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Aeroelastic Vehicle Dynamics of a Proposed
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A dynamicaeroelastic analysishas been performed using both experimental and computational-�uid-dynamics-
derived surfacepressure datato calculatemodaldampingfortwo Delta II 10-ft-diampayloadfairingcon� gurations.
The maximum dynamic de� ection was determined for a proposed 7920-10L stretch composite and the standard
7920-10 metal payload fairings. By the use of experimental pressure data and theoretical inviscid prediction, the
maximum viscous loads could be de� ned in a worst-case analysis to determine the maximum possible response
amplitude for the Delta II 7920-10C launch vehicle, describing single-degree-of-freedom oscillations in the � rst
and second (lower-frequency) bending modes.

Nomenclature
A = axial force, coef� cient CA = A / q 1 ( p d2 / 4)
Cm Çh = @Cm / @( Çh d / U 1 )
CN a = @CN / @a
Ds = separation-inducedaerodynamic damping derivative
d = maximum nose diameter
` = vehicle length
M = Mach number
m = pitching moment, coef� cient Cm =m /q 1 ( p d3 / 4)
N = normal force, coef� cient CN = N / q1 ( p d2 / 4)
p = static pressure, coef� cient C p = ( p ¡ p 1 ) /q 1
q 1 = dynamic pressure, = q 1 U 2

1 / 2
U = velocity
x = axial coordinate
a = angle of attack
D = amplitude or increment
D i CN = separation-inducednormal force
D h N = oscillation amplitude at the nose tip
f s = separation-inducedaerodynamic damping as a fraction

of critical damping
f 0 = structural damping as a fraction of critical damping
h = pitch perturbation
h c = nose cone angle
n = dimensionless x coordinate, (x ¡ xN ) /d (Fig. 2)
q = air density
u = mode de� ection coordinate (Fig. 13)

Subscripts

crit = critical value
d = discontinuity (Fig. 15)
N = nose
s = � ow separation
1, 2 = numbering subscripts
1 = freestream conditions

Superscript

¡ = integrated time-average value
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Introduction

T HE widespread present use of unmanned and unrecoverable
launchvehicleshas led to a need for review and update of aero-

elastic analysis techniques developed in the 1960s. In most cases a
conservative, simple analysis can ensure the structural integrity of
the launch vehicle during its ascent through the critical transonic
phase of its trajectory. The advantage of using a well-tested, re-
liable bus as � rst and second stages for a variety of arbitrary di-
ameter, length, and shape payloads has led to renewed interest in
hammerhead con� gurations. Early analytical and experimental in-
vestigations of hammerhead payload shrouds provided a degree of
understanding of the associated aeroelastic problems.1 ¡ 5 In addi-
tion to the � ow separation on the hammerhead boat tail, the � ow
separation occurring on the nose-cylinder shoulder of the payload
can often be cause for concern.6,7 Both types of � ow separationcan
be present on the 10-ft-diam Delta payload fairing shroud.

Analytic Approach
A simple conservative analysis constitutes the � rst step in the

determinationofwhetheror not the structuralintegretyof the launch
vehicle could be endangered during the ascent through the critical
high subsonic and transonic speed regions. This is often the only
analysisneeded.If,however, this preliminaryanalysisshows that the
dynamic,aeroelasticstabilitycouldbe endangered,the next step is a
more re� ned analysis with better-de�ned static aerodynamic loads.
In somecasesa thirdphasemay beneededin whichdynamictestsare
performed, as in the case of the Saturn-Apollo, using either a fully
elastic wind-tunnel model8 or partial mode simulation.9 However,
in the overwhelming majority of investigations,only the � rst phase
has been needed. It provides a fast, inexpensive means to ensure
the structural integrity of the launch vehicle early in the design
cycle. Where the initial analysis has indicateda possible aeroelastic
problem, it also provides a quick method to check the ef� ciency of
a proposed � x.

Cone-Cylinder Flow Separation
When investigating if the � ow separation on the nose-cylinder

shoulder of the payload can cause self-excited structural oscilla-
tions of the Delta launch vehicles for the two candidate payload
fairings (Private communication of unpublisheddata for Delta 10S
and Delta 10L Payload Shrouds, D. Pavish, Nov. 1993) (Fig. 1),
it is useful to review past experience with respect to the potential
for aeroelastic instability to be generated by the � ow separationoc-
curring on the cone-cylindershoulder of a typical payload shroud.6

Slender cone-cylinder forebodies usually do not cause the aerody-
namicist or dynamicist any problems. However, there is one impor-
tant exception. If a launch vehicle reaches moderate trim angles of

28



ERICSSON AND PAVISH 29

a) 10S standard payload shroud b) 10L composite payload shroud

Fig. 1 Delta II payload shroud con� gurations (Private communication, Pavish).

Fig. 2 Aerodynamic characteristics at M1 = 0.89 of a 20-deg cone-cylinder body with separated � ow.11
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Fig. 3 Effect of cone angle on the occurrence of complete � ow separa-
tion at M1 = 0.89 (Ref. 11).

Fig. 4 Alpha-Mach-number regions for alternating � ow separation and reattachment on cone-cylinder bodies with various cone angles.12

attack(e.g., becauseof gusts) at highsubsonicMachnumbersduring
its ascent, aeroelastic instabilitymay result, even for payloads with
cone half angles below 15 deg. The responsible � ow phenomenon
was discovered by Robertson and Chevalier.10 ¡ 12 They discussed,
however,only the buffet input (i.e., the forcing function) and did not
concern themselveswith the other half of the problem as it presents
itself to the aeroelastician, that is, they did not consider the vehicle
response.The gross bending response of the vehicle is not critically
dependent upon the buffet input per se, but rather on the aerody-
namic undamping caused by the separated � ow that produces the
buffet input.6 Reviewing the experimentaldata,10 the followingdis-
tinct characteristics are found. At high subsonic speeds a terminal
shock appears downstream of the cone-cylinder shoulder, causing
local boundary-layerseparation11 (Fig. 2). When the angle of attack
exceeds a critical value, 2 deg < a crit < 4 deg for h c =20 deg, the
leeward side separation jumps forward to the cone-cylinder shoul-
der, causing a large discontinuousload change. The resulting force
couplewill not affect the rigid-bodymoment (aft c.g.) as much as the
bending moment of an elastic mode with a forward node. As will
be demonstrated, this discontinuous load change poses a serious
aeroelastic problem. The sudden change to complete leeside � ow
separation occurs at a higher angle of attack the more slender the
conical nose is11 (Fig. 3). The test results12 in Fig. 4 show how the
� ow oscillatedbetweenshock-inducedand nose-inducedseparation
in a large M ¡ a region for a � xed model (within sting-stiffnesslim-
itations). For the 30-deg nose cone only the windward side had this
alternating � ow, whereas on the slender 15-deg cone cylinder only
the leeward side had this type of alternating � ow separation.

If the launchvehicle is at or near the criticalangle of attack a crit , it
will experience the maximum aeroelastic response to this alternat-
ing � ow separation.Figure 5 displays the separation-inducednega-
tive damping, or undamping, predicted for a Saturn booster13 using
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Fig. 5 Effect of complete � ow separation on the damping of an elastic vehicle oscillating in its second bending mode at various amplitudes.13

Fig. 6 Aerodynamic damping measured on an 8% scale elastic model
of the Saturn I, block II launch vehicle with a Jupiter nose shroud.14

the experimental results for a 20-deg cone cylinder11,12 (Fig. 2).
A separation-inducednegative damping of roughly 0.6% of critical
damping is predictedfor anoscillatoryamplitudeof D h N =0.25deg
at the nose tip. Tests with a Saturn I elastic model14 gave even larger
separation-induced negative damping at a ¸ 2 deg and M =0.9
(Fig. 6), most likely because of the presence of the downstream
� are,whichgeneratesan adversepressuregradientin additionto that
generated aft of the cone-cylinder shoulder. For the Delta standard
10-ft-diampayload shroud (Fig. 1a), these cone-cylinderresults are

Fig. 7 Comparison between predicted and measured pitch damping
of a hemisphere-cylinder body at = 0 (Ref. 16).
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Fig. 8 Effect of global nose-induced and local retarded shock-induced � ow separations on pressure and load distributions over a blunt-nose cylinder-
� are body at M1 ¼ 1 00 (Ref. 19).
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Fig. 9 Mach-number hysteresis at = 0 for � ow separation on blunt-
nose cylinder-� are body.19

of direct interest.It will be shown that similar separation-inducedef-
fects are also experiencedby the Haack nose-cylindershrouddesign
(Fig. 1b).

A hemisphere-cylinderexperiencesnose-induced� ow separation
at zero angle of attack at high subsonic speeds. The negative damp-
ing generatedby this � owseparationona hemisphere-cylinderbody,
observed in rigid-body experiments,15 could be predicted16 by ap-
plying the analysis of Ref. 4 to the rigid bending mode, using static
experimental data as an input (Fig. 7). In contrast, a purely theo-
retical method17 could not predict the experimentallyobserved loss
of pitch damping at M =0.9. As in the case of the cone-cylinder
geometry discussed earlier (Fig. 6), the presence of a downstream
� are promotes nose-induced � ow separation. The difference is of
quantitative rather than qualitative character. Thus, the experimen-

tal results for the Polaris reentry body18,19 in Fig. 8 can be used to
illustrate the discontinuous� ow separationcharacteristicsexpected
for the Delta shroud geometries (Fig. 1). In this case a discontin-
uous change from retarded shock-induced to nose-induced leeside
� ow separationoccursat j a j = a crit > 0, similar to the change occur-
ring on the cone cylinder in Fig. 2, where 2 deg < a crit < 4 deg. The
dual pressure and normal-force distributions shown in Fig. 8 could
be obtained18,19 because of the Mach-number hysteresis shown in
Fig. 9. In the Mach-number range 0.9 < M < 1.16, the � ow separa-
tion at a =0 was of the shock-induced, retarded type if the Mach-
number region was entered from the supersonic side, but was of
the nose-induced type if the region was entered from the subsonic
side. The experimental results in Fig. 8 were obtained by starting
with the shock-induced � ow separation at a = 0, obtained by de-
creasing the Mach number from M 1 > 1.16 to 1.00 (Fig. 9). When
the angle of attack was increased beyond a critical value, the nose-
induced, global separationwas the only type that could exist unless
the Mach number was increased above M 1 = 1.16. Figure 8 illus-
trates the type of force couple that is generated in the case of the
cone cylinder (Fig. 2).

Figure 10 shows that a large undamping effect is generated on
the Polaris reentry body18,19 by the sudden nose-induced� ow sepa-
ration, occurring when the amplitude D h of the oscillations around
a = 0 exceeds D h = j a crit j . For oscillationsaround a = a crit , the un-
dampingeffectwould havebeenmuch larger,going to in� nity as D h
goes to zero, as in the case of the cone-cylindergeometry in Fig. 5.
Because the nose amplitude D h N that the structure of an elastic
vehicle can withstand without failure usually is only a fraction of
a degree, the discontinuous nature of the separation-inducedaero-
dynamics is of much more concern for elastic than for rigid-body
vehicle dynamics.

If an aeroelastic analysis of the Delta launch vehicle would
indicate that the proposed shroud designs (Fig. 1) could cause
separation-inducedeffects with the potential to endanger the struc-
tural integrity of the vehicle, a design change would be needed.
The most feasible, and often the only possible, � x is to change the
shroud geometry, thereby affecting the source of the problem, i.e.,
the sudden � ow separation occurring on the payload shroud. The
predictions made in Fig. 5 for the Saturn booster were obtained
using experimental results11,12 for the 20-deg cone-cylinder geom-
etry (Fig. 3). The actual geometry was not conical but biconical,
consisting of a 25-deg cone followed by a 12.5-deg conical frus-
tum. Later tests showed this geometry to be devoid of the sudden
nose-induced � ow separation that plagued the simple conical nose
geometry6 (Fig. 11). The � rst shoulder or cusp between the 25-deg
and 12.5-deg conical frustums causes the boundary layer to sepa-
rate aheadof the cone-cylindershoulder, and the reattachingbound-
ary layer is strong enough to negotiate the cone-cylinder shoulder
without separating.20 This bene� cial effect of preseparation of the
boundary layer also has been observed on blunt nose shapes.6

Hammerhead Flow Separation
A hammerhead payload has by de� nition a larger maximum di-

ameter than the adjacent booster and is, therefore, inevitably as-
sociated with some form of boat tail, which usually experiences
� ow separation. At high subsonic speeds the � ow separation is of
the shock-induced variety, exempli� ed by the Able IV payload21

(Fig. 12). The � ow on the leeward side experiences shock-induced
� ow separation, and negative lift is induced, which, because of the
associated time lag effect, has a much larger impact on the dynamic
aeroelastic characteristics than the negative boat-tail lift generated
in attached � ow. This separation-inducednegative lift was of con-
siderable magnitude on the shallow boat tail, causing undamped
oscillationsof the secondbendingmode.2 Later analysisusing com-
putational � uid dynamics methods has given similar results.22 This
� ow separationon the boat tail was in all probabilitythe cause of the
structural failure observed in � ight. As the main source of the large
adverse aeroelastic effect of the Able IV payload is the large move-
ment of the shock-induced boundary-layerseparation, one � x is to
eliminate this degree of freedom, e.g., by � xing separation to take
place at the start of the boat tail., e.g., by requiring the designer to
use a boat-tail angle of 30 deg or more23 or by using a skirt, as in the
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Fig. 10 Dynamic effects of separation-induced pitching moment discontinuities at transonic Mach numbers.9

Fig. 11 Shadowgraphs of the � ow over the Saturn IB SA-203 launch
vehicle with a biconic nose geometry at M = 0.9 and = 0, 8, and 16 deg
(Ref. 20).

Fig. 12 Pressure distribution over the Atlas Able IV payload shroud
at M = 0.96 (Ref. 21).

case of the Delta 10S shroud design (Fig. 1a). This increased steep-
ness of the boat tail will, with a few exceptions,7,24,25 eliminate the
aeroelastic problem.

Aeroelastic Analysis
The dynamics of the elastic vehicle are analyzed for single-

degree-of-freedom oscillations of the low-frequency bending
modes26 (Fig. 13). The key informationneeded in such an analysis is
a descriptionof the loadsgeneratedby theoccurring� ow separation.
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a) First bending mode b) Second bending mode

Fig. 13 Bending mode shapes for Delta launch vehicle with 10L payload fairing.26

Fig. 14 Pressure distributionover Delta 10Lpayloadshroudat = 3deg andM = 0.80 (Ref. 26). Experimental results are from privatecommunication,
Pavish.

Fig. 15 Separation-induced discontinuous load changes on cone-
cylinder bodies.26

These loads are determined as the difference between the loads
measured in wind-tunnel tests and the theoretical loading existing
in inviscid� ow. In past analysesof cone-cylindergeometries,6,27 the
inviscid loads were determined by a shock-expansionmethod.28 In
the presentcase they are obtainedby solvingthe Euler equations29,30

(Fig. 14). The force couple in Fig. 14 is similar to that in Figs. 2 and
3 for the cone-cylinder geometry. Using the de� nitions in Fig. 15,
the analysis in Ref. 26 gave the results shown in derivative form in
Fig. 16. In percent of critical the undamping for the � rst bending
mode (Fig. 16a) is as shown in Fig. 17. The oscillation amplitude
D h N = 0.28 deg, resultingat M =0.80 for the available1.5% struc-
tural damping, was well within the structural capability.

In Fig. 18 the experimentalpressuredistribution(Private commu-
nication,Pavish) is shown at M = 0.90 for the top centerlineat a = 0
and 3 deg. In this case there is no changeon the topside fromretarded
shock-induced to nose-induced � ow separation. The shocks were
placedas close to the extremepositionsas thedensityof the pressure
instrumentationallowed. In this manner the experimental results in
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a) First bending mode b) Second bending mode

Fig. 16 Separation-induced undamping on the Delta launch vehicle with 10L payload fairing.26

Fig. 17 Separation-inducedundampingin percent of critical damping
for the � rst bending mode of the Delta launch vehicle with the 10L
payload shroud.26

Fig. 18 for a = 0 and 3 deg at M =0.90 were used to de� ne the
maximum adverse cylinder load D i CN = ¡ 0.073, correspondingto
D i CN a = ¡ 1.40. At a =0 the slope could be of larger magnitude,
but it is unlikely to exceed the peak value D i CN a = ¡ 1.9 obtained
for the 20-deg cone cylinder.27 Using this larger magnitude of the
separation-inducedforce derivative D i CN a = ¡ 1.9, together with a
representativemean value for the range of shock positions assumed
in Fig. 18, gives the separation-inducedundamping f s = ¡ 0.010 for
the � rst bending mode at the � ight conditions existing at M =0.90.
Thus, eventhishighestimateof themaximumpossiblemagnitudeof
the separation-inducedundamping can be handled by the available
structural damping f 0 = 0.015. This maximum possibleundamping
can only exist at a =0, where both top and bottom sides generate
undamping. At a =3 deg, for example, the undamping would be of
lessermagnitude,as only the top, leeward side generatesundamping
in this case.

Using the extreme shock positions in Fig. 18 to evaluate also
the separation-inducedloads on the boat tail gives D i CN a = ¡ 1.26,
yielding f s = ¡ 0.0054. If one adds this conservativeestimate to the
equally conservativeestimate of the contribution from the cylindri-
cal portion at f s = ¡ 0.014, one would get a combined separation-

inducedundampingthat exceedstheavailable1.5%structuraldamp-
ing. However, one has to consider that this large undamping could
occur only if a = 0 and that the extreme shock positions used in
Fig. 18 to obtain D i CN , and thereby D i CN a , will produceestimates
of the maximum possible separation-induced undamping that are
highly unrealistic. The probability that the placing of the ori� ces
used for the pressure measurements would be such that the shock-
induced � ow separation just was missed is extremely small. That
this unlikely event would occur simultaneouslyon the cylinder and
the boat tail is too remote to merit consideration.

The shock-induced separation on the boat tail of the Delta 10L
payload shroud (Fig. 18) is much milder than that occurring on
the Able IV payload (Fig. 12). The reason for this is that the up-
stream � ow separation on the cylinder will cause a preseparation
effect similar to that for the biconic nose cylinder in Fig. 11. As
the Mach number is increased from M =0.90 (Fig. 18) to 0.95
(Fig. 12) or higher, the two shock-induced � ow separations on the
Delta 10L payloadshroud(Fig. 18) will merge and occuron the boat
tail. From Fig. 12 one obtains D i CN = ¡ 0.060 for a = 3 deg, giv-
ing a force derivative D i CN a = ¡ 1.18, which should be compared
with the overestimate D i CN a = ¡ 1.26 obtained from Fig. 18. Using
the latter, very conservative value gives f s = ¡ 0.012 for the � ight
conditions at M = 0.95, well below the magnitude of the available
structural damping f 0 =0.015.

The cross� ow effects on the boundary-layer buildup on the lee-
ward side of the payload shroud are likely to be much larger on
the Able IV with its long, elliptic nose than on the Delta 10L
payload shroud. Thus, the estimate obtained by using the Able IV
results (Fig. 12) should be very conservative.It is therefore reassur-
ing to � nd that even in that case the available structural damping
(f 0 = 0.015) will be suf� cient to ensure the structural integrity of
the Delta 10L launch vehicle. As the cross� ow effect on the bound-
ary layer is expected to be larger for the Able IV than for the Delta
10L payload shroud, the results for a = ¡ 3 deg in Fig. 12 should
also give a very conservative estimate of the effect of the shock-
induced � ow separation on the windward side. The data in Fig. 12
indicate that the effect is small. Thus, the estimateof the undamping
effect at a = 0 and M = 0.90 of the shock-induced� ow separation
on the cylindrical portion of the Delta 10L payload shroud, dis-
cussed earlier, is completely unrealistic. It should be much closer
to f s = ¡ 0.007 than to f s = ¡ 0.014, in which case even adding the
overestimatedcontribution f s = ¡ 0.0054 from the boat tail (Fig. 18)
would not exceed the magnitudeof the available structuraldamping
f 0 =0.015.
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Fig. 18 Experimental top-side pressure distribution over Delta 10L payload shroud at M = 0.90 (Ref. 26).

Conclusions
A worst-case analysis of the aeroelastic stability of a proposed

Delta II 7920-10L launch vehicle, using experimental viscous and
theoretical inviscid static pressures to determine the maximum pos-
sibleaerodynamicundamping,showed that theavailable1.5%struc-
tural damping will ensure structural integrity through the critical
subsonic-transonicspeed region of the vehicle ascent.
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