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Influence of Asymmetric Transition
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on Re-Entry Vehicle Characteristics
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General Electric Company, Philadelphia, Pa.
The results of this experimental and analytical study indicate that mass transfer and asym-
metric boundary-layer transition strongly influence the motion of a slender re-entry vehicle
by changing its static stability characteristics. The angle-of-attack divergence, normally
encountered in the transitional altitude regime, can be attributed in whole or in part to the
nonlinear behavior of the static forces and moments due to the asymmetries of transition.
Mass addition amplifies these forces and moments.
Nomenclature M = Mach number )
P,q = pressure and dynamic pressure, respectively
Agp = model base area Rew = freestream unit Reynolds number, p.V ./t
Ag = blowing region surface area Re = local unit Reynolds number, poue/pe
C4,Cx = axial, normal force coefficients, force/q.4 5 Rp,Ry = base and nose radii, respectively
Cnm = pitching moment coefficient, moment/q.4 D5 s = wetted length
CneyCrq = pitching moment, normal force coefficient slopes at SCAAT = sphere cone at angle of attack Program
a=0° R = velocity components parallel and normal to surface
Dg,L = model base diameter and length, respectively Vo = freestream velocity
m = integrated mass addition rate, f (pv)ypdAs VIZAAD = viscous interaction zero angle of attack drag
S — Program
Presented as Paper 70-987 at the AYTAA Guidance, Control and Teg = center of gravity location
Flight Mechanics Conference, Santa Barbara, Calif., August 17— (x/L)s = blowing front location (e = 0°)
19, 1970; submitted August 24, 1970, revision received March 1, a = pitch angle of attack
1971. This work was supported by Contract F04701-69-C-0016 ) = boundary-layer thickness
and sponsored by SAMSO and ARPA. 5*,0 = displacement and momentum thicknesses
* Consultant, Aerothermodynamics Laboratory, Re-entry and 6. = cone half-angle
Environmental Systems Division. Associate Fellow ATAA. Ao = blowing coefficient, (pv)w/(pt)e
T Engineer, Aerothermodynamics Laboratory, Re-entry and © = viscosity
Environmental Systems Division. Member ATAA. o = mass density
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Subscripts

e = local boundary-layer edge conditions

L,s = based on length, wetted length, respectively
0 = no mass addition

w, o = wall, freestream conditions

N = based on nose radius

Introduction

ANY phenomens affect the motion of a re-entry ve-
hicle. One particular factor is heat-shield ablation,
which depends on the state of the boundary layer. During the
period when a transitional boundary-layer exists, the effects
of ablation on the motion are substantially more complex.!?
In this altitude regime, vehicles generally exhibit a momen-
tary angle-of-attack (a) divergence. Such alterations in mo-
tion may be detrimental to the system performance of bal-
listic and maneuvering re-entry vehicles. This « divergence
usually is accompanied by large oscillations in the “effective”
pitching moment coefficient slope during transition progres-
sion over the surface. It had been postulated that this phe-
nomenon represented dynamic instabilities incurred during
transition, but the present studies indicate it can be attri-
buted at least in part to the effects of asymmetric transition
on the static stability. Furthermore, the magnitude of the in-
fluence is sensitive to the mass addition rate () and distribu-
tion, which are affected by the transitional-turbulent heating
rates. Consequently, one must re-examine the analyses and
coupling mechanisms that led to the earlier conclusions.

In this investigation the transition front shape is experi-
mentally defined as a function of « and Reynolds number
Re.,. Based on these shapes, incremental forces and moments
attributable to the asymmetries were measured as a function
of @, Re., and mi. The influence of asymmetric transition on
the vehicle motion is established by six-degree-of-freedom com-
puter simulations.

Experimental Program

Since ablation is a key parameter that affects vehicle
loads, a porous model was used for the force phase of testing.
A heat-transfer model was used to define the shape and loca-
tion of the transition front as a function of o and Re.. Al-
though mass addition affects the onset and the shape of the
transition front, for the purposes of this investigation (i.e., to
establish first-order effects), it was deemed adequate to
utilize the impervious model results. The experiments were
conducted at the Arnold Engineering Development Center,
Tunnel B facility, at a Mach number of 8.

The first phase of the experimental investigation, was to
map the transitional flow region of the nonblowing heat-
transfer model for each Re. and «. The model was a 7.2°
half-angle cone, 43.54 in. long with an interchangeable nose
section. It was fabricated of stainless steel with a nominal
wall thickness of 0.050 in. Thermocouples were connected to
the inner wall of the model for recording the aerodynamic
heat transfer. There were 100 thermocouples primarily
along five conical rays (¢ = 0° (lee side), 45°, 90°, 135°,
180°). Several additional thermocouples were installed at
¢ > 180° to verify the yaw symmetry of the flow. Data were
obtained for ranges of Re., and a so that the end of transition
(i.e., the beginning of turbulent flow or the point of maximum
heat transfer) would span the model from near the aft end to
a point as far forward as possible.

Based upon the foregoing transition front data, force and
moment data were next obtained for the simulated ablation
case using a 43.3-in.-long, 7.25° half-angle cone, having a
porous outer shell manufactured from 909, dense stainless
steel-nickel alloy (Fig. 1a). The internal structure was a
perforated metal shell which fit snugly to the interior surface
of the porous shell (Fig. 1b). Various blowing distributions
were obtained by placing a 0.0005-in.-thick aluminized mylar
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Fig. 1a Photograph of the porous model subcomponents.

Fig. 1b Photograph of a typical mylar blanket for con~
trolling the mass distribution.

sheet between the perforated shell and the outer porous shell
such that the model was impervious over the forward por-
tion (laminar-transitional region) and was porous over the
aft portion (turbulent region). Blowing rates, Ao == (pv)w/
(o), were varied so as to encompass a range of heat-shield
characteristics varying from that for carbon phenolic (small
blowing) to that for Teflon (large blowing) (in the local sense,
not for integrated values over the vehicle surface). For each
Res, data were obtained for three blowing configurations
which corresponded to « = 0°, 1°, and 2°; for each con-
figuration N\, was varied from 0 to 0.008.

The blowing or porosity uniformity of the force model was
established prior to the test by means of a venturi calibrating
device with the external surface of the model at atmospheric
conditions. The conical venturi had a 10:1 contraction ratio
with a throat area of 0.1 in.?2 Differential pressures between
throat and plenum were recorded with a =1 psid transducer.
Gas samples were obtained by attaching a contoured rubber
adapter which was fitted to the cone surface. Readings of
local mass flux (pv), were obtained along four rays of the
model which were 90° apart. The calibration indicated that
the model porosity was symmetric to within £25%.

Data Presentation and Analysis

Transition Shape Data

Heat-transfer data defining the shape of the transition
front were obtained on the cone along several conical rays.
Comparisons of the data obtained at zero angle of attack with
the results of the Viscous Interaction Zero Angle of Attack
Drag (VIZAAD) Program?* are shown in Fig. 2. For laminar
flow, the heat transfer is caleulated from Lee’s laminar flow
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Fig. 2 Heat-transfer distribution on a cone.

equation® modified by reference enthalpy conditions to ac-
count for the variation of flow properties across the boundary
layer. For turbulent flow, Walker® obtained a solution for the
combined momentum and energy integral equations.

Fig. 3 Spatial distribution of end of transition with
Reynolds number and angle of attack M, = 8, Ry/Rz = 0,
0, = 7.2°
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Fig. 4 Spatial distribution of end of transition with
Reynolds number and angle of attack, M. = 8, Ry/Rz =
0.01, 6. = 7.2°,

In general, solutions were obtained wherein the state of the
boundary layer was either all-laminar or all-turbulent. There
is excellent agreement between data and theory in the
laminar region. The data exhibit an increase through the
transitional flow region to a peak which is higher than the
“all-turbulent” theory.} The heat transfer then decays at a
rate somewhat faster than the “all-turbulent”” theory. Theory
and data are in good agreement at & = 0° for turbulent flows
in the region far removed from the end of transition. Some
data comparisons of the angle-of-attack data were made with
the results of the Sphere Cone Angle of Attack (SCAAT) pro-
gram.” Shown in Fig. 2, for example, is a comparison for
a = 4° for one meridian ray. In general, the data and the
SCAAT program results agreed quite well for both laminar
and turbulent boundary-layer flows.

Using the data from the first test phase, the location of the
transition onset point was defined as the point where the heat
transfer (i.e., the Stanton number) is a minimum. The end of
transition was deduced to be the point where the heat trans-
fer is a maximum. Since the blowing schedule was tailored to
the end of transition location, emphasis was placed on these
data. For the sharp cone, the end of transition at angle of
attack tends to move slightly rearward from the o = 0° loca-
tion on the windward ray, and forward on the leeward ray,
the latter movement being more pronounced (Fig. 3). This
trend is similar to the sharp-cone phenomena observed by
others®~! and implies that transition occurs at a significantly
lower local Re on the lee side than the windward ray. This
forward movement on the lee side has classically been at-
tributed to the destabilizing influences of cross flow. As the
cone is blunted to a value of By/Rz = 0.01 (Ry = 0.055 in.),
the transition point moves forward from the & = 0° point on
both the windward and leeward rays (Fig. 4), with greater
movement on the lee side. This trend with bluntness is
identical to that noted by Stetson and Rushton® for blunt-
ness ratios of Ry/Re = 0.04 and 0.08 (Ry = 0.125 in. and
0.250 in.). For Ry/Rp = 0.02 (Fig. 5), a reversal occurs.
Namely, the transition point, moves farther forward on the
windward ray than on the leeward ray, and the end of transi-
tion was farthest aft on the ¢ = 45° ray. (Additional ex-
perimental details may be found in Ref. 12.)

One can speculate that the apparent transition reversal on
the lee side of the model is a result of the coupling of the ef-
fects of Ry/Rx and « on transition. Stetson and Rushton®
conducted a limited investigation of this matter, and the re-
sults indicate that transition onset was always further forward

1 The effective origin approach adequately predicts the mag-
nitude of the “overshoot’” in heat transfer.!2
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Fig. 5 Spatial distribution of end of transition with
Reynolds number and angle of attack, M~ = 8, Ry/Rp =
0.02, 9, = 7.2°.

on the leeward than on the windward side, in direct agree-
ment with our data for Ex/Rs = 0 and 0.01. Available data
indicate that bluntness could produce a transition reversal
(Fig. 6); i.e., for a prescribed set of freestream conditions, as
nose bluntness increases from zero, transition tends to move
aft on the vehicle. The aft movement of transition reaches a
maximum at some bluntness (Re.y = 8 X 10%) beyond which
the transition point moves forward with increasing nose
radius. Furthermore, at angle of attack, due to crossflow
effects, the bluntness-induced entropy layer is swallowed
sooner on the windward ray than on the leeward ray. This
implies that for a cone with some finite bluntness, the lee side
behaves as if it were more blunt and the windward side less
blunt than the comparable o = 0° case. Thus, it follows that
the bluntness/angle-of-attack reversal phenomena could
occur for cones with a bluntness for which Rewx lies slightly to
the left of the peak shown in Fig. 6. All the data for either
sharp cones or blunted cones with Re.y > 8 X 10* indicate
that transition lies further forward on the lee side than on the
windward side.

Flight test data for ablating and nonablating slender re-
entry vehicles generally indicate that transition is farther
forward on the leeside than on the windward side. Further-
more, most flight test B/V’s have nose radii that place them
on the blunt side of the transition curve of Fig. 6. Conse-
quently one should expect transition configurations similar to
Figs. 3 and 4 to represent flight test trends as opposed to the
special case of Fig. 5. At this point, it is appropriate to
comment on the current state of prediction capability for
boundary-layer transition at « = 0°. Approaches currently
used to predict the altitude at which transition will occur are
empirical correlations based upon the Mach number M, and
wetted-length Reynolds number Re, at the edge of the
boundary layer. Since this approach does not rigorously
account for mass addition, surface temperature, and roughness
effects (among others), and since the values of M. and Re;,
where transition will oceur are not predictable from theory,
data from flight tests of vehicles with approximately similar
geometry, materials, and re-entry conditions are utilized to
establish the criterion. Such correlations generally fail for
vehicles other than the generic class for which they were de-
signed. In fact it is evident that not only are there significant
differences of opinion within the aerospace community with
regard to a suitable transition correlation for the o« = 0°
case, but also M, and Re, are not sufficient to characterize the
transition phenomena. Thus, the current state-of-the-art
approaches concerning boundary-layer transition prediction
are at best marginally adequate for the 2-D (axisymmetric)
case and nonexistent for the 3-D (a = 0°) case.
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Force and Moment Data

Since the transition front is forward on the lee side for
flight test data, it can be concluded that the sharp-cone data
provided transition front shapes that will tend to maximize,
for a preseribed «, the incremental moment coefficient AC.,
due to the skewed front. Force and moment data were ob-
tained with the porous model configured to ablate (i.e., blow)
consistent with the 0°, 1°, and 2° transition front shapes
that were established in Fig. 3. Measurements were made at
Mach 8 for five values of Re., and several values of A\.. Thea
increments were selected to establish not only the incremental
forces and moments for the prescribed angle of attack of the
blowing front ar but also the slopes of the coefficients (i.e.,
Cx, and C.,). Because of the nonlinear nature of the phe-
nomena, small increments about ar were selected (ie.,
+0.5°). Furthermore, data were obtained for approxi-
mately a 6° spread about each reference angle of attack, awr.
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Fig. 8 Pitching moment coefficient variation with angle
of attack and blowing configuration.

Zero Angle of Attack Data

For the axisymmetric configurations, Fig. 7 shows the
a = 0° values of Cy, and C.,,., evaluated at « = 0° vs (z/L)3,
the blowing front location. These data represent an attempt
to match the location of the turbulent front with the in-
creased blowing rate in the turbulent region. For low or zero
blowing rates, the static stability increases as the simulated
transition region encompasses a greater surface area [(z/L)s
decreasing]. This can be attributed to the greater effective
cone angle [0, + tan~(d6*/ds)] with the more forward loca-
tion of blowing. For higher blowing rates, the static stability
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Fig. 9 Normal force coefficient variation with angle of
attack and blowing configuration.

was reduced as the blowing area became greater. Appar-
ently, aerodynamic body shaping, to which base bleed is a
contributor, offsets the stability increase due to the effective
cone angle. In flight, the distribution of mass addition, which
can either be due to nonuniform heat shield materials or to
transition movement on a body at « = 0°, can have a large
effect on the vehicle stability. For example, a vehicle with a
high-temperature ablative nose and Teflon over the rear half
has roughly one-eighth the stability of an equivalent cone
with only the last 109 of its length made of Teflon. This re-
sult indicates that for the latter, the equivalent flaring effec-
tiveness due to increased blowing is quite large. As the blow-
ing surface increases, the effectiveness is large but becomes
negative, i.e., the stability is less than for the no blowing
case, because of the effects of crossflow. It is evident from
the data that the motion of small vehicles with low-tempera-
ture heat shields would be especially sensitive to what ale
apparently slight variations in external configuration or heat
shield materjal distribution. '

Angle-of-Attack Data

For a re-entering flight vehicle which has asymmetric
transitional boundary-layer flow on the surface, the shape of
the front and the ensuing higher heating and increased abla-
tion is achieved naturally for a given «. In this ground-test
investigation, the shapes which were obtained naturally on
the impervious model (i.e., sans trips) were artificially im-
posed on the porous model. Thus, when the model was
manipulated through an « cycle, the blowing front remained
fixed, and in this sense does not reflect what occurs in flight.
Nevertheless, in the ground test, at select points in the e
cyeling, proper values of Cx and C,,, and, to a lesser degree,
Cy, and C.,, coefficients were achieved. Particular values of
Cy and C,, as a function of « that would correspond to the
equivalent flight ease were established from the data, as were
Cy, and Cr, at this point.
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INCREMENTAL PITCHING MOMENT COEFFICIENT, ACm

Consistent with the above approach, C.(a) for a cone with
the transition front traversing the surface is shown in Fig. 8,
and Cx(c) is shown in Fig. 9. Each figure represents a collec~
tion of the data for a prescribed blowing rate. It is evident
that this is a highly nonlinear phenomenon. For the large
blowing rates (A, = 0.004, 0.008), although the vehicle is
stable in the viecinity of @ = 0° it is, in fact, statically un-
stable for @« $ 0.5° when the transition front is on the aft
end. Furthermore, mass addition clearly serves as an
amplification factor.

The lines faired through the data between @ = 0 and 1°
are questionable due to the paucity of data. However, the
question of whether the vehicle is stable or unstable about
a = 0° is germiain to the data fairing. It isfelt by the authors
that the vehicle is stable for some small « range, since the de-
stabilizing influences of the asymmetric front must detract
from the inherently stable vehicle in some gradual manner.

The incremental values of C,, (Fig. 10) that can be at-
tributed to asymmetric transition were established from:

ACm = (Cm)asymmetric - (Cm)nnrma]

where (C..)asymmetric 18 defined for particular blowing con-
figuration at its design angle of attack, ar, and (Cu)norma
corresponds to the C,, that is attained for the axisymmetric
blowing configuration for the same Re and «. In a similar
way, values of ACy (Fig. 11) were established.

The value of (z/L)z for which each data point is plotted
corresponds to the &« = 0° transition location for its value of
Re,. The presence of the asymmetric transition front at the
vehicle aft end initially produces a destabilizing influence.
As the front progresses forward (increasing Re,, or decreasing
altitude), the influence becomes stabilizing. As the front
progresses farther forward, the stabilizing influence decreases
and in fact becomes slightly destabilizing. This figure bears a
striking similarity to flight data curves of stability variation
with altitude during transition. From Fig. 11 one observes
that ACw is such that it produces a smaller value of Cy,
although AC,, changes sign at least twice; this implies that
the center of pressure is rapidly changing with front location.
Furthermore, it is rather evident from these figures that mass
addition induces large pressures on the cone surface and
therefore acts as a load amplification factor.

Vehicle Motion Implications

The question that arises now is this: Can the rather large
variations in static stability due to asymmetric transition, in
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themselves, affect the vehicle motion? In answering this
question one must be careful not to use linear aerodynamic
analyses, for the rather obvious reasouns stated previously.

In the flight test motion simulations that have customarily
been performed, variations of the aerodynamic coefficient
were established from theoretical analyses and/or ground
test data for “aerodynamically’” axisymmetric configurations.
The variation of Cy and C, that result are well-behaved
functions which slowly vary with altitude. The dynamic
stability parameter used in these simulations is obtained from
an iterative solution of the motion simulations. What results
is a variation of the dynamic stability parameter with altitude
for which the vehicle motion is duplicated. From analyses
such as these, one generally finds that a small period of
dynamic instability is required to match the measured flight
motions. This leads to the much used phrase ‘“dynamic in-
stabilities during transitional flow cause the angle-of-attack
divergence”. In essence, what is accomplished by this tech-
nique is to incorporate into the dynamic parameter all of the
uncertainties associated with transitional flow. As stated
earlier, one must ask, “Is there another physical phenomenon
which could cause similar vehicle motions either independently
or acting in concert with the dynamic stability?”’

In this investigation, this phenomenon is assumed to be the
incremental static forces and moments that can be caused by
asymmetric transition. Their influence on the motion was

—0O— FLIGHT DATA

SiX DEGREE OF FREEDOM SIMULATIONS
—-— STATICALLY STABLE, DYNAMICALLY STABLE
------ ASYMMETRIC TRANSITION, DYNAMICALLY STABLE

TRANSITION ONSET DEDUCED
¥ FROM FLIGHT DATA

ALTITUDE, h

Fig. 12 Flight history of a and Cpa.
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established from six-degree-of-freedom simulations, which in-
dicate that as the transition front comes on the aft vehicle
surface, the statically destabilizing influences cause & to di-
verge. As the front traverses forward, the influence becomes
stabilizing, and a decreases. Similar results are obtained
when the vehicle has a period of dynamic instability. How-
ever, this latter approach does not affect the static stability of
the vehicle and therefore does not account for the variations
of .., that appear in the flight data.

Figure 12 shows that there is a marked similarity between
the C,..’s deduced from flight measurements with the results
of six-degree-of-freedom simulations for the case with asym-
metric transition. As was stated earlier, no attempt was made
to scale the ground-test results to flight; consequently,
quantitative agreement was not expected.

Since the incremental loads due to asymmetric transition
are a manifestation of the changes in the induced pressure and
shear forces on a vehicle, in principle, one should be able to
predict them, provided the shape of the transition front is
known. This, of course, presupposes that a viscous analytic
technique exists which a) can predict the flow about a body at
angle of attack and b) permits proper evaluation of the vis-
cous-induced effects in laminar-transitional-turbulent flows,
an extremely difficult requirement. The complications that
arise in predicting the local properties and the forces and
moments on a body when differential ablation (blowing) is
present have been examined in Ref. 13 and have been at-
tributed to the inadequacies of the weak viscous interaction
models that are typically employed.

In the present study the influence of agymmetric boundary-
layer transition on only the static derivatives were explored.
This is not to say that the dynamic influences should be
ignored. Due to the oscillatory motion of re-entry vehicles,
the dynamic coupling of the static characteristics with the
heat shield thermal time lag must be considered in analyzing
the total problem.

Conclusions

The results of this investigation indicate that mass transfer
and asymmetric transition strongly influence the motion of a
slender re-entry vehicles. The angle-of-attack divergence
that is normally encountered in the transitional altitude
regime can be attributed in whole or in part to the static
forces and moments due to the asymmetries of transition,
and mass addition serves to amplify these forces and mo-
ments. At the onset of transition on the aft frustum a strong
statically destabilizing force exists, for ablating vehicles with
transition forward on the leeward side. As this front moves
forward on the vehicle, the magnitude of the destabilizing in-

J. SPACECRAFT

fluence diminishes, and when it reaches the vicinity of the
vehicle’s center of gravity, the force becomes statically
stabilizing. Application of the ground test results to flight
vehicles shows that a momentary angle of attack divergence
can occur similar to that achieved by dynamic instabilities.
In addition, the effects of asymmetric transition on the static
stability cause a variation of the pitching moment coefficient
slope with altitude similar to that measured in flight so that a
direct cause and effect relationship was established.
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