JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 32, No. 1, January-February 1995

ann
~ o

RS TRENT DY

&

Review and Development of Base Pressure and Base Heating

Correlations in Supersonic Flow

Nomenclature

= Crocco number

= drag coefficient

= pressure coefficient

= base diameter

= total (stagnation) enthalpy
= base height or base radius
= static enthalpy

= body length

= Mach number
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A comprehensive review of experimental base pressure and base heating data related to supersonic and
hypersenic flight vehicles is presented. Particular attention is paid to free-flight data as well as wind-tunnel data for
models without rear sting support. Using theoretically based correlation parameters, a series of internally consis-
tent, empirical predictions are developed for planar and axisymmetric geometries (wedges, cones, and cylinders).
These equations encompass the speed range from low supersonic to hypersonic flow and laminar and turbulent
forebody boundary layers. A wide range of cone and wedge angles and cone bluntness ratios is included in the data
base used to develop the correlations. The present investigation also includes an analysis of the effect of the angle
of attack and the specific-heat ratio of the gas. Angle-of-attack effects are considered on sharp and blunted cones
and cylindrical afterbodies.

= nose radius

= Stanton number

= body surface length

= temperature

= velocity
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= transverse coordinate
angle of attack

= ratio of specific heats

= boundary-layer thickness
= transverse coordinate in Lees-Dorodnitsyn
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= convective heat transfer rate per unit area transformation
= Reynolds number

= unit Reynolds number
= body or base radius

= boundary-layer momentum thickness
= cone half angle
= Prandtl-Meyer angle

= HD
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& = longitudinal coordinate in Lees-Dorodnitsyn transformation and Reynolds number. Base pressure correlations developed in this
P = fluid density report could be applied, for example, to ballistic and maneuvering
re-entry vehicles, kinetic energy penetrators, and artillery projec-

Subscripts tiles. These correlations, however, only address axisymmetric and
planar geometries without thrust or base bleed and without boattails.

a = axial direction A primary requirement for the present study was that, if possible,
b = base plane scaling parameters would show a clear theoretical basis and not be
e = edge of boundary layer “invented” for convenience. In this way we could be assured of the
ef = effective value broadest possible applicability and generality of the resulting corre-
= arbitrary gas lations. The major effort of this study was to develop base pressure

= body surface length and base heat-transfer correlations for zero angle of attack. We con-

= wall conditions

= stagnation conditions

= conditions upstream of cylinder shoulder
= freestream condition

8»—*08 “ 0o

Introduction

ASE drag of projectiles is one of the oldest topics of applied
aerodynamics. Although it has been studied and analyzed for
well over a century, reliable prediction of it is still beyond the reach
of modern numerical simulation. The importance of base drag on
a slender vehicle in supersonic flight is illustrated in Fig. 1. The
relative size of the three components of drag (base, wave, and skin
friction) for a slender cone at zero angle of attack are plotted in
Fig. 1 against freestream Mach number.! Recall that 1) base drag
represents the loss in recovery of pressure over the base of the body,
2) wave drag, or forebody pressure drag, is the axial component of
the integral of surface pressure over the forebody area, and 3) skin
friction drag is the axial component of surface shear stress over the
forebody. For slender bodies, even with blunted noses, the skin fric-
tion drag and wave drag do not vary substantially with freestream
Mach number. However, the base drag decreases in absolute value
" as the Mach number increases. As the slenderness ratio of the ve-
hicle decreases, the base drag becomes a smaller portion of the
total drag, primarily because the wave drag increases significantly.
Also, for winged or finned vehicles the proportion of drag due to the
base is reduced because of the increased drag on lifting and control
surfaces. Regardiess of the proportion of base drag to total drag,
the computation of trajectories for flight vehicles requires accurate
estimates of the base drag component and thus the base pressure.

Although computational techniques have advanced in recent
years to a level that includes reasonable prediction of near-wake
flow fields in the laminar regime, less accuracy can be obtained for
turbulent wakes because of the lack of reliable models for turbu-
lence. Also, near-wake flow computations are complex, extremely
computer-intensive, and often expensive. Therefore, we must turn
to correlations of test data to obtain estimates of base pressure for
most cases of practical interest.

We conducted a comprehensive review of experimental base pres-
sure and base heat-transfer investigations. From the extensive data
base compiled, we developed a new set of correlations that re-
searchers in high-speed aerodynamics and flight-vehicle designers
could use. This experimental data base will also be of value to re-
searchers in computational fluid dynamics interested in validation
of their computational results over a wide range of Mach number
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Fig.1 Components of total drag for a slender sharp cone, 0, =2.9 deg.

sidered laminar and turbulent boundary layers upstream of the base
region as well as axisymmetric and planar geometries. Emphasis
was placed on slender cones with a range of bluntness, along with
wedges in planar flows. We also considered modifications of base
pressure levels because of angle of attack and the specific-heat ratio
of the gas. ‘

General Description of Near-Wake Flows

To better understand the correlations developed in this report and
the richness of the fluid dynamics involved, a brief description of
the base flowfield will be given. An excellent summary of early the-
oretical developments relating to base pressure prediction is found
in the review paper by Murthy and Osborn.? Much of the following
discussion is abstracted from this article. Figure 2 schematically il-
lustrates some of the flow features in the near wake of a blunt cone
at hypersonic speeds. As the base pressure is less than the pres-
sure in the approach flow, the viscous shock layer expands around
the shoulder, forming free shear layers that coalesce at the wake
neck. A velocity profile defect characterizes the wake neck region,
which continues downstream as the viscous wake region. A portion
of the shear-layer flow must be recirculated to satisfy continuity
requirements, thus producing a toroidal vortex pattern that is ad-
jacent to the base of the cone. A complex inviscid wave structure
often includes a lip shock (associated with the corner expansion)
and a wake shock (adjacent to the shear-layer confluence). At very
high Mach numbers, these wave patterns often interact with each
other.

Figure 3 shows a spark shadowgraph® of a 9-deg-half-angle cone
with a sharp nose at a Mach number of 4.81. This excellent photo-
graph reveals many detailed features of the flow in the shock layer
and the turbulent flow in the boundary layer and base region. (It
was taken in Ballistic Range K in the von Kérmén Gas Dynamics
Facility, Air Force Arnold Engineering Development Center. The
test gas was air, Vo, = 5450 ft/s, D, = 1.75 in., Py, = 14.21bfin.2,
T = 75°E) For analysis, the base flow is generally divided into
four major components that exist in the near wake: corner expan-
sion, free shear layer, recompression zone, and recirculating flow
region (Fig. 4). The corner expansion process is a modified Prandtl-
Meyer pattern distorted by the presence of the approaching boundary
layer. A Stokes-like flowfield in the immediate vicinity of the corner
allows the flow to expand (as it turns the corner) to a pressure lower
than the base pressure. As the flow breaks away from the base plane,
it is brought back to the base pressure by a weak shock wave known
as the “lip shock™; downstream from the lip shock, the free shear
layer begins to form. Figure 3 shows how the lip shock emerges
from the shear layer and propagates downstream at an angle near
the cone half angle.
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Fig. 2 Representation of flow features of a blunted cone in free flight
at supersonic/hypersonic speeds.
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A free shear layer (in contrast to aboundary layer) is characterized
by nearly zero velocity derivatives (shear stresses) at each edge of
the layer. The maximum stress occurs near the center of the shear
layer. Also near the center of the layer is a “dividing” (or separating)
streamline that separates that portion of the flow that originated in
the approaching boundary layer from the portion that was entrained
by the shear stress acting along the dividing streamline. As free shear
layers from the two corners coalesce near the vehicle centerline, a
region of increasing pressure (i.e., recompression) results. For cases
where no mass is injected into or removed from the base region, the
dividing streamline eventually results in a wake stagnation point on
the centerline.

The resulting wake stagnation point marks the downstream extent
of the recirculation region, because the mass entrained by the free
shear layers must be reversed to flow back toward the cone base.
Thus, the base plane experiences a stagnation-point flow. We know
that reverse-flow velocities near the wake stagnation point are as
high as 30% of the freestream velocity exterior to the shear layer.
Reverse-flow Mach numbers are typically less than 0.5, but can be
as high as sonic for slender cones at certain hypersonic freestream
conditions.* However, as this reverse flow approaches the base plane,
maximum velocities near the centerline become much lower. For
turbulent wakes, mean values of fluctuation velocities near the base
plane compare in size to the mean velocity, i.e., there is extremely
high turbulence intensity. In contrast to the base pressure, the rela-
tively low velocities adjacent to the base plane significantly affect
the level of base-plane heat convection.

Fig. 3 Shadowgraph of a sharp cone, 6, = 9 deg, near zero angle of
attack, at a Mach number of 4.81.
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Figure 4 suggests that the base plane sees a modified stagnation-
point flow. Although the base-plane pressure at the stagnation point
is slightly higher than the base static pressure, the maximum increase
in pressure and its lateral extent are commonly small because of the
low velocities in the recirculating zone. Therefore, the static pressure
in the base region is usually taken as the “base pressure.” Down-
stream of the wake stagnation point is the “wake neck,” representing
the minimum lateral extent (i.e., diameter) of the viscous region that
originated with the boundary layers on the conical surfaces.

If we could make accurate and efficient theoretical or numeri-
cal predictions of the recirculation flow characteristics, we could
determine base pressure and base heating levels. The theoretical
difficulty is a result of the “free interaction” nature of the near-wake
flowfield. The recirculation region is a subsonic, variable-pressure
flow, elliptic in its mathematical character, while the supersonic
external flow, hyperbolic in character, and contains complex wave
patterns. In contrast, downstream of the wake neck, the far-wake
flow, is a unidirectional flow, which is typically supersonic.

Despite the foregoing similarities, significant quantitative differ-
ences exist between near-wake flows with laminar shear layers and
those with turbulent shear layers. For a given base diameter, the
growth (or spread) rate of the free shear layers determines the loca-
tion at which the two layers begin to interfere with each other. This
point of initial interference marks the beginning of the recompres-
sion zone and determines the length scale of the near wake. Virtually
all theoretical predictions and most experiments identify two flow
regimes: 1) a low-Reynolds-number regime in which the shear lay-
ers are laminar at least as far downstream as the wake neck, and 2)
a high-Reynolds-number regime in which the shear layers are tur-
bulent as far upstream as the corner (or shoulder). The inclusion of
laminar-to-turbulent transition within the near-wake region is an ad-
ditional complication that has rarely been explored. The early work
of Chapman et al.’ indicates some major features of transitional near
wakes.

Traditional wind-tunnel tests have used models supported from
the rear by slender sting mounts. While such an arrangement is
satisfactory for obtaining forebody flow data, it is not suited for
accurately measuring base pressure variations. The presence of a
sting support, no matter how small in diameter, completely destroys
the structure of the shear-layer confluence at the wake neck. The
strong interactions that occur at the wake neck, in free flight, contain
the primary physical mechanisms that determine the base pressure.

Numerous experimental studies have erroneously concluded that
because the base pressure stabilized at a constant value when the
sting was decreased in diameter; support interference was negligi-
ble. Although a constant base pressure was achieved, it was not the
same value as would have been measured without the sting. Even
for a sting diameter of “zero,” the boundary condition on the sting
is a no-slip condition; without a sting, the boundary condition at
the centerline is a zero radial gradient. During this study we em-
phasized test data obtained without rear supports. For axisymmetric
bodies, such support-free data are obtained not only with actual
flight tests but also in wind tunnels with free-flight model injection
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Fig. 4 Schematic of base flow features.
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systems, magnetic support mechanisms, thin wire supports, or side-
strut mounts.

Review of Correlation Parameters

The pioneering study of Chapman® included cones, ogives, cone-
cylinders, ogive-cylinders, and wedges at low supersonic Mach
numbers. For laminar boundary layers, he was able to correlate
base pressures for different geometries using the parameters C,
and (L/H)(R;)™ 2, where L is the body length, H is the base height
or base radius, and R is the Reynolds number based on body length.
This Reynolds number parameter is known to be proportional to the
trailing-edge boundary-layer thickness §/H. In this study Chapman
did not attempt to correlate the effect of freestream Mach num-
ber. For cylindrical afterbodies the characteristic Mach number for
both pressure coefficient and Reynolds number was the value just
before separation. For cones he used a hypothetical axial Mach
number that would exist if the cone (or wedge) flow were expanded
to the approach flow (axial) direction. He also demonstrated {hat,
for the thin boundary layers in his experiments, the base pressure
in turbulent flow is essentially independent of the Reynolds num-
ber and thus, by implication, is a function primarily of the Mach
number. |

Another early study by Kurzweg’ included cone-cylinders a
Mach numbers up to 3 with laminar and turbulent boundary lay-
ers. Results were presented as P,/ P vs Reynolds number (based
on body length); no attempt was made to correlate Mach-number
effects. Kavanau® found, by trial and error, that his data for lam-
inar flow over cones could be correlated with P,/ Py, vs R2/M?,
where both Mach number and Reynolds number were based on
freestream conditions. Kavanau stated that there was no obvious
theoretical reason why the second power of the Mach number was
successful for correlation, Lehnert and Schermerhorn® were the first
investigators to use local shoulder (i.e., just before the base plane)
parameters (P,, M,) for scaling cone base pressures. They obtained
data for 10-deg cones with sharp and blint noses for smooth and
rough surfaces. They presented data in the form of a base pressure
ratio vs a Reynolds number based on the boundary-layer momentum
thickness.

Lockman'” conducted tests on 10- and 15-deg cones at M, = 14
and relatively low Reynolds numbers. He also correlated data with
local shoulder conditions. However, he used M,(R, ;)2 to corre-
late P,/ Py His reason for using this particular flow parameter was
its proportionality to the Knudsen number. Murman'! used three
exponents (n = 1, 2, 3) for the parameter M (R ;)" 2 in attempt-
ing a correlation. He found that n = 3 (i.e., the value yielding the
hypersonic interaction parameter) resulted in the best correlation of
laminar base pressures on 9- and 10-deg cones at Mach numbers
between 8 and 20.

Bulmer’s!? extensive study of laminar base pressures on slender
cones explored the use of an effective cone Reynolds number. This
Reynolds number, R.;, was formed by multiplying the usual cone
Reynolds number, raised to the 0.9 power, by the geometric param-
eter (5/ry)"!. Data were plotted as P/ Poo)(Rer) ™! vs R Also
explored were correlations of P,/ Py, and P,/ P, vs Ry, and P/ P,
vs a theoretical parameter developed by Reeves and Buss.!> Their
parameter has the form

M, (T,/Ty)T RN (1 + 4hy,/H,) "

where R is based on the shoulder properties and base radius, 4, is
the enthalpy at the wall, and H, is the total enthalpy at the edge of
the boundary layer at the shoulder.

A correlation study by Kawecki'* included both laminar and tur-
bulent flow over cones. For laminar boundary layers his correla-
tion used the ratio Py/ P, modified by a function of M, and the
ratio of nose to base radius. This function of Mach number, pres-
sure, and geometry was plotted vs a Reynolds number based on
cone surface length and edge properties. Kawecki used the same
Reynolds-number parameter to correlate turbulent flow data using
P,/ Po.. Also, Starr' correlated base pressure, P,/ P, for cones
using an effective Mach number that was a weighted function of the
bluntness ratio and three reference values of the Mach number: the

freestream value, the shoulder value, and a hypothetical downstream
axial-flow value.

Development of New Correlation Parameters

Although a wide variety of correlation parameters has been used,
we know from the previous work that a base pressure parameter is
usually correlated against a flow parameter. The general form of the
base pressure parameter can be written as

P,
P, ref

For laminar boundary layers the flow parameter will be a func-
tion of Mach number and Reynolds number, whereas for turbulent
boundary layers it will be Mach number or Reynolds number. Also,
flow conditions used before separation generally have been more
successful in correlations than freestream conditions. The flow con-
ditions before separation contain the history of the flow processes
on the vehicle—for example, nose bluntness effects and boundary-
layer thickness. Laminar and turbulent flows require different sets
of scaling parameters because of the fundamental differences in the
effects of Mach number and Reynolds number on the development
of free shear layers in the two regimes. As noted earlier, the shear
layer structure is important for the base pressure level.

The traditional base pressure coefficient used in both compress-
ible and incompressible flow is defined as

Po—P,. 1
Po  (y/2M,
Comparing this with the general form of the base pressure

parameter given above, we find that P; = Py, and f(M) = M2
is the scaling function of Mach number. However, in the hypersonic

f(M) e}

Cop = @

regime, large values of the Mach number in the denominator of this

»/ Poo- Frequently, such small variations indicate important physi-
cal mechanisms. Thus, we should consider velocity parameters other
thjg:he Mach number.

%uation tend to mask small variations in the base pressure ratio

asic texts in compressible flow usually include four common

dimensionless velocities for a perfect gas:
v v 14
@ (yRT)*  [yRT,(T/Ty))}
.V 14 vV
M =—= T T
4 (yRT*2 [yRT(T*/Tp)]z
14 %
MO = —_— = —
%  (yRTo)?
vV ‘ 14 \%4

C=

Ve Q2C,To)? - 2 3
y —1

The last ratio is often called the “Crocco number,” in honor of the dis-
tinguished gasdynamicist L. Crocco. These defining relations show
that for constant Ty, Crocco number is related linearly to local veloc-
ity. In contrast, the velocity—~Mach-number relationship is nonlinear
because the value of T/ Ty is itself a function of Mach number and
therefore of velocity.

To investigate the upper limits of these four dimensionless veloci-
ties, we express the temperature ratio T'/ T, in terms of each velocity

ratio. Thus,
T y—1 -1
— =1 ——MZ)
5= (1473

3

[
T
X

#
|
Q

C))
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In the limit as M - 0o, T/ Ty — 0. Therefore, for fixed Tp,

1
2
M (—”H)
y—1
2
Mo—-)(————)
y—1

C—>1

(M*=245 for y=14)

(X1

(Mg =224 for y=14)

(for any y)

If we choose M*, My, or C as a scaling parameter, the resulting
numerical values will be bounded. Hence, when used as reference
parameters, they will not mask small variations in base pressure
ratio at high Mach numbers. One notes from Eq. (4) that the Crocco
number can be computed easily for adiabatic perfect-gas flow using

C=[1—(T/Tyl?

This relation can be expressed in terms of the Mach number as

(@ —1\}
c- ("% )

= (1 + —Z—M‘2> )
y—1

Because the Crocco number varies between zero and unity, it is
an attractive scaling parameter for the base pressure ratio P,/ Py,
which also varies between zero and some small positive value. Con-
sequently, we have used the Crocco number extensively in this study,
although final correlation results are expressed in terms of Mach
number for convenience.

As noted in the review of the literature, the usual flow parameter
for laminar flow correlations is

b

M"R"? 6)

where n is 1, 2, or 3. The fact that various exponents for the Mach
number have been used for different sets of data suggests that the
selection of a value of n was based on an inspection of the ac-
curacy of the resulting correlation. A more general and theoreti-
cally sound approach would be to examine a simplified analysis
of laminar-boundary-layer compressibility effects. The most direct
approach begins with the usual Lees-Dorodnitsyn transformation’®
of the laminar-boundary-layer equations in the form

£(s) Z/ Pe”e:uerg ds
0

1 " De
Peltp(26)72y = —dp
o P

where £ and 7 are boundary-layer similarity variables and r, is the
body radius. Integrating the last equation across the boundary layer
for the case of an external flow, with no pressure gradients, yields
the following expression:

5 1 Ne . Tw
_Rez,s = ﬁ/ p_ d’? = f(Me, )
s 0 P TO,e

Solutions for the velocity profiles for various edge Mach numbers
and wall temperature ratios are plotted in most advanced texts.!’
From these velocity distributions we can make estimates of the left
side of the above equation, which, when plotted vs Mach number,
show that for M, greater than 3, the data are correlated when the
exponent for M, is approximately 2. That is,

5
s

1 8 -1
RZ, ~M?* or -~ M?R.?

for each T,/ Ty .. Recalling that the Lees-Dorodnitsyn transforma-
tion applies equally well to free shear layers and boundary layers,

we can expect that parameters in the near wake region can also
be correlated with this Mach number-Reynolds number parameter.
This result allows us to establish a theoretical basis for using

M*(R,,)"? 0

as a correlation parameter for the laminar base pressure.

The result for laminar flow can be contrasted with the case of
turbulent wakes, in which the shear-layer growth is independent
of Reynolds number. (A minor exception to this experimental ob-
servation is the small effect of the initial boundary-layer thickness
before separation.) Thus, turbulent base pressures will be primarily
a function of Mach number and secondarily of wall temperature
ratio.

Experimental Flow Conditions and Geometries

The initial review of the literature in this study consisted of about
50 sources of experimental data. Some of the data could not be used,
because they were presented only in a correlated form. Thus, we
could not retrieve basic information and recast it into other correla-
tions. For other sources of data, missing parameters also prohibited
us from confidently constructing new correlations. However, for
some of these cases, we could perform computations using given
data and thereby infer the values of unknown parameters. Other
sources of data were not used because they were narrow in the range
of flow conditions, or they overlapped more extensive sets of data.
We used results for sting-supported models only when necessary to
include a specific range of Mach numbers or Reynolds numbers, or
a certain geometry.

Table 1 summarizes flow conditions and body geometries for the
eleven laminar-flow data sources included in this study. The most
interesting data are Bulmer’s'? flight test results on 9-deg-half-angle
cones with 5 and 6% bluntness. Additional flight data are available
from Cassanto'® on 10-deg cones with bluntness ratios up to 60%.
The data of Lockman'® using wire-supported models in a wind tun-
nel exhibited a systematic variation of nose blunting. Pick'® fired
free-flight sharp cones in a wind tunnel over a range of Mach number,
Reynolds number, and angle of attack. Supplementing these data on
spherically blunted cones are data on cylinders with various fore-
bodies. Badrinarayanan®® obtained data on very long cylinders, and
Chapman,® Kurzweg,” and Reller and Hamaker?' obtained data on
cone-cylinders and ogive-cylinders. Few planar base pressure data
are available. Batt and Kubota,?? Chapman,® and Dewey? tested
wedge half-angles between 2 deg and 22.5 deg.

Table 2 summarizes experimental parameters for 14 turbulent
flow sources used in this study. Bulmer’s®* data on spherically
blunted cones are foundational data because they comprise the
largest range of Mach number. The data of Mark,? Tanner,’® Uselton
and Cyran,” and Zarin®® comprise lower Mach numbers and cover
the range of cone half angles from 3.4 to 9 deg. The data of Pep-
per and Holland® and Wehrend> contain information at very low
Mach numbers and relatively large cone half angles. For cylindri-
cal geometries with cone and ogive forebodies, we used the data
of Chapman,® Kayser,! Reller and Hamaker,?! and Moore et al.3
Also included are the data from various wind-tunnel investigators
compiled by Seiling and Page.®® In addition, we used planar base
pressure data of Goecke® from the X-15 flight test program and a
compilation of data by McDonald.?

Laminar Flow Correlations

Axisymmetric Flow

Bulmer’s'” flight data are plotted in Fig. Sa using the coordinates
P,/ P, as a function of Mf(Re,s)“i . The Reynolds number is based
on boundary-layer edge fluid properties and body surface length
from the stagnation point. Because the data for Mach 20 and 6%
bluntness fall below the data for Mach 16 and 5% bluntness, P, is
not the most appropriate reference pressure when comparing data
for different geometries or flight conditions. As previous correla-
tions show, an alternative reference pressure is the one that would
exist if the flow at the shoulder (P., M,) were expanded through
an angle 6, to the axial direction. For slender sharp cones (6, < 15
deg), simple computations show that the static pressure for a flow
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Table 1 Laminar base pressure: experimental conditions

Investigator Geometry Mo RooL Test condition
Bulmer!? 9-deg cone, r,/rp = 0.05 16 (0.2-48) x 108 Free flight (RV)
9-deg cone, rp /rp = 0.06 20
Cassanto'$ 10-deg cone, r,, /rp, = 0,0.3,0.6 4 (0.5-10) x 106 Wind tunnel (sting)
Free flight (RV)
Lockman!® 10-deg, 15-deg cones, r,, /rp, = 0,0.1,0.2,0.3,0.4,0.5 14 2-7) x 10* Wind tunnel (wire)
Pick!? 10-deg cone, ry, /rp = 0 5.3-9.9 (1.5-5.6) x 10° Free flight (wind tunnel)
Badrinarayanan®® Cylinder, L/D = 24 2 0.7 x 108 Wind tunnel (side strut)
Kurzweg’ Cone/cylinder, L/D = 4 3 (0.5-3) x 108 Wind tunnel (sting)
Chapman® Ogive/cylinder, L/D = 3-7 15,2 0.5-2) x 10° Wind tunnel (sting)
Cone/cylinder, L/D = 4-9 15,2
Reller and Hamaker?! Ogive/cylinder, L/D =5 2.7-5 (1.4-4) x 108 Wind tunnel (sting)
Chapman$ 2-deg wedge 2 (1.5-2.4) x 10° Wind tunnel (wall mount)
Batt and Kubota?? 10-deg wedge 6.1 0.3-2.4) x 10° Wind tunnel (wall mount)
Dewey?? 15-deg, 22.5-deg wedges 6 0.15-2.0) x 10° Wind tunnel (wall mount)
Table 2 Turbulent base pressure: experimental conditions
Investigator Geometry My Roor Test condition
Bulmer®* 9-deg cone, r,/rp = 0.03, 0.06 2-15 2-17) x 107 Free flight (RV)
Zarin®® 9-deg cone, r,/ry, = 0,0.286 - 3.5-92 (0.5-10) x 108 Wind tunnel (sting)
Mark? 8-deg cone, r,, /1y = 0.01 2-3 (3-3.6) x 107 Wind tunnel (injection)
Uselton and Cyron27 6-deg cone, r,,/ry =0.1,0.15 2-10 2—4) x 107 Wind tunnel (sting)
Tanner?® 3.4-deg cone, ry /1y = 0.15 5-6.8 N/A Wind tunnel (side strut)
Pepper and Holland? 15-deg cone, ry/rp = 0,0.4,0.6 13 N/A Wind tunnel (wires)
. Wehrend®0 12-deg cone, ry /rp =0 1.3-2.2 /A Wind tunnel (sting)
Chapman6 Cone/cylinder, L/D =5 2-4 (3-6) x10° Free flight
Kayser! Ogive/cylinder, L/D = 6 1.2 4.5 x 108 Wind tunnel (sting)
Reller and Hamaker?! Ogive/cylinder, L/D = 10 2.7-5 5 x 109 Wind tunnel (sting)
Seiling and Page®? Cylinders 1.54 N/A Wind tunnel
(forward support)
Moore et al.3? Ogive/cylinder, L/D = 7.2 2-4.5 6 x 10° Wind tunnel (side strut)
Goecke®* 5-deg wedge 1.5-5 0.4-2) x 107 Free flight (X-15)
McDonald? Wedges/backsteps 1.25-3 N/A Wind tunnel (wall mount)
1.0 [ T T T T ] 0.10 ———r1
08 I ol 008 | oFlight 1
6 F i ] O Flight 2
oo o 8% 0.06 |- AFiignt 3
o ¢} A 1 3 v Flight 4
P, 04F T P, 004 [
Peo A =
R Pe
02 -1 0.02 F
01 Ly ! PR SO HP B N ] P I P
0.01 2 4 & 801 001 0.01 0.1
M8 (o) 172 M (Ro) 2

a) P, reference pressure

b) P, reference pressure

Fig. 5 Variation of base pressure in axisymmetric laminar flow, showing effect of reference pressure.

so expanded is approximately 75% of the freestream pressure for
Mach numbers between 2 and 15. The hypothesis that the axial
pressure (X Py ) is an appropriate reference pressure is tested in
Fig. 5b. This figure shows that P,/ P, does brings the two sets of
data into better agreement. For larger cone angles (6, > 15 deg),
the approximation that the axial pressure ~ P, would not be as
accurate. For this case, we could obtain a more appropriate ref-
erence pressure by computing the pressure that would result from
the flow passing through an Prandtl-Meyer expansion to the axial
direction.

Figure 6 shows the entire set of laminar-flow data in terms of
P,/ P, where, for the cylinder data of Badrinaryanan,?® P, is the

shoulder pressure. For this plot, edge conditions (if not reported
by the investigator) were determined by taking the computational
results from inviscid-flow predictions using an Euler code (SAN-
DIAC), which has been used at Sandia National Laboratories for
many years. The code has been validated for a large number of vehi-
cle geometries and flowfields. (See Noack and Lopez,?® McWherter
et al.,’” and Daywitt et al.*® for additional details.)

For each M, the data for a given body correlate satisfactorily (as
did Bulmer’s!? cone data); however, the lower-Mach-number data
are displaced upward from the hypersonic flow cases (except for
the Lockman!® data). In addition, Fig. 6 provides an indication of
possible differences between data for free-flight and sting-supported
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models. Cassanto’s'® flight data (symbols with flags) and those from
sting-supported models indicate that the rear supports produced base
pressure levels that were 25% to 50% higher than the flight data.
However, these differences are generally within band of Bulmer’s
flight data. As Table 1 shows, the data of Lockman were obtained
at a freestream Reynolds number that is approximately 100 times
lower than all other data sets. The resulting low-Reynolds-number
influence will be discussed shortly.

The results seen in Fig. 6 confirm earlier correlations; that is,
the parameter M2(R, ;)" 2 successfully correlates data for a variety
of geometries over a small range of approach Mach numbers. Be-
cause P,/P,, does not correlate data over a broad range of Mach
numbers, additional scaling is required for the complex interaction
of coalescing shear layers at the wake neck. As noted earlier, this
coalescence is a crucial component in the determination of base
pressure. The theoretical basis for this assertion is found in the early
work of Reeves and Lees,*® who showed that the wake neck is char-
acterized by a strong interaction between the interior viscous flow
(which contains regions of subsonic flow) and the external, inviscid
supersonic flow.

In seeking a method of scaling P,/ Py, the use of the Crocco
number is desirable because of its variation between zero and unity.
Therefore, using a trial-and-error procedure, we can demonstrate
that, by scaling the pressure ratio with

Cl=[1—-(T/THL,

My 15 M2 M=4 M4 Moo= 14 M= 18 (FLIGHT)
O OGIVECYL ¢  CYLINDER 10° CONE 7 OGIVE-CYL 4 10°coNE QO $CONE
& CONE-GYL (Badrinarayanan) () r"j’b‘:;a M5 < 150 CONE M_= 20 (FLIGHT)
R O B/ 4.l (Lockman) %0
M_~2 & fnlfp=06 D OGIVE-GYL £ 9 CoNE
0 OGIVE-CYL Mo=3 (FLAG = FLIGHT) (Reller & Hamaker) (Buima)
O CONE-CYL {Cassanto)
D CONE-CYL (Kurzweg)
{Chapman}
2.0 T T
10
08 | y@{ Moo =2
r 4
06 |- 70 Mo=384
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P, 04T
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Fig. 6 Variation of base pressure in axisymmetric laminar flow for the
total data set used in the present study.

all data sets (except for that of Lockman) fall along a single line
(Fig. 7). The slope of the line in log-log coordinates is 0.6. Thus, the
final correlation equation for axisymmetric laminar flow is given by

Py 2 _1706
P—ooce =3.05[M2(R..)"7] (8a)
In terms of Mach number, the foregoing equation can be written as

P, ‘ 2 ? 0.6
b -2 2 — 190
P, ( Y — 1 ¢ ) [Me( e,:) ] ( )

o

Why were Lockman’s measurements displaced from the remain-
ing body of data? It was suspected that the root cause was the unusu-
ally low Reynolds numbers for these tests (Table 1). To investigate
these conditions, a series of computations were made for Lockman’s
spherically blunted 10-deg cone using a parabolized Navier-Stokes
code (SPRINT), which has been used at Sandia National Laborato-
ries for several years. The code has been validated for a large number
of vehicle geometries over a wide range of Mach and Reynolds num-
ber. (See Stalnaker et al.,** Walker and McBride,*! and Oberkampf
et al.*? for additional details.)

The boundary-layer thickness was computed at M, = 14
for various flight altitudes. Based on the earlier discussion con-
cerning boundary-llayer similarity variables, one suspects that the

parameter (8/s)(RZ2;/ Mez) should be a simple power-law function
of edge Reynolds number. As Fig. 8 shows, the trend changes at low
Reynolds numbers because the boundary-layer growth becomes in-
versely proportional to a power of the Reynolds number greater
than the usual one-half. Thus, the Lockman data can be made to
coincide with the foregoing correlation equation for axisymmetric
flow by using R rather than R2®. Similar low-Reynolds-number
effects on a flat plate in incompressible flow are discussed by White
(Ref. 17, p. 266). Based on Lockman’s data, the present lami-
nar base pressure correlations are not expected to be reliable for
R.s < 10°.

Planar Flow
The four sets of data for planar laminar flow are shown in Fig. 9.

As before, use of M?>R™2 correlates each data set, but the base
pressure ratio requires further scaling by C, to achieve agreement
between data sets. Figure 10 shows that C® = (1 — T/Tp)? is
required for full correlation. Thus, we obtain a correlation equation
in the form

P, _1106
7€ = [MI(R.)H]

Note that the constant of proportionality comes out unity. In terms

T T 1T 1T T TTT]
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Fig. 7 Final correlation of base pressure in axisymmetric laminar flow.
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Fig. 8 Variation of laminar-boundary-layer thickness for hypersonic
flow over a 10-deg cone at M, = 14.
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Fig. 9 Variation of base pressure in planar laminar flow for the total
data set used in the present study.
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Fig. 10 Final correlation of base pressure in planar laminar flow.

of Mach number, it is

P, 2 ’ 06
[ -2 2 — 170
= (H——y_lMe ) [M2(R...)"%] ©)

The exponent 0.6 on the parameter MR I is the same for ax-
isymmetric and planar flows, making us confident of the present
approach.

The primary reason for the different powers of C, (required to
correlate axisymmetric and planar base pressures) is the different
flow structures for the two geometries. As stated in the earlier dis-
cussion of near-wake structure, the interaction of converging shear
layers at the wake neck largely determines the base pressure. For
axisymmetric geometries, there is a strong effect of transverse cur-
vature that is not present in planar flow. (A similar comparison is
seen in inviscid solutions by the method of characteristics for ax-
isymmetric and planar geometries.) Another distinguishing feature
of base flow in the two geometries is the existence of a much larger
core of subsonic flow near the centerline of an axisymmetric near
wake, as compared to the centerplane of a planar wake. From this,

we would expect that the effect of C, would not be scaled the same
for the two geometries.

Turbulent Flow Correlations
Axisymmetric Flow

As noted in the review of previous correlations, the effect of
Reynolds number in turbulent free shear flow is quite small, because
the shear layers are governed by large-scale turbulent structures.
The influence of an approaching boundary layer (characterized by a
specific Reynolds number) has been correlated in previous studies
through the parameter 6 /H, where 8 is the boundary-layer momen-
tum thickness and H is the base radius or base height in planar
flow. Both Chapman® and Korst** showed theoretically that the
minimum base pressure occurs when 6/H — 0. Thus, when the
boundary-layer thickness increases, the base pressure is slightly in-
creased. This consequence does not affect operational flight vehicles
because such thick boundary layers typically occur only in the lam-
inar regime. As a result, thick turbulent boundary layers are not
included in this study. (For hypersonic flight conditions with large
ablation and mass transfer at the surface, a turbulent boundary can
become relatively thick.)

Figure 11 shows a set of data® for long cylinders (having no
rear support) with shoulder Mach numbers M; between 1.5 and 4.
The scatter of these data is caused by the values of larger 6/H,
as noted above. This traditional presentation of turbulent-flow data
shows how P,/P; varies with M, and illustrates the problem of
comparing and correlating hypersonic measurements with data from
low-supersonic flows.

Use of C, (which is related linearly to velocity) in lieu of M; on
the horizontal scale allows the hypersonic range to be displayed in

* a more physically realistic manner. Figure 12 shows the compiled

data of Seiling and Page® and data from Chapman,® Kayser,*! and
Reller and Hamaker®' plotted as P,/P; vs C?. The parameter C?
groups the wider range of Mach-number data reasonably well. For
the limit of infinite Mach number (C; — 1), the theoretical mean
line would approach the physical singularity with an infinite slope.

The correlation equation for the linear portion of the variation is
given by

P
FI: = 0.05+0.967(1 — C})

—1
P ~1
2% =005 +0967( 1+ L p2 (10)
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Fig. 11 Variation of base pressure for turbulent flow past long
cylinders.
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Fig. 12 Correlation of base pressure for turbulent flow over cylinders.
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Fig. 13 Variation of base pressure for turbulent flow over blunted
9-deg cones using shoulder reference conditions.

It is seen that the intercept of the above equation for C; = 11is 0.05.
For values of C; above 0.98 (M, > 15), one should take account of
the curvature of the correlation curve (dashed line).

Is it possible to scale base pressures for cones in such a way as
to correlate them with the cylinder data? Because Bulmer’s** flight-
test data for 6, = 9 deg form the most complete set of turbulent
hypersonic base pressure data available, they were used for the initial
part of this phase. He attempted to correlate his base pressure data
using the coordinates P,/ Py Vs M. The resulting distributions
exhibited a surprising double-valuedness; i.e., two values of M, can
produce the same P,/ P, value. Some improvement was obtained
when edge conditions at the cone shoulder (P, and M,) were used
as scaling parameters, i.e., P,/ P,. Insight into the variation of the
ratio P,/ P, can be obtained by expressing it in terms of the original
ratio P/ Py. Thus, we have

P, _ P[P\
P, Poo\ Pxo

As shown in Fig. 13, the resulting variation has no double values
but does exhibit a sharp “knee,” which would be difficult to correlate

successfully. During this investigation, we attempted to do this, but
we were only partially successful. We also realized that the knee
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Fig. 14 Variation of scaled base pressure for turbulent flow over cones
using shoulder reference Crocco number.
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Fig. 15 Correlation of base pressure in axisymmetric turbulent flow
over cones using edge conditions for reference.

occurs because the upward trend of P,/ P, at high Mach numbers
tends to partially cancel the corresponding decrease in the ratio
P/ P.. Conditions at which the knee occurs are not universal, but
are related to the nose bluntness and cone angle. As the upward
trend of P,/ P is partially cancelled by normalizing with P,/ P,
we suspect that additional improvement could be attained by using
(P,/ Py)? as anormalizing parameter for P,/ Ps,. Thus, we can plot
Bulmer’s data using the base pressure ratio

P, ( P\ _ PPy
Pu\Pw) P P

The Euler code SANDIAC was used to generate values of
P./Ps, M,, and C, (Figs. 14 and 15). As with cylinders, the pa-
rameter M, (Fig. 13) was replaced by C2. The resulting distribution
(Fig. 14) of the modified base pressure parameter as a function of C?
displays little effect of the knee at higher values of M, (or CZ). This
distribution also suggests that a fractional power of the pressure pa-
rameter would reduce the curvature and thus could yield the desired
linear variation. For the case of 6, = 9 deg (Fig. 14), the exponent
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Fig. 16 Correlation of base pressure in axisymmetric turbulent flow
using axial flow conditions for reference.

was approximately one-half, as indicated in Fig. 15, which shows

1
P (R\T
POO POO
as a function of C2. It is also seen in Fig. 15 that the cone base
pressure distribution lies somewhat below the cylinder correlation
of Fig. 12.

However, to bring these two curves into congruence, it is neces-
sary to recall that, for laminar flow, the pressure in a hypothetical
axial flow downstream of the cone shoulder was a satisfactory refer-
ence pressure (Fig. 5). Similar reasoning can be used for comparing
cylinders and cones in turbulent flow. Thus, the axial Crocco num-
ber, C2, is expected to play the same role as C? for cylinders. The
value of C2 is determined by the relation

Vg (Cﬁ) = ve(Cez) + 6.

where v is the Prandtl-Meyer angle and 6, is the cone half angle.

A replot of the flight data of Fig. 15 in terms of C? is shown in
Fig. 16. This figure shows that the two correlations (cylinder and
cone) of Fig. 15 are brought into congruence, which also implies
that the near-wake structure for the two congruent cases will be very
similar.

Although the exercise of using C? provides confidence in the
generality of the present correlation scheme, a more direct working
correlation would use C2. The solid-line correlation shown in Fig. 15
is given by the following equation:

29N
P, (P
2{2=) | =0.025+0.906(1 - C2

2 —1~1/N
Pb Pe Yy — 1 2
— = 0.025 +0.906{ 1 + ——M

where N = 0.5 for 6, = 9 deg.

Unfortunately, extensive data for cone angles other than 9 deg
are not available. However, for the limited information available for
other cone angles, it was found that the exponent N takes a different
value for each 6,. Data for a range of cone half angles are plotted in
Fig. 17, which includes the same correlation line as in Fig. 15 (also
given above). Thus, the final correlation equation for cones is

P 2\ y““ 1\
b e = 2
o _ 0.025+0.906( 1+ X -m
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Fig. 17 Correlation of base pressure for turbulent flow past cones of
various angles.

where

Y
T £n(21/6,)

where 8, is in degrees.

The exponent J cannot be used for 6. > 20 deg; therefore, we
must consider this correlation to be valid for slender cones only. For
larger cone angles, we would expect the character of the near-wake
flow to be considerably different from that shown in Figs. 3 and 4.
In particular, as 8, increases, the Mach number at the edge of the
boundary layer will decrease markedly. In addition, the corner ex-
pansion process will become much more prominent because of the
larger turning angles and a stronger interaction with the outer por-
tions of the shock layer. Therefore, we would expect that the base
pressure would have virtually no relationship to the cone surface
flow parameters M, and C,. Entirely different scaling parameters
would be required. The lack of systematic data for large-angle cones
precluded work in this area. However, the experimental results of
McAlister et al.*> suggest that the value of C,, [Eq. (2)] becomes
constant for very large cone angles at hypersonic speeds.

Planar Flow

The variation of base pressure in planar turbulent flows is similar
to that shown in Fig. 11 for cylinders; that is, the value of P, de-
creases with increasing Mach number upstream of the base plane.
Following the same procedure as in axisymmetric flow, we can plot
a base pressure ratio vs either C, or CZ. The correlation is shown
in Fig. 18, which includes data for both wedges and backsteps. Un-
like cylinder flows, a linear relation is obtained when the planar base
pressure ratio is plotted vs C, rather than C2, For backsteps, Py, and
C, represent the freestream flow upstream of the corner, whereas
for wedges, these two parameters represent a hypothetical axial flow
downstream of the corner. As with the cylinder data, much of the
scatter is due to boundary-layer effects before separation, which
were manifested as widely varying values of §/H. The equation for
this correlation line is

P
P_” =0.01+ 1.03(1 — C,) (12)

(o]

Base Heat Transfer for Axisymmetric Bodies
It is well known that convection heat transfer can be correlated
using either the Stanton or the Nusselt number. A characteristic
Nusselt number for the base plane can be written as

where A, is the convective heat-transfer coefficient and k; is the
thermal conductivity of the gas. Likewise, the base Stanton number
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Fig. 18 Correlation of base pressure in planar turbulent flow using
axial flow conditions for reference.

can be expressed as a ratio of two convective heat transfer rates.
Thus,
b b
St Qret Poottoo(Hoo — hy)

where H, is the freestream stagnation enthalpy and £, is the static
enthalpy. Unlike the Nusselt number, the base Stanton number does
not include the size of the base surface or any fluid properties other
than density. Thus, the Stanton number is the preferred parameter for
base heating. In particular, the lack of a length scale in the Stanton
number allows us to use a Reynolds number with unit length—or,
preferably, the unit Reynolds number R'—for correlation. (These
two parameters have the same value, but only the Reynolds number
is nondimensional.) Thus, we can write

Sty = f(R}) (13

to express a base heating correlation, where R, = (ou/u)p.

It is possible to greatly simplify the correlation of base convec-
tion by relating the base-plane unit Reynolds number to the base
pressure. Comparing the values of R’ on the base and in the edge
flow adjacent to the shoulder shows that

R,=R2E D
Pe Kb u\e
where R, = (pu/p). First recall that velocity is linearly related
to Crocco number. Therefore, using the viscosity approximation
o< T allows us to write the above equation as

1 1

R R'Pb .\ " Ch [ Tos\?
b e P, e Tb Ce TOe
Because recirculation velocities are small, C, is much less than C,,
and therefore T, = Tp,. Also, in the absence of significant heat
transfer across the shear layer, the approximation, Ty, & Ty, can be
made. Thus, we can write
T, T, To.Top _ T.

= = =2 =F(M.)
T, DTy T To.

The fundamental nature of the recirculating flowfield suggests
that because u,, (or C,) remains nearly constant over a wide range of
C, values, it can be removed from further consideration. Therefore,
the relation between the two unit Reynolds numbers becomes

P
R, ~ R.=LF(M,)C! (14
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Fig. 19 Variation of base Stanton number with correlation parameter
for laminar flow over cones.

This shows that the characteristic base-plane unit Reynolds number
and the base Stanton number are functions of base pressure ratio,
edge Mach number, and edge Reynolds number. However, in the
foregoing base pressure correlations, we already have developed re-
lationships between the latter three parameters. This result suggests
that the same parameters that correlated the base pressure might be
used to.correlate the base Stanton number.

As demonstrated in the following section, this supposition is true
for laminar flow. Thus, for laminar flow cases,

Sty = f[M2(Re)"2] (1)
However, for the turbulent flow regime St is only a function of M,,
since the Reynolds number plays no significant role.
Unfortunately, there are few test data for base heat transfer, be-
cause such measurements are more difficult to make than the cor-
responding pressure measurements. Bulmer’s*¢*? flight measure-
ments on 9-deg cones (in both laminar and turbulent regimes) form
the primary set of data to be correlated.

Laminar Flow

Shown in Fig. 19 are Bulmer’s laminar flight data for 9-deg cones
with Lockman’s!® measurements on 15-deg cones with blunting
from zero to 40%. Lockman’s data fall below the correlation line for
Bulmer’s data, just as did the corresponding pressure measurements
(Fig. 7). As explained earlier, the problem is the low-Reynolds-
number conditions that led to a different exponent of the Reynolds
number.

The correlation line of Fig. 19 is given by the expression

Sty = 8.0 x 1074 [ M2(R.,)"+]""
Recall the correlation of base pressure from Fig. 8, Eq. (8a), as
P, 2 _1106
F;Ce =3.05[M}(R.,)"7]
We can eliminate the parameters M, and R, in the brackets from
these equations and obtain a correlation for Stanton number in terms

of base pressure. This correlation is shown in Fig. 20 and can be
expressed as

e
o0

P 18
St, = 1.0 x 10—4(P—bc4) (16)

Writing this in terms of M,, we have

—2=1.8

P

St,=1.0x107*| =21+ —2—M;2 (17
Py y—1
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Fig. 20 Correlation of base Stanton number with base pressure pa-
rameter for laminar flow over cones.

Figure 20 shows the correlation of Stanton number with base
pressure in Eq. (16). Also shown in the figure are two additional
data sets of Muntz and Softly,*® which were compiled by Bulmer.
These data encompass cone angles of 9 and 10 deg, with Mach
numbers of 12.6 and 18, and bluntness ratios of 0.05 and 0.3.

Turbulent Flow

Bulmer’s turbulent heat-transfer measurements, converted to
Stanton number, are shown in Fig. 21. The correlation line given
in Fig. 21 is expressed as

P P 2 % 1.85
St, =83 x 107* [Fi( P“) ] (18)
o e

The correlation is satisfactory for the very limited data available, i.e.,
for a single-cone geometry. Before a comprehensive correlation can
be developed, additional data are required for various cone angles,
bluntness ratios, and Mach numbers. This equation could be used to
make estimates of convection levels for other values of 8, between
6 and 12 deg. However, in the interim, we could make estimates of
convection levels for other cone angles by replacing the one-half
power of the bracketed pressure terms in Eq. (18) with the exponent
J~1, which is defined in conjunction with Eq. (11).

For easy reference, Table 3 gives a compilation of all the corre-
lations developed in this study for zero angle of attack.

Angle-of-Attack Effects

When a body of revolution is inclined to the freestream direc-
tion, the result is a highly three-dimensional flowfield over the body
surface and in the wake region. In such flows, the difficulties of ob-
taining measurements without support interference are even greater
than for zero angle of attack. Consequently, the number of reliable
base pressure data is extremely limited. During this study a total
of seven sources of data were found; unfortunately, all but two had
sting-interference effects. Thus, the present study represents only a
preliminary identification of possible influential parameters related
to angle-of-attack effects.

Pick!® launched 10-deg sharp cones into a hypersonic stream
at angles of attack up to 75 deg. Through telemetered data and
trajectory analysis from motion pictures, he was able to determine
the base pressure for three Mach numbers and two unit Reynolds
numbers. Boundary layers in the unseparated region of the cone
surface were determined to be laminar. Pick’s data for « = 0, 10,
and 20 deg are plotted in Fig. 22 on the same coordinates used in
Fig. 7 to correlate the cone base pressure for o = 0. Also plotted

Table 3 Summary of correlations for zero angle of attack

Laminar
P 2 :
. . b " _1906
Axisymmetric ?Z = 3‘05(1 + mMe 2) [MZ(RH) 2]
o 3
Pp 2 _ 1406
Planar a = (1 + 7:*1-Me 2) [Mf(Re,s) 2]
p ) —2-1.8
Cone Sty =10x 1074} =2 [ 14 —— M2
Py y—1
Turbulent

-1
P —
Cylinder = =0.05+0967 (1 + %—IMIZ)
1
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Fig. 21 Correlation of base Stanton number for turbulent flow over a
blunted 9-deg cone.
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in each part of Fig. 22 is the correlation developed in the present
work for ¢ = 0, Eq. (8b). The measured base pressures for « = 10
and 20 deg are virtually identical and fall somewhat below his data
for zero angle of attack. For angles of attack larger than 20 deg
(i.e., twice the cone half angle), Pick found that the base pressure
begins to increase. Despite the large differences between Pick’s data
for & = 0 and the correlation developed, it is possible to use this
information to estimate the effect of @ on P,.

To achieve a correlation and eliminate discrepancies between
Pick’s data and the present correlation, the base pressure for o > 0
was normalized by the corresponding value at @ = 0. Then for each
Mach number, the two measured base pressure ratios (at different
unit Reynolds numbers) were averaged. Data for o = 5 deg were ob-
tained from interpolation of his measured values. From the previous
discussions, the effect of approach Mach number can be eliminated
by using the Crocco number. Because the proper geometric scaling
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Fig.22 Effect of angle of attack on base pressure for laminar flow over
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Fig. 23 Correlation of normalized base pressure for a cone at angle of
attack.

parameter for the flowfield of cones at angle of attack is the cone
half angle, the data are plotted in Fig. 23 using the new correlation
parameter «C2 /6, In practice, we could use the distribution shown
in Fig. 23 in conjunction with the laminar base pressure correlation,
Eq. (8a), to estimate the cone base pressure for angles of attack up
to twice the half angle of the cone. However, the distribution shown
in Fig. 23 must be considered a provisional distribution because of
the limited data and the discrepancy between the measured base
pressures and those discussed earlier.

Additional data are needed to determine if this variation is the
same for larger cone angles and turbulent boundary layers. Specific
- measurements or computations are also needed for the circumfer-
ential variation of the Mach number (M,) before separation, as well
as the turning angle of the flow external to the boundary layer. We
expect that a circumferentially averaged edge Mach number and
pressure, along with an average turning angle, could be used to
develop a more general correlation for angle-of-attack influences.

Another study of angle-of-attack effects concerned slender cylin-
drical bodies. Moore et al.>? obtained data on a cylinder with a
two-caliber tangent ogive nose whose total length-to-diameter ra-
tio (L/D) was 7.2. The experiments were made at approach Mach
numbers between 2 and 4.5 and at angles of attack up to 16 deg. The
unit Reynolds number for these tests was constant and high enough
(2 x 10° ft~1) to ensure a turbulent boundary layer. Data for the zero-
angle-of-attack tests on this configuration fell near the correlation
line for cylinders given in Fig. 12.

To illustrate the effect of o on this geometry, Fig. 24 plots, using
M, as a parameter, the ratio of base pressure for @ # 0 to base
pressure for « = 0. We see a number of unusual features in the

1.0
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Fig. 24 Normalized base pressure for an ogive-nose cylinder at angle
of attack.

trends of this graph. First, similarly to the laminar data for cones,
the base pressure initially decreased as the angle of attack increased.
The data also showed (except at M, = 2) that the base pressure
reached a minimum value and then began to increase sharply. If the
angle of attack had been increased for M., = 2, we expect that it
would also have shown a minimum value and then a sharp increase.
At large angles of attack, an almost constant value of base pressure
was attained. This constant value of P, appeared to be less sensitive
to approach Mach number than the corresponding variations in the
low-o regime.

A possible explanation for these trends, which accounts for this
dual regime of base pressure (Fig. 24), is as follows. At low angles
of attack, a region of moderate crossflow separation exists because
of symmetric body vortices on the leeward side of the cylinder. The
strength of the body vortex wake increases as the angle of attack
increases and as the L/D of the body increases.*’ At the aft end
of the body this leeside vortex wake interacts with the recircula-
tion zone associated with the base. For the large-angle-of-attack
(or large-L/ D) regime, the body vortex wake becomes increasingly
stronger and elongated in the direction normal to the cylinder axis.
We postulate that the interaction of the body vortex wake and the
recirculating base flow fundamentally changes character for very
strong, elongated body vortices. This dissimilar interaction could
explain the reversal of the base pressure trends illustrated in Fig. 24.

For this investigation, we considered a correlation only for the
low-angle-of-attack regime, that is, before the base pressure began a
sharp rise with angle of attack. As shown in Fig. 24, the curves for all
Mach numbers were essentially linear with angle of attack, and were
shifted lower in direct relation to M. Recalling that the laminar data
of Pick!® could be correlated by a parameter proportional to aC2
(Fig. 23), we considered a C7_for correlating these turbulent data and
found that «C>, produced satisfactory results. The parameter that
was neglected in this function was the length-to-diameter ratio of
the body. Experimental data of Oberkampf and Bartel* showed that
the body-vortex strength was approximately quadratic with angle of
attack and linear with L/D. Because base pressure is linearly related
to angle of attack, this suggests that the base pressure should be
proportional to (L/ D)%. Figure 25 shows the correlation of Py(« 5
0)/ Py(a = 0) with a(L/D)3C2,. Additional data for other L/D
values are needed to validate the use of such a correlation. Also
note that the angle of attack at which the minimum value of the base
pressure occurs also depends on L/D. For example, bodies with an
L/D higher than 7.2 will have an angle of attack that is lower than
that shown in Fig. 24, after which the base pressure will begin a
sharp rise.

Effects of the Ratio of Specific Heat

If we wanted to determine trajectories of vehicles in various plane-
tary atmospheres or in geometries with combustion gases approach-
ing the base region, we could extend the current correlations to gases
other than air. Such an extension is not simple; however, the general-
ized design of the present correlations would allow one to construct
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Fig. 26  Effect of specific-heat ratio on normalized base pressure.

new correlations that differ from the present results only in the values
of empirical multipliers and exponents.

A first-order estimate of the effect of gas properties on base pres-
sure for planar or cylindrical geometries in the turbulent regime can
be obtained by using the classic theory of Korst,** which assumes a
uniform supersonic flow approaching the shoulder. This flow passes
through a Prandtl-Meyer expansion and develops a free shear layer,
within which is a stagnating streamline determined from continuity
requirements. The external inviscid flow passes through an oblique
shock (or Prandtl-Meyer compression) at the recompression region,
i.e., wake neck. The correct base pressure occurs when the static
pressure downstream of the oblique shock is equal to the stagnation
pressure produced by the Mach number of the stagnating streamline
(Fig. 4). Thus, the only gas property required for this first-order the-
ory is the ratio of specific heats, y. The entire computation can be
automated easily, and a parametric variation of the ratio P,/ P; can
be obtained for various values of the approaching Crocco number,
Cy or C,, upstream of the base.

The effect of y is shown in Fig. 26, which displays the variation
of Pygas/ Ppair VS CZ. A comparison of flows with the same value
of M, shows a similar distribution. Besides combustion products
(y =~ 1.2), the range of y values in this plot encompasses gases
such as carbon dioxide, methane (¥ = 1.2to 1.3), and helium (y =
1.67). Of course, air, nitrogen, and hydrogen have y ~ 1.3 to 1.4,
depending on the temperature. It is seen that, for a given approach
flow, as y increases above the value for air, the base pressure also
increases. Similarly, as y decreases below 1.4, the base pressure
also decreases. The change in base pressure at constant C,, or Cy, is
also nearly symmetrical with respect to increasing or decreasing y .
That s, | A P,| is proportional to | Ay | for a constant Crocco number.

Figure 26 also shows that the influence of ¥ becomes large at
higher Mach numbers. The actual effect of y on base drag, however,
at hypersonic conditions should be small, because the base pressure
is very low at these conditions.

Estimation of Edge Conditions

Laminar and turbulent base pressure correlations for cones de-
pend on the values of the Mach number (or Crocco number) and/or
Reynolds number (as well as the static pressure) at the edge of
the boundary layer before separation. These edge parameters are
important because they characterize the inviscid flow that expands
around the shoulder. Satisfactory estimates of these parameters can
normally be obtained from numerical solutions to the inviscid flow
equations if the proper location is taken in the shock layer. For a
sharp cone, the inviscid solutions display nearly constant values of
pressure, velocity, and Mach number between the cone surface and
the bow shock. However, for blunted cones the shock layer con-
tains a region of rotational flow because of the curved portion of the
bow shock wave. The rotationality of the flow is manifested as an
entropy gradient in the shock layer. Thus, we observe surface nor-
mal gradients of velocity, pressure, temperature, and Mach number
outside the boundary layer. In actual viscous flows this entropy gra-
dient in the shock layer tends to flow into (i.e., be swallowed by)
the boundary layer as the axial distance along the cone increases.
This can be seen graphically in CFD Navier-Stokes solutions by
tracing streamlines from the curved portion of the bow shock along
the body through the shock layer.

Figure 27 illustrates a typical inviscid solution for a 9-deg cone
with 29% blunting at Mach numbers of 4 and 9. This geometry and
flow condition are taken from Zarin’s?® experiment. The plot shows
profile shapes for total velocity, Mach number, and static pressure
between the cone surface and the bow shock at s/r, = 30.4. The
thickness of the entropy layer can be approximated by noting the
point at which the velocity gradient near the wall disappears. The
edge conditions from inviscid flow solutions should be taken at
the edge of the entropy layer, indicated as location e in Fig. 27.
Results such as these suggest that data from a viscous solution are
often not essential for estimating base pressure and heat transfer
using the present correlations. However, there are limits to simply
using inviscid solutions; they become increasingly less reliable as
the entropy layer becomes a larger percentage of the shock-layer
thickness. For example, this occurs on a short vehicle (s/r, < 10),
particularly as the cone angle decreases.

An example of how a viscous flow solution differs from an invis-
cid solution is illustrated in Fig. 28. This geometry and flow con-

Moo =4 Mo =9
BOW SHOCK

INVISCID
(SANDIAC)

7777777
WALL

Fig.27 Computed inviscid flow parameters across the shock layer for

6, =9 deg,r,/rp =0.29, and s /r, =30.4.

INVISCID (SANDIAC) PNS (SPRINT)

BOW SHOCK

WALL
Fig. 28 Comparison of computed flow parameters in the shock layer
for inviscid and viscous flow (M =14, 8, =15deg,r, /r; =0.2 and s /r,
=15.7).
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dition are from one of Lockman’s'” experiments. The figure shows
profiles computed by an Euler code (SANDIAC) and a parabolized
Navier-Stokes code (SPRINT). For this geometry, flow conditions,
and s /r, value, the entropy layer is swallowed (i.e., diffused) within
the boundary layer. The computed values of the edge Mach number
and pressure, as well as the wall pressure, are essentially the same
for both cases. For this case the percentage differences between
Euler and PNS solutions near the edge of the entropy layer are as
follows: Mach number, inviscid is 5% higher; P,/ P,,, inviscid is
3% lower; and P,/ Py, inviscid is 3% lower. Errors of this magni-
tude are generally less than those associated with either the original
experimental data or the correlations developed in this work.

Conclusions

A comprehensive review of experimental data on the base pres-
sure and base heating related to supersonic and hypersonic flight has
been completed. We paid particular attention to flight data as well
as to wind-tunnel data for models without rear sting support. Using
theoretically based correlation parameters, we developed a series of
internally consistent, empirical prediction equations for both planar
and axisymmetric geometries. These equations are applicable over a
wide range of Reynolds and Mach number for laminar and turbulent
boundary layers. A wide range of cone and wedge angles and nose
bluntness was also included in the data base and correlations.

A feature of this study has been the use of the Crocco num-
ber which, unlike the Mach number, is linearly related to velocity.
Also unlike the Mach number, the Crocco number has a maximum
value of unity. This parameter permits the hypersonic regime to be
treated in a more reasonably scaled manner than in past correla-
tions. Improved and wider ranging correlations are obtained by us-
ing hypothetical axial-flow downstream conditions. It is also shown
that base-plane heat transfer is related to base pressure by a simple
power-law and is therefore correlated with the same parameters.

A study of the effect of angle of attack on base pressure for
cones and cylinders was also included in this investigation. A new,
nondimensional angle-of-attack parameter appears to be capable of
correlating the base pressure with its value at o« = 0. Also iricluded
in this analysis is an approximate result for gases with a ratio of
specific heats different than air. This correlation would be useful for
estimating the drag of vehicles entering different planetary atmo-
spheres or the drag of objects in combustion gases.

The results of the present study should permit the estimation
of base pressure and base heating levels with considerably more
confidence and over a wider range of conditions than in the past. For
example, in addition to the specific geometries examined, the present
results would apply to multiconic configurations if the maximum 6,
were less than 20 deg. Also, according to the data reviewed, average
base pressures for cones with a small amount of slicing on one side
could fall within the general scatter of test data used in developing
these correlations. On the other hand, a bent-cone body would likely
produce sufficiently asymmetric flow approaching the base so that
the present correlations would have to be used with considerable
caution.
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