is satisfied,
one is only concerned with the effect of the reduced frequency
co. More specifically, it must be determined to what extent the
magnitude of co affects the applicability of c^ and cm$. The
only contributions to c^ and cm$ that are sensitive to the
magnitude of co come from the circulation terms. Reference
11 gives the following expression for the circulation lift (an
analogous expression is obtained for the circulation effect on
the pitching moment).

c*( r) = cl ( a0) + claAM sin( cor — <

0.^75[;-(70co)~ / /2]

7.5co : co<OJ6

Expanding Eq. (7a), one obtains

cf(t}==ci(OLo)+ciaAco^^B(t}-c1

which in turn gives

(7a)

(7b)

(7c)

L (8)

(9)

With the definitions in Eqs. (7b) and (7c), Eq. (9) gives

--'•*..

(10)

Equation (10) shows that the value of c^ and cm^, mea-
sured at an arbitrary frequency below co = 0.16, applies to the
complete frequency range co < 0.16. However, when applied to
higher frequencies, co > 0.16, measured attached flow deriva-
tives would overestimate the contribution of the circulation
lift.

It was shown in Ref. 10 that the phase lag limit, <f> = 14 deg,
existing for attached flow, Eq. (7c), does not apply in the case
of dynamic stall. The circulation lift can be expressed as
follows

(11)

SHUTTLE CABLE TRAY

Fig. 8 Wavelength consideration for quasisteady methodology.

where AT is

AT-

, =/0.75 Turbulent stall /12^
^sp \3.0 Laminar stall V ;

Again, with 0 = A0 sin cor, expanding Eq. (11) gives

/

—J CM sin(coAT)
d\~V )=~ci«s—Ts (13)v y /

For low reduced frequencies, as in the case of the dynamic
tests,3 Eq. (13) takes the following form

Combining Eqs. (13) and (14) gives

sin(coAT)cids vc7d,;0 ^AT

Equation (15) implies that

(c, }
V l*s>

(14)

(15)

(16)

Equation (16) shows that applying the derivative measured
at low frequency, co2 «: 1, at coAr = 1 would overestimate the
separated flow effect on the pitch damping by less than 20%.

In Eqs. (12) through (14) the aerodynamic derivative cla is
obtained from static measurements. There is, of course/an
upper limit in frequency for which this quasisteady approach
will be applicable, on which the expressions in Eqs. (15) and
(16) are based. In the axisymmetric separated flow case en-
countered for the Saturn-Apollo launch vehicle (Ref. 12 and
Fig. 8) it can be assumed that when the separation distance
between escape rocket and Apollo command module is large,
so that no communication upstream from the command mod-
ule affects the wake shape, the situation is analogous to that
for a sinusoidal gust.13 That is, the only consideration for the
applicability of quasi-steady principles, i.e., use of static de-
rivatives in a dynamic analysis, is that the wave length of the
unsteady wake (or gust) is long compared to the extent of the
responding body, e.g., the Apollo command module. A
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minimum requirement for this is (see Fig. 8)

CT < \/4

That is

(17)

(18)

When the distance between wake generator, e.g., the escape
rocket, and the submerged-body, e.g., the command module, is
below a critical value, the wake reattachment conditions on
the submerged body start to affect the wake formation at the
upstream wake-generating body.14 In this case one has to
consider how the flow field effective time lag AT affects the
wake in the unsteady case. That is, when does the phase lag
<t>ioi start to change the wake structure such that the static
aerodynamic load distribution and associated lumped load
derivative cannot be realized in the dynamic case? One mini-
mum requirement for the application of static data is that the
upstream communication effect, the modulation of the wake
geometry, is of the same sense as in the static case. This would
require that

< 77

where

(19)

(20)

with Vu being the upstream convection velocity. That is, Eq.
(20) becomes

a? < vVJV (21)

where w = wcT/K.
Experimental results for wakes15 indicates that the up-

stream convection will take place at a Mach number Mu > 0.4.
Thus, for the subsonic and transonic flow conditions existing
in the case of the cable trays one would have

VU/V>0.4

and Eq. (21) gives the very conservative value

CO < 0.^77

(22)

(23)

When considering the cable tray, the characteristic length is
c rather than CT (see Fig. 8), and the quasisteady gust crite-
rion, Eq. (18), becomes

0.577 (24)

which is not far from the criterion for quasisteadiness ex-
pressed in Eq. (23). If the upstream communication in the
wake occurred through acoustic radiation rather than through
convection, for the subsonic and transonic flow conditions of
concern one would get

VJV>1

and Eq. (23) would become

CO < 77

(25)

(26)

Thus, one finds that the criterion for quasisteadiness used in
past aeroelastic analyses of launch vehicles5'16"18 still holds.
That is, for the present aeroelastic analysis of the space shuttle
cable trays the criterion for application of quasisteady princi-
ples, on which Eq. (16) is founded, is expressed by Eq. (24).

In addition to this consideration for co, expressed by Eq.
(24), one also has to take a closer look at <J>tot. In the case of

2 . 0
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Fig. 9 Dynamic lift stall loops.
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Fig. 10 Phase lag characteristics of a pitching sharp-edged delta wing
(Ref. 20).

attached flow <£tot = <j> and does not exceed 14 deg, Eq. (7c).
That this limit on <#>tot does not apply in the case of dynamic
stall has been shown recently10 (Fig. 9). The old predictions in
Fig. 9a are far off the experimental results.19 In Fig. 9b the 14
deg limit was removed, that is <f> = 1.5co = 61 deg was used. It
can be seen that this provided excellent agreement for the
"upstroke" portion of the loop below stall, where <f>tot = <f>.
The deviation above stall between prediction and experiment
can be explained when considering amplitude modulation
effects, as is discussed in Ref. 10. The point to be made here is
that the results in Fig. 9 prove that the phase lag can be as
large as <f>tot = 61 deg. The question is: How large can <J>tot be?

Experimental results for flow separation off the sharp lead-
ing edge of a delta wing20 indicate that there might be an
upper limit for <J>tot (Fig. 10). Figure lOa shows that the phase
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lag of the leading edge vortex location (height) above the delta
wing is linearly dependent upon the distance from apex, but
nonlinearly dependent upon the frequency. The nonlinear
frequency effect is shown more clearly in Fig. lOb, illustrating
how the experimental data trend is mathematically of a form
similar to that given by Eq. (7c). It is apparent, however, that
for separated flow the maximum phase angle is substantially
higher than the 14 deg limit of Eq. (7c). The results in Fig. 10
give

-{ 46°
66° (27)

The data trend in Fig. lOb indicates that the maximum
phase lag that could be obtained on the delta wing, at x/c0 = 1,
is £tot = 66 deg.

The flow mechanisms leading to the phase lag saturation are
very different in the attached flow case, Eq. (7c), and the delta
wing leading edge separation just discussed. The results do
suggest, however, that a phase lag limit is likely to exist also
for the present case of interest, the separated flow past the
cable tray cross section. Whatever this phase lag saturation
limit is, one can state as a fact, at least for the flow processes
that have been identified to affect the cable tray dynamics,
that the aeroelastic analysis will give a conservative result if
one assumes <£tot < 77/2. That is, the low-frequency dynamic
derivative, (cmd )0, measured in the dynamic test3 will be used
as follows to ^provide the derivative, cm6 , needed in the
aeroelastic analysis.

(28)

Aeroelastic Characteristics of the Final Cable Tray Design
Because of the very high frequency computed for the revised

structural characteristics, Eq. (28) reduces to the following for
oscillations of the current cable trays.

(29)

sured in the dynamic test.3 For continuous aerodynamics,
M < Ma, (cm$)0 for the two trays is obtained from Ref. 3.
Figure 11 demonstrates that the LO2 cable tray is aeroelasti-
cally stable for M<Ma, even if the structural damping re-
aches the minimum level of 0.1% (Ref. 21).

For the discontinuous aerodynamics at M = 0.7 and M =
0.92 (Ref. 1), the time lag is22'23

M=0.7
M=0.92

AT =
AT

-4.0\
-2.8J (30)

Using the measured damping derivatives3 and the scaling
relationships given by Eqs. (29) and (30) in the aeroelastic
analysis described in Ref. 2 gives the aeroelastic stability

o
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where subscript zero designates the damping derivative mea-
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Fig. 11 Linear aeroelastic torsional characteristics of the LO2 cable
tray.
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Fig. 12 Nonlinear aeroelastic torsional characteristics of the LO2
cable tray.
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characteristics shown in Fig. 12. The results indicate that for
the guaranteed value of f0 = 0.1% (Ref. 21) the limit cycle
amplitudes are A0LIM > 3 deg and A0LIM = 2.1 deg for M = 0.7
and M = 0.92, respectively. If the structural damping is one
order of magnitude larger, f0 = 1%, the limit cycle amplitude
decrease to 0.55 and 0.70 degs, respectively. f0 = 0.01 is the
highest structural damping value that can be expected accord-
ing to limited shake tests.

Without any available experimental data that truly repre-
sents the LH2 or SRB cable trays, one has to decide to what
extent the experimental results for the LO2 tray3 can be used
to determine the aeroelastic stability characteristics of the
other cable trays. In regard to the LH2 cable tray, three-
dimensional flow effects add to the difficulty of using two-
dimensional aerodynamic characteristics obtained with the
wrong cross section (Fig. 13), and no meaningful aeroelastic
prediction can be made. In regard to the SRB tray, however,
the LO2 tray aerodynamics should apply. If one neglects the
effect of the forward indentation on the topside flow, which
may be somewhat unconservative, the LO2 cable tray
aerodynamics can be applied directly to the SRB cable tray
(see Fig. 13). For the first torsion mode the results in Fig. 14
are obtained, showing the rather substantial limit cycle ampli-
tude A0LIM « 1.2 deg for 1% structural damping, both at
M = M^ =0.7 and M = MCO=0.92.

Even for the maximum value of structural damping, f0 =
0.01, the limit cycle amplitudes computed for the LO2 and
SRB cable trays exceed the structural capability. Conse-
quently, the final analysis gives the same end result as the
initial one,1 i.e., an aerodynamic fix, such as the investigated
20 deg flow ramp,1'3 is needed to assure the structural integrity
of the LO2 and SRB cable trays. Now as before,2 the results
for the LH2 cable tray are inclusive, and the flow ramp has to
be applied in the inflow regions of the LH2 cable tray until
more definitive results are obtained from currently planned
analytic and experimental efforts. Until then, the Space Shut-
tle continues to carry protective crossflow ramps.

Conclusions
An analysis of the aeroelastic stability of the Space Shuttle

cable trays has produced results that can be summarized as
follows:

1) Using the ^-discontinuities defined by static test data,
the measured nonlinear pitch damping characteristics of the
LO2 cable tray cross section can be predicted by the devel-
oped analytic means.

40 ~ DEf,

b. M = 0 . 9 2

Fig. 14 Nonlinear aeroelastic torsional characteristics of the SRB
cable tray.

2) A careful look at the dynamic scaling shows how to apply
the low-frequency, cross-sectional dynamic test data to obtain
a conservative estimate of the aeroelastic stability of high
frequency torsion modes of the cable tray.

3) Using conservative assumptions, the dynamic test data
for the LO2 cable tray section have been used to determine the
aeroelastic stability of the SRB cable tray.

4) The analysis confirms the need for the protective cross-
flow ramps now installed on the Space Shuttle launch vehicle
to assure the structural integrity of the cable trays.
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