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Dynamic Stability Problems Associated with Flare
Stabilizers and Flap Controls

LARS Emc ERICSSON* AND J. PETER REDING!
Lockheed Missiles & Space Company, Sunny vale, Calif.

As a rule, a flare is an effective stabilizing device used for ballistic re-entry, and the trailing
edge flap provides efficient control of lifting re-entry. However, dynamic stability problems
are caused by boundary-layer separation and/or bow-shock interaction with the aft body
flowfield including bow shock interception of the flare or flap shock. A quasi-steady theory
which lumps the effects of the motion time history to one discrete past time event is used to
illustrate the various dynamic problems. Where experimental data have been available, good
agreement has been found between experimental data and the theoretical predictions. How-
ever, many of the problems cannot be resolved by existing capabilities and further analytic
and experimental effforts are needed.

Nomenclature J

CMQ =
c = reference length, m (cylinder caliber for the flared

body, body length for the lifting re-entry vehicle)
I = body length, m
M = Mach number
MP = pitching moment, kg, coefficient Cm — Mp/(pmUm

2/2)
Sc

N = normal force, kg, coefficient CN = N /(pmU^/2)S
p = static pressure, kg/m2

q = rigid body pitch rate, rad/sec
S = reference area, m2(= ?rc2/4 for the flared body, = pro-

jected plan form area for the lifting re-entry vehicle)
i = time, sec
U = axial velocity, m/sec
x = axial coordinate, m
a. = angle of attack, rad or deg; a = da/di
AQ; = pitch oscillation amplitude, rad or deg
d = wedge angle, rad or deg
A = difference
0 = surface slope, rad or deg
£ = dimensionless x coordinate (| = x / c )
p = air density, kg-sec2/m4

Subscripts

F = flare
L = local, e.g., CN<ZL = force derivative with regard to local

body attitude (OLL)
N = nose
EW = entropy wake effect
SS = shock-shock interaction effect
1,2,3 = numbering subscripts
oo = freestream conditions

Introduction

COMPRESSION surfaces have had wide usage as stability
and control devices for entry vehicles. Flares have

long been the standard stabilizing device for ballistic re-
entry to subsonic terminal velocities, and present day lifting
re-entry designs use trailing edge flaps of various types.
Dynamic stability problems are associated with both devices.
A quasi-steady theory which lumps the effects of the vehicle
time history to one discrete past event has been used success-
fully to predict the transonic and hypersonic undamping
contributions from the flare of blunt bodies of revolution.1"3

The success of this simple analytic theory is due to the fact
that it correctly accounts for the finite convection time be-
tween the generation of the nonuniform flowfield at the nose
and the resulting modification of the flare load (see Fig. 1).

At transonic speeds, nose induced separation supplies the
nonuniform flowfield over the flare (Fig. 2), whereas at hyper-
sonic speed the entropy gradients caused by the curved bow
shock generate the nonuniform flow (Fig. 3). The flare load
component resulting from the nonuniform flowfield across
the flare lags the body motion. As a result, the induced stat-
ically stabilizing load component is dynamically destabilizing.
The similarity in the undamping results of the two nonuni-
form flowfields is apparent. A similar forebody dependence
of the flare load exists when the bow shock interacts with
the flare shock/ or when shock induced separation occurs.5

The flap-controlled lifting body experiences many of the
same flow phenomena and must, as a consequence, experience
many of the same dynamic stability problems as the flared
body. In what follows, some of the potentially dangerous
dynamic stability problems common to both geometries will
be examined.

Superscripts

induced, e.g. AEW*CN = normal force induced at the
flare or flaps due to forebody changes (translatory
position and/or cross flow)

aerodynamic center, e.g., £F (a.c. of flare load)
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Discussion

Although the nonuniform flowfield effects are highly non-
linear, the method of local linearization can be used; i.e.,

Fig. 1 Embedded-
Newtonian flowfield.
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Fig. 2 Comparison between quasi-steady predictions and
measured pitch damping for 1° amplitude oscillations

around a = 0 at 0.6 < M < 1.4 (Ref. 1).

small perturbations from a steady-state (trim) condition are
considered. The large amplitude perturbations can then be
obtained using the small perturbation characteristics as
functions of the (trim) angle of attack.5

Fig. 3 Effect of flare angle on hypersonic vehicle damping.

PRESSURE DISTRIBUTIONS
WITHOUT BOW SHOCK-
FLARE SHOCK INTERACTIOr

EXTRAPOLATED
UNDISTURBED
DISTRIBUTION
AT a = 25°

LOSS DUE TO BOW SHOCK -
LARE SHOCK INTERACTION

Fig. 5 Effect of bow shock/flare shock interaction on flare
circumferential pressure distribution.

The bow shock-flare interaction at angle of attack repre-
sents the case where the axisymmetric body comes closest to
simulating the flap controlled lifting re-entry vehicle, since
the interaction effects are limited to the windward side.§
When the bow shock and flare or flap shock intersect, an ex-
pansion or a compression wave will be reflected from the
intersection. Whether an expansion or a compression results
depends upon the strength and relative inclination of the
intersecting shock waves (Fig. 4).6

In the axisymmetric case, an expansion is the most likely
result of the shock interaction, with the experimentally ob-
served resultant pressure loss (Fig. 5) and unloading of the
aft portion of the flare (Fig. 6). In the two-dimensional
case a compression will often be the interaction result at high
attitudes and flap deflections (see Fig. 7).7~9

Due to time lag, the shock interaction has opposite effects
on static and dynamic stability. In the quasi-steady formu-

§ Otherwise, for the effects to be discussed later, the leeward
side of the flared body gives sizable and sometimes dominant
contributions.

' Na
J____1

Fig. 4 Reflection pressure ratios for two wave interactions
(Ref. 9).

Fig. 6 Effect of bow shock/flare shock interaction on flare
loads.
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O <£ PRESSURES, SECT. A

O PRESSURES IN SECT. B

Fig. 7 Effect of bow shock/flap shock interaction on flap
pressures (Ref. 9).

lation2 the flare force derivatives in the "entropy wake" are

(1)

U/Um is the integrated average velocity deficit over the
flare. For the bow-shock flare-shock interaction the velocity
ratio is unity, U/Um = 1.

The complete flare force derivatives at high angles of attack,
where bow-shock flare-shock interaction occurs, can then be
written as follows:

Na \

Subscripts EW and SS denote entropy-wake and shock-
shock induced effects, respectively. &Ew'Cxa is always
positive, whereas the shock interaction derivative As^'CVa
is negative for bodies with shallow flares or moderately de-
flected flaps, positive for very steep flares and large flap de-
flections (Fig. 4).6

Using the experimental data of Fig. 5 to define A^CVa
gives flare force components that vary with angle of attack
as shown in Fig. 8. The entropy gradient effect brings CNaF
up close to Newtonian values. However, due to time lag-
effects,2 the dynamic contribution ASW^N* is undamping.
Thus, (C^F + CN^F) is very much below the Newtonian
value and becomes even undamping at a & 7.5°. The
expansion-reaction of the shock-shock interaction reduces
the static effectiveness of the flare but increases its dynamic
effectiveness until it becomes dynamically stabilizing for
a>13°.

The aerodynamic characteristics of the blunt-nose cylinder-
flare body in Fig. 9 shows the large reduction in flare effective-
ness that occurs at low a until the entropy gradient effects
come into play at a « 15°. Then the flare lift increases
sharply until finally at a > 20°, the expansion resulting from
the bow-shock flare-shock interaction starts to reduce the
flare force derivative (down toward Newtonian values).
One would naturally suspect that flare induced flow separa-
tion1 could have occurred in the wind tunnel test. However,
the data do not indicate any such effects, and it could well
be that the supersonic (M & 4) accelerated flowfield existing
aft of the very blunt nose can negotiate the flare without
any (extensive) separation.

If the flare is very steep, e.g., disk shaped,1 or the flap is
deflected at a large angle, the compression resulting from the
shock interaction may produce the flap or flare character-
istics^ shown in Fig. 10. That is, the degradation of dynamic
stability due to entropy gradient effects discussed earlier
(Fig. 8) is aggravated by the shock interaction at a > 25°,
making the flare or flap contribution undamping for 25° <
a < 32°. It is very likely that the load increase due to shock
interaction is discontinuous,** as sketched in the figure.5

There is no suitable experimental data available to demon-
strate this hypersonic flow phenomenon. However, a very
much similar flow phenomenon occurs "*on blunt re-entry

Fig. 8 Effects of entropy wake arid bow shock/flare shock
interaction on flare loads.

* CNa/(U/Um)
(2)

^^sslCNa in Fig. 10a is obtained from experimental data/0 and
the effect on damping is illustrated in Fig. lOb neglecting the en-
tropy wake effect, i.e., with AEW^CNO. = 0.

** It may also be associated with (static) aerodynamic hys-
teresis effects.5
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Fig. 9 Effect of bow shock/flare interaction on the aerody-
namic characteristics of a blunt cylinder-flare body at

Mco = 14.

capsules at transonic through hypersonic speeds10 (Fig. 11).
When the forebodv wake attaches to the windward side of the
aft body embedded in the wake (at ad ^ 3.5°) a discon-
tinuous increase of static stability occurs. Due to the time
lag existing between the time of the forebody crossflow change
and the resulting wake movement, the dynamic effect is de-
stabilizing, causing undamped 2° amplitude oscillations for
1.5° < axRiM < 5.5°. If the discontinuous moment change
is large enough, oscillations around zero angle of attack can
remain undamped up to large amplitudes. This is illustrated
by a transonic separated flow phenomenon on blunt cylinder-
flare bodies that exhibits the same type of discontinuity
(Fig. 12). At slightly supersonic speeds the flow separates
on the leeward side when a. > ad and a discontinuous increase
of the flare force results. Due to the time lag occurring be-
fore the nose generated separation reaches the flare to unload
its leeward side, the statically stabilizing effect is undamping,
and drives the vehicle dynamically unstable. Oscillations
around a = 0 are damped until the amplitudes become large
enough to "catch" the leeward side separation. Then the
oscillations become undamped and remain so up to large
amplitudes (.AQJLIMIT ^ 12°). The phenomenon is dynam-
ically similar to the bow-shock interaction with the flare or
flap shock discussed earlier (Fig. 10). As the quasi-steady
predictions, including time lag effects,1 agree well with experi-
mental data (Figs. 2 and 12), they should also give good pre-
dictions of the shock interaction effects, especially in view
of the good agreement obtained between quadi-steady and
Embedded-Newtonian theory in predicting "entropy wake"
effects.2

The various flow phenomena discussed so far, i.e., entropy
wake, shock-shock interaction, separation and reattachment,
can all by themselves dramatically influence the vehicle
dynamics. On a lifting, flap-controlled reentry vehicle they
may all appear together.7-8 Figure 13 illustrates what may
happen at "incipient shock interception." The flap induced
separation existing before shock intercept does, in general,
not extend all the way back to the flap trailing edge, es-
pecially not with a flap design that allows span-wise venting
of the separated flow pocket7 (Fig. 14). However, when the
strong shock resulting from the bow-shock flap-shock interac-

a) Load induced on flap vs a.
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FLOW EFFECT)
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°'°TRIM

b) Damping vs «TRIM

Fig. 10 Effect of bow shock/flap shock interaction on the
aerodynamics of a lifting re-entry vehicle with delta wing

plan form.

r-UNDAMPED

Fig. 11 Effect of tail load discontinuity on re-entry capsule
stability.
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Fig. 14 Lateral venting
of the flow separation poc-
ket forward of a control

flap.
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Fig. 12 Correlation of quasi-steady results with experi-
ment for finite amplitude oscillations.

tion intercepts the flap, the resulting adverse pressure gradient
causes the separation to extend all the way to the flap trailing
edge (and the intercepting strong shock). As a result a force
couple, ACjvi — ACjv2, is generated on the flap, as sketched in
Fig. 13, and possibly also a positive body force ACW This
would cause the anomalous flap characteristics discussed by
Markovin et al.7>8 That is, the flap normal force decreases
while the flap contribution to pitching moment continues to
increase when the shock intercepts the flap. The dynamic
consequences may be even more surprising. The bow-shock
flap-shock interaction, which is associated with time lag
effects, directs the flow separation change, which in turn has

f
NCIPIENT

SHOCK INTERCEPTION

. ATTACHED FLOW

. SEPARATED FLOW BEFORE
SHOCK INTERCEPTION

. SEPARATED FLOW AFTER
SHOCK INTERCEPTION

Fig. 13 Separation induced by bow shock/flap
interaction.

shock

(BOTTOM VIEW)

its own time lag. The flap dynamics would be complicated
by themselves, and when one considers the coupling between
the flap control deflection and the rigid body motion, one
recognizes that the problem may be serious. The flow
shadowgraphs (Ref. 8 and sketch in Fig. 13), show a curved
flap shock, amply demonstrating the existence of nonuniform
flow, i.e., an entropy wake generated by the nose bluntness.
Consequently, even before the shock-shock interaction some
adverse dynamic coupling exists between the flap deflection
and the body motion.2 This is true even without the flap
induced flow separation. With a flap design allowing vent-
ing of the separated flow pocket7-8 (Fig. 14), the separation
will probably not aggravate the body dynamics to any
appreciable degree, especially not at higher Reynolds numbers.

All the aforementioned potential dynamic stability problems
are more or less directly associated with a blunt nose. In
many cases ballistic as well as lifting re entry vehicles will
have an effectively blunt nosetip if the effects of viscosity,
ablation, transpiration cooling, etc., are included. If the
vehicle remains effectively sharp, one has to consider the
effects of free body vortices at high angles of attack,11 the
strength of which are determined mainly by forebody cross-
flow,12'13 but which induce the largest loads on aft body and
fins, thus introducing large time lag effects to the vehicle
dynamics. Maikapar14 has demonstrated that this vortex
interference effect exists also at hypersonic speeds. The
bow shock can, of course, also interact with aft body fins or
other protrusions, causing a variety of more or less powerful
interactions.15

Conclusions

In view of what has been said, it is fair to draw the con-
clusion that the present state of the art is far from satisfac-
tory when it comes to predicting the vehicle dynamics of
existing and planned future re-entry vehicles. It is apparent
that there are dynamic problems associated with flare stabil-
izers and flap controls, and that vehicles utilizing either of
these devices should be analyzed carefully to make sure that
the effects on vehicle dynamics are not unacceptable. An-
alytic theories, such as the Embedded-Newtonian theory or
the quasi-steady theory accounting for time lag effects,
could and should be extended to provide the insight needed
for successful preliminary design of lifting re-entry vehicles.
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Flight Test Measurements of Boundary-Layer Transition
on a Nonablating 22° Cone

M. M. SHERMAN* AND T. NAKAMURAJ

Philco-Ford Corporation, Newport Beach, Calif.

Boundary-layer transition measurements were obtained on four flight tests of an experi-
mental re-entry vehicle. The vehicle was a sharp, 22° half-angle cone with a beryllium heat-
shield and a graphite nose tip. Thermocouples and pressure taps were located on the cone
surface and aft cover. Telemetered data were clear and consistent from flight to flight. The
measured temperature histories agreed with preflight predictions during the period of laminar
flow, and boundary-layer transition was clearly observed on all of the sensors. The transition
process consisted of transitional flow which moved forward along the surface at a relatively
fast rate, followed by the sudden occurrence of fully turbulent flow over the entire vehicle.
The base temperature and pressure measurements verified the cone surface transition events.
However, the base to freestream pressure ratios recorded during turbulent flow were signif-
icantly higher than have previously been reported for flight tests of more slender re-entry
vehicles.

Nomenclature

C/ — local skin-friction coefficient
h = enthalpy
Rex — Reynolds number based on wetted length
Ree = Reynolds number based on boundary-layer momentum

thickness
u — velocity
x = surface distance
p = gas density

Subscripts

e = edge of boundary layer
r = recovery
w = wall

Introduction

PREFLIGHT predictions of boundary-layer transition are
important to the design of many re-entry vehicles. As

a result, many theoretical and experimental studies of this
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subject have been performed in recent years.1 7 The ob-
jective of most of these experimental programs is to isolate
and evaluate the effects of the many individual parameters
that are known to influence transition. However, inter-
pretation of these ground-test data is complicated by the
fact that conditions associated with the test facility operation
may also influence the transition process. The extent and
magnitude of these effects are not always known. Therefore,
controlled flight test measurements are the most desirable
means of obtaining transition data, and offer the additional
advantage of permitting evaluation of the more easily ob-
tained ground-test results.

Most re-entry vehicles are designed for high performance
flight and must necessarily use ablative heatshields. These
vehicles sometimes contain instrumentation from which it is
possible to obtain useful measurements of boundary-layer
transition. Unfortunately, the effects of mass injection from
the ablating surface cannot be uncoupled from these flight
results. For purposes of obtaining a more basic understand-
ing of the transition phenomena, it is desirable to obtain
direct flight test measurements in the absence of mass trans-
fer.

The present flight test program employed four identical
conical vehicles with nonablating heatshields. These vehicles
were instrumented to obtain accurate measurements of the
cone surface temperature histories at several axial locations,


