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Data Summary and Concluding Remarks

The experimental data confirm that blunt entry bodies in
the terminal regime experience a substantial decrease in their
flight stability when they are rolling. From comparisons be-
tween the measured angle-of-attack data and the six-degree-
of-freedom simulations, it appears that conventional flight
analyses based on a symmetric force model can adequately
predict the level of angle-of-attack divergence (or converg-
ence) in this regime. It does not, however, describe or ex-
plain the oscillatory perturbations that were observed during
most of the drops, and the data are not of high enough quality
to accurately describe the perturbations or draw any conclu-
sions about them. With this qualification, the following ob-
servations are made from the data summary in Fig. 8: 1)
the effective dynamic stability coefficient tends to increase
(in a favorable way) as the body roll rate increases; 2) the
sharper configurations (smaller cone angles) are more stable
than the blunter configurations; and 3) configurations with
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round trailing edges are slightly less stable than their sharp-
edged counterparts.

For anyone contemplating performing similar tests I would
suggest that internal instrumentation be considered as an
alternative method of obtaining data. The photographic
method was convenient and relatively inexpensive, but the
quality of the data was not satisfactory for a detailed analy-
sis. Since the models can be recovered undamaged, a gyro-
telemetry system might be used.
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Re-Entry Capsule Dynamics
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Lockheed Missiles & Space Company, Sunnyvale, Calif.
A bulbous base can have a profound effect on the aerodynamic characteristics of blunt space

capsules and slender re-entry bodies and can cause drastic loss of dynamic stability. A care-

ful examination of available experimental data reveals that the often complex effects of bul-

bous bases can be explained using quasi-steady separated flow concepts. In general, a bulbous

base adversely affects the vehicle dynamics but increases the static stability.

Nomenclature © = oscillation frequency, rad/sec; ® = wc/U
9 = body attitude perturbation, rad or deg
Ar = forebody axial force, kg; coefficient Cayp = Ar/qoS
¢ = reference length, m (usually ¢ = d) Subscripts
(]lu : K/cl);lgfhc:&kfgé;n a,s = attached- and separated-flow, respectively
o o1 . . N = nose
Ma - axgxylmf(:c;l;;;ojg}zlng moment, kg-m;  coefficient, 0 = initial or unperturbed value
N = normal force, kg; coefficient Cy = N /qS .
q = pitch rate, rad/sec; ¢ = 8 Superseript
Qo = freestream dynamic pressure, pU?/2 7 = induced, e.g., A'Cy = separation-induced normal
R, = Reynolds number, based on ¢ force coefficient
S = reference area, m2, S = x¢%/4
T = period of oscillation, sec Differential symbols
t, AL = time, sec . N . .
U = freestream velocity, m/sec o(t) = ao/(gté ;’ét)) = go/a_f_ ;C’ Cyva = OCxy/da; Cmy =
(74 = mean convection velocity, m/sec m/08)p=0; Cmg ma .
z = horizontal coordinate, m = Chg = [0Cn/0(eh/U)]g=0; C'm; = [0Cn/0(cg/U™)]0-0
x = z coordinate of body c.g. or oscillation center
£ = dimensionless z coordinate from body ec.g., & = Integrated quantities
(® — %)/c e . :

2 = vertical coordinate, m Cimg; Cmg = defined in Egs. (18) and (17), respectively
a = angle-of-attack, rad or deg; ap = trim value
P = local cross-flow angle, rad or deg, Eq. (7) .
& = angle-of-attack envelope, rad or deg Introduction
o = air density, kg-sec?/m*
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ULBOUS bases are rather common on modern re-entry
vehicles. Manned re-entry capsules usually comprise a
blunt heat shield in the wake of which the valuable payload
is shielded and supposedly hidden from a hostile environment.
On the more slender re-entry configurations used for military
applications, convex rounded bases are used for other equally
compelling reasons. Although the bulbous base in some
cases may have little effect on the static characteristics, it
can have drastic effects on the vehicle dynamies, causing un-
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Fig. 1 Dynamic characteristics of the Apollo-Saturn
escape system.

damping in pitch’? and a flight behavior characterized by
circular limit-cycle oscillations.?

When the forebody is very blunt, the flow that separates
off the shoulder will eventually reattach on the trailing pay-
load shroud, if the Mach number is high enough, and will
generate aerodynamic loads that often result in dynamic
instability. If the near wake is formed by flow separation
off a rounded base, the associated aerodynamics often lead
to dynamic instability at transonic and subsonic Mach num-
bers. Both of these flow phenomena, which in some cases
even occur simultaneously, will be discussed in detail, based
on available experimental data, and analytical relationships
between dynamic and static characteristics will be developed.

Flow Reattachment Effects

The Apollo-Saturn escape configuration provides a good
example of flow reattachment effects (Fig. 1). The quasi-
steady estimate,* which predicts the dynamic instability
rather well, was obtained as follows: Consider the deeply
“hammerheaded’” geometry sketched in Fig. 2. The loads
(F.,M 4,) on the body submerged in the wake from the blunt
nose are dependent upon the relative wake deflection Az as
well as on local angle-of-attack a,. That is,

F. = ¢8[(0Cx,/02) Az + (3Cw,/das)au] 1

The wake movement Az is caused not only by the actual
relative deflection, —(zyv — 2,), but also by the directing
effect that the nose, the wake source, has on the wake., If

* %

Fig. 2 Forebody wake-generating geometry.

1 Likewise, the moment M4, due to the a.xiai force couple is

Ma, = qoSc[(3Cma, /02)Az + (dCma,/d0s)as]
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Fig. 3 Nose-induced separation.

the nose angle-of-attack is ay, the total wake deflection Az
may be expressed as follows in linearized form §

2 = —'(ZN - z,) + (bAz/baN)aN (2)
Thus, F, becomes

F, = ¢S[(0Cn./dan)ay — (0Cx,/02)(en — 2:) +
(Cx/daz)as]  (3)
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Fig. 4 Oscillatory derivatives of a blunt cylinder-flare

body for 1.0° amplitude oscillations around « = 0.

§ Finite amplitude data are obtained through integration, as
shown later.
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where
OCy,/0ax = (OCx,/02)(0z/day)

For a nondirecting wake source, such as the flow separation
disk on the escape rocket in Fig. 1, the nose-directing effect
is zero, 8Cy,/Qax = 0. A blunt nose, as sketched in Fig. 2,
will direct the wake upward, producing 0Cy,/day > 0,
whereas a slender wake source will ditect it downward,
dCx,/Qan < 0, as verified by experiments.s If the wake
source support is made increasingly larger in diameter, it
starts to direct the wake (and, accordingly, experiences aero-
dynamic loads). Finally, when the support and nose di-
ameters are of the same size, the effect of relative wake
deflection disappears, 0Cy,/dz = 0. The center of the wake
no longer moves, but the wake boundaries do, and the flow
geometry sketched in Fig. 3 can be visualized for the so-
called nose-induced separation.® The wake directing effect of
ay still exists but is no longer accomplished by a translatory
wake displacement, as was the case for the free wake; it is
produced through a movement of the wake boundaries, re-
sulting in a compression of the windward side and stretching
of the leeward side shear flow profiles. That is, ax still in-
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Fig. 6 Aerodynamic characteristics of a blunt cylinder-
flare body with nose-induced separation at M = 0.9.
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Fig. 7 Dynamic characteristics of flat canister at oy = 0
and A§ = 1.5°.

duces a force on the flare

= ¢oS[(@Cx./dax)ax + (OCx,/das) ] 1)

In the nonsteady case, the ay-time-history has to be con-
sidered. In a quasi-steady approximation, the time-history
effects are represented in lumped foym by the nose attitude

at a discrete time increment At earlier than the present time.
Thus,

Fu(t) = ¢S[(0Cn,/Oan)an(t — At) + (3Cx,/das)eu(t)]
(5)

At is the time required for the force F, to respond to changes
in the nose cross-flow angle ay. This time lag At is esti-
mated using the average downstream convection speed
U in the separated flow wake

= (ay — 2)/U: U/U = (Cap/Car)"? ®)
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Fig.8 Dynamic characteristics of blunt re-entry capsule
atap = 0 and A8 = 2°.
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Fig. 9 Flowfield over Apollo-like capsule at M = 4.0.

where C4p, and Cap, are the flare forebody axial forces in
separated and attached flow, respectively. This gives a
slightly highT value of Af, since the reverse flow region is
neglected. The difference, however, should be small except
for the critical geometry. In the latter case the reverse
flow region is large and upstream communication effects
from the flare would also have to be included.® That is, as
long as the dynamic effects of flow separation can be modeled
mathematically as shown here, Eq. (6) will give a sufficiently
good estimate of Af.
The effective cross-flow angle & is

a=oa + 6+ :U )
Thus, for oscillations around a fixed c.g. (Fig. 3),
a(t) = a0 + 6@) — £[c6()/U] (8a)

an(t — Af) = ay + 0@ — At) — Ex[cf(t — A1)/U]  (8b)

For the slow oscillations, &@? < 1, which are of practical
interest for rigid body oscillations at transonic and super-
sonic speeds,

0t — Aty = 0(t) — AtB() ... ~8 — At (9a)
6t — At) = 6(t) — Ath(g) ... ~0 (9b)
Thus,
() =~ ag + 8 — £,(cb/U) (10a)
ot
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Fig. 10 Ballistic range data for a slender cone with
rounded base at M =~ 0.6.

T This usually means overestimating the undamping, i.e., a
conservative value. At high M, the assumption of constant
density through the wake would not be permissible.
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an(t — At) ~ ap + 6 — (UAt/e + £x)eB/U  (10b)
and Eq. (5) becomes
Fi(t) = quSCw, () (11a)

Cn,() = @Cxn,/das) a0 + 8 — £.(c6/U)] +
dCx,/dax[ao + 6 — (UAt/c + Ex)cb/U] (11b

Cw,(t) may be rearranged as
Crn,(t) = (Cna, + AiCya) (a0 + 6) —
[faCNa, + (fN + g?) A‘CNa,] % (12)

where At = c(éx — £)/U; Cya, = 3Cx,/das; and AiCyq,
= 0Cy,/0ay. Thus, for slow oscillations of infinitesimal
amplitude (| 0] < 1)

DCN,/DG = CNO, = CNa, "l‘ A‘CNa, (13)

DCN,/D(CO/U) = CNo', = _EaCNa, -
[(U/0) (¢ — &) + En]AiCNa, (14)

where Cy,, is the total derivative measured in static tests.
Using the average velocity (and dynamic pressure) concept
of Eq. (6),

Cra, = (C1s/C4)Cre, (15)

where Cu,, is the flare force in attached flow. The remainder
of the force derivative measured in the static test is AiCy,,.

Using static experimental data in this manner to define
Cra, and AiCy,,, as well at At in Eq. (6), the pitch damping
derivative for infinitesimal amplitude oscillations was com-
puted and compared with experimental dynamic data for
1° amplitude oscillations (Fig. 4). The undamping re-
sulting from the nose-induced separation at subsonic speeds
is remarkably well predicted. A typical characteristic of
the effects of separated flow, at least for the low reduced
frequencies for which quasi-steady treatment is applicable,
is the opposite effects on dynamic and static stability. Nose-
induced separation causes a large increase in static stability,
but causes dynamic instability. The sketch in Fig. 5 illus-
trates how this is the natural result of the convective time
lag associated with the separation-induced force A:Cly.

When the flare comes down to & = 0 at time ¢, it resides
in the separated flow wake generated at an earlier instant
t — At. The resulting residual force at oo = 0 drives the
pitch rotation and, hence, is dynamically destabilizing or
undamping. Statically, of course, the force ACy is stabi-
lizing.

Since the aerodynamic characteristics are highly non-
linear, the damping derivative Cn; loses meaning when the
oscillation amplitudes are no longer small. One can define
an effective damping derivative Crg which is the (false) linear
measure Cm, + Cmg of the energy dissipation per cycle in
dynamic wind-tunnel experiments

Coj = ft 0 / : j: MCE (16)

For harmonic oscillations, § = Af sinwt, Eq. (16) becomes

11 f 2 cos(ed)d(el)  (17)

™ rAl @ Jet

Similarly, the effective stability derivative Ci, the linear
measure of aerodynamic stiffness extracted from dynamic
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wind tunnel test data, can be defined as

2
[(am“)a/l Cmax “ - [(amin)a/,amin“ X

{amax f‘iam“' Cpdor — Smin fo i Cmda} (18)

l amaxl 0 laminl

Cﬁo =

where amer = o + A6, and amin = ap — Af, |as] < AS.

In Fig. 6 the top graph shows the nonlinear C..(a) associ-
ated with the nose-induced separation. The middle graph
shows how the infinitesimal amplitude oscillations become
undamped for trim angles below oy = 3°. The two different
fairings to the static data give slightly different C. 3 variation
with a. The bottom graph shows how the effective damping
derivative Cig varies with amplitude for oscillations around
ay = 0. Again, the agreement between the quasi-steady
predictions and the dynamic test data is remarkably good.
The data show that planar oscillations will diverge or con-
verge to a limit cycle amplitude of ~8°.

Even without a flare the nose-induced separation generates
aft body loads. Figure 7 shows how the dynamic char-
acteristics of a cylindrical canister” are very similar to those
of a blunt-nosed cylinder-flare body (Fig. 4). If the aft
body is boat-tailed, as is often the case for re-entry capsules,
the aft body flow reattachment effects are not realized until
M reaches supersonic values, but then the typical statically
stabilizing and dynamically destabilizing trends are again
realized® If the boat-tail is shallow, the reattachment
occurs at a lower M (Fig. 8a) than when it is steep (Fig. 8b).
On a Mercury capsule this reattachment is observed at M =
3, resulting in oscillations that diverge to more than 20°
limit cycle amplitude.® Even the very steep boat-tail on
an Apollo-like re-entry capsule experiences flow reattach-
ment if the Mach number is high enough® (Fig. 9). The
reattaching flow generates the same highly nonlinear char-
acteristics in re-entry capsules as on flared bodies.

Flow Separation Effects

The geometries discussed so far have had blunt forebodies,
and the dynamically destabilizing effect was caused by the
time lag occurring before a change at the wake source, i.e.,
the forebody, has been communicated downstream to affect
the flow reattachment on the aft body. When the forebody
is slender, the characteristics are similar to those discussed
earlier; thus, the large increase in static stability at lower
amplitudes is accompanied by an even greater decrease of
dynamie stability, (Fig. 10), resulting in limit cycle oscilla-
tions.»® Wind-tunnel data'!! illustrate further that the
undamping is caused by the base roundness.

The lift developed over the forebody initially directs the
wake downward. As the wake is turned back into the free-
-stream direction, a transverse pressure gradient is estab-
lished to accomplish the turning of the wake. This differ-
ence in windward- to leeward-side recompression pressures,
and associated differences in the back flow velocities in the
recirculatory region, generate the positive aft body force.
The shadowgraph and flow sketch in Fig. 11** not only sub-
stantiate that the windward side wake-recompression shock
is strengthened, but also show that it is closer to the base
than on the leeward side, thus facilitating the windward-side
upstream communication dominance. At subsonic speeds,
shoulder roundness permits the near-wake effects to be
propagated upstream of the base with a resulting increase of
static and degradation of dynamic stability (Fig. 12).

It is obvious that a time lag will occur before a change in
forebody lift has resulted in a near-wake flow modification
and corresponding aft body force generation. Thus, the

** The flow sketch in Fig. 11 shows the salient flowfield char-
acteristics free of the extraneous out-of-plane sting effects (see
inset sketeh).
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Fig. 11 Near wake flow patterns of a slender cone with
rounded base at M = 2.0 and oo = 12°,

near-wake effect causes increased static and decreased
dynamic stability, just as the flow reattachment effects
discussed earlier. Figure 13 shows how the measured base-
roundness-induced degradation of dynamic stability cor-
relates with the forebody lift derivative at subsonie speeds
where the near-wake effect is realized.tt
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Fig. 12 Effect of base shoulder radius on oscillatory de-
rivatives of a slender cone with a large bulbous base.

11 The undamping can be due only to a forebody load modifi-
cation,? since the dome itself cannot induce a pitching moment
(inset in Fig. 13). Base-roundness serves to enhance the wake
effect on the forebody by facilitating communication with the
wake. At supersonic speeds the communication from the near
wake upstream of the rounded base can occur only through the
subsonic portion of the boundary layer, and the effects are small.
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Fig. 13 Correlation of bulbous base effect with forebody
lift.

If the forebody is so blunt as to have a negative lift deriva-
tive, the wake is inclined opposite to the angle of attack!?
(Fig. 9), and the effect of the bulbous base is reversed; ie.,
it is dynamically damping rather than undamping. This has
indeed been observed experimentally.?

Thus, both the flow reattachment and near-wake effects
can by themselves cause dynamic instability. Figure 14
gives an example of how the adverse effects can be com-
pounded.? At transonic speeds, 0.9 < M < 1.2, the blunt
nose causes flow separationii with attendant reattachment-
induced degradation of dynamic stability (and increase of
static stability). The boattail causes undamping near-
wake effects that persist throughout the subsonic and tran-
sonic speed region.

0.8 |-
-
M<
0.4
E-O
(9]
+
o
G oo
EFFECT OF
BOATTAIL SLENDER 8ODY
-0.4 L
0
EFFECT OF
o1 NOSE- INDUCED
o STATIC TEST SEPARATION -
Vo021
-0.3 [~ \OTOEFFECT OF
BOATTAIL
| | L ] l I ! i | ]
0 0.4 0.8 1.2 1.6 2.0 M

Fig. 14 Pitch damping and static stability of a blunt cone
with and without boat-tail.

{1 It is doubtful that the boundary layer would separate at
= 0 unless it were laminar.
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Fig.15 Re-entry capsule damping at M = 2.5 and Af =
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Effects of Modifications and Fixes

It is clear from what has just been said that the dynamic
instability caused by flow reattachment aft of a very blunt
forebody can be eliminated or greatly reduced by going to a
rounded or dome-shaped base. However, this would mean
less separated flow and consequently increased heat shield
requirements.

The adverse dynamic effects of flow reattachment decrease
when the center of gravity is moved forward!* (Figs. 15a and
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Fig. 16 Effect of roughness on re-entry capsule dynamics
atag = 0, A0 = 2°, and 2.0 X 10° < R. < 2.7 X 10%
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Fig. 17 Oscillatory derivatives of a blunt cone-cylinder for
2° amplitude oscillations at ag = 0.

15b). Equation (14) reveals the reason for this effect.
When c.g. is aft of the shoulder, £y is positive and adds to
the magnitude of the bracket, the dynamic amplifier of AiCy,
in Eq. (14). When c.g. is moved forward of the shoulder,
£x becomes negative and the dynamic amplification is de-
creased (£, is negative in both cases—see insets in Figs.
15a and 15b). Comparing the static (C.,) and dynamic
(Cmy + Cng) nonlinearities in Figs. 15a and 15b, one can see
that the dynamic amplification more than makes up for the
decrease in moment lever arm (—§&,). The separation-
induced undamping effect increases in spite of the lesser
static stability effect for the aft c.g. The Apollo escape
system exhibited the same effect of moving the c.g. forward
of the wake generator (Fig. 1). In that case, the movement
was large enough to eliminate the undamping effect (the
bracket in Eq. (14) was near zero, ie., £ =~ 2£y). Physical
restraints make this magnitude c.g. movement impossible for
the re-entry capsules (Figs. 15a and 15b).

By removing most of the reattachment-inviting cylindrieal
tail-end, as well as the step-down shoulder and associated
larger wake turning, the reattachment effects can be greatly
reduced (Fig. 15¢). They will, of course, reappear in force
again if the Mach number is increased sufficiently. Figure
15d illustrates that the problem may be eliminated at &« = 0
only to reappear at angle-of-attack. The nonlinear char-
acteristics caused by sudden reattachment on re-entry cap-
sules or sudden separation on blunt cylinder-flare bodies'
are not considered in the present paper.

Figures 15b—15d show that the aft body modifications had
little effect on static stability. The large dynamic effects
are caused by the large “effective”$§ time lags involved.
Figure 16 illustrates accidentally how subtle changes of the
forebody geometry can have dramatic effects on capsule
dynamics.”®* The roughness trip improved the forebody
boundary layer enough to cause wake reattachment on the
aft body at subsonic speeds. At supersonic speeds, where
also the no-trip configuration has wake reattachment, the
trip causes earlier reattachment with correspondingly de-
creased separation-induced effects,

§§ So-called accelerated flow effects?” are adding to the delays
due to convéctive time lag.
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Fig. 18 Effect of subtle modification of nose geometry on
nose-induced separation.

When nose-induced separation and reattachment all occur
forward of the c.g. the effects on the dynamic stability are
beneficial (Fig. 17), as can be expected (both &, and &x are
positive in Eq. (14); and A‘Cys, > Cxo). The associated
large decrease of static stability confirms that the time lag
effects are small, and that the reattachment is not taking
place near the aft cone-cylinder shoulder.TT In that case,
the beneficial dynamic effects would have been much larger
(relative to the static stability effects). The ‘“nicked-down”
nose has shorter separation bubble and consequently in-
creased damping. Using biconic nose shapes, or the blunt
face-rounded nose geometry shown in Fig. 18, can reduce the
nose-induced separation greatly and even completely eliminate
it. This is due to the “preseparation” which generates a
reattaching strong boundary layer before the critical last
nose shoulder.v

The rounded-base-shoulder effect can be minimized if
flow fences or other devices are used to hinder the reverse
flow communication over the shoulder, (Fig. 19).! It can

A FLAT BASE
O ROUND BASE
& ROUND BASE WITH OUTER FENCE

© ROUND BASE WITH INNER FENCE INNER FENCE

Fig 19 Effect of changes in base contour on cone pitch
damping at a0 = 0 and A9 = 1.5°.

19 Where the reattaching flow would generate a negative
load.2t
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hardly be expected that the data in Fig. 19 represent the
ultimate in what could be accomplished in reducing or
eliminating the undamping effect of base roundness. A
“forebody overhang” over the base dome are but one of
many configuration modifications that could be tried.

From the description of the flow mechanism associated
with the rounded-base-shoulder effect, it is obvious that the
sting support will have a large influence on the measured
data.®»' The dynamic sting interference from a cylindrical
sting is damping,®®'1® and as a consequence the undamping
effect of a rounded-base-shoulder measured in a wind-tunnel
test will be substantially less than that realized in free flight.
If boundary-layer transition occurs on the aft body, addi-
tional complications arise.® However, all the data wused
here to illustrate the rounded-base-shoulder effect have been
selected in such manner that support interference did not
distort the general data trends.

Conclusions

The anomalous dynamic behavior of re-entry capsules is
caused by separating and reattaching flows. The separation-
induced loads have opposite effects on static and dynamic
stability, i.e., statically stabilizing and dynamically de-
stabilizing or undamping, and vice versa. This reversal is
the result of the finite time lag in the separated flowfield
response to body cross-flow perturbations. A careful anal-
ysis of existing experimental data using quasi-steady flow
concepts reveals the following: 1) bulbous bases can degrade
dynamic stability and often cause undamped oscillations;
2) the undamping is highly nonlinear and usually limited
to small angles-of-attack and amplitudes; 3) on a blunt re-
entry capsule, undamping results when the wake from the
blunt forebody heat shield starts to reattach on the boat-
tailed aft body; 4) on slender forebodies with smooth bulbous
bases, undamping is realized through upstream communica-
tion effects from the wake recompression region. These
effects are usually important only at subsonic and transonic
speeds, although they will recur for high-speed low-density
flows; 5) if the forebody is blunt (i.e., with negative lift
derivative), the effect of the smooth bulbous base is to en-
hance dynamic stability; 6) the undamping is very sensitive
to subtle geometry changes, and the adverse dynamic effects
can be reduced greatly through redesign defined by use of
quasi-steady flow concepts.
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