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Unsteady Aerodynamic Considerations in the Design of
a Drag-Reduction Spike

J. Peter Reding,* Rolf A. Guenther,t and Bernard J. Richter}
Lockheed Missiles & Space Company, Inc., Sunnyvale, Calif.

The Trident I Missile features an extendible nose spike that reduces the drag of the blunt nose by creating a
low dynamic-pressure flow separation. Experience with the Apollo-Saturn boosters indicates that the flow
separation could contribute negative aerodynamic damping to certain critical free-free bending modes. It is
essential to determine if the undamping is severe enough to endanger the missile structural integrity. The
aerodynamic damping analysis is presented, including the effects of discontinuous spike deflection that occurs
when thermal expansion, due to aerodynamic heating, loosens the spike joints. Fluctuating-pressure wind-tunnel
test data are also included since the fluctuating pressures produce the most severe lateral aerodynamic load on

the ‘‘aerospike”.

Nomenclature
A = axial force; coefficient C, =A/(pU?S) /2
B =pU?S/2m
c =reference length (missile maximum diameter)
D =damping derivative
D,, D; =aerodynamic damping derivative attached and

separated flow, respectively

D =average aerodynamic damping derivative over
one cycle

f = frequency

K K, =structural and aerodynamic spring constant

averaged over one cycle, respectively
=pitching moment; coefficient, C,,=m/(p
U?Sc) /2

m =generalized mass
S =reference area; S=wc’/4
t =time
P =pressure
q =normalized coordinate, dynamic pressure
rms =root-mean square
U = flow velocity
X,z =axial and vertical coordinate, respectively
o =angle of attack
B =spike displacement angle
A =increment
% =wAt
) = air density
w =circular frequency
@ =wc/U
$as € =aerodynamic and structural damping fraction of
critical, respectively
¢ =x/c
0 = pitch attitude
¢ =normalized modal deflection
¥ =phase angle, wt
> =freestream flow
Subscripts
a =attached flow
c =critical
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=discontinuity

=jump

= separated flow or spike
=spike tip

=trailing edge
=upstream

=denotes trim condition
2, etc. =numbering subscripts
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Superscripts

i =induced, e.g., A’ Cy=induced normal force

! =derivative with respect to x(d/dx)
= derivatime with respect to time (d/d¢)
=double derivative with respect to time (d2/d¢?)

Introduction

S larger missiles are housed within launch tubes designed
for smaller predecessors, the missile nose becomes more
blunt to make more efficient use of the available launch tube
volume. This results in a significant performance penalty due
to increased nose drag. In order to minimize the nose drag,
the missile has been supplied with an extendible nose spike.
The spike creates a region of flow separation over the nose
(Fig. 1) that reduces the drag (Fig. 2)' due to the reduced
dynamic pressure in the separated region. 2
Experience with the Apollo-Saturn boosters, where the
escape rocket produces a flowfield similar to that of the drag
reduction spike, indicates that the spike-induced separation
can cause aerodynamic undamping of certain critical modes.
It was the damping of the tail fins that saved the Apoilo-
Saturn I from aeroelastic instability,* but the Trident I does
not have tail fins. Modal undamping then appears possible.

Spike-Body Aerodynamics

The undamping is the result of an increase in the nose-
normal force derivative that results when the low dynamic-
pressure flow separation is swept to the leeward side of the
nose at angle of attack. This effect was measured in the wind
tunnel by testing models with deflected spikes and carpet-
plotting the results* similar to earlier investigations of wake
generators. >® The spike also reduces the effect of local
crossflow on the nose due to the reduced dynamic pressure in
the separated region. Thus, two normal force components
exist in the separated region on the nose (Fig. 2). One due to
the translation of the spike

Cn=1(3Cy/32)z=(3Cn/3B)B 1)
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where 8= (z/c)(§7—&;) for small z, and another due to
local cross flow

CNs: (aCN/aas)aschu(QS/Q)as (2)

where s denotes separated flow load.

Furthermore, the dynamic pressure ratio in the separated
region has been related to the axial force ratio?
@./q = C.45s/C 4o Which has been verified experimentally. "

Quasisteady Analysis
One can easily see that as the vehicle oscillates (or pitches),
the induced load will not occur instantaneously due to the
position of the spike tip, but will lag due to the finite con-
vection speed in the separated region. That is, the quasi-
steady induced load is

Cnos= (8Cy/03z)z(1— Al) 3)
where
At=L/U=c(kr—£,)/0

Note that U/U=(C4,/Ca0)” also verified ex-
perimentally. 78

The result is an out-of-phase, or rate-dependent,
aerodynamic force that can cause aerodynamic undamping
for a statically stabilizing force, if a node of the bending mode
occurs between the wake source (spike tip) and the submerged
body (nose fairing). All this has been well documented in the
literature.>*® Thus, it is redundant to repeat the derivation
here, although a brief summary is necessary.

The equation of motion of an elastic vehicle describing
single-degree-of-freedom bending oscillations can be written 3

.. B .
a0 +26] = == (D, +D) |40
B
o 1= 5 kK0 e =0 @
w N

where B=pU?2S/2m and f(t) =F(t)/m is the buffeting force
due to random pressure fluctuations.

D, and D, are the aerodynamic damping derivatives for
separated and attached flow regions, respectively, and
negative values denote damping. Multiplication by —B/2w

Fig. 1 Spike flowfield.
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U= —pUS/4wi puts the aerodynamic damping into the same

form as the structural damping ¢, i.e., as a fraction of critical.
One requirement for stability is that the amplitude g (¢) be

bounded. Thus coefficient of § (¢) cannot be negative, i.e.,

= (pUS/4wit) (Ds+D,) =0 )

This does not preclude limit-cycle oscillations where g (¢)
coefficient =0 for g (¢) >0. Limit cycling can result in struc-
tural failure for large limit-cycle amplitude or in fatigue from
the continued flexing. A more severe and perhaps a more
practical limitation is to specify some minimum acceptable
damping to ensure structural integrity, i.e.,

§— (pUS/4wim) (Ds+Dg) = {min 6)
The aerodynamic damping for infinitesimal amplitude

oscillation of the entire missile including the effects of the
aerospike is

_ —-pUS _ _ pUS
f=—L 2 p=-[2 ] (D,+D,) @
where the damping derivative is
D= —Cnes[o(£5) 17
_A'Chgp(£) 0 (E7) sin wAl—2[é (£ g) 12 ®)

G’(ET“E:)

The expression is the same as that in Ref. 3, with the ex-
ception that the small angle approximations are not used since
wAf can be as large as 56° at M= 1.0 for the 58.6 Hz bending
mode.

The aerodynamic damping for this critical 58.6 Hz mode is
presented in Fig. 3. The modal deflections at the spike tip,
¢(£7), and at the nose fairing ¢(£,), are of opposite sign
since a node occurs between £, and £,. Thus, the time-lag
term in Eq. (8) is positive or undamping. The result is a
negative aerodynamic damping of as much as 1% of critical,
illustrating that undamping can result if a node is located bet-
ween the spike tip and the nose fairing.

Fortunately, the Trident I typically has a structural dam-
ping of 3% of critical for this and other modes with a critical
first-node location. These damping results are for in-
tinitesimal amplitude oscillations so the mode will decay to
g (t) =0 ensuring aeroelastic stability.

The aerodynamic loads on the spike itself take longer to
respond to a change in attitude since they involve the further
time lag associated with upstream convection from reat-
tachment through the recirculation region to the load location
on the spike. The situation is similar to the problem of
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Fig.2 Spike-induced aerodynamics.
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dynamic sting interference.® The expression for the spike
damping derivative is

~Aicmﬁs¢(£T) ¢, (E:)
‘D(ET—'gs)

D=

sin (wA?+wAr,) 9)

where At, =c(¢,—£7) /U, is the upstream time lag due to the
convection velocity U,. Note that in Eq. 9 all the loads on the
spike are proportional to spike tip deflection.

The damping is extremely sensitive to upstream com-
munication velocity (Fig. 4). Since U, was niot known when
the spike design was initiated, it was specified that the spike
structural damping had to be 2% of critical to ensure
aeroelastic stability. Subsequently, U, was determined from
the coherence of fluctuating-pressure wind-tunnel data. This
indicates the aerodynamic undamping of the spike will be only
0.01% of critical. Thus, the spike mode is also damped for in-
finitesimal amplitude oscillations.

Effects of Joint Gaps

During ascent, aerodynamic heating causes the spike joints
to expand and eventually they gap and ‘‘slop’’ (a discon-
tinuous load vs deflection curve) occurs. Actually the joint
configuration is quite efficient in delaying slop. The forward
land and forward tube of each joint (Fig. 5) are exposed to the
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Fig. 5 Spike joint
detail.

FORWARD
LAND

Fig. 6 Coordinate
system.

same heating environment, thus they tend to expand at the
same rate and remain in contact until well after maximum
dynamic pressure occurs. Dynamic analysis and tests of the
spike indicate that as long as one land of each joint remains in
contact the spike response will be a linear function of the
driving force, providing the driving frequency is well above
the spike natural frequency. This is exactly the case for modes

with a critical first-node location. Thus, slop will not be of

practical concern until both lands gap (at M = 5.0).

Missile Modes

Discontinuous aerodynamic loads have been shown to have
a dramatic undamping effect when a flowfield time lag is in-
volved. Significant limit-cycle amplitudes can result with all
the attendant dangers. The discontinuous spike deflections
suggest a discontinuous (or at least nonlinear) spike-induced
load. Thus, it is important to get an assessment of the effects
of spike slop.

Figure 6 defines the coordinate system used in the analysis.
The spike deflection history is in Fig. 7. For harmonic
oscillations the spike deflection without slop is

B(l)=aa—%(1(t)+z‘%4(f—m) (10)
where
q(t) =Aq sinwr=Agim[eio! ) (11a)
then

q(t—At)=Aq Im [e(' =40 ]
=Ag sinw!t coswAf—Aq cosw! sinwAf  (11b)

therefore

o(Er)
C(gT_g:)

_ o (&)
C(ET_ES)
where Yy = wf and y= wAt.

B(t) =g+ Aq(sinycosy — cosy siny)

Ag siny (12)
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Fig. 7 Spike deflection history.

Defining
tan e=¢(£7)siny/ [¢(&7)cosy—@(£5) ]

one can write

d(Er)cosy— o (&)

c(Er—&,)cos e

The deflection history with slop is sensitive to the spike
pitching moment coefficient, C,,, sketched in the insert of
Fig. 7. When the maximum oscillation amplitude is less than
the slop, i.e., B(¢) <AB (where AB=(Az/c) (£r—&;) is the
slop) the stable C,,;, will cause the spike to remain at 3=0and
A'C,,;=0. When §8(¢) >Af the spike tip will respond to the
missile-bending modes. The slop at =0 will no longer affect
the spike displacement since the aerodynamic frequency of the
spike is at least two orders of magnitude less than the critical
modal frequency.

At 3(t) =8, the spike moment again passes through zero,
but this time C,,;, is destabilizing. This occurs where

B(l)=ao+[ ]Aqsin(w—e)' (13)

(Bp—ay)c(Er—§,)cose } (14)

Y.=sin ! {
[¢(Er)cosy—o (&) 1Ag

The unstable C,,;, will tend to drive the spike through the
slop from 3(t) —AB to B(t) + AB. However, the spike will not
begin to move immediately when Y =¢+y, since the spike
load lags the spike tip position due to the convection time lag
downstream to reattachment and upstream through the recir-
culation region. This additional time lag is Ay =3wc (&7~
£)/0.

Accounting for the acceleration of the spike through the
slop by the unstable spike load gives the following expression
for the jump lag

. 2Az AB
A‘”’_{c(sr—zs) {w
N [msr)-(a)

. —1 (%1
P |agsintuoravo)] (s)

where
OJAf_/ = A\//j

The discontinuities in the 8(¢) curve in Fig. 7 may be
defined from Eq. 14 and 15 as follows

lpl :\LU +A¢/(
Yo=Y, +AY,

vi=v.—AY,
¢4='J/3“/-\¢J (16)

Aerodynamic Damping with Slop
The highly nonlinear B(r) curve requires special
techniques. The technique of Ref. 11 is followed where the ef-
fective damping derivative (D) is computed from the energy
dissipation (E) during one cycle of oscillation (period T').

¢

o) ST” T e () cosydy (7
¥0

TwlAqgc/U

D:

where 2r=wT, and y,=¢ (Fig. 7). Likewise an effective
aerodynamic spring can be defined

Ay

1,=pfq2fc2¢' (£ |, om(@) adg (18)
For3(¢t)<Ag
Cv9) = Can(9) = o[ + ;(%fg_;—) sq sing
} c(zig—";‘-) 2q eosy| 4

substituting Eq. 19 into Eq. 17 and integrating gives

DS=—CN(¥S[¢(£,Y)]2 (20)
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For 3(t) > AB, C,(y¥) varies throughout the cycle, thus

(§)

4A 1
c(Er—Ey) 295

Cni (¥) =Cprg (¥) +AiCN3{040—

¢(£7)

———————— Ag/[sinwt coswAt:
C(ET—gs)

— coswt sinwAt] —

Az }
C(ET_Es)
fore—e+y,andr+e—yYy,—m+e+yy

2Az ]
C(ET—ES‘)

fore+y,—~7+e—y;andw+e+y,—~2m+e— 3,

Cra (¥) =Cn () +A7Cr|

2Az ]
C(ET‘S:) (A¢J_A¢c)

fore+y,—et+yrandr+e+y,—m+e+y,,

Cnii(¥) =Cn; (¥) +AiCN6[

; 2z
Cnrz(9) =Cra =4 C”ﬁ[c(sr—a)mw,—wc)]

forr+e—ys—m+e—y,.

Substituting for C (¥) and integrating gives
AiCns
@ ( E T— Es )
2A7 ¢ E s )
Ag

=32

sin(e—y;) —sin(e—y,) '
+[ (AY,—4v.) ”} @

for 3(¢t) > AB.
The attached flow damping is calculated from first-order
momentum theory, '?

D-s= —CNO(S[d)(ES) ] 2—

{¢(£s)d>($r)sinwAt—

D,==-2[¢(¢7p)1? (22)
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Fig. 8 Aerodynamic damping for critical missile mode (58.6 Hz)
with spike slop. a) ¢y =0. M=5.0.b) a ([, =375°, M =5.0.
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Spike Mode

Not only is the damping derivative of the spike mode
dominated by slop, but the spring constant is too. When the
spike traverses the slop region the structural spring, K (Eq. 4)
is zero (i.e., w? =K =0). The aerodynamic spring is given in
Eq. 18. :

Likewise for the structur

Agq

_ 2
R= | k@) adq 23)

and _ ,
w=[(K/m)—B(K,+K,)]"

Integrating Eq. 18 from — Aq to Aq gives

, K[I Azz]_pUZSc
m

wo = - Aqg —‘bl(gs){Afcmﬁ]

2m
[ o (E7) 2p?
C(ET_ES) qu

[ () s S eralf e

for B<Bp, A'CmB,=0,zp=Aqand for 3<AB, Az=Ag, as
well as for 8(¢) >B,,A'CmB,=0, zp=Aq, where @p=
(zp/c) (Er—E&s).

The expression for the spike damping is derived by in-
tegrating Cm over the cycle where the entire spike load is con-
sidered to be induced and is a function of the recirculatory
time lag

]+A’Cm62

1 1
ar=cttr=£)( 5+ 5 ) (5)
The spike damping is
= o (E)el [ Tép
D= odq Sl Cm{(y)cosy dy (26)

where Cmi () varies throughout the cycles as follows;
Cr (¥) =A'CmB(t—AL)

fore—e+yp, t+e+yp—mte+yp, 2r+te—yYp—2m+e
C..(¥) =A'CmypB(t—At)

fore+yp—m+e+yp, THe—Yp—2T+e—yp

and '
o(&r) .
B(t—At)=a0[—— Aq sin(y —¢)
C(ST_ES)
M = 5.0
3 4 —
E-h <= 2.68 Fig. 9 Effect of
stop delay on
E aerodynamic damp-
ﬁ s} - ing
@& = 3.750
) AZ = 0.06 INCHES
A

i
1.0
I ¢(t,) 9, INCHES
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also

(6D—ao)C(ET“55)]
$(&r)Aq

D= sin ~ ! l:
integrating gives

_i¢'<$s>¢<fr>{Ame {w
T 1o clEr—§&,) oA 2

- sine[sin 2(e+yp) -sin 2(6“1//0)]} + AiCmgyg

[cos € sin 2e sin 2y

5 ]——sin e[m+sin 2(e—yp)

—sin 2(6-&%1@)” 27)

where, if ay=<Bp, then A’ Cmyzs=ACmfB,, A CmM, =
ACmﬁg, and if B(f)=<Bp, theny,=0, AiCmyy =
A'Cmyz=A'Cmy,. Furthermoreif ap>g,

A[Cmﬂ,q ZA[CmBQ AiCm33=AiCmB,

alsoif B(1) >Bp, then Y =0, A'Cy, =A"Cmﬂ3=A"Cm52

Discussion of Results

As expected, the spike slop adds to the undamping. Figure 8
shows the damping of the critical 58.6 Hz missile mode plot-
ted against the displacement of the spike tip ¢ (£ ) Aq for two
trim angles of attack ay=0° and 3.75°. The latter is the
critical case since the $(¢) nonlinearity occurs as the spike
passes through the null position maximizing its effect on the
out-of-phase moment. Effectively a hysteresis results in A‘Cy
due to the overshoot of 8. by the amount of AB.~Ay,. The
hysteresis loop constitutes an energy input into the vehicle
that is undamping. When the hystereses is small relative to the
rest of the cycle the damping approaches the no slop value
(i.e., for large ¢(£7)Aq). Fortunately the limit cycle am-
plitude at {, = —{ is negligible and the structure is not over-

stressed.
w
Z
|
=]
<
m
3
[~
RS Ca = ©
3 SN b) @) = 3.75
I || NSNS S
3 SN . 0 1 2
& SN ?(Ep) 5qr DNCHES
& SN
o ~.2 SN
~ \\

= AT
= SN
2 ~.25
<3
B -3
o
A

_‘4 1 1

0 1 2

¢(&q) aq» INCHES

Fig. 10 Effect of slop on spike frequency and damping.
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For oy =0 the mode is initially damped as the spike remains
centered at B(7) =0. As Aq is increased, the damping ap-
proaches the no slop value. The effect of the discontinuity at
B(t) =0, 1s negligible.

Had slop occurred at M =2.68 where the aerodynamic ef-
fects are a maximum a significant limit cycle oscillation would
have resulted that could have endangered the structure (Fig.
9). Thus, the delay of slop due to a double land spike joint
design significantly reduces the limit-cycle oscillations.

Figure 10 presents similar results for the spike (39 Hz)
mode. Also included in the figure is the effect of slop on spike
frequency. For the spike mode « =0 is the critical case. Limit
cycle oscillations do not occur since the 2% of critical struc-
tural damping overpowers the —0.38% aerodynamic un-
damping. Aerodynamic effects on the spike are negligible sin-
ce the spike is submerged in low-energy separated flow.

Fluctuating Pressures

Up to now, the discussion has been concerned only with the
left-hand side of Eq. (4). The right-hand side, the forcing
function due to random pressure fluctuations, was obtained
experimentally from a wind-tunnel test. °

The overall transonic fluctuating pressure distribution
along the spike at >0 gave the most surprising result. Peak-
pressure fluctuations occurred on the lateral meridians of the
spike rather than on the windward side, as expected (Fig. 11).
Flow visualization results suggest the flow model sketched in
Fig. 12. The separation region is neither axisymmetric, not
closed at @ >0 as it is at « = 0. Instead it resembles a horseshoe
vortex with the separated region being vented via a pair of
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Fig. 13 Correlation of vortex separation point with fluctuating
pressures on the side of the spike base.

vortices that are shed downstream over the shoulder. The
points where these vortices leave the surface are indicated by
the source-like oil streaks that terminate the feathery reat-
tachment line. These points seem to be the key to the elevated
pressure fluctuations on the spike sides. At transonic speeds,
the streak lines emanating from the vortex detachment points
impinge on the spike sides, whereas, they miss the spike
altogether at supersonic speed (Fig. 13). It is believed that the
flow impinging from the vortex detachment point somehow
interacts with the shedding of the secondary vortices causing
the high-pressure fluctuations on the spike sides.

The power spectral-density measurements, scaled to flight
conditions, constituted the input to the ‘“‘RPI Random
Response Program,’ which was used to determine the spec-
tral-density response to the random pressure field.'® Results
for the first spike mode (39 Hz mode) predicted a root-mean-
square bending moment at the spike base of 3060 in. lb, com-
pared to an allowable of 3800 in. Ib rms. This fluctuating
pressure load is the critical lateral load on the spike. The static
aerodynamic load is relatively insignificant (21 in. lb
maximum) because the spike is submerged in low-energy
separated flow.

Conclusions

The drag reduction spike has an adverse effect on the
aerodynamic damping of critical missile and spike modes as
was recognized from the outset of the design. Slop increases
the aerodynamic undamping resulting in limit cycle
oscillations. However, because of the double land design of

J.SPACECRAFT

the Trident 1 aerospike, slop was delayed until well after
maximum dynamic pressure. Thus, the aerodynamic un-
damping was small resulting in a negligible limit cycle am-
plitude. Furthermore, the large pressure fluctuations in the
spike-induced separated-flow region are responsible for vir-
tually the entire root-bending moment on the spike.

Structural integrity of the Trident I is assured due to the
large structural damping that overcomes the spike-induced
aerodynamic undamping, and keeps limit-cycle oscillations to
an acceptable level. However, this may not be the case for
another vehicle. Thus, when considering a flow separation
spike for drag reduction, a detailed aeroelastic analysis should
be conducted to insure structural integrity of the vehicle and
aerospike.
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