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Fig. 3 Effect of changing the temperature-velocity distribution used in
Eq. (4) on the velocity-defect law; Me — 7.4.

obtained by fairing the measured temperatures to the finite-
difference curve (dashed curve in Fig. 1). This faired curve, the
Crocco and the quadratic representations were used in the
figures that follow.

Velocity Profile Generalization
Figures 2 and 3 present the results from using Eqs. (4-6) with

two velocity profiles from Ref. 6. Figure 2 shows that the
assumed Crocco or quadratic temperature profiles do not trans-
form the measured velocity profiles onto the Coles' incom-
pressible curve. On the other hand, the faired experimental
temperature distribution transforms the velocity profiles close
to Coles' curve. In Fig. 3, the velocity-defect transformations lie
close to the Coles' incompressible curve for all temperature
distributions. The good correlation with Coles' curve in Fig. 2
obtained by using the modified Van Driest equations indicates
that these equations can be applied to obtain skin friction from
non-Crocco velocity profiles (Clauser technique) when T(U) is
known.

Skin-Friction Generalization
Figure 4 shows a comparison of the predicted and experi-

mental skin friction using Eqs. (7) and (8). Measured R0 was
used in Eq. (8). Theoretical skin-friction values are greatly
affected by the different temperature-velocity distributions, as
shown by the large differences in the predicted skin friction.
Using the faired experimental temperature-velocity curves, the
skin friction is predicted to within about 3% of the measured
values.

Thus, on the basis of these limited measurements, it appears
that the Van Driest method can be extended to the prediction
of non-Crocco type turbulent boundary-layer velocity profiles
and skin friction by using a modified temperature-velocity
distribution in the Van Driest equations.
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Hypersonic Flight Results Showing
Reynolds-Number Influence on

Turbulent Base Pressure

BRUCE M. BULMER*
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Subscripts

Nomenclature
base area
ratio of sting-to-model-base diameter
total heatshield ablation (mass-addition) rate
mass-addition parameter
Mach number
static pressure
base radial coordinate
base, nose radius
bluntness ratio
Reynolds number
velocity
cone half-angle
static density

b = base condition
e = local cone (boundary-layer edge) condition immediately

preceding base at L
L = based on wetted length of cone
oo = freestream condition

Introduction

THE base pressure of slender (9C < 1 5°) conical re-entry
bodies in turbulent flow at zero angle of attack may

depend upon several variables : body geometry (6C, RJRb, and

Fig. 4 Effect of changing the temperature-velocity distribution used in
Eq. (7) on the prediction of skin friction; Me = 7.4.
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Fig. 1 Ground-test base pressure measurements for sharp and blunt
9° cones at M ^ =4.

base configuration), freestream Mach number M^, freestream
Reynolds number Re^ 7 , and, if heatshield ablation occurs, mass
addition w/Poo K^- For sphere-cone configurations, the turbulent
base pressure ratio pb/px is a strong function of both body
geometry and freestream Mach number; in the hypersonic flow
regime, Pb/p^ increases with increasing Oc and Rn/Rb at constant
Mach number and with increasing M^ for a given body
geometry.1"4 The effect of heatshield ablation on the turbulent
base pressure of full-scale re-entry vehicles (RV's) is to increase
Pb/Poo above the zero-mass-addition level and to create radial
Pb/Pw gradients.4" 6 With regard to freestream Reynolds number,
Pb/Poo tends toward a constant level for sufficiently large Re^ L
(thin boundary layers).1'2'7 Therefore, it is generally assumed
that pb/p^ is specified for a given body geometry, M^, and
m/p^ V^A, with Re^ L being eliminated per se when large values
of that parameter are considered.

Whitfield and Potter1 demonstrated in 1960, for sharp and
spherically blunted cones at M^ = 2-5, that pb/px becomes
nearly constant for high local Reynolds number (i.e., Ree L in
excess of 4 x IO7, approximately). For sharp bodies, high Ree L
can generally be achieved because Ree L may be (depending
upon 9C and M^) several times the corresponding freestream
value. However, for blunt cones in turbulent flow (RJRb > 0.1),
Ree L can be a small fraction (possibly 10% or less) of Re^ L
as a result of entropy-layer effects arising from the curved bow
shock. Therefore, the condition Ree L ^ 4 x IO7 may require
Re^ L to be as large as 4 x IO8 or more for blunt cones.

If the approximate condition Ree L ^ 4 x IO7 is not achieved,
whether on sharp or blunt cones, turbulent pb/p^ may display
a considerable dependence upon Ree L. This Reynolds-number
influence is illustrated in Fig. 1 for several 9° half-angle sharp
and blunt sting-supported models at M^ = 4. For two different
geometrical shapes, the data of Whitfield and Potter and of
Zarin2 show agreement (all data are for the same sting-to-base-
diameter ratio DJD^ and exhibit a substantial variation with
Reynolds number. For the sharp cones, the base pressure ratio
becomes constant for large Ree L, but a 40% variation in pb/p^
from the asymptotic high-Reynolds-number value is observed
as Ree L is decreased. The Reynolds-number effect is even more
pronounced for the blunt cones, with the reduced values of
Ree L being below those required to obtain constant pb/p^-

Figure 1 illustrates the Reynolds-number influence observed
in ground-test data at lower M^. The significance of this effect
becomes apparent in the extrapolation of ground-test data to
flight conditions and in the application of flight-test data to
Other flight conditions8; therefore, it is of practical interest to
investigate the effect of Reynolds number on the turbulent base
pressure of slender conical bodies during atmospheric re-entry.
To this end, flight-test base pressure data from three slightly
blunt (RJRb = 0.05) slender RV's and from one very blunt

(Rn/Rb — 0.3) slender RV are presented to illustrate the Reynolds-
number influence on full-scale vehicles at hypersonic (M^ ^15
and 10.5) Mach numbers. It is shown that the 5% blunt
RV's are sufficiently sharp in turbulent flow that Reynolds
number has no effect on pjp^, whereas the 30% blunt vehicle
is sufficiently blunt that an appreciable Reynolds-number
dependence is seen in turbulent flow.

Re-entry Vehicles, Instrumentation, and Data Reduction
The 5% blunt vehicles were similar 9° cones with essentially

flat bases and ablative heatshields. Flow conditions were turbu-
lent at M^ « 15 for all three RV's. Base pressures were
measured slightly off-center line (R/Rb = 0.1) with a 0-1 psia
range variable-reluctance transducer (Flight l)and with 0-50 torr
range thermal-conductivity transducers (Flights 2 and 3). The
30% blunt RV had a flat base and a nonablative heatshield.
The flow was turbulent at M^ = 10.5, and a potentiometric
transducer recorded the base pressure at R/Rb = 0.45.

The angle of attack was nominally zero for all flights.
Atmospheric conditions derived from radiosonde data were
utilized in calculated trajectories that included telemetered
acceleration data to determine the necessary freestream para-
meters (M^Re^ L, etc.) for each flight. Calculations of the
boundary-layer edge (local) conditions on the cone frustum
immediately preceding the base included real-gas effects and
entropy-layer and pressure-overexpansion (bluntness) effects.9

Results
Data from the 5% blunt RV's are shown in Fig. 2 in terms of

both Re^ L and Ree L. Turbulent flow was verified by heatshield
temperature and base calorimeter data telemetered during each
flight. Note that the body geometry (6C and Rn/Rb) and measure-
ment location (R/Rb) were the same for all three vehicles, and,
in particular, note that the freestream Mach number and mass-
addition parameter are constant for each set of data and are
identical for the three flights (M^ « 15, m/p^V^A ^0.0012).
Therefore, these data are directly comparable in terms of
Reynolds number only.

The data in Fig. 2 reveal no variation in pb/p^ with Reynolds
number for 6.3 x IO7 ^ Re^L ^ 1.6.x IO8. The corresponding
Ree L varies from 1.7 x IO8 to 3.5 x IO8 (approximately 2 to 2.5
times Re^ L) and is far in excess of 4 x IO7; accordingly, based
upon the conclusions of Whitfield and Potter, no Reynolds-
number dependence is expected for these data. These results at
M^ « 15 are similar to M^ « 21 RV flight data10 from a
sharp 10° ablating cone, for which no variation in pjp^ was
seen for Re^L = 1.0-2.4 x IO8.

Base pressure data from the 30% blunt, slender, nonablating
(m = 0) RV at M^ = 10.5 are presented in Fig. 3 in terms of the
base-to-local-cone-pressure ratio pb/pe and ReeL. Turbulent flow
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Fig. 2 Flight-test base pressure data, RJRb = 0.05.
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Fig. 3 Flight-test base pressure data, Rn/Rb = 0.3.

on the RV was verified by telemetered heatshield calorimeter
data. Note that Ree L varies from 1.9 x 106 to 6.3 x 106 and is,
owing to the bluntness of this vehicle, only about 10% of the
corresponding ReXtL. Because the Ree L is considerably less than
4 x 107, a significant Reynolds-number effect is expected on the
basis of the Whitfield and Potter conclusions.

High-Reynolds-number predictions1'3 for the M^ = 10.5 data
are also included in Fig. 3. Reasons for the discrepancy
between these two semiempirical predictions have been discussed
by Cassanto and Mendelson;11 hence, it suffices only to point
out that both methods indicate a base pressure level considerably
lower than what was in fact measured. The rather severe
variation (~60%) in pb/pe seen for Ree L ^ 6.3 x 106 illustrates
the Reynolds-number influence on a full-scale hypersonic flight
vehicle.

Conclusions
The influence of Reynolds number on turbulent base pressure

has been discussed relative to hypersonic re-entry. Flight data
from slightly blunt slender cones, for which Ree L |> 4 x 107

(Ree L zz 2Rex L), reveal no Reynolds-number effect, whereas an
appreciable Reynolds-number dependence (~60% variation) is
shown for a very blunt slender cone for which Ree L <^ 4 x 107

(Ree L « 0.1 Re^ L). These hypersonic (M^ « 15 and 10.5) results
are consistent with the ground-test data of Whitfield and Potter
for M^ = 2-5 and support the conclusion that, unless Ree L is
sufficiently large, Reynolds-number variations may strongly
influence the turbulent base pressure of full-scale vehicles during
re-entry.
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Spherically-Symmetric Supersonic
Source Flow: A New Use For The

Prandtl-Meyer Function

WALTER F. REDDALL III*
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Introduction

INVISCID supersonic flow with spherical symmetry is so
simple that it seems to deserve more attention than it has

been given in most textbooks on gas dynamics. This is par-
ticularly true in light of the fact that investigators who study
the plume generated by a rocket exhaust frequently appeal to
supersonic source flow as the limit reached by the flow far
downstream of the nozzle, and also as a simplification of the
flow in the nozzle itself near the exit plane.

The conditions in a conical, divergent nozzle of half-angle 6N
need not be uniform in the conical coordinate 0, but when the
assumption is made that they are, the dependent variables
become functions only of the radial coordinate R, measured
from the virtual origin of the cone. In this case the flow
bounded by the nozzle wall fits the requirements of quasi-one-
dimensional isentropic motion. The streamlines in such a flow
are radial lines, and the flow can only exist in the domain
R > R*, where K* is the radius at which sonic conditions exist
(c.f. Courant and Friedrichs, pp. 377-380). The characteristics,
however, are curves in (R,6) space (see Fig. 1), the equations
for which are not well documented, if at all. This Note
presents a derivation of those equations for the case of a perfect
gas, using the local Mach number as a curve parameter. A
generalization to any real gas is also provided. The results
reveal that the change in streamline slope 6 between any two
points on a characteristic is equal to half the change in the
Prandtl-Meyer function between the same two points. This is
in contrast to the case of radial supersonic flow in a plane,
where the change in 0 along a physical characteristic is equal
to the change in Prandtl-Meyer function. (The image of such
a radial-flow characteristic in the hodograph plane is an
epicycloid of the same family.) The connection thus established
between a function thought to have application only to plane
flows and a spherically-symmetric flow is the most interesting
feature of the analysis.

The exact relations for the characteristics may be valuable,
as are most exact solutions, as a standard for measuring the
error of approximate solutions. For example, a method-of-
characteristics computer code could be given the simple task of
computing a conical flow starting from a set of exact conditions
at some initial station Rt, and the departure of the computed
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