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Unsteady Flow Separation Can Endanger the Structural
Integrity of Aerospace Launch Vehicles

Lars E. Ericsson®*
Mountain View, California 94040

When during the ascent through the Earth’s atmosphere the structural response of an aerospace launch vehicle
changes from the usually benign case of the buffet response to wind gusts and air turbulence to the self-excited
type, the response amplitude increases dramatically and could often endanger the structural integrity of the launch
vehicle. This is what occurs when the structural response starts to interact with and modify the unsteady separated
flow characteristics, which generates aerodynamic negative damping or undamping of the low-frequency bending
modes. A literature survey has been performed to document how this condition has affected the various aerospace
vehicles launched since the early 1960s. The developed analytic means, described in the referenced publications,can
predict the worst-case vehicle response with the accuracy needed for preliminary design, provided that sufficiently
detailed static aerodynamic data are available. The purpose is to help the design engineer determine whether any
of the described flow phenomena that have been experienced by earlier launch vehicles could possibly occur on
the new launch vehicle design, in which case the recommended analysis described in full detail in the referenced

publications would need to be performed.

Nomenclature

axial force, coefficient C4 = A/q.. (wd?/4)
buffet response amplitude (Fig. 16¢)

reference length, d

maximum nose diameter

hammerhead cylinder length (Fig. 16a)

Mach number

dynamic bending moment (Fig. 13)

static bending moment (Fig. 13)

pitching moment, coefficient C,, =m/q.. (wd>/4)
normal force, coefficient Cy = N /g, (rd?/4)
static pressure, coefficient C, = (p — Po) /G
dynamic pressure, po, U2 /2

time

freestream velocity

mean convection velocity; Eq. (3)

axial coordinate (Fig. 6)

translatory (sink) velocity of the center of gravity
angle of attack

generalized angle of attack; Eq. (4)
escape-rocket-wake translation effect (Fig. 7)
amplitude or increment
separation-inducednormal force

oscillation amplitude at the nose tip
attached-flow aerodynamic damping as a fraction
of critical damping
separation-inducedaerodynamic damping as

a fraction of critical damping

= structural damping as a fraction of critical damping
pitch perturbation

semi-angle of nose cone

Prandtl-Meyer expansion angle

dimensionless x coordinate, (x — xy)/c (Fig. 10)
air density

= mode deflection coordinate (Figs. 16, 21, and 22)
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Subscripts

attached flow
center of gravity or rotation axis

a =

cg =
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crit = critical

e = boundary-layeredge

N = nose

s = separated flow

00 = freestream conditions

Derivatives

Cuo 9C, /00; C,,0 =0C,,/3(0c/ Us)

CNoz = 8CN/8(x, AiCNm-, Ai CNQS, and Ai CNﬁS defined

in Fig. 7

Introduction

URING the ascentthroughthe Earth’s atmosphere, the payload

shrouds of aerospace launch vehicles experience flow separa-
tion at transonic speeds, which generates fluctuating pressures of
significant magnitude.! Until the early 1960s the structural oscilla-
tions in the low-frequencybending modes was computed as the buf-
fet response to the pressure fluctuations. It could be shown that the
reason for the failure of this type of analysis to predict the loss of the
Able IV payload was that the structural response to the separation-
induced forcing function modified the unsteady aerodynamics >
This feedback mechanism was provided by the shock-induced flow
separation on the shallow boattail* (Fig. 1). During the bending os-
cillation, an undamping lift hysteresis is generated by convective
flowfield time-lag effects.>® At a certain angle of attack, the shock-
induced flow separation (on the top side) will be located farther aft
for increasing « than in the static case, which generates a dynamic
liftincrease that drives the bending motion. Conversely, for decreas-
ing «, the shock will be located farther forward, which generates a
lift decrease that also drives the bending oscillation. As expected,
most of the bending response to the undamping force on the boattail
of a hammerhead payload is generated by the first bending mode.?
It is typical that one bending mode generates the dominant part of
the elastic vehicle response to the undamping aerodynamic forces.
However, it is not always the first bending mode. In the case of the
Saturn-Apollo launch vehicle”® (Fig. 2), it was the second bending
mode that generated the critical response. In these cases, as well as
in others to be discussed, flow separation provided the mechanism
for the generation of aerodynamic undamping.

Background
The effect of separated flow on rigid-body vehicle dynamics was
of great concern for the first generation of military reentry vehicles,
as in the case of the Polaris reentry body at transonic speeds.”!°
The damping measured in pitch oscillations showed the effects of
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separated flow to be large and less than obvious'® (Fig. 3). As the
data for the 2-deg amplitude (A6 =2 deg) showed large data scat-
ter, it is understandable that measurements with a larger amplitude
(A6 =6 deg) were added to give a better definition of the aero-
dynamic damping derivative. The highly nonlinear separated-flow
characteristics producing the experimental results in Fig. 3 are as
follows.” At high subsonic speeds, the flow separation starts at the
blunt-nosekylinder shoulder (Fig. 4a). When the angle of attack
is increased from o = 0, the separated flow is swept to the leeward
side, and the windward side rapidly approachesattached-flow condi-
tions. The resulting aerodynamic forces are highly nonlinear, with
static stability derivatives being one order of magnitude larger at
o <4 deg than at o > 6 deg, the latter being of roughly half the
magnitude expected for attached flow conditions at « = 0. At low
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Fig. 1 Pressure distribution over the Able IV payload shroud at M =
0.95 (Ref. 4).

8.0

supersonic speed (Fig. 4b), the flow is attached at @« = 0 and does not
separate until a certain critical angle of attack «; has been exceeded
and the leeward side becomes fully separated. When the angle of
attack is decreased, the flow does not reattach until o < «,. This «
hysteresis amplifies the undamping effect generated by the discon-
tinuous increase of static stability’ and accounts for the undamping
measured at 0.95 < M < 1.2 for A =6 deg (Fig. 3). For the lower
amplitude, A9 =2 deg, oscillations around oy = 0 did not produce
the angle of attack needed to cause leeward side global flow sepa-
ration (Fig. 4b). Consequently, the measured damping derivative at
M > 1.0 was close to that expected for attached flow, for example,
as represented by the shown slender body prediction in Fig. 3. At
M < 0.95,increasingthe amplitudefrom A6 = 2 to 6 degpermits the
oscillationsto include the « range from 4 to 6 deg, where the C,, ()
characteristics are relatively less affected by the nose-induced flow
separation (Fig. 4a). This provides the damping contribution that
distinguishes the data trend for A9 =6 deg from that for A =2
deg at M <0.95 in Fig. 3.

Using pitching moment derivatives determined by static exper-
iments the measured, large, adverse effects of flow separation on
vehicle dynamics could be predicted when accounting for the effect
of convective flow time lag’'? (Fig. 5). A typical characteristic of
the effect of separated flow for the low frequencies of interest here
is the opposite effect on dynamic and static stability generated by
the convective-flow time-lag effect illustrated in the inset in Fig. 5.
When the flare comes down to the position for @ =0 at time ¢, it
resides in the separated flowfield generated by the bluff nose at the

SLENDER BODY

STABLE

Fig. 3 Damping in pitch of Polaris reentry body.!
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Fig. 2 Separated flowfield and associated normal force distribution at / = 1.2 on the Saturn-Apollo launch vehicle as it applies to the second bending

mode.”®
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a)M =0.9

b) M =1.05

Fig. 4 Transonic static aerodynamic characteristics of the Polaris

reentry body.”
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1-deg (A 0 = 1 deg) pitch oscillations around o = 0 (Ref. 9).
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earliertime instantz — At. The resultingresidual flare forceat o =0
drives the pitch rotation and, hence, is dynamically destabilizing,
which explains the experimental results at M < 1.0 in Fig. 5. Note
that, as will be demonstratedin the next section,in additionto revers-
ing the statically stabilizingeffect, the convective flow time lag also
acts as an amplifier because the dynamic effectis proportionalto the
magnitude of the time lag.’ Figure 5 shows that static experimental
results can be used to predict the experimentally measured damp-
ing derivative with the accuracy needed for preliminary design. The
analysis’ leading to the predictionin Fig. 5 will be reviewed briefly
to the extent it applies to the prediction of elastic vehicle dynamics.
For a full analysis of the effect of separated flow on rigid and elastic
vehicle dynamics, the reader is referred to Ref. 11.

Unsteady Aerodynamic Effects of Separated Flow

The separated flow characteristics generating the undamped os-
cillationsin pitchata =0 and M < 1.0 in Fig. 5 are shown in Fig. 6,
which adds details to Fig. 5 that are needed to describe the analy-
sis leading to the shown prediction of the pitch damping. Figure 6
shows how a change of the angle of attack from o = 0 to 6 changes
the boundary of the nose-induced flow separation (see Fig. 4a). The
resulting changes of the normal forces on the blunt nose and the
circular cylinderare small and can be neglectedin a first-order anal-
ysis. Consequently,only the separation-inducednormal force N, on
the flare is of concern. It will be described here how N; depends
on the angles of attack oy and oy at xy and x;, respectively. The
attitude oy determines the lateral location of the shear flow at the
flare, and «; is the local attitude of the flare in the shear flow. The
normal force N, on the flare can be expressed as follows for small
perturbations from ay and o:

_ Poo UOZO T[dz 8CNX 8CNX
v () ()[R (52)] o

Inthe nonsteady case, the time history oy (¢) has to be considered.Its
effectis representedin lumped form by the nose attitude at a discrete
time increment At earlier than the instantaneous value. Thus, the
flare normal force N (¢) can be written in the following form:

_ Poo Uozo T[dz 8CNX 8CNX
N(1) = (—2 ) (T) |:< Bty )dzv (t— AN+ ( ™ )%-(t)i|

2)

where At is the time required for the shear flow at the flare to
respond to the change of the angle of attack oy . This time lag At is
estimated as

At = E£,c/U (3a)

U/Us = [Cay/Cial” (3b)

Fig. 6 Nose-induced separated flow characteristics on the Polaris re-
entry body.
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where C4; and C,, are the values of the flare forebody axial force
measured in separated and attached flow, respectively.
The crossflow angle & is
d=ay+0+2/Uy “4)
where « is the time-averaged (trim) angle of attack and 6 the body
pitch perturbation.
Thus, for pitch oscillations around a fixed rotation axis at x.,
(Fig. 6), where x —xy = &c, one obtains
(1) = g +0() + (5 — &)c b/ Us (5a)
ay(t — At) = oy +0(t — At) —E,cO(t — At)/U,  (5b)
For the slow oscillations of interest
0(t — At) =~ 6(1) — AtH(1) (6a)
6(t — A1) =~ (1) (6b)
Combining Egs. (3), (5), and (6) gives
Gs(t) = a0 +6 + (5 — £e)c 6/ Use (7a)
ay(t — A =g+ 60 — (b + £ U /U)cO/Us  (Tb)

Combining Egs. (2) and (7) gives

_( pxUZ\ ( 7d?

N,(t) = (T) (—2 )CM-(t) (8a)
dCy, 6

Cys () = ( 80:‘ ) |:(¥0 +0+ ¢ — ch)lcj—w}

9Cy, £ Uy ch
+< Do >|:(¥g+9— <$cg+—l_]>U—ooi| (8b)

Equation (8b) can be rewritten as

CNS (t) = (CNom' + AiCNom‘)(a() + 9) + [(Sx - %‘cg)cNom

— (ke + E,Us /JU)A Ciros | ©)

where Cyo, = dCy, /00, and A'C oy =3Cy,/day.
For slow oscillations at low frequencies and small amplitudes,
Eq. (9) defines the following derivatives:

9Cyy .
- = CN(?X = CNom' + A CNom' (10)
20
8CNY 53‘ Uoo i
—=C 95 — S5 7T Sc C as g T — A'C as
2 Uy M (& — &) Cn <$g o ) N

(1

Equations (10) and (11) will be used to demonstrate the dispro-
portionately large effect of the separation-induced flare force on
the vehicle dynamics in elastic bending oscillations or rigid-body
pitch oscillations. For simplicity, let &, — &y =&, — &, (Fig. 6) and
A'Cyyy =Cyg, in Egs. (10) and (11). With A’Cyes =Clg, and
U/Us =[Cas/Caa]V* =2 (Ref. 9, Fig. 6), Eq. (11) gives

CN 9& = _2$chN9S (12)

For the Polaris reentry body (Fig. 4a) the separation-induced
undamping was of much larger magnitude than that indicated by
Eq. (12). In Fig. 4a, the C,, () slopes can represent Cy (o) slopes
in Eq. (10) because the dominant (and only statically stabilizing)
contribution comes from the flare. At « >4 deg, the slope is the
result of the loads generated by the attached flow on the windward
half of the flare. That s, the slope would be twice as high in attached
flow at « = 0. However, in the separated flow region embedding the
flare at || <4 deg, Cy,s would be much less, probably less than

for a > 4 deg. Figure 4a gives a value for the C,, («) slope that is
eight times larger for |«| < 4 deg than for « > 4 deg. That is, Cy,;
would probablybe less than one-eightof the value of A’Cy,, for the
Polaris reentry body, and Eq. (12) would take the following form:

CNéx = _16$chN9x (13)

which explains the magnitude of the undamping measured at
M =0.95 (Fig. 5). The effect of the escape-rocket wake on the
Apollo command module (Fig. 2) is similar to this effect of the
nose-inducedflow separationon the flare of the Polaris reentry body
(Fig. 6).

In the case of the Able payloadshape (Fig. 1), the accelerated-flow
effect'? adds to the effect of the convective-flow time lag. During the
upstroke, the boundary layer forward of flow separation has been
experiencinglower adverse pressuregradientsthanin the static case,
which causes a delay of flow separation in addition to that occur-
ring through the convective flow time-lag effect discussed earlier.
During the downstroke, the effect is the opposite, also promoting
flow separation. That is, the effect is analogous to increasing the
convective-flow time lag.

The accelerated flow effect is computed as follows. The pressure
gradient of the external flow at the edge of the boundary layer is
given by the complete Bernoulli equation

1 op, U, oU,
A=) == o (= (14)
0 ox ot ox
For constant vehicle velocity, U, changes only through body pitch-
ing or bending,

- (8)(2)

That is,
aC aCp, aCp, 6
oxp _ [ 9%Pe (L) (L2 (16)
ot E ), _, 90 U,

Through Prandtl-Meyer expansion, dCp, /96 is obtained as

aCp, 2\ 3(p./Peo M2 -4
Pe _ _ (pe/p ):_2 Ze -1 an
20 yM2 v M2 ¢

Equation (17) gives for M, = /2

aCp, —4
360 M2 (18)
Thus, the body pitching (orbending) motion ¢ é/ U, > Odecreases
the pressure gradient dCp, /9¢ and will, therefore, delay boundary-
layer separation. That is, the separation will lag behind its static or
steady-state position. This lag, added to the convective flow time
lag, made the flow separation on the Able payload shroud have a
strongly adverse effect on the elastic vehicle dynamics, resulting in
the loss of the Able IV payload.

It has been demonstrated that flow separation has opposite effects
on static and dynamic stability, for example, increasing static sta-
bility but decreasing dynamic stability, as in the case of the Polaris
reentry body. Whereas static stability is important for the reentry
body, in the case of the elastic launch vehicle aerodynamics, the
aerodynamic stiffness (corresponding to the static stability for the
reentry body) is usually negligible compared to the structural stiff-
ness. Thus, the only significant effect of the flow separation is to
decreasethe launch vehicle damping. Flow separationshould, there-
fore, be avoided to the largest extent possible.
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Saturn-Apollo Launch Vehicles

The difference in Fig. 2 between the measured static loads and
those expected in attached flow indicates that it is very importantto
account for the effect of separated flow, especially when consider-
ing the corresponding dynamic loads, as was demonstrated earlier
for the rigid-body dynamics of the Polaris reentry body (Fig. 5).
Actually, the separation-induced loads are of larger magnitude than
what Fig. 2 indicates, as is illustrated in Fig. 7a for the effect of
the escape-rocket wake on the static force measured on the Apollo
command module.”® The load component Cy,,, dependent on the
local angle of attack, is less than that for attached flow because
of the velocity deficit in the escape-rocket wake. The difference
A'Cras = Crators — Cwas 15 the load component dependent on the
effective angle of attack of the escape rocket. Figure 7b shows how
A'Cyy, is composed of the components A'Cyg, and A’ Cy,, gen-
erated by the escape-rocketperturbationin translation and rotation,
respectively. The negative force derivatives C y,, and A’ C y,, for the
load on the cone-cylindershoulder are composed in a similar man-
ner. Because these separation-inducedloads not only were of large
magnitudebutalso were associated with large convective-flow time-
lag effects, they dominated the elastic vehicle dynamics”® (Fig. 8).

The separation-inducednormal force derivatived(Cy,,)/dx, gen-
erated on the Apollo command module by the local angle of attack
o, was estimated by accounting for the velocity deficit in the wake,
using the axial-forceratio”® (Cg);/(Ca0), (Fig. 7). The remainder
of the measured normalforcederivative, A C,os = (Cpa)iotal — Crass
was assumed to be produced by the wake-directing effect of the
escape rocket and, therefore, subject to convective flow time-lag
effects. A similar partitioning was performed for the force gener-
ated on the Apollo-Saturn shoulder. When the convective flow time
lag was accounted for when applying the loads generated by the
escape-rocketwake, the aerodynamic damping in percent of critical
could be computed for the first two bending modes of the Saturn
I-Apollo launch vehicle (Fig. 8). It can be seen that the predicted
damping’? is in satisfactory agreement with measurements.!* The
results shown for attached-flow treatmentrepresentthe classicquasi-
steady prediction,in which the convective-flow time-lag effectis not
considered.
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Cone-Cylinder Configurations

The linear aerodynamic analysis,”8 which by accounting for
convective-flow time-lag effects successfullycould predictthe mea-
sured damping for the Saturn-Apollo launch vehicle'® (Fig. 8),
could not predict the experimental data trend for the second bend-
ing mode of the Saturn I, Block II launch vehicle with a Jupiter
payload shroud (Fig. 9). When the angle of attack was increased
to 6 deg, a 1% drop of the aerodynamic damping occurred at
M =0.9, which lead to a complete loss of aerodynamic damping.
The flow phenomenon responsible for this result was first discov-
ered by Robertson,® Robertson and Chevalier,'® and Chevalier and
Robertson'’” (Fig. 10). At high subsonic speeds, a terminal shock
appears downstream of the cone-cylinder shoulder and causes local
boundary-layer separation. When the angle of attack is increased
above a critical value, 2 < o <4 deg for 6, =20 deg, the leeward
side flow separation jumps forward to the cone-cylinder shoulder,
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Fig. 10 Aerodynamic characteristics at M = 0.89 of a 20-deg cone-cylinder body.!®

which causes a large, discontinuousload change. The jump to com-
plete leeward side flow separation occurs at higher angle of attack
the smaller the semicone angle 6, is.!® The use of a porous surface!®
(Fig. 11) would have eliminated the sudden separation phenomenon
by changing the single shock with associated local flow separation
(Figs. 10 and 11) to a series of shocks with their more limited, local
flow separations. However, for aerospace launch vehicles, a more
practical solution is to use the biconic nose geometry discussed
later.

At M =0.95 local shock-induced flow separation occurs aft of
the 20-deg cone-cylinder shoulder'® (Fig. 12). At nonzero angle of
attack, the leeward side shock moves forward of the windward side
shock, generating a force couple, which is of much smaller magni-
tude than that resulting through the change from shock-induced to
nose-inducedflow separation (Fig. 10). The linear analysis required
to predictthe aeroelasticeffect of the shock-inducedflow separation
(Fig. 12), extending the Saturn- Apollo analysis’® to include the ac-
celerated flow effect, is describedin Ref. 12. For the Saturn-Apollo
configurations considered in Refs. 7 and 8, the accelerated-flow ef-
fect is negligibly small compared to the effect of convective-flow

time lag in the crossflow influence on the boundary-layer growth.
However, the accelerated-flow effect plays a dominant role in the
nonlinear analysis required to determine the limit-cycle amplitude
of the bending oscillationresulting in the case of the sudden change
from shock-induced to nose-induced flow separation (Figs. 12 and
10, respectively).

The terminal shock and the associated boundary-layerseparation
moves forward on the leeward side with increasing angle of attack
at subsonic Mach numbers. When the shock on the leeward side ap-
proachesthe cone-cylindershoulder, with associatedhighly adverse
pressuregradients, the local, shock-inducedflow separationchanges
to the global, nose-induced separation type, which results in the
pressure distribution shown for « =4 deg in Fig. 10 for the leeward
side of a 20-deg cone-cylinder configuration. This sudden change
from shock-inducedto nose-induced flow separation generates one
undamping component that is independent of the oscillation am-
plitude and results in a limit-cycle type of oscillation. That is, the
oscillation amplitude will increase until the separation-inducedun-
damping is balanced by the available damping, which usually is
limited to the structural damping in a conservative analysis.
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Fig. 11 Effect of porous surface on the aerodynamic characteristics of
a 20-deg cone-cylinder at M = 0.90 and o = 0 (Ref. 18).
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Fig. 12 Aerodynamic characteristics at M = 0.95 of a 20-deg cone-
cylinder body.!®

To ensure the structural integrity of the launch vehicle, it is re-
quired in the case of the linear analysis>*’ that the magnitude of
the aerodynamic undamping does not exceed the structural damp-
ing. In the nonlinear case, the requirement is that the amplitude
of the bending oscillations does not exceed the limiting value for
preservation of the structural integrity of the launch vehicle. For
the structural characteristicsof the Saturn V launch vehicle,'*?° the
initial growth rates 0 M. /8o and d My, /0 (A6 ) of the static and
dynamic bendingmoments for the firstbendingmode were as shown
in Fig. 13 (Ref. 21). Figure 13 demonstrates that bending oscilla-
tions reaching 1-deg amplitute at the nose (Afy =1 deg) produced
the same bending moment over the first 40 m of the vehicle as a
static angle of attack of 10 deg (o« = 10 deg). The nonlinearanalysis
required to determine the limit-cycle amplitude A6y is described
in Ref. 12.

Commercial Aerospace Launch Vehicles

The Seasat-A was an experimental satellite designed to monitor
the world’s oceans on a near-real-time basis. It was lofted atop an
Atlas-Agenabooster. The original 84-in.-diam Seasat-A shroudjust
covered the payload and was faired to the smaller diameter Agena
upper stage with a conical frustum (Fig. 14a). The Agena in turn
was faired to the larger diameter Atlas first stage via another conic
frustum. The resulting hammerhead configuration violated one im-
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Fig. 13 Comparison of the initial growth of dynamic and static bend-
ing moments on Saturn V at maximum dynamic pressure, M = 1.6, o =
0,and A 0y = 0 (first bending mode).?!

portant design criterion specified by NASA.?> The 164/84 =1.95
gap between the base of the hammerhead shroud and the following
Atlas-Agena interstage flare should have been at least 2.8. The flow
phenomenon endangering the structural integrity was the sudden
leeside merging (at a certain «) of the hammerhead wake and the
flare-inducedflow separationforward of the Atlas-Agenainterstage
frustum?? (Fig. 14b), which results in a sudden discontinuous load
change on the cylinder and flare aft of the hammerhead.

A nonlinear aeroelastic analysis®> showed that it was possible
that the Seasat-A, as originally designed, could experience dynamic
aeroelasticinstability. Consequently, two alternative shroud modifi-
cations were proposed: 1) lengthening the Agena section (Fig. 14a)
to achieve the required 2.8d separation between the payload and the
Atlas-Agena interstage flare and redesigning the hammerhead pay-
load shroud to meet the NASA criterion®? and 2) elimination of the
hammerhead geometry altogether. The first solution increased the
bending loads at the Atlas- Agena interstage to unacceptablelevels.
Therefore, it was decided to eliminate the hammerhead by enclosing
both the payload and the Agena upper stage in a cylindrical fairing
that had a diameter equal to the booster diameter (Fig. 14¢). In ad-
dition, the redesigned shroud featured a biconic nose that has been
shown to eliminate the sudden flow separation occurring at high
subsonic speeds on a regular cone-cylinder shoulder'>?* (Fig. 15).
Thus, the new shroud eliminated all separation-induced unsteady
flow phenomenathatcould adversely affect the aeroelastic stability.
It had the additional advantage of reducing the drag by eliminating
the base and frustum drag on the Atlas-Agena interstage. These
drag reductions more than offset the additional pressure drag on the
larger diameter nose and the added skin-friction drag on the larger
diameter cylinder.

A hammerheadlaunchvehicle geometry? (Fig. 16a), testedusing
the Cole et al. partial mode technique?® (Fig. 16b), gave the results
shown in Fig. 16c and demonstrated that the parameter Ly /dy
played an important role. Apparently, the character of the flow sep-
aration changes dramatically when this parameter is decreased to
Ly /dy =0.3 (and below), which produces a sudden increase of the
buffet responseat transonic speeds, 0.8 < M < 1.0. Data for similar
hammerhead configurations indicate that the pressure in the base-
flow region remains constant’’ (Fig. 17a). Just ahead of the base
a shock-induced pressure rise occurs, which has a dramatic effect
on the pressure distribution at « =4 deg and M = 0.88 (Fig. 17b).
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head geometry at M = 0.88 and « = 0 (Ref. 25).
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When the cylinder is very short (0.3 calibers or less in the present
case) any forward movement of the leeside shock will produce an
extremely large adverse pressure gradient, which interacts with the
low expansion pressures at the cone-cylinder shoulder and gener-
ates a negative shoulder load of large magnitude forward of the
base®® (Fig. 18). Because the forward node of the second bending
mode is located aft of the base (Fig. 16a), the separation-induced,
discontinuous, negative, statically stabilizing force will be dynam-
ically destabilizing or undamping’® and result in the large buffet
loads shown in Fig. 16¢ for Ly /dy =0.3.

Heavy lift launch vehicle (HLLV) designs have used very steep
nose-cone angles to minimize weight®® (Fig. 19). These configura-
tions violate the NASA guidelines for aeroelastic stability,”> which
recommenda nose-coneangle of 15 deg orless to avoid the transonic
nose-inducedflow separationdiscussed earlier. Figure 20 presents a
typical pressuredistributionfor nose-inducedflow separationon the
Saturn I- Apollo launch vehicle with the escape rocket removed.”-?
Figure 20 shows the potentialfor aerodynamicundampingof abend-
ing mode with the forward nodal point ahead of the flare. The fluid
mechanics are basically similar to those generating the measured
undamping on the Polaris reentry body”'° (Figs. 3- 5)

Early results for a biconic hammerhead geometry*? (Fig. 21)
showed the danger potential of the hammerhead-wake-reattachment
phenomenon to be modest, for the particular mode shape tested. It
generated negative damping or undamping of modest magnitudes
at M =0.95 and 1.0 and resulted in ¢, + ¢, + ¢y < . However, the
large positive aerodynamic damping measured at M = 0.9, 0.6% of
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Fig. 20 Saturn forebody pressure distribution at M = 0.9 with escape
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Fig. 21 Experimental damping characteristics as a fraction of crit-
ical damping for the first bending mode of a biconic hammerhead
configuration.3

critical, showed that the wake reattachment on the 9.5-deg boattail
generated large aeroelasticdamping effects. In Fig. 22, the flow has
been addedto illustrate the flow physics causing the differentaeroe-
lasticeffects.3! At M =0.95 and 1.0, the wake reattachesratherearly
on the windward side of the boattail and produces a negative normal
force component. The generative process is very similar to that for
the nose-inducedflow separationat M = 0.9 in Fig. 20. The negative
normal force generates a statically stabilizing moment at M =0.95
and 1.0 for the original mode shape (open symbol) in Fig. 22, which
through the convective flow time lag discussed earlier produces a
dynamically destabilizing effect and results in the measured nega-
tive aerodynamic damping. At M = 0.9, however, the hammerhead
wake does not reattach until downstream of the boattail-cylinder
juncture, judging by unsteady pressure measurements®> (Fig. 23).
Consequently, the negative normal force is in this case located aft of
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the forward nodal pointin Fig. 22 and generates a statically destabi-
lizing/dynamically stabilizing moment that results in the measured
large positive damping (0.6% of critical).

If one considers the effect of a more realistic aft booster
geometry;’! the mode shape could change as shown (solid sym-
bol in Fig. 22), causing the forward nodal point to be located aft
of the negative normal force also at M =0.9. If the apparent mass
and frequency of the bending mode were to remain the same, the
analysis in Ref. 11 predicts the aerodynamic damping to change as
indicated by the solid data points in Fig. 22. That is, for this mode
shaperoughly —1.0% of critical aecrodynamicundamping would be
measuredrather than +0.6% aerodynamic damping. For the widely
usedliquid-propellantrockets, the structuraldamping is usually only
a fraction of 1%.

In a recent analysis of the aeroelastic vehicle dynamics of a pro-
posed Delta IT 7920-10L launch vehicle,*® the original two candi-
date payload-shroud geometries (Fig. 24) were subject to many of
the adverse separated-flow dynamics discussed earlier. Both shroud
geometries could be expected to experiencenose-induced flow sep-
aration at high subsonic speeds. Thus, the experimental results for
the Polaris reentry body*** (Figs. 3-5) and the Saturn-Apollo ge-
ometry (Fig. 20) can be used to illustrate the highly nonlinear, dis-
continuous flow separation characteristics expected for the Delta
shroud geometries (Fig. 24). A discontinuouschange from retarded
shock-induced to nose-induced leeside flow separation occurs at

a) 10S standard payload shroud

b) 10L composite payload shroud
Fig. 24 Delta payload shroud configurations.>
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Fig. 25 Bending mode shapes of proposed Delta IT 7920 launch vehicle
with 10L payload shroud.?

|| = ey > 0, similar to the change occurring on the cone-cylinder
in Fig. 10, where 2 < a,;; <4 deg.

An analysis was performed of the elastic vehicle dynamics of
the 10L composite payload shroud (Fig. 24b) for single-degree-
of-freedom oscillations in the first and second bending modes**
(Fig. 25). The key information needed in such an analysis is a
description of the loads generated by the occurring flow separa-
tion. These loads are determined as the difference between loads
measured in wind-tunnel tests and the theoretical loading existing
ininviscid flow. In earlier analyses of cone-cylinder geometries, >3
the inviscidloads were determined by a shock-expansionmethod ¢
In the present case, they were obtained by solving the Euler
equations’”* (Fig. 26). The force couple defined by the difference
from the experimental results is generated by the flow separation.
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Fig. 27  Separation-in-
duced undamping in per-
cent of critical damping
as a function of ampli- -1+
tude A Oy at the nose tip
for the first bending mode
of proposed Delta I1 7920
launch vehicle with the
10L payload shroud.??

It is similar to that in Fig. 10 for the 20-deg cone-cylinder geome-
try. Using the developed computational means®® gave the dynamic
results in Fig. 27, which show the aerodynamic undamping in per-
cent of critical for the first bending mode (Fig. 25a). The oscillation
amplitude A6y =0.28 deg, resulting at M = 0.80 for the available
1.5% structural damping, was well within the structural capability.

Conclusions

Areview of pasttests and analyses of the elastic vehicledynamics
of aerospace launch vehicles reveals that subtle changes of the pay-
load shroud geometry can cause dramatic changes of the separated
flow phenomena, which makes it practically impossible to define
geometric guidelines for the design of the payload shroud that will
guarantee the absence of any of the undesirableseparated flow phe-
nomena. The only realistic approachis to test the geometry selected
for spacial or structural reasons to determine if any flow separation
category is present that has been shown in the past to be capable
of generating a problem for the elastic vehicle dynamics. It is con-
cluded that the following efforts would offer the best opportunity
for the launch vehicle designerto avoid the unsteady separated flow
phenomena that in the past have been shown to have the capability
to endanger the structural integrity of the launch vehicle.

1) Adding flow visualization to the experiments planned for the
determination of the static loads can reveal whether any of the dis-
cussed adverse unsteady flow separation phenomenacould occuron
the selected launch vehicle design. If this is considered to be a defi-
nite possibility,a modest extensionof the static tests can provide the

database needed for the computation of the elastic vehicledynamics
with the accuracy needed for preliminary design through the use of
developed computational means that account for the effects of flow
acceleration and convective flow time lag.

2) Usually only a conservative analysis of the elastic vehicle
response in the first and second low-frequency bending modes is
needed to assure the structural integrity of the launch vehicle.

3) If the conservative analysis indicates that the launch vehi-
cle could possibly experience dynamic aeroelastic instability, two
courses of action are available. First, redesign of the launch vehicle
geometry, as exemplified by the case of the Seasat-A launch vehicle
(Fig. 14). Second, if a needed substantial redesign of the launch ve-
hicle is not an available option, a more accurate aeroelastic analysis
will be needed before it can be determined if a somewhat less ex-
tensive redesign will have the required effect. Because the outlined
analysis pinpoints the dynamic flow phenomenon or flow phenom-
ena that can be endangering the structural integrity of the launch
vehicle, it provides the needed guidelines for satisfactory redesign.
The experience so far has been that only a conservative first-order
analysis was needed.
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