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Hammerhead Wake Effects on Elastic Vehicle Dynamics

L. E. Ericsson*
Lockheed Missiles and Space Company, Inc., Mountain View, California 94040

An analysis has been performed of existing static and dynamic experimental results for hammerhead launch
vehicles. The analysis shows that the always present flow phenomenon of hammerhead wake reattachment on the
adjacent booster at high-subsonic speeds could generate aeroelastic instability powerful enough to endanger the
structural integrity of the launch vehicle. The reason that this problem has not been discovered earlier is that it
occurs only for a certain combination of vehicle geometry and elastic bending mode shape.

Nomenclature
¢y = aerodynamic damping
¢g = structural damping
¢, = critical damping
D = maximum payload diameter
d = booster diameter
M = freestream Mach number
D = static pressure, coefficient C, = (p — poo)/ (0 U2 /2)
U = velocity
X = axial coordinate; Fig. 13
o = angle of attack
A = amplitude
Oc = nosecone angle
On = nose deflection angle
3 = dimensionless axial coordinate, x /d
¢ = mode deflection coordinate; Fig. 1
Subscript
oo = freestream conditions
Introduction

URRENT demands on unmanned launch capability have cre-

ated renewed interest in large, nonrecoverableboosters. This,
along with the advantage of using a well-tested, reliable bus for an
arbitrarypayload, has caused widespreaduse of launch vehicles with
the hammerhead payload geometry used in the early 1960s. Recent
analysis has revealed that, even after the latest update,l the NASA
design criteri do not consider a flow phenomenon unavoidably
associated with hammerhead payloads, i.e., the hammerhead wake
reattachmenton the adjacent booster. It will be shown that this flow
phenomenon could in some cases be a threat to vehicle structural
integrity, even though the critical flight conditions are likely to be of
short time duration. The highly nonlinear aerodynamics cause the
destructive amplitude to be reached in a few cycles of oscillation.

Analysis

Although early results for a biconic-hammerhead geometry?
(Fig. 1) showed the danger potential of the hammerhead-wake-
reattachment flow phenomenon, for the particular mode shape
tested, very modest negative aerodynamic damping was measured
at M =0.95 and 1.0. The large positive aerodynamic damping mea-
sured at M =0.9, 0.6% of critical showed, however, that the wake
reattachment on the 9.5-deg boattail generated large aeroelastic ef-
fects. In Fig. 2 flow sketches have been added to the results in
Fig. 1 to illustrate the flow physics causing the different aeroelastic
effects. At M =0.95 and 1.0 the wake reattaches rather early on
the windward side of the boattail, generating a negative normal
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force component. The generative process is very similar to that
for the nose-induced flow separation on a blunt cone cylinder at
a lower Mach number, M = 0.9, as illustrated by the results for the
Saturn-Apollo booster with the escape rocket removed* (Fig. 3).
The negative normal force generates a statically stabilizing moment
at M =0.95 and 1.0 in Fig. 2, which through accelerated-flow and
time-lageffects’ producesa dynamicallydestabilizingeffect, result-
ing in the measured negative aerodynamic damping. At M =0.9,
however, the hammerhead wake does not reattach until downstream
of the juncture between the boattail and the booster cylinder, judg-
ing by unsteady pressure measurements® (Fig. 4). Consequently,the
negative normal force is in this case located aft of the forward nodal
point in Fig. 2, generating a statically destabilizing/dynamically
stabilizing moment,? resulting in the measured large positive
damping.

If one considersthe effect of a more realisticaft booster geometry,
the mode shape in Fig. 2 could change as shown in Fig. 5, causing
the 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. 5 predicts the aero-
dynamic damping to change as indicated by the solid data points
in Fig. 5. That is, for this mode shape the aerodynamic damping at
M =0.9 would be roughly —1.0% of critical rather than +0.6%.
For liquid-propellantrockets the structural damping is usually only
a fraction of 1%. The forward nodal point location could also be
representative for the geometry shown in Fig. 5, but for the second
mode rather than the first. These results illustrate the danger poten-
tial that is associated with the wake reattachment flow phenomenon
on the 9.5-deg boattail. What happens in the case of a much steeper
boattail, one that obeys the NASA design criteria,? such as the much
tested configuration’ shown in Fig. 6?

The experimental results’ indicate that the wake reattachmenton
the downstream cylinder also generates a negative normal force.
The large increase at M =0.895 of the magnitude of this force
indicates that the force generation could be of the discontinuous
type associated with a sudden change of flow-separation topology,
as in the case of a cone-cylindergeometry.® Figure 7 reveals that the
hammerhead wake reattaches much farther downstreamat M = 1.0
thanat M = 0.81. Figure 8 shows the resulting differencein pressure
distribution, in this case between M =0.88 and 0.95. In Fig. 9 the
results for M =0.895 in Fig. 6 are shown by themselves to provide
a direct comparison with the results in Fig. 8. From inviscid flow
considerations one expects that the ambient flow conditions at the
hammerhead shoulder, at the start of the boattail, would for the
top side in Fig. 9 be comparable to those for M =0.95 in Fig. 8§,
and those for the bottom side with those for M =0.88 in Fig. 8.
That is, the local ambient-flow Mach number at the hammerhead
shoulder is higher on the top side in Fig. 9 than on the bottom
side.

Thus, from inviscid flow considerations one would expect the
reattachment pressures to be higher on the bottom side than on the
top side in Fig. 9. Consequently, viscous flow processes are respon-
sible for generating the change to the opposite type of reattach-
ment pressures. Thus, the negative reattachment force generated by
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Fig. 1 Damping characteristics for the first bending mode of a biconic-hammerhead configuration.?
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Fig. 2 Flow separation characteristics causing the different damping values at M = 0.90 and 0.95 in Fig. 1.
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Fig. 3 Pressure distribution for nose-induced flow separation.
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Fig. 4 Unsteady pressure distribution on biconic hammerhead geom-
etry at M = 0.90 and « = 0 (Ref. 6).
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Fig. 6 Pressure distributionon a NASA-tested hammerhead geometry
at o = 4 deg for subsonic and transonic speeds.”

1.0 _O
@ \ - ®
020 1 . N i
- \\ -~
O "“u 1 I: ] .IL L : -l" 1 ,I.a
o P =
- _ . JR—
— <
5 oo T
S €4/Cuy = 0.0111
~
“» 012 - O @) @/
¥
+ - — —9—8—-——= = === — =
8
S
=~ 8 1.6 O
.008
[ ) [ \\ /VO
o L T~ <
0 [} ] 1 1 I 1 ]
.ooh o 1 K .6 ) 10
oF
@
-.00b
1 |

~.008

_4' \‘/\ .lB .'9 1'.0

M

1.1

1.2

1.3

Fig. 5 Effects on damping of a slight change of mode shape for biconic hammerhead geometry.
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Fig. 8 Effect of Mach number on hammerhead pressure distribution
at a =0 (Ref. 7).

viscous flow processes is of larger magnitude than what is indi-
cated by the experimental results in Fig. 9. To determine the true
magnitude of the viscous contribution one needs to generate the
inviscid pressures and associated loads. In the case of the cone-
cylinder geometry,? the inviscid characteristics' were obtained us-
ing shock-expansion theory.!” In the present case, Euler methods
could provide the needed prediction capability.

The other hammerhead configuration in Ref. 7 gave the results
shown in Fig. 10. Also in this case, as earlierin Fig. 6, large changes
in the pressure distributions occur at high-subsonic speeds, e.g., at
M =0.88 and 0.95 in Fig. 10. However, comparing Figs. 6 and
10, one finds that the data trends are very different. For example,
at M =0.88 in Fig. 10 the negative normal force component is
generated on the hammerhead cylinder, and the wake reattachment
generates a positive force on the adjacent booster. What is causing
this difference in separated flow characteristics?
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Fig. 9 Effect of 4-deg angle of attack on hammerhead pressure distri-
bution at M = 0.895 (Ref. 6).

In Fig. 11 the experimental results in Fig. 10 for M =0.88 are
shown in more detail to facilitate a comparison with those in Fig. 9
for M = 0.895. 1t was demonstratedin Ref. 1 that when the length of
the hammerhead cylinderin Fig. 11 was reduced to 0.3 calibers, the
pressure distribution shown in Fig. 12 resulted,! producing a stati-
cally stabilizing/dynamically destabilizing force, which caused the
measured large buffeting loads.!! Why, then, did the short cylinder
in Fig. 9 not generate the load distribution shown in Fig. 12?

For the blunted 15-deg conical nose (Figs. 10-12) a sudden
change of flow separation topology occurs, from retarded shock-
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Fig. 10 Pressure distribution at o = 4 deg for subsonic and transonic
speeds on a NASA-tested moderate hammerhead geometry.’
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Fig. 11 Measured static pressure distribution on a hammerhead ge-
ometry at M = 0.88, o = 4 deg (Ref. 7).

induced separation® to the complete, nose-induced type observed
on pointed cone cylinders'>'? (Figs. 13 and 14). Figure 13 shows
that at M =0.89 the jump from retarded shock-induced to nose-
induced flow separation occurs between o = 2 and 4 deg for 20-
deg cone angle and between 6 and 8 deg for 15-deg cone angle.
Figure 14 shows the flow visualization results for the 20-deg cone
cylinder. At o = 4 deg the terminal normal shock does not pene-
trate to the surface on the top side. It is defused by the nose-induced
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Fig. 12 Conceptual pressure distribution caused by sudden leeside
flow separation at M = 0.89 on a 0.3-caliber hammerhead cylinder.!

flow separation. It is probable that the 33% nose bluntness on the
15-deg cone-cylinder configuration in Figs. 10-12 will cause the
change of flow topology to occur earlier than for the sharp cone in
Fig. 13,belowa = 4deg,asindicatedby the experimentalresults’ in
Fig. 10. So why does this not occur on the configurationin Figs. 6-9
also?

The cone-cylinder flow separation phenomenon received a great
deal of attention in the 1960s because of its impact on launch ve-
hicle aeroelastic stability® It was found, really quite by accident,
that by modifying the nose geometry, using a biconic rather than
a conic geometry, the sudden change of flow separation topology
was prevented from occurring14 (Fig. 15). It can be seen that, due
to the effect of the preseparation® at the biconic shoulder, the fresh
boundary layer on the 12.5-deg conic frustum can negotiate the
cone-cylindershoulder without separating,up to« = 16 deg. Thus,
retarded shock-inducedflow separation, similar to that for lower an-
gles of attack, takes place. Changing the cone angles from 25-12.5
deg in Fig. 15 to 20-6.5 deg in Fig. 6 should, if anything, improve
the efficiency of the biconic geometry to prevent nose-induced flow
separation. Consequently, the hammerhead configuration in Fig. 6
should not experience nose-induced flow separation, in agreement
with the experimental results.

Comparing the results for M =0.88 in Fig. 10 with the results
in Fig. 13 for cone-cylinder bodies, one can see that the change
of flow separation topology in both cases generates a force couple,
i.e., a negative normal force component followed by a positive one.
The dynamically destabilizing effect will in this case be larger the
closer the forward nodal point is to the force couple, as this will
nullify much of the positive aerodynamic damping generated by the
positive force component. Thus, in the case of the Saturn I-Block II
launch vehicle® it was the second bending mode, not the first mode,
that generated the largest aerodynamic undamping, approximately
—1.0% of critical at M =0.9 (Fig. 16). For the configuration in
Fig. 10 the experimental results’ indicate that at M = 0.95 only the
forward negative load component was generated, and one would
expectthe first bending mode to experience the most adverse aeroe-
lastic effect.

The test results in Fig. 16 were obtained through forced os-
cillations of an elastic model. In lieu of this very expensive and
time-consumingtest method, the partial mode simulationtechnique,
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Fig. 13 Effect of cone angle on the occurrence of nose-induced flow separation on a cone cylinder.!3

Fig. 14 Flow visualization of
separated flow on a 20-deg cone
cylinder at M = 0.89 and a =0, 2,
and 4 deg (Ref. 13).
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described by Cole'’ and recently used by Cole and Henning,!! will
produce a conservative measure of the wake-induced undamping
through the slightly exaggerated forward deflection. This substitu-
tion of the fully elastic testing method by essentially a rigid-body
testing technique saves time and money.

Although no launch vehicle failure is known to have been caused
by hammerhead wake reattachment effects, the analysis of existing
experimental results presented here indicates that the potential for

Fig. 15 Flow visualization of separated flow on 25-12.5 deg biconic-
cone cylinder at M = 0.9 (Ref. 14).

catastrophic aeroelastic response could often be present but over-
looked. Because the aeroelastic consequences are so sensitive to
configuration details, only a modest configuration change may be
needed to avoid the problem altogether. Obviously, these hammer-
head reattachment effects should be included in the NASA design
criteria.?

The hammerhead payload geometry of the ill-fated Chinese Long
March 2E launch vehicle!® (Fig. 17) appears to have a geometry that
could experience the sudden change of flow separation topology as-
sociated with a slender nose,® as well as the hammerhead wake
reattachment phenomenon discussed here. Whether or not the rea-
son that two launches ended in structural failure could be aeroelastic
instability, caused by any of the two flow separation phenomena dis-
cussed here, can only be determined through an aeroelastic analysis
of the type described in Refs. 5 and 8.
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Conclusions

A review of the existing database for hammerhead launch vehi-
cles reveals that the reattachment of the hammerhead wake on the
adjacentbooster could be the source of aeroelasticinstability for the
lowest bending modes. This flow phenomenon is introduced when
a shallow boattail is eliminated, following the established NASA
design guidelines. The vehicle designer needs to be made aware of
the associated potential danger.

When considering whether or not a launch vehicle could be sub-
jectto dynamic aeroelasticinstability one should understandthat all
of the following conditions have to be satisfied.

1) The payload geometry has to be of the shape generating flow
separation of the dangerous type.

2) One or more of the low-frequency bending modes has to have
a mode shape that allows the flow separation to generate dynamic
instability.

3) The Mach number/angle-of-attack time history must be such
that the dangerous flow separation topology can be established.

If the aeroelastic analysis shows that dynamic instability could
endangerthe structuralintegrity of the launch vehicle, the only prac-
tical solution is to modify the payload geometry so that the danger-
ous flow separation topology cannot be established. Based on past
experience, the required geometric change is usually minute.
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