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Hypersonic Transitional and Turbulent Flow Studies
on a Lifting Entry Vehicle

C. H. Young,* D. C. REDA,T AND A. M. ROBERGE*
Convair Aerospace|/General Dynamics, San Diego, Calif.

An experimental and analytical program was conducted to obtain turbulent heat-transfer and boundary-layer
transition data on a lifting entry configuration at Mach 10. Heat-transfer and static pressure distributions,
shadowgraphs, and boundary-layer flowfield surveys were obtained. Transitional and turbulent data were taken
over a range of angle of attack from —10° to 60° and freestream unit Reynolds numbers from 300,000 to
2,400,000/ft. Transition onset, transition zone heat transfer and extent, and turbulent heat transfer were
correlated with existing theories and criteria. Transition occurred at much lower Reynolds numbers on the flat
lower surface than has been observed on sharp or blunt cones under similar operating conditions. No transition
was observed on the conical upper surface, even at negative vehicle angles of attack.

Nomenclature
) = enthalpy (Btu/lbm)
L = model reference length (in.)
M = Mach number
N.S.E. = normal shock expansion flowfield
P = pressure (Ibf/in.2)
P,y = pitot pressure (Ibf/in.?)
q = heat-transfer rate (Btu/ft2-sec)
¥ = radius (in.)
Re = Reynolds number
Rey = Reynolds number based on momentum thickness
t = time (sec)
T = temperature (°R)
TW = tangent wedge flowfield (oblique shock)
TW/PM = tangent wedge/Prandtl-Meyer flowfield
X = axial distance from nose
»Y = distance normal to model surface (in.)
o = vehicle angle of attack (deg)
Olbody = body surface inclination relative to model centerline
Oets = effective angle of attack of a vehicle surface, o + otyoay
cerr,1,%err,o = effective angle of attack of the lower and upper surface
centerline
0 = boundary-layer momentum thickness
® = viscosity (Ibf-sec/ft?)
p = gas density (slugs/ft®)
Subscripts
e, E = boundary-layer edge conditions
end = end of transition zone
N = stagnation condition
TR = transition onset value
w = wall condition
X = local condition based on X
0 = freestream condition
Superscript

* = reference condition (Eckert)

Introduction

CCURATE assessment of the aerothermodynamic en-
vironment imposed during atmospheric entry is of
importance to developing reusable space transportation
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systems. Of critical concern are the related problems of
boundary-layer transition and heat transfer in the transitional
and turbulent flow regions. Numerous analytical and
experimental studies have yielded solutions for elementary
shapes at low angles of attack, but data at higher angles of
attack, and for more complex geometries typical of actual
vehicle configurations, are still lacking.

To enhance understanding of the transitional process and
the resulting heat transfer on a lifting entry vehicle shape, an
experimental program was conducted in Tunnel C of the
AEDC von Karman Gas Dynamics Facility. Tests were con-
ducted at a freestream Mach number of 10 over a freestream
unit Reynolds number range of 0.3-2.4 x 10%/ft stagnation
conditions from 450 to 1200 psia at 1835°R, and angles of
attack from —10° through 60°. The wall-to-recovery tem-
perature ratio was approximately 0.3.

Medel Descriptions

The Multipurpose Reusable Spacecraft (MRS) configuration
used in the test program evolved from design studies conducted
by Convair Aerospace. The basic geometry of the vehicle
was developed to provide a maximum lift-to-drag ratio of
2.0 at hypersonic speeds. Figure 1 illustrates the configura-
tion selected for this study. The lower or lifting surface was
composed of two planar areas: 1) a front ramp, immediately
downstream of the blunt nose region, delta in planform, and
inclined at an angle of 6.75° to the vehicle centerline and 2)
an aft ramp, rectangular in planform, and oriented parallel
to the vehicle centerline. The angular change or ‘“‘break”
occurred at an X/L station of 0.4. A 15° half-angle cone
formed the forward portion of the upper surface.

The thin-skin stainless-steel model of this configuration was
2.155 ft long, and instrumented with 98 iron-constantan
thermocouples. For pressure tests and boundary-layer and
flowfield surveys, a thick-wall stainless-steel model was used.
Ninety-nine pressure tubes and eight thermocouple leads were
passed through the model sting support system.

Fig. 1 Heat-transfer model.
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Test Description

Heat-transfer data were obtained from the instrumented
thin-skin model by the transient temperature technique. This
technique consists of injecting a cool model into the tunnel air
stream at the desired attitude and recording on magnetic tape
the rise in model surface temperature with time. Injection time
was approximately 1 sec, and the model remained at the
tunnel centerline for approximately 3 sec before retraction.

On each run, temperature data T.(°R) and d7.,/dt("R/sec)
were obtained from the center of a least-squares parabola
through 21 consecutive wall temperature points at times of
0.0,0.5,and 1.0sec. Data were reduced to standard coefficient
form using the AEDC Tunnel C general heat-transfer com-
puter program.

Pressure tests were conducted by injecting the model into
the tunnel and leaving it there until the pressure signals
reached their steady-state values. Readout equipment com-
pared successive readings of a particular tap to ensure that
stabilized pressures were reached before recording data.
(The Tunnel C pressure monitoring system is described in
detail in Ref. 1.)

The pressure model was also used for the boundary layer
and flowfield surveys at 0° and 15° angles of attack. The
boundary-layer probe, furnished by AEDC, was mounted from
the ceiling of the tunnel and positioned adjacent to the model
with the aid of sightings taken through a transit. Refer-
ences 2, 3, and 4 contain detailed descriptions of all tests.

Analytic Techniques

Analytic heat-transfer computations were performed using
existing computer programs described in Refs. 5-7. Two-
dimensional and conical laminar heat-transfer rates at moder-
ate angles of attack were computed using the Eckert reference
enthalpy method,® coupled with Colburn’s form of the Rey-
nolds analogy. Laminar swept cylinder heating was calcula-
ted through a transformation of the Kemp-Riddell® spherical
heating expression. A correction was applied to these
heating rates to account for geometry effects on the stagnation
line velocity gradient.'®
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Fig. 2 Centerline heating variations with angle of attack.
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Turbulent heat transfer at moderate angles of attack has
been shown to correlate best using the Spalding-Chi'! skin
friction technique with the von Karman statement of Reynolds
analogy.'> Equations used in this analysis stem from curve
fits to the Spalding-Chi values developed by Komar.!?

High angle-of-attack centerline turbulent heat-transfer rate
calculations were made with the turbulent swept cylinder
theory of Beckwith and Gallagher.'* As in the laminar case,
a geometry correction factor was applied to account for
variation in stagnation line velocity gradient.'®

Two methods of evaluating flowfield properties were em-
ployed in this study. The first involves curve fits of the
oblique shock relations for air considered as a real gas. In
conjunction with the oblique shock solution, Prandtl-Meyer
expansion was used to account for changes in local body angle.

The second flowfield evaluation was the high-entropy shock
layer solution. (High-entropy shock layer refers to those
portions of the boundary layer and inviscid flowfield that pass
through the strong blunt body or normal shock-wave region.)
Stagnation properties P, and '/, yielded a corresponding entropy
value, as determined from a Mollier chart subroutine; air
properties were curve-fitted as functions of pressure and
entropy. Values for entropy and local static pressure then
defined local shock-layer conditions, assuming an isentropic
expansion from the stagnation conditions to the local pressure.
Both measured and Newtonian local pressures were used but
showed no appreciable difference in heat transfer. Velocity
divided by computed local speed of sound gave the Mach
number needed for application of the Spalding-Chi heating
technique.

Heat-Transfer Correlations

Effects of angle of attack and freestream unit Reynolds
number on the lower surface centerline heat-transfer distribu-
tion are shown in Figs. 2 and 3. Figure 2 illustrates the
fundamental difference between heat-transfer behavior at low
angle of attack (0°-35°) and high angle of attack (40°-60°).
Laminar and turbulent heating rates increased with increasing
angle of attack up to 35°. At 40° angle of attack and above
(at an effective front ramp angle of attack of 46.75° and
above), the heating rates leveled off on the back ramp. These
rates appear to be turbulent, but the data are not conclusive.
Lower surface shock-wave standoff distances were observed
to increase at the high angles of attack, and computed flow-
field properties indicated subsonic flow. Figure 3 shows
heat-transfer variations with freestream unit Reynolds
number at low and high angles of attack.

A further indication of the differing character of high and
low angle-of-attack flowfields was obtained through com-
parison with existing heat-transfer theories (Fig. 4). At low
angles of attack, front ramp laminar heat-transfer levels
correlated with predictions of the Eckert reference enthalpy
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Fig.3 Centerline heating variations with Reco.



DECEMBER 1972

TURBULENT SWEPT

B 6
Re  =2.4x10 /FT, CYLINDER
1.0
a=60° BREAK | AmiNAR
o5l | SWEPT
W, |/ CYLINDER
° [ L ]
. g ..‘. b
11
9% 1§ SRS AN I N Y A N S
1,0
a= 20°
BREAK
|
*d
[ ]
I - A\ d
N |
a/a; 0. | SPALDING - CHI TURBULENT;
1 ORIGIN AT START OF
/ TRANSITION
ECKERT REFERENCE
ENTHALPY
|
ool 1 1 1 1t ] 1 ] |
0 0.2 0.4 0.6 0.8 1.0

Fig.4 Heat-transfer correlation.

technique,® coupled with a normal shock-expansion (high
entropy) flowfield. Back ramp turbulent data correlated
with predictions of the Spalding-Chi theory,'! coupled with a
tangent wedge/Prandtl-Meyer (low entropy) flowfield. Justi-
fication for the change in flowfield assumptions is discussed
below.

High angle-of-attack flowfields were more closely approxi-
mated by swept cylinder theory. Both laminar’ and turbu-
lent'* swept cylinder theories, corrected for stagnation line
velocity gradient effects,'® gave good agreement with the data.

Figure 5 presents upper surface centerline heating distribu-
tions for vehicle angles of attack from —10° to 0°. Since the
upper surface is essentially a 15° half-angle cone, this repre-
sents surface inclination angles of 25°-15° relative to the free-
stream. At higher Reynolds numbers, no negative angles of
attack were run. Laminar heat-transfer predictions are seen
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Fig.5 Upper surface centerline heat-transfer distributions,
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to correlate well with the data using a conical oblique shock
flowfield. No transition or turbulence was observed on the
conical upper surface.

Transition Onset

Transition onset locations for the combined angle-of-attack
freestream unit Reynolds number range tested are sum-
marized in Fig. 6, and were determined from log-log plots of
the lower surface centerline heat-transfer distributions; e.g.,
Fig. 2. Use of transition location as a parameter of interest
was indicated by an invariance with Reynolds number from
10° to 30°.

Transition first appeared on the aft ramp and progressed
forward to the front ramp with increasing angle of attack.
Transition onset location (X/L)rr was relatively insensitive to
freestream unit Reynolds number over the angle-of-attack
range of 10°-30°. A sudden rearward shift in these trends
occurred between 30° and 40° angle of attack (i.e., at effective
front ramp angles of attack between 36.75° and 46.75°). A
second forward progression of transition onset with increasing
angle of attack occurred for o > 50°.

Upon closer examination of the available pitot pressure
surveys (Figs. 7 and 8) and shadowgraph pictures, an impor-
tant feature of the low angle-of-attack flow (« <C30°) was
revealed, and a possible mechanism for the observed transition
behavior suggested. A sequence of shadowgraphs, taken
over the angle-of-attack range of 10°-20°, is shown in Fig. 9.
Shock shapes exhibit an inflection point similar to flows
known to occur about blunted cones at angles of attack.'3-1¢
This inflection point presents a minimum shock angle relative
to the freestream flow. Through this minimum shock angle
passes a line of maximum total pressure and maximum unit
Reynolds number, i.e., the line that separates the high-
entropy (blunt nose) vortical flow region from the low entropy
or oblique shock flowfield. Flowfield surveys such as shown
in Fig. 7 reveal the location of this peak total pressure line.
Also emanating from each inflection point in Fig. 9 is a white
line which is the maximum rate of change of density gradient
(&*p/oy*). The location at which the white line begins to
interact with the boundary layer appears just ahead of the
point at which boundary-layer transition was indicated by
heat-transfer measurements (arrows in Fig. 9). By extrapo-
lating the white line until it intersects the lower surface, a good
indication of the transition location was obtained. The range
of locations for these extrapolated intersections is shown in
Fig. 6. Thus it appears that as soon as the low-entropy
inviscid region (outside the white line) interacts with the
boundary-layer edge, transition occurs. Ahead of transition,
the boundary-layer edge properties are those of a high
entropy blunt body flow, while at the transition point and
downstream, the boundary-layer edge is in a low entropy flow.
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Fig. 6. Transition onset locations vs angle of attack.
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Pitot pressure surveys showed remarkable agreement with
those measured by Cleary'*-'¢ in his investigations of blunt
cone flowfields. When these pitot pressure surveys were
superimposed on the shadowgraph pictures (Fig. 8), it became
evident that the line of maximum (8%p/dy*) occurred between
the wall and the streamline of maximum total pressure.

Existence of the strong &%p/dy* gradient in the lower surface
flowfield and its apparent coupling with transition onset
prompted an analysis of upper surface flowfield and heat-
transfer data. At zero and negative vehicle angles of attack—
ie., at effective angles of attack of —15° and greater—the
conical upper surface of the model yielded a more strictly
axisymmetric flowfield at an equivalent blunt nose radius.

Fig. 8 Pitot pressure surveys superimposed on shadowgraphs;
Reco = 10°/ft.

Comparisons between lower and upper surface flowfield
shadowgraphs taken at equivalent effective angles of attack
showed significant differences. Shock-wave inflection points
on the upper surface were located further aft, and the strong
9%p/8y* gradient was not present in the upper surface pictures.
Further, no boundary-layer transition was observed on the
upper surface over the entire angle of attack/freestream unit
Reynolds number range tested.

The geometry of the lower surface, consisting of a blunt nose
fairing immediately into a flat surface, promotes a complex
three-dimensional flowfield as the blunt nose flow region
expands to accommodate the planar surface. This.accommo-
dation of the lower surface flowfield forces the shock-wave
inflection point forward from the location that it would
assume in a strictly axisymmetric flow and generates more
severe gradients in the various flowfield thermodynamic
properties. Trapsition onset then occurs as a result of the
interaction between this complex three-dimensional inviscid
flowfield and the boundary layer that must develop within it.

On the upper surface for all angles, and on the lower surface
at small vehicle angles of attack where such strong interactions
between the inviscid flow and the boundary layer did not occur,
it was not possible to induce transition onset, even with the
aid of spherical-trip elements.

Correlation of transition onset Reynolds number as a func-
tion of unit Reynolds number and Mach number at the
boundary-layer edge is presented in Fig. 10. Increases in
transition Reynolds number with increasing boundary-layer
edge unit Reynolds number and Mach number have been
observed by other investigators (e.g., Ref. 17).

High angle-of-attack transition Reynolds numbers were
also computed from the 2.4 x 10%/ft data through use of the
normal shock expansion flowfield technique. This technique
was applied for effective body angles of attack oc.er > 46.75°
using run lengths from the geometric stagnation point. No
cross-flow corrections were applied. Low and high angle-of-
attack results are combined in Fig. 11. Momentum thickness
Reynolds numbers were computed by a compressible approxi-
mation suggested in Ref. 18.

Transition Zone Extent

Transition zone extent is best described by the ratio of
transition end-to-onset boundary-layer edge Reynolds number
(Réena/Rerz). Values near 2.0 were found (Fig. 12); the ratio
decreased slightly with increasing transition onset Reynolds
number.

Freestream unit Reynolds number appeared to influence the
length of the transition zone significantly. An examination
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Fig. 9 Sequence of shadowgraphs over 10° to 20° angle of attack
range.

of Fig. 12 shows a decrease in transition zone extent with
increasing freestream unit Reynolds number. For exa.nple, at
20° angle of attack, the transition zone length ratio was
approximately 2.2 for a freestream unit Reynolds number of
10%/ft, 1.85 at 1.7 x 10%/ft, and 1.75 at 2.4 x 10°/ft. Similar
behavior was observed at other angles of attack.

Conclusions

Several significant conclusions were obtained from analysis
and correlation of the AEDC wind-tunnel data taken with the
MRS lifting-entry configuration.

1) Turbulent heat-transfer levels were experienced on the
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lower surface centerline over the 10°-35° angle-of-attack
range for the highest freestream unit Reynolds number tested
(2.4 x 10%/ft). From 40° to 60°, the heat-transfer levels were
transitional. At a unit Reynolds number of 1.0 x 106/ft,
turbulent heating was obtained over an angle-of-attack range
of 15°-25° on the lower surface centerline. No transitional
or turbulent flow was observed on the upper surface at any
angle of attack or Reynolds number tested. No lower surface
transition could be detected at angles of attack of 0° and
below. Attempts to trip the boundary layer artificially on the
upper surface and on the lower surface at 0° angle of attack
were unsuccessful.

2) Heat-transfer distributions in both the low and high
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angle-of-attack regimes have been correlated with existing
theories. Beckwith-Gallagher turbulent swept cylinder theory
with a stagnation line velocity gradient correction showed
good agreement with turbulent heat-transfer levels over the
angle-of-attack range 35°-60°. Front ramp turbulent levels
were best predicted by Spalding-Chi theory when used with a
tangent wedge flowfield and transition point boundary-layer
run lengths for the data shown. Spalding-Chi predictions,
generated through use of tangent wedge/Prandtl-Meyer flow-
fields and transition point boundary-layer run lengths, con-
sistently bounded the aft ramp turbulent data.

3) Transition onset location was found to be a strong func-
tion of vehicle geometry and angle of attack—great caution
should be exercised in extrapolating low angle-of-attack
transition results to higher angles of attack. The complex
blunt nose inviscid flowfield on the forward portion of the
vehicle lower surface has been identified as a major con-
tributor to transition onset over the angle-of-attack range
10°-30°. Present transition Reynolds number values were
found to correlate with the parameter M g(Re oo /ft)!/? for angles
of attack from 5° to 35°. Finite transition zones were
observed throughout the angle-of-attack range tested. Tran-
sition zone lengths were found to be approximately equal to
transition onset lengths, 1.e., Recna/Rerr = 2.0. Transition
zone extent decreased with increasing freestream unit Reynolds
number.
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