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Effect of Boundary-Layer Transition on Vehicle Dynamics
LARS ERIC ERICSSON*

Lockheed Missiles & Space Company, Sunnyvale, Calif.

The effect of boundary-layer transition on vehicle dynamics is a well known, but poorly
understood, phenomenon. Severe loss of dynamic stability has been observed to result on
ablating vehicles when boundary-layer transition moves up over the base onto the aft body.
This effect is caused by the increased (turbulent) aft body heating, and is equivalent to chang-
ing to a coating with higher ablation rate on the aft body. Another more subtle effect of
boundary-layer transition results from the transition sensitivity to body attitude. Dynamic
tests of nonablating slender cones have shown that increased damping and decreased static
stability results when boundary-layer transition occurs on the aft body. An analysis using
previously developed unsteady concepts for separated flow correctly predicts the relation be-
tween dynamic and static effects of boundary-layer transition. The dynamic amplification
of static effects is twice as large for sharp as for blunted cones because of oscillatory flow ac-
celeration effects on the sharp cone boundary-layer transition. It is found that the bound-
ary-layer transition sensitivity to body attitude has beneficial effects on the vehicle dynamics
up to high supersonic speeds. However, at hypersonic speeds nose-bluntness-induced en-
tropy swallowing may cancel and even reverse this trend, greatly aggravating the undamping
effect of turbulent aft body (heating and) ablation.
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reference length, m
local body diameter, m
proportionality constant, Eq. (12)
body length, m
sharp cone body length, m
pitching moment, kgm
Mach number
normal force, kg
static pressure, kg/m2

rigid body pitch rate, rad/sec
Ri = Reynolds number based on body length
S = 7rc2/4 = reference area, m2

t = time, sec
At = time lag, sec
U = velocity, m/sec
x = axial body fixed coordinate, m
a = angle of attack, rad or deg; a. = da/dt
<x0 = trim angle of attack, rad or deg
Aa = oscillatory amplitude, rad or deg
7 = ratio of specific heats
A = difference or increment
5 = boundary-layer thickness, m
5* = boundary-layer displacement thickness, m
6 = body attitude perturbation, rad or deg
v — Prandtl-Meyer angle, rad or deg
£ = dimensionless axial coordinate, £ = x/c (Fig. 7)
p = air density, kg-sec2/m4

w = rigid body pitching frequency, rad/sec
Subscripts
B,N = base and nose, respectively
e = edge of boundary layer
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tr = boundary-layer transition
1,2 = forebody and aftbody lumped load stations, respectively,

(Fig. 7)
oo = freestream conditions

Superscripts
i — induced, A»CWtr

 = change in (aft) body normal force
due to boundary-layer transition as affected by up-
stream (forebody) crossflow

— = barred quantities denote mean values

Introduction

WHEN boundary-layer transition moves up over the base
of a slender re-entry body, the effects on vehicle dy-

namics can be dramatic. On an ablating vehicle, severe loss
of dynamic stability may result.1 However, on nonablating
vehicles, the boundary-layer transition has a beneficial effect
on the dynamic stability, as has been shown by Ward2 (Fig.
1). Recent data obtained at Arnold Engineering Develop-
ment Center on a more slender blunted cone confirms Ward's
results and shows even greater effects of boundary-layer
transition (Fig. 2). An analysis is presented that predicts
the observed relation between dynamic and static effects
of boundary-layer transition. At angle of attack the bound-
ary-layer build-up on the leeward side generates a negative
aft body force, causing a slight decrease of static stability
and a somewhat larger increase of dynamic stability. When
the boundary layer is either purely laminar or turbulent, the
effects of boundary-layer build-up are small. This is at least
true for a nonablating vehicle below hypersonic speeds.
However, when transition occurs, the boundary-layer build-
up effects become appreciable even on a nonablating vehicle.
On a sharp cone the time-lagged boundary-layer build-up
effects are augmented by flow acceleration effects, further
delaying the boundary-layer transition.

Discussion

The compressible laminar and turbulent boundary-layer
growth on a sharp cone at a = 0 can be computed using
Mangier-transformed flat plate values.3'4 Neglecting the
effect of boundary-layer displacement thickness on the
"effective body geometry" could possibly lead to overesti-
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Fig. 1 Boundary-layer transition effects on sharp cone
stability.2

mation of aerodynamic coefficients by up to 15% in low-
density hypersonic flow (Fig. 3). More important, how-
ever, is the marked difference in boundary-layer growth
rates between turbulent and laminar flows. The correspond-
ing difference (Av) in displacement surface slope between top
and bottom surfaces in the region of transition (using the
transition line concept) can be appreciable. The resulting
differential pressure coefficient ACP is not large in itself
(Fig. 4), but when it is combined with the tremendous sensi-
tivity of transition to angle of attack2 (Fig. 5), respectable
normal force derivatives are obtained (Fig. 6). The ob-
served change in static stability (AC«J, extracted from the
experimental data as shown in Fig. 2, is well predicted by
this normal force derivative ACNa (Fig. 6).

Quasi-Steady Analysis

The dynamic effects of boundary-layer transition are
derived using the quasi-steady methodology developed in
Ref. 1. Forces CNi and CNt in Fig. 7 are of attached flow

Fig. 3 Compressible boundary-layer growth on a sharp
cone.

type (inviscid), whereas A*CWtr is the negative (aft) body force
induced by differential (top and bottom) boundary-layer
transition. The earlier transition on the leeward side is the
result of the forebody crossflow thickening and weakening
the leeward side boundary layer. Using the lumped force
representation of Ref. 1, the quasi-steady boundary-layer
thickness can be expressed as follows:

8(xtr,t) = (5)« = o + a (xi,t - Aft) +
(dd/da)2a(x.2t - Afe) (1)

a is the angular representation of body crossflow; Aft. and
A£2 are the time increments occurring before changes of body
crossflow at Xi and x-2, respectively, have resulted in changed
boundary-layer thickness at transition (#tr). For rigid body
oscillations around the center of gravity (Fig. 7) a is simply

a = a0 + 6 + (2)

For slow oscillations at the low reduced frequencies realizable
for re-entry bodies, (cw/Ux)2 « 1, a(t — At) can be expressed
as follows:

a(t - At) = a(t) - Ata(t) (3)

At = (xtr - x)/U = (|tr - ®(U/VJ-lc/Vn (4)

U is boundary-layer convection speed, 0.8 < U/Um < 1.0.

Fig. 2 Boundary-layer transition effects on blunted cone
stability.

Fig. 4 Transition-induced boundary-layer shape change
and associated pressure increase on a pointed slender cone.
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LOCATION OF TRANSITION

Fig. 5 Effect of angle of attack on boundary-layer transi-
tion on a 10° sharp cone.2

Thus, the induced force A*'CWtr can be written as follows,
lumping the induced forces at xtt:

If the effect of the near aft body crossflow at #2 is neglected
(the effect should be small at near zero angle of attack), Eq.
(5) gives

(6)

With Cm = — itrCV, Eq. (6) gives the boundary-layer build-
up effect shown in Fig. 8. It can be seen that the boundary-
layer build-up does not account for the observed dynamic
effect of transition. The dynamic amplification of the static
boundary-layer transition effect is given by Eq. (6), and is

*
(|tr -

( J

Figure 9 shows that the boundary-layer build-up effect
accounts for all the dynamic amplifications observed on the
blunted cone, but only for part of the amplification observed
on the sharp cone. In the latter case, the remainder is due
to accelerated flow effects. The boundary-layer transition
is affected by accelerated flow much the same way as flow

(FROM EXPERIMENT, REF. 2)

Fig. 7 Definitions for lumped force analysis.

separation is.5-6 That is, the location xtr of boundary-layer
transition is not only determined by the boundary-layer
build-up, but is also dependent upon the local pressure gradi-
ent and Mach number (as affected by the oscillatory per-
turbations). On the blunted slender cone the favorable
pressure gradient generated by the nose bluntness is sub-
stantial, and the changes due to angle-of-attack perturba-
tions are minor in comparison. Consequently, the dynamic
amplification on the blunt cone is almost entirely accounted
for by boundary-layer build-up. That the amplification
still is much larger on the blunted cone is due to its shallow
surface slope. The blunt cone half-angle is only 60% of the
sharp cone value. How powerful the nose bluntness effect
is in delaying separation is illustrated by the data in Fig. 10.
A slightly less blunt cone has appreciably earlier transition,
as the lesser nose bluntness causes less delay of the boundary-
layer transition.

On the sharp cone, however, with zero pressure gradient
at a = 0, attitude perturbations around a. = 0 will have
large effects on the pressure gradient, and will delay the
boundary-layer transition by the same mechanism that
delays shock-induced flow separation on cone-cylinder
bodies.5'6

The pressure gradient of the external flow at the edge of
the boundary layer is given by the complete Bernoulli
equation

-(l/Pe)dPe/dx =

or, with £ = x/c,

(8)

(9)

For constant vehicle velocity, Ue changes only through body

——— QUASI-STEADY ESTIMATE

-0-4: -O-k *

BOUNDARY LAYER BUILDUP

ACCELERATED FLOW EFFECT

Fig. 6 Computed and measured aerodynamic effects on
boundary-layer transition.

Fig. 8 Comparison between predicted and measured
effects of boundary-layer transition on sharp cone dynamic

stability.
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Fig. 11 Effect of Reynolds number on sharp cone stability
at hypersonic speeds.2

</̂ % QUASI-STEADY ESTIMATE

_ BOUNDARY LAYER BUILDUP ° EXPERIMENT .

BLUNTED CONE

Fig. 9 Comparison between predicted and measured dy-
namic amplification of transition-induced static stability

changes on sharp and blunted cones.

pitching; thus,

dp./d£ = -pe

That is

dp./dt = (dp

(10)

(11)

a can be expressed by a Prandtl-Meyer expansion
through an "effective expansion angle" proportional to v.
That is,

(12)« -kpeyMe*(Me* - I)"1/2

Equations (11) and (12) show that body pitching, (ca/Ue) >
0, will decrease the pressure gradient and will, therefore,
delay boundary-layer transition. That is, the transition
will in the unsteady case lag behind its static or steady-state
position. This lag, added to the lag in the boundary-layer
build-up, makes the dynamic amplification of the sharp
cone in Fig. 9 more than twice as large as it would have been
due to boundary-layer build-up alone.

Comparing the stability levels at high and low Reynolds
numbers, that is, on both sides of the large boundary-layer

———O—— REGULAR NOSE BLUNTNESS

— —O-— LESSER NOSE BLUNTNESS

4 6 8 10 20 40

transition effects, it appears that the low Reynolds number
data show a loss of static stability and a gain of dynamic
stability relative to the high Reynolds number data. This
is at least true for the pointed cone (Fig. 11), and is to be
expected for the following reasons. Assuming that the high
Reynolds-number turbulent boundary-layer data show
inviscid stability levels, the decreased static and increased
dynamic stability at low Reynolds numbers would be caused
by laminar boundary-layer build-up effects. The same type
of dynamic amplification effect as for the boundary-layer
transition could be expected, although the magnitude would
be somewhat lower. £tr in Eq. (7) has to be replaced by &
(Fig. 7) when lumping the leeward side boundary-layer
build-up (and windward side boundary-layer thinning).
Figure 11 seems to agree with this observation, indicating
levels of A(Cmg + Cm^)/^Cma between — 1 and —2, com-
pared to —2 to —3 for the transition effect (Fig. 9). Thus,
sharp cone data are nice and orderly, corroborating the pre-
sented unsteady flow hypothesis.

The blunted cone data, however, do not corroborate this
turbulent-laminar correlation. The trends are exactly the
opposite (compare Figs. 2 and 11). In order to resolve this
unfortunate anomaly, one has to scrutinize the experimental
setup. Figure 12 shows the measured variation of static
and dynamic stability with angle of attack. The flow was
laminar for all the Mach numbers tested; still only Mach
numbers 5 and 5.9 showed the expected (attached flow)
angle-of-attack trends. Going back to the test setup, one
finds that the sting used in combination with a concave base
could cause the deviations shown at smaller angles of attack
for M = 3 and M — 4, when transition occurs in the near
wake. The reason that the M = 5 and M = 5.9 data do not

Fig. 10 Effect of nose bluntness on boundary-layer transi-
tion on a slender cone.

Fig. 12 Effect of angle of attack on blunted cone stability
characteristics .
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DUE TO B.L. CROSS FLOW

BLUNTED CONE
EXPERIMENTAL DATA

FLAGGED DATA POINTS EXTRA-
POLATED TO a = 0(FIG 12)

Fig. 13 Effect of Reynolds number on blunted cone
stability after correction for sting interference.

show the interference is probably that in the former case
transition occurred well downstream of the near wake (Rim =
2.2 X 106), whereas for M = 5.9 transition occurred on the
cone (Rim = 10.1 X 106). As the sting interference is con-
centrated to low angles of attack,7 one can extrapolate the
high angle-of-attack data down to a = 0 for M = 3 and
M = 4, following the attached flow trends exhibited by the
data for M = 5 and M = 5.9. The thereby obtained
"correct" flagged data points for a = 0 are shown in Fig.
13, together with the measured ("unconnected") data. Us-
ing the extrapolated data fairing in Fig. 13 to extract stability
increments due to boundary-layer transition gives the
flagged data points in Fig. 9. It can then be concluded that
on the blunted cone the influence of oscillatory flow accelera-
tion on the dynamic effects of boundary-layer transition are
small and often can be neglected. It is likewise indicated
(Fig. 13) that the laminar boundary-layer build-up effects
on blunted cone dynamics is negligibly small, again probably
due to the favorable pressure gradient induced by the nose
bluntness.

In light of what has just been said about sting interference
effects on the blunted cone, it is pertinent to reexamine the
sharp cone data for possible sting interference. If the data
in Figs. 1 and 11 were affected by sting interference, the
effects would be largest for the low Reynolds number data

BOUNDARY LAYER
TRANSITION

DUE TO ENTROPY
WAKE EFFECT

Fig. 15 Composite effects of boundary-layer cross flow and
entropy swallowing on the boundary-layer transition on

slender cones.

obtained with a laminar boundary layer over the cone. If
the sting interference were of the cylindrical variety,7 the
"corrected" laminar data would show increased dynamic
and decreased static stability levels, f This would bring
the dynamic amplification factor (Eq. 7) with £2 substituted
for £tr, to unrealistic levels above those obtained for the
boundary-layer transition effect. In view of this and the
fact that the turbulent (inviscid) sharp cone data agrees
well with theoretical predictions by the method of character-
istics,8 one can conclude that the sharp cone measurements
were free of sting interference effects.

At hypersonic speeds other complications enter into the
unsteady aerodynamics of a blunted cone. The nose blunt-
ness induced bow shock curvature creates a downstream
nonuniform flowfield, an "entropy wake." Even in inviscid
flow the nose bluntness can severely degrade the dynamic
stability.9'10 The high flow shear created downstream will
control the boundary-layer transition, as has been shown by
Softley et al.11 (Fig. 14). Correspondingly, the earlier
entropy swallowing on the windward side may at hypersonic
speeds cause boundary-layer transition to occur earlier on
the windward than on the leeward side, as has been ob-
served by Cleary.12'13 This entropy swallowing effect,
combined with the leeward side boundary-layer thickening
effect, could lead to the peculiar boundary-layer transition
geometry sketched in Fig. 15. This competition with the
leeward side transition movement will prevent the entropy
swallowing from aggravating the dynamically destabilizing
effects of aft body ablation to the extent previously assumed.14

When the base of the cone is not flat but round-shouldered
or dome-shaped, the hypersonic unsteady aerodynamics are
further complicated. The addition of a bulbous base de-
grades the dynamic stability of a slender reentry vehicle.15

When boundary-layer transition occurs near the base, it
has a very strong influence on the bulbous base effect, with
nose bluntness again being capable of reversing the effects
of this coupling between boundary-layer transition and the
flowT over the bulbous base.16

Conclusions

A quasi-steady analysis which lumps the effects of time
history to one discrete past event has predicted experi-
mentally observed effects of boundary-layer transition on
the stability characteristics of (nonablating) slender cones.
The following conclusions can be drawn.

Due to the sensitivity of boundary-layer transition to
body attitude, it will appreciably affect vehicle stability
when it starts occurring on the aft body. It will decrease
the static stability somewhat but increase the dynamic
stability much more, relatively speaking, order of magni-
tudes larger if the body is very slender. This dynamic

Fig. 14 Effect of entropy swallowing on boundary-layer
transition on a slender cone.10

f Any interference of the flared sting or hollow base variety
would bring the laminar stability data to the unnatural levels
existing for the blunted cone before the correction for sting
interference.



DECEMBER 1969 BOUNDARY-LAYER TRANSITION ON VEHICLE DYNAMICS 1409

amplification decreases if the cone is blunted. At hyper-
sonic speeds the nose-bluntness-induced entropy swallowing
effects may cancel or even reverse the beneficial effect of
boundary-layer transition on nonablating vehicle dynamics.

On ablating cones, the effects of boundary-layer sensitivity
to body attitude will have an alleviating influence on the
adverse dynamic effects associated with the increased aft
body ablation when transition moves up on the body.
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