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Transition Effects on Slender Vehicle Stability and Trim
Characteristics

LARS E. ERICSSON*
Lockheed Missiles and Space Company, Inc., Sunnyvale, Calif.

The effect of boundary-layer transition on high-performance re-entry bodies has been studied extensively. A
great volume of experimental results has become recently available for the combined effects of crossflow and nose
bluntness on the transition on slender cones, both with and without mass addition. The results of a correlation
study of these new transition data are reported elsewhere. In the present paper the correlation results are used
to determine the effects of transition on slender vehicle stability and trim characteristics. The coupling effects from
symmetric nose bluntness and associated entropy swallowing are considered in detail. A limited discussion of the
effects (on trim) of asymmetric nose bluntness is also provided. The adverse effects of transition, both in regard
to stability and trim characteristics, are of some concern for a ballistic re-entry vehicle. Provided that critical
nose bluntness-cone angle combinations giving negative damping are avoided, the effect of transition for lifting
re-entry is mainly a change of body trim, a change which in magnitude might be well within the available control
capability.
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Nomenclature
= body surface area
-- reference length (cone base diameter, dB)
- body diameter
: nose drag, coefficient CDN = DN/(p^ U^2l2)(ndN

2/4)
-- proportionality constants
= sharp cone body length
= rate of ablative mass addition, coefficient Cq =

(dm/8A)/peUe
-- Mach number
= pitching moment, coefficient Cm = Mpl(p.^ l/w

2/2)Sc
-- normal force, coefficient CN = N/(p^ l/a,2/2)5
-- Mangier-parameter, Eq. (3)
= static pressure, coefficient Cp — (p — p^KPao ^oo2/2)
= rigid body pitch rate
= body radius
= Reynolds number based on sharp cone length
= reference area S — nc2/4
-- time
= temperature
= viscous timelag
-- axial velocity
= axial body coordinate from sharp cone apex
= start of conic frustum on blunted cone
= angle of attack and trim angle of attack, respectively
= effective local flow inclination
= boundary layer thickness and boundary layer dis-

placement thickness, respectively
= difference
= local body attitude
- cone half-angle
= Prandtl-Meyer angle
-• dimensionless axial coordinate, <
= thermolag of ablation response
= angular pitch rate
= reduced frequency, a> = coc/U^
-- air density
= hypersonic similarity parameter
= hypersonic scaling parameter

*f1 = 2cD/'V*A*B)/0c

= x/c
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Subscripts
a,a0
AC
AT
AW
B,N
e.g.
e
EW
i
LW.WW

= due to ablation and steady state ablation, respectively
= aerodynamic center
= asymmetric transition front
= adiabatic wall
= base and nose, respectively
= center of gravity
= edge of boundary layer
= entropy wake impingement
= inviscid flow

= leeward and windward side, respectively
LAM, TURB = laminar and turbulent boundary layer, respectively
R = recovery
ST = stagnation
TR = transition
W = wall condition

1 = forebody lumped load station for crossflow effect
oo = freestream conditions

Superscripts
i = induced, e.g., &1CNTR — change in (aft body) normal

force due to transition
= barred symbols denote mean values

Derivative Symbols
a =da/dt; m = dm/dt

<C = dCJd(cq/UJ; CJ = dCJ8(cd/UJ

Cme and C^ = effective integrated mean values

Introduction

MOTION anomalies of re-entering high-performance
missiles have been observed at the time when boundary-

layer transition is known to have started to occur on the
vehicle (aft body). It is true that peak heating and peak
dynamic pressure often also occur close to the time of transition,
and these events could by themselves be responsible for the
anomalies. However, even after careful screening, the fact remains
that boundary-layer transition initiates defects in both stability
and trim characteristics—defects that can be amplified greatly
during the following peak heating and peak dynamic pressure
portions of the trajectory.

Unless otherwise stated, the boundary-layer transition effects
discussed in the present paper all concern aft body transition;
i.e., the mean position of the transition line is located aft of the
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Fig. 1 Overshoot of turbulent heating level in a region of boundary-
layer transition.

body e.g. The discussion is also limited to the hypersonic and
high supersonic speed ranges.

Transition Effects on Stability Characteristics
The early concern was the effect of so-called symmetric

transition, i.e., the effect of increased aft body heating on an
ablating body when transition moves forward of the base.1"3

Later it was shown that, in addition to this effect of symmetric
transition, the effect on vehicle stability of asymmetric transition,
i.e., the skewing of the transition front, was possibly even
stronger.4"6 The effects are discussed again in the present paper
in light of the latest information.6" 13

Symmetric Transition
When boundary-layer transition occurs forward of the base on

an ablating re-entry body, the rate of ablative mass addition is
raised dramatically. For symmetric transition, i.e., disregarding
the tilting of the transition front with angle of attack, the
effect is that on the aft portion of the vehicle the ablative
heat shield is in a much hotter (turbulent) environment and,
consequently, has a much higher mass addition rate than the
rest of the vehicle (Fig. 1). The increased boundary-layer dis-
placement thickness due to mass addition induces (local) pres-
sures that can be expressed as follows for moderate ablation
rates3'14

ACpfl-2Ava(M/-l)-1/2 (1)
If one assumes a stepwise change from laminar to turbulent

heating levels (which is not a bad approximation according
to the data shown in Fig. 1) Ava is simply the increase of the
displacement-thickness-slope dd*/dx due to mass addition in a
turbulent boundary layer. If the mass addition rates are
moderate (Cq < 0.01) the boundary-layer shape parameter can
be assumed to remain unchanged, and one can get the following
simple expression15 (with error being less than 3%)

Ava = KflC, (2)
The proportionality constant Ka is dependent upon boundary-

layer edge conditions and injectant characteristics. For air
injection15 Xais

K = (3)
where nl = 1 and nl =0.512 for flat plate and cone, respectively.
The angle-of-attack dependence of Cq can be expressed in
linearized formt

t It is assumed that the mass addition rate is a linear function
of the heating rate and lags it by a constant time increment i; i.e.,
nonlinear transients in the ablation process are not considered.

a is the generalized angle of attack
(4)

(5)

The thermodynamic timelag i is, for convenience, expressed
in the following dimensionless form

T = t,c/U (6)
For harmonic oscillation, 0(t) = A0eitat, Q(t-i) = e~ia)T9(t),

and 6(t— T) = e~l(OX 6(t). For small mass addition rates and large
thermodynamic timelags the effect of mass addition on the static
stability is small compared to the effect on dynamic stability,
and the frequency can be assumed to remain constant. This is
often the realistic case.3 Then 6(t) = A0zco ei(at = ico 9(t), and
one can express Cq(t) as follows :

-«- £c.g) cos (coQ}(c6/U) (7)
For the hypersonic speeds existing at time of transition on

high-performance re-entry bodies, the reduced frequency is very
small, CD <£ 0.01. Thus, Eq. (7) can for reasonable thermolags
(i.e., for £T < 100) be approximated as

(8)
The local normal force due to ablation can then be written

as follows :

ACNfl = ACNfl0
' I / C (9)

Usually £T
2 > (£ — £cg)2, and for sharp slender cones

[/ « [7^. Thus
ACN^/ACNa0 « -<J (10)

That is, the ablation-induced aft body normal force will be
statically stabilizing but dynamically destabilizing. This behavior
has been observed in wind tunnel testsj using low-temperature
sublimers§ for simulation of heat shield ablation.2'17 As the
transition line moves forward, the effects of boundary-layer
crossflow and a shielding (reradiating) shear layer complicate

EXP. REF.

8 x 10

LOCATION OF TRANSITION

Fig. 2 Effect of angle of attack on boundary-layer transition on a 10°
sharp cone at Mm =6.

{ Many other tests have shown the same results, but they have not
been published in the open literature.

§ Although these materials are not insensitive to the ambient (back)
pressure.16
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the analysis. The ablation effect can then be damping or un-
damping, depending upon distribution along the vehicle of mass
addition rates and thermo timelags.3'18-19

Asymmetric Transition
It does not take more than a casual look at the asymmetric

transition results presented by Ward4 (Fig. 2) to realize that the
symmetric transition effects discussed in the previous section
may be rather insignificant compared to the effects of asym-
metric transition on stability and trim characteristics of slender
cones. The difference in self-induced pressure for turbulent and
laminar flow is apparently enough to cause substantial changes
in the vehicle stability characteristics (Fig. 3). Using the same
stepwise change from laminar to turbulent boundary-layer
conditions discussed in the previous section, the loads induced
through asymmetric transition can be expressed as follows:

(11)

AvTK = (dd'/dx^RB-W*/^)^
The definition of <fr/?(a) in Eq. (11) is a good approximation

for a slender cone (0C small). For the data in Fig. 2, Eq. (11)
gives the results shown in Fig. 4, which have a striking
similarity to those shown in Fig. 3.** The contribution from
the windward side is clearly negligible. As the leeward side
transition movement is linear in (a/0c) for the (Aa/0c)-range of
interest13 (Fig. 2), one can define the stability derivative simply
as A£Cwarjl = (A'CmTR^/Aa. Equation (11) gives

*IC~TR = [ACmT1?/(//c)2Cp](Ai;/Aa)2cot20c/(Me
2-l)1/2

_______ (12)

f Plus-sign for leeward side, minus-sign for windward side.
** The "appropriate" xTR(0)//-scale is shown together with Ward's

original Rlou -scale.

The displacement-thickness-slope-difference AvTJ? is obtained
from Mangier-transformed flatrplate values.20'21 For RxTRe =
5xl0 6

AvTJ?0 - 0.04(Me-5) + Avr/?(5) (13)
where AvTK(5) = 0.15 for TW/TST = 0.25, a typical tunnel value,10

and Avr^(5) = 0.23 for Tw = TAW.
Equations (12) and (13) give for 0C - 10° and Aa = 1.8°,

A''Cma™/[ACmT/?/(//c)2Cj = 1-10-1.54 for Ma, = 6, and =
0.90-1.02 for Ma, - 5. This brings the data in Figs. 3 and 4 into
quantitative agreement. The maximum transition-induced effect
(A£Cma)m?x (Fig. 3) measured by Ward4 agrees rather well with
the predictions from Eqs. (11-13) (Fig. 5).

Measurements in the same tunnel of a more slender cone
show similar results5 (Fig. 6). The same oscillation amplitude,
Aa «2°, was used, but the relative amplitude, Aa/0c, was
roughly twice as large as in the case of the 10° cone. Con-
sequently, the maximum statically destabilizing transition effects
occur twice as early (compare Figs. 4 and 7). Figure 8 shows
the maximum transition-induced effect (A'C^J^. The slope
d[xru(a)/xrn(0)]/d(a/0c) was obtained from Fig. 6 of Ref. 13.

The boundary-layer growth on the leeside meridian is
influenced by the time history of the upstream boundary-layer

CmTR/(Vc)2C
XCG/C = o. 55
a0 -O; Aa/ec= 0.18

O TOTAL
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Fig. 4 Transition-induced moment on a 10° sharp cone at low
hypersonic speeds.
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Fig. 5 Maximum transition-induced static stability increment on a
sharp 10° cone.

influx,22 an effect that is present already at infinitesimally small
angles of attack.23 If one lumps the upstream crossflow effects
at xl9 the unsteady boundary-layer thickness at XTR on the
leeward meridian (of the aft body) can be expressed as follows:

"\e
(14)d(xTR, t) = (<5)a=0+ ir't^i' *- A0

5=0 ox
a is the angular representation of body crossflow, given by

2 4 6 8 10 20 40

Fig. 6 Maximum transition-induced static stability increment on a
blunted slender cone.
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Fig. 7 Transition-effects on blunted cone stability characteristics.

Eq. (5),tt and Ar is the time increment occurring before a
change of body crossflow at x^^ has resulted in changed
boundary-layer thickness at XTR. For the typically slow oscilla-
tions of a re-entry body (see discussion of Eq. (7) earlier),
co2 <^ 1, and

fa — (x _x yp (}5)
0 is the boundary-layer convection velocity, U/Ue ^ 1.0.

:44 luruc L\^NTR can beThus, the transition-induced leesidejf force A?C
written as follows :
AtC = A'CNTK(a0)+ [d*lCNTR/dS](d8/d*) x

{0 + [«i - fc*)- Km- {i)/(^/^J]}(cd/l/J (16)
For finite amplitudes, £rK in Eq. (16) has to be substituted

by £r/?(a), as defined in Eq. (11). The following derivatives are
defined by Eq. (16)

REGULAR SYMBOLS DENOTE

ma' <Cm«>1 MAX ra" MAX
FLAGGED SYMBOLS DENOTE

mar OBTAINED AS SHOWN IN FIG. 6
MAX

PREDICTIONS, EQS. (11) - (13)

MAX, TW * T AW

0.3 r

0.2 -

0.1 -

I
Fig. 8 Transition-

induced moment on a
6° blunted cone at low

hypersonic speeds.

EXPERIMENT
xCG/e -0.636

• XX =0.25
• Xa = 0.18

tf For rigid body.
%% The windward side boundary-layer crossflow effect is negligible

for a sharp cone, as has been discussed earlier (Fig. 4).
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J (17)

(18)

R> E<1- (17) Sives

For a slender sharp cone UJU^ = 1. For a blunted cone
UJU^ is defined at hypersonic speeds simply through embedded
Newtonian theory24

Ue/U^ , = 0.68 + 0.42x1/2 (19)
With £ j < £cg < £TR Eq. (18) shows that asymmetric aft body

transition effects exhibit the same reversal in regard to the
influence on static and dynamic stability as the aft body sym-
metric transition effects, Eq. (10). However, in the case of aft
body leeside transition effects, the static stability is decreased
and the dynamic stability increases ; i.e., the effects are opposite
to what they were for symmetric aft body transition on an
ablating body [see Eq. (10)]. This reversal is also exhibited by
the experimental data (Figs. 3 and 6). Figure 9 shows that this
boundary-layer buildup effect has difficulty accounting for all the
dynamic amplification measured on both the blunted cone and
the sharp cone. The boundaries for the predictions using
Eq. (18) were obtained as follows: the low boundary is for
V/U;= 1.0, JTjR = fr/?(a), and ^ = ({AC) forebody. The high
boundary is obtained with U'/Ue = 0.8, <fr/? = l/c, and £ t = £0.
It can be shown that the dynamic quantity (Cmq + Cm^ the
effective damping factor extracted from a dynamic test at finite
amplitudes, is weighted heavily by the infinitesimal amplitude
damping derivative CmA existing at a = 0, where the angular rate
6 is the maximum. In that case, i.e., at a = 0, CmA\—
maximum is obtained for maximum % TR, i.e., for f TR = l/c. It is
somewhat harder to justify the forward xl -limit, xl — x0, used
for the high estimate, especially for the sharp cone. This is a
change from the earlier analysis,5 which will be discussed in
detail.

In the earlier analyses5'41 essentially only the low limit was
shown for the sharp cone, and the remaining 50% of the
measured amplification was ascribed to accelerated flow effects

SHARP CONE

ZZZ PRED., EQ. (18)
O EXP. (REF. 4)

Q ° O O

BLUNTED CONE

1 -2

-4
ZZ PRED., EQ. (18)
O XX-0.25)E X P .
D Xi -O. l sCREF. 5)

0 2 4 6 8 1 0 M«

Fig. 9 Comparison between predicted and measured dynamic ampli-
fication of transition-induced static stability changes on sharp and highly

blunted cones.

0 Xo x EWi

Fig. 10 Definitions for windward side transition.

and possible sting interference. A careful examination of available
data showed that sting interference was not likely to have
influenced the measurements.41 Morkovin points out25'26 that
the effect of accelerated flow (favorable pressure gradient) on
transition is a very nebulous quantity at hypersonic speeds and
therefore cannot supply a good physical explanation for the
large dynamic amplification measured on the sharp cone. As all
experimental data demonstrate that the leeward side transition
is totally dominated by crossflow effects,13 it was natural to
examine further the earlier choice of xi for the lumped forebody
crossflow effects.

The earlier choice, xl = forebody aerodynamic center, makes
sense only if transition occurs owing to near-wall flow-shear.
This is true for subsonic and transonic speeds when the
stabilizing effect of accelerated flow is also well documented.
However, at hypersonic speeds transition is caused by the flow-
shear near the boundary-layer edge, not near the wall. This is
the prime reason for losing the transonic pressure gradient
effects. For the same reason, boundary-layer crossflow near the
transition location, which only changes the near-wall velocity
profile, should have little effect on transition. It is the upstream
boundary-layer buildup near the nose that makes up the outer
boundary layer on the downstream leeward side. Thus, lumping
the upstream boundary-layer crossflow effects to a station near
the nose tip makes more sense in hypersonic flow than lumping
them to the forebody aerodynamic center. This is also in agree-
ment with the nose-dominance in the case of mass addition
effects.27 Thus, the upper limit for the prediction is much
closer to a realistic estimate, as is also indicated by the experi-
mental data. It is also consistent with expectations to find the
high limit, i.e., xl = x0, to be more realistic for the blunted
cone than for the sharp cone. (Figure 9 shows the high limit
to overshoot the experimental data for the sharp but not for the
blunted cone.)

The windward side asymmetric transition effects are negligible
when the cone is sharp or nearly so, and also when the nose
bluntness is very large, as for the cone discussed (Figs. 7-9).
However, for intermediate nose bluntness, the entropy-impinge-
ment/entropy-swallowing effects cause appreciable windward
side transition movement, although it is less in magnitude
than the leeward side transition movement (Fig. 4 of Ref. 13).
With the definitions in Fig. 10 the transition-induced forces on
the windward side of a slender cone with moderately small
nose bluntness can be written

(20)

The following derivatives for the windward side transition
effects are defined by Eqs. (15) and (20)

(21)

The windward side transition effect has a larger dynamic
amplification factor than the leeward side effect. Equation (21)
gives
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Fig. 11 Combined effects of nose bluntness and transition on slender
cone stability derivatives.

. (22)
As £0 <^ £EWi the ratio given by Eq. (22) is almost twice as

large as that given by Eq. (18) for the leeside transition effect.
Experiments show that the a-slope for the windward side
transition movement is almost half of that for the leeside
transition effect.13 One can therefore expect the combined
asymmetric transition effects on moderately blunt nonablating
cones to have a very small effect on the dynamic stability and
mainly cause a loss of static stability. However, if the nose
bluntness is in the critical range, a dramatic loss of dynamic
stability can result28 (Fig. 11).

The discussion of asymmetric transition effects has been limited
to nonablating vehicles until now. When transition takes place
on an ablating conic frustum, two new effects have to be con-
sidered, viz., the increase of boundary-layer thickness upstream
of transition, and the relative change of the self-induced pressures
aft of transition owing to local mass addition effects. The latter
effect is covered under the symmetric transition effects discussed
earlier. Unless the mass addition rates are very high, these
ablation-induced forces are small compared to those generated
by the transition front movement with unchanged self-induced
pressures. That is, the main influence of ablation on the asym-
metric transition effect is the increased forebody boundary-layer
thickness and associated increased transition-sensitivity to
attitude changes. As long as the attitude and oscillation amplitude
are small compared to the cone half-angle, the forebody mass
addition rate can be assumed constant (at the value determined

by Oc). Thus the analytic techniques developed earlier for the
nonablating vehicle are directly applicable. In fact, the forebody
mass addition effect may be somewhat similar to the effect of
increasing the Mach number; i.e., in both cases the boundary-
layer displacement thickness is increased.

There are, of course, effects which have been neglected in the
present treatment that would have to be considered in a more
complete analysis, e.g., the effect of ablation-induced roughness
and mass addition on the transition-behavior. On the windward
side not only are the tripping effects of mass addition10'29 and
roughness30'31 larger because the "tripping devices" are larger
on the hotter windward side, but the thinner boundary layer
on the windward side is also very much easier to trip than the
leeward side thicker boundary layer.30'32'33 It seems justified to
neglect these coupling effects in a first approximation.

With the above assumptions a judicious use of hypersonic
nose-bluntness-scaling24 gives the hypothetical stability
characteristics28 shown in Fig. 11 for vehicles with asymmetric
(aft body) transition. The data in Figs. 5 and 8 have been
used to extrapolate to the hypersonic Mach number M = 10.
For the ablating vehicle the effective nose bluntness is larger
than for a nonablating vehicle,11'34 causing an increase of the
effective &"1. Forebody mass addition also steepens the entropy
gradient, thus increasing the entropy wake-induced effects on the
stability characteristics.27 It should be emphasized that the
curve for m > 0 in Fig. 11 is hypothetical and not based on
actual data.

Figure 11 is very instructive. It shows that asymmetric
boundary-layer transition usually has an adverse effect on the
vehicle stability characteristics, and that this adverse effect is
amplified through ablative mass addition. On very blunt cones,
which have marginal static stability, the asymmetric transition
is statically destabilizing, and could jeopardize the static stability
when an ablating heat shield is used to protect the conic
(aft body) frustum. On moderately blunt cones which have
marginal dynamic stability, the effect is dynamically destabilizing,
and could possibly cause dynamic instability §§ for critical com-
binations of cone angle and nose bluntness.28 The critical
%t~ ^range depends on the relative amplitude Aa/0c. For zero
amplitude a singular # /~ l -value is obtained. The data in Fig. 11
are all for zero (mean) angles of attack, i.e., a0 = 0. If one
substitutes & in Fig. 11 with % where ^ =-&[l + (8/37E)(a/0c)|,
one could get a fairly representative picture for lifting re-entry,
as 7, has been shown to scale the combined effects of nose
bluntness, cone angle, and angle of attack, at least with the
accuracy needed for a rough preliminary design estimate.24

Transition-Induced Trim Characteristics
So far only the transition effects on vehicle stability

characteristics have been discussed. Since Nelson's pioneering
work36 the potentially dangerous effects of body asymmetries
on the re-entry vehicle motion have been recognized, and the
phenomenon as experienced by high-performance re-entry
vehicles has been studied by numerous investigators.37'39

Small mass asymmetries, with or without accompanying aero-
dynamic asymmetries, will cause the re-entry body to expose
one roll-orientation on the body longer than others to a
certain magnitude flow inclination.40 The result may be a lasting
nose asymmetry (Fig. 12a) or body bending through differential
windward and leeward side thermal expansion (Fig. 13a). Both
effects can cause body trim as well as attitude insensitive roll
torques.39

Boundary-layer transition will amplify the nose asymmetry
effect (Fig. 12). With the geometry sketched in Fig. 12a, the
vehicle will trim at a certain angle of attack. As the nose-
asymmetry-induced loading is almost a force couple,^ the

§§ For an ablating vehicle this is likely to be true even when
considering the dynamically stabilizing effect of the vehicle lift
derivative (the drag effect is probably negligible).35

Iflf For the particular nose bluntness chosen (for this very reason).
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Fig. 12 Combined effects of
asymmetric nose Muntness

and transition on trim.

A) ABLATION INDUCED NOSE ASYMMETRY

2.0

B) TRANSITION INDUCED TRIM AMPLIFICATION

vehicle will trim at an angle of attack where the nose
asymmetry induces no loads on the aft body; i.e., the entropy
impingement occurs at the same distance (xEWi) from the nose
on both top and bottom sides (Fig. 12b). Because of the large
boundary-layer crossflow effects, transition will occur earlier on
the leeward side, producing a net negative aft body load and
thereby increasing the trim caused by the nose asymmetry.
Likewise, the force couple induced by body bending (in addition
to the induced lift through body camber) will cause a trim
which is amplified by boundary-layer transition (Fig. 13). The
aft body bending response to the asymmetric heating induced
by the transition will cause a trim in the opposite direction
and could possibly reverse the (original) trim.

From all the data reviewed in the present paper, it is obvious
that when transition first occurs on a vehicle that is not
pierfectly symmetric, aerodynamically (Aa = a0 — 0) and other-
wise, the transition will move forward asymmetrically. All
indications are that this initial asymmetric transition movement
forward will be very fast, almost jumpwise. If the nose blunt-
ness is either very small or very large, this transition behavior
would cause a nearly stepwise increase of the trim before it

starts affecting the oscillatory stability derivatives.* This transient
transition behavior would cause the a-envelope of a re-entry
body to show a very fast divergence at the time of transition.
Following this fast a-divergence would be an a-convergence
at a higher rate than that existing before transition. [The
asymmetric transition increases the damping for these nose-
bluntness values (Fig. 11).] Disregarding this transient behavior
and lumping the total a-envelope divergence into a damping
derivative could produce unrealistic, high levels of negative
damping. For nose bluntnesses not falling in the above region,
i.e., for critical /,-values in Fig. 11, the a-divergence would be a
bona fide negative damping effect. Even then the levels of the
negative damping would be large, especially initially before peak
a is reached. However, this behavior would persist over several
cycles of pitch-oscillation, and, in addition, the following de-
con vergence would be much slower than in the previous case.
This description of a-envelope behavior is still very speculative
and is based on hypothetical data such as that displayed in
Fig. 11. Additional theoretical and experimental work is needed
before a quantitative description can be given of the fall degree
of freedom re-entry vehicle motion.

acxl

HGF
Fig. 13 Combined effect of
body bending and transition.

U(t)

Al BODY-BENDING EFFECT Bj TRANSITION-INDUCED TRIM
AMPLIFICATION

: If the flight data were of unusual completeness and quality, one would be able to distinguish this as a trim buildup.
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Conclusions
The results of a review of transition effects on slender vehicle

stability and trim characteristics can be summarized.as follows
for aft body transition (i.e., mean transition aft of body e.g.).

The effect of transition on stability and trim characteristics
can be predicted using the experimental correlations of
transition-movement with relative angle of attack (a/0c) in a
simple analytic theory. The agreement with experimentally
observed transition effects on static and dynamic stability
derivatives is fairly good for the limited amount of dynamic
experimental data available.

The effect of symmetric transition, i.e., the axial position of
the centrbid of the transition front, is negligible compared to
the effect of asymmetric transition, i.e., the axial extent of the
windward and leeward side transition fronts. This is always true
in regard to the static characteristics. It is also true for the
dynamic characteristics, provided that the thermodynamic time-
lag is not unusually large.

Transition aggravates the adverse stability effects of nose
bluntness, decreasing dynamic stability for moderately blunt
vehicles, which already have marginal dynamic stability, and
decreasing static stability of vehicles with large nose bluntness,
where static rather than dynamic stability is the problem.

Transition also aggravates the adverse trim effects of nose
asymmetry and body bending.

In summary, the effects of transition are always adverse, both
in regard to stability and trim characteristics for ballistic re-
entry. For lifting re-entry, the trim effect of transition could
well be within the control capability required for other reasons,
and the dynamic effects would be relatively small, provided the
critical /^-region is avoided; i.e., dN/dB> 0C, a0, and Aa are
chosen such that negative damping will not occur.

Additional theoretical and experimental work is required
before slender vehicle stability and trim characteristics at time
of transition can be predicted with the desired accuracy and
confidence level. However, the results revealed by a review of
presently existing information indicate that the prospects for the
development of such a theoretical capability in the near future
are bright, contrary to what seemed to be the widespread
opinion at the time of the review.
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Experimental Wake Flow Properties of a Viking '75 Entry Vehicle
JAMES F. CAMPBELL* AND CLARENCE A. BROWN jR.f

NASA Langley Research Center, Hampton, Va.

An experimental investigation has been conducted to obtain the flow properties in the wake of a model of the
blunt Viking '75 entry vehicle. Data are presented for the model at several angles of attack at freestream Mach
numbers from 0.2 to 3.95. The characteristics of the wake flowfield are discussed and results are shown to
demonstrate the significant variation of wake centerline flow properties in the transonic speed range, the shift in
wake profiles with change in angle of attack, and the similarity exhibited by the velocity profiles across the wake.

Nomenclature
b = value of z that corresponds to (V^ - VJKV^ - K1CL) = 0.50
D = maximum diameter of model of Viking entry vehicle
M = Mach number
q = dynamic pressure
V = velocity
X, Y, Z — inertial axis system
x,y,z = distances along X, Y, Z axes
a — angle of attack of model centerline

Subscripts
I = local flow property
CL = property value on wake centerline
oo = freestream flow property
stag = value at wake stagnation point

Introduction

NASA'S goals of planetary exploration have resulted in a
program to land an unmanned, instrumented payload on

Mars. This program has been designated as Viking '75 and is
scheduled to commence with a launch in mid-1975 for an
encounter with Mars in mid-1976. Research on the atmospheric
properties of Mars have indicated the surface pressure to be on
the order of 5-10 mbars, a thin atmosphere compared to our
Earth's surface pressure of about 1000 mbars. Because of this
low pressure, the unmanned spacecraft has a low ballistic
coefficient and utilizes an auxiliary decelerating force to land.
The deceleration system selected for the Viking '75 entry vehicle
is a large diameter parachute. Such a parachute, together with
the low ballistic coefficient of the entry vehicle, will provide
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the necessary aerodynamic deceleration required to traverse the
Martian atmosphere and enable the spacecraft to soft land.

The selection of an aerodynamic drag-producing parachute
deployed aft of a forebody requires a knowledge of the flow
structure of the wake. This information is fundamental in any
attempt to estimate parachute inflation-drag and -stability
characteristics, drag efficiency, and structural loading. Because
the flowfields behind bodies, especially blunt bodies, are
extremely difficult to model analytically,1"5 experimental tests
are usually performed to provide the desired information.
References 6-11 illustrate some of the studies that have been
conducted to experimentally define the flow properties of wakes
behind a variety of bodies. In response to initial design studies
related to the Viking mission, a comprehensive wind-tunnel
investigation was undertaken to measure the flowfields aft of the
large-angle cone type of blunt body.12"14 During this study,
wake data were obtained for a preliminary version of the
Viking '75 entry vehicle with freestream Mach numbers from
0.20to3.95.15~17

The purpose of the current paper is to summarize the
experimental results in order to evaluate the characteristics of
the flowfield aft of the Viking '75 entry vehicle for a wide range
of freestream Mach numbers. In addition, the effects on the wake
resulting from changing vehicle angle of attack are also
considered.

Experimental Arrangement
The wake survey was performed using a pressure rake located

aft of a model of a preliminary configuration of the Viking 75
entry vehicle (see Fig. 1). The basic component of the model
was a 140° cone which had a spherical nose radius of 0.25 D
in addition to a small shoulder radius at the point of maximum
diameter (D). This model also had an afterbody in the base
region composed of frustums of two cones. The current con-
figuration of the Viking '75 entry vehicle has slight differences
in the nose radius and afterbody section from the model used
in this wake evaluation.

Two wind-tunnel facilities at the NASA Langley Research


