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ABSTRACT. A literature survey and an evaluation ot applicable
literature concerning pressure and heat-transfer diccributions over
bodies of revolution in high-subsonic to low-supersonic flight is
presented. Methods for determining the pressure distribution on
bodies of revolution are discussed and compared with experimental
data. Variations of the modified Newtonian method may be applied
to a large class of bodies of revolution for free-stream Mach
numbers greater than 0.75.

Appropriate experimental laminar and turbulent heat-transfer
data for a blunt-body vehicle at flight Mach numbers between 1.6 and
5 are compared with calculated values. Experimental data could not
be found for blunt-body turbulent heat transfer in the free-stream
Mach number range from 0.7 to 1.6.

An extensive bibliography covering prediction techniques and
experimental data on pressure and heat-transfer distributions is

included as the appendix.
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NOTATION

Velocity gradient at the stagnation point

Local skin-friction coefficient, 2Tw/peue2

Local Stanton number, ﬁw/peue (haw - hw>

Local Stanton number based on reference conditioms,
*

1 /o u_{h —h)

WLENLWER S

Pressure coefficient = (P - Pm)/(y/Z) PmMoo2

Specific heat at constant pressure

Body diameter at base of nose section
A function, defined by context
Enthalpy

h/h
s
e

Adiabatic wall enthalpy
M_(d/L)

Thermal conductivity

Length of nose section

Length of body

Mach number

Local Nusselt number based on reference conditions,
dw(c:) s/k*(haw - h)

Pressure at the surface of the body

Prandtl number, 0.71, ucp/k
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Re

Heat transfer per unit area per unit time

Radius of body cross section normal to thi axis of symmetry
1

Re O 2

S
e

Reynolds number, pseuwRo/use

Local Reynolds number based on reference conditions,
* *
o ueS/u

Hemisphere radius

ro/Ro

Body radius at base of nose section
Radius of blunting at tip of nose section
Radial distance from axis of symmetry

Area of cross section normal to axis of symmetry

Wetted length from stzgnation point

=t
R

-0
Temperature

Velocity

u
/u,

Perturbation velocity, x couponent

Perturbation velocity, y component

Perturbation velocity, z component

Axial distance from nose
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vi

Ratio of specific heats

Angle between flight direction and radius vector from

center curvature of nose

Local slope of body surface relative to the axis of
symmetry (the angle between tangent to body surface

and the axis of symmetry)
Viscosity

ue/us
e

Prandtl-Meyer angle
Mass density
p./P

8
e

Ps/ps hs
e e

Characteristic body parameter, d/%

Wall shearing stress

Velocity potential
First-order perturbation velocity potential

Second-order perturbation velocity potential

A}
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Subscripts

e Conditions external to the boundary layer
N Conditions at nose of pointed body

8 Stagnation conditions

t Total conditions

w Wall conditions

@ Free-stream conditions

2 Conditions evaluated behind a shock wave
Superscripts

*

Denotes conditions evaluated at the state corresponding to the

reference enthalpy

vii
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Section 1.

INTRODUCTION

The purpose of this report is to present a review of the available
methods for determining the pressure distribution on bodies of revolution
in the subsonic, transonic, and supersonic flight regimes and a comparison
of the results of these methods with available experimental pressure
distributions. In Section 2, the methods discussed are those that are
most useful as "engineering' tools and provide the pressure distribution
with a minimum of effort. These methods are

1. Modified Newtonian theory:

a. An empirically modified approach applicable in the
range M_=0.75 to M_ = 2.0

'b. A hybrid method combining the modified Newtonian and
shock-expansion theories for the range M_ > 1.5

2. Perturbation theory as developed by Van Dyke and Sprieter
3. Similarity rules.

Methods 2 and 3 may be applied over the entire range »f Mach numbers.
However, these methods require considerably more effort than does
Method 1.

In addition, brief reference is made to the most successful of
computer techniques used for determining pressure distribution for
blunt bodies in supersonic flow.

Section 3 presents a review of the engineering methods of analyeis
for the convective heating of blunt-body vehicles in the high-subsonic
to low-supersonic flight regimes. Comparison of these simplified
analytical methods with appropriate experimenial data is also presented.

The objective of Section 3 is to present methods of prediction that
are both convenient in their utilization and accurate in their agreement
with available experimental datz. These methods of prediction are (1)
of convective heat transfer at the stagnation poiat of a blunt-body
vehicle, and (2) of distribution of the heat transfer over the surface
of the vehicle. With this objective in mind, a literature search was
performed to locate both the methods of analysis and the appropriate
experimental data.
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Considerable effort has been devoted to determining the pressure

distribution over bodies of revolution in subsonic and supersonic flight.

With the exception of a few notable early efforts, the bulk of the work
has been done during the past 20 years. The appendix of this report
presents a bibliography covering both theoretical developments and

aveilable experimental pressure distribution data. This bibliography
comprises 567 entries.
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Section 2

PRESSURE DISTRIBUTION ON BODIES OF REVOLUTION

MODIFIED NEWTONIAN THEORY

The central hypothesis of Newtonian flow theory is that the conpoaant
of momentum of the oncoming flow normal to the tody surface is transferred
to the body while the tangential component remains unchanged. Various
authors (Ref. 1) have pointed out that Newtonian theory is reached only
through a limiting process as M_ + «® and Y - 1. Cole (Ref. 2Z) presents
a more detailed examination of the relationship between Newtonian theory
and gas dynamics; but again, he concludes that Newtonian theory is
applicable only for large Mach numbers. Based on these conclusionms,
Newtonian theory was considered only as a limiting case and was originally
used only to describe pressure distributions in the hypersonic flight
regime (Ref. 1, 2, 3). However, it was soon found from experimental
data that in a modified form, application was valid also in the supersonic
flight regime (Ref. 4-9).

In its original form the Newtonian concept provided e coefficient
of pressure in the form

Cp = 2 gin?6 (1)

b

This relationship indicates dependence only on the local slope of the
surface, 6p. Agreement with experiment was not achieved, however, until
Lees (Ref. 3) suggested a very useful modification of this expression in
the form

C =C¢C s1in26

2 Prax b

(2)

In Eq. 2, C is the maximum value of the coefficient cf pressure
max
on the body surface. For a blunt bedy in supersonic flow, the maximum
value of C, is at the stagnation point, and its value may be conveniencly
computed from the fullewing expression:

P /P _\-1
. s o

Pnax  (y/2) M2
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where Pt /P°° is determined from the Rayleigh formula:

2
Y/¥-1 _
(Y+1)M 2 Y+ 1 1/y-1
Pt [Py = — (4)
2 2y 2 - (y-1)
Values of C computed by using Eq. 3 and 4 are compared with experi-
max

mental values in Fig. 1. Figure 1 demonstrates an excellent agreement
between theory and experiment. As M_ becomes large, computed values of

C for alr approach 1.83 rather than 2.
max
2,0
I T 48 "- ‘.x
" ——
1.8~
o
] B
:: S
2 o
a
2 1.6
o
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- -
o
w lApP
w
w -
8
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0 0.5 1.0 1.8 2.0 2.5 3.0

FREE-STREAM MACH NUMBER, M_

FIG. 1. Maximum Coefficient of Pressure for Blunt Bodies
of Revolution as a Function of Mach Number.

Oliver (Ref. 10) presents the following simple formula which may be
used for determining C if M > 2:
max
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- Y+ L2 1
Cpmax v+1 [1 v+3 2] (5)
M,

From Eq. 2, 3, 4, and 5, Cp is seen to be a function of M_ and v, as well
as of 6. Comparison of Eq. 2 with experimental data for hemispherically
capped cylinders is presented in Fig. 2. The Mach numbers of the data
ranged from 1.97 to 4.76. Equation 2 represents the data quite adequately.

EXPT. M, REF.
Q 2,18 3.7 4,76 9
0 1.97 oo aQog 5
O 215 2,48 3.8 5
5 A 1.99 3.00 4.03 7
o& 0.75
~
ua -
w‘ -
o
- L
¥ -
a
w 0.50 =~
(-]
" R
5 -
o - 2
- SIN® @
3 =
L]
© -
o
= -
2 L
0.00
oot o b L L kb1
9 80 70 60 50 b 30 20 10 0

LOCAL SLOPE, Gb DEG
FIG. 2. Distribution of Pressure Coefficient
Ratio Over a Hemispherical Nose, M > 1.97.

For bodies of revolution which ure only slightly blunted or for a
pointed body, the modified Newtonianu method may also be applied if C
is computed as suggested by Love (Ref. t): max

c - C in? 8 6
pmax pN;/s " N ©
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where

from tables of conical flow (Ref. 11) for a cone semivertex angle, by,
corresponding to the local slope at the nose of the pointed body.

An example of what is meant by an "only slightly blunted" body
would be a hemispherically capped ogive with a cap radius that is small
relative to the maximum cross-section radius of the ogive (say rc/rb less
than approximately 0.2). TFor such a case, the Cp at the stagnation point
will correspond to that of Eq. 3, but the distributicn away from the
stagnation point must be determined on the basis of the C given by

max
Eq. 6 for an equivalent pointed body (Ref. 12). By way of explanation,
an equivalent pointed body is that pointed body which would exist if the
nose were not blunted.

Love (Ref. 6) presents a very interesting comparison of this
generalized Newtonian theory (Eq. 2 and 6) with experimental data for
a variety of bodies of revolution over Mach number ranges from 2 to 7.
This comparison is reproduced in Fig. 3 with the scatter in the data
indicated by the band width.

The modified or generalized Newtonian prediction begins to deviate
from experimental values as the local slope approaches zero, or as a
point of discontinuity in slope is approached. Lees and Kubota (Ref. 13)
suggest that in such a region, a local shock-expansion method be used to
predict the distribution. Tu accomplish this the modified Newtonian
equation

C_=¢C sin’ 6y
P
max
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FIG. 3. Love's Correlation for Generalized
Newtonian Theory.
and the Prandtl-Meyer relation
1
1/ dP\_ v/ -1 @
P deb

are matched at the point on the nose surface where both the pressure
and pressure gradient, predicted by these two solutions, are equal.
This method was further investigated by Wagner (Ref. 14), Jones

(Ref. 15), and Blick and Francis (Ref. 16). Blick and Francis suggest
the following formula for determining the matching angle in the Mach
number range 2 to 15:

-0.455]

6 = 0.349 + [0.198 +0.80 M_ - 2.8) (8)

cos~t [1.05/(ln Mg)]
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Vendemia (Pef. 9) presents an excellent summary of this hybrid
modified Newtonian/shock-expansion method. A number of comparisons
of the method with experimental data or "exact' theoretical methods
for ogives, Von Karman minimum drag, and 3/4 power law bodies in the
Mach range M_ = 1.5 to 6 and for hemispheres in the M_ = 1.82 to 4.76
range are presented in Ref. 9. Two of these comparisons are reproduced
as Fig. 4 and 5. These figures show that the agreement between the
present theory and experiment or the more '"exact' theory is excellent.

e
T
BODY PROFILE _;_
0.8
6.7 - NEWTONIAN METHOD
o M, L/
0.6 = O 1.5 3
0O 2.00 2
e - A 3.00 1.5
; o4 - ___ METHOD OF
i Tt CHARACTERISTICS
[ 9
s 03P
| = =
-]
S 02
- L
g o1 f
0.0
0.1
L (
gilaitb e bt o o bt a s ba s

0 0.1 0.2 0.3 o4 0.5 0.6 0.7 0.8 0.9 1.0
NONDIMENS |ONAL AXIAL DISTANCE, x/L

FIG. 4. Comparison of Modified Newtonian/Shock-
Expansion Method With Method of Characteristic
Solution for Tangent Ogive Bodles at Supersonic
Mach Numbers.

Vendemia also developed the following expression to determine the
matching point for the modified Newtonian and shock-expansion methods.
From

ES=REL:
C =¢C sin26b = —
P Ppax (v/2)P_M_2
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80DY PMOFILE: r _-—rﬁ d‘ -1/2 SINz [}
WHERE ¢ = COS™' (1 - 2K/L)
: 6.6
! 0.5 MODIFIED NEWTONIAN/SHOCK-EXPANS |ON
o METHODS (EQ. 2, AND SHOCK-EXPANSION
§ . i TABLES)
- § 0.4
¢ a -
& 0.3
..;. 0.2}
E ool
0.0
_m,h PR R P I BEPURS PN DU SR B |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
NONDIMENSLONAL AXIAL DISTANCE, x/L
FIG. 5. Comparison of Modified Newtonian/
Shock-Expansion Method With Experimental
Data for Von Karman Minimum Drag Body.
it rollows that
2
(v/2) M Cp sin 26,
1l dp max
Pas " . ” (9)
b 1+ (y/2) M° C,  sin®6y

max

Computations are then made to determine the matching point 6p where P
and dP/dbp are the same from both equations. Vendemia then presented
the results in graphical form as a plot of the matching angle 8 versus
M_ for hemispheres and hemisphere cones. The result is reproduced in
Fig. 6. It should be noted that for low free-stream Mach numbers, there
is no point at which both the pressure and pressure gradient match, for
the two methods and the curve of Fig. 6 have been extrapolated in this

. area. Vendemia (Ref. 9) found that the matching point on a tangent

' ogive can be determined from the following empirical equation:

(x'/L"), = 0.60 + 0.15K for K < 2.667 (10)

where

. K=M_ (d/L)
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This equation may also be applied to slightly blunted ogives by relating
the (x'/L'), computed from Eq. 10, which would be the nondimensional
distance from the nose of the equivalent pointed ogive to the correspond-
ing point on th= blunted ogive.

T D —— -

For blunted ogives where r./r, is considerably greater than 0.2,
an alternative method of determining the pressure distribution, to be
discussed shortly, will be more effective.

3.0

B.o =

7.0 =

6.0 f—

§o =

FREE-STREAM MACH WUMBER, W_

1 1 | 1 | A | | 1
16 8 o] i1 Th % 8 ¥ n kL ]

MATCHING-POINT ANGLE, Om DEG

FIG. 6. Matching-Point Angle for Hemisphere
or Hemisphere-Cone Body. (Vendemia graph,
Ref. 9.)

For predicting the pressure over a cylindrichl afterbody, Vendemia
(Ref. 9) gives the following equation:

10

L SEEND
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e —" e e T
. .

Ax /L
C_=C exp (- &= ) 11)
P P(x/Lel) ( K

where Ax/L is the noadimensional distance from the base of the nose

AT T T TR T

where

x/L =1

PRI

The method outlined above, using Eq. 2, 6, 10, and 11, has been
applied to a hemispherically capped ogive body and is compared with
experimental data (Ref. 12) in Fig. 7 and 8. These figures 1llustrate
the usefulness of this method in obtaining good results. It should

: also be noted that Eq. 3 again gives the correct value of Cp at the
stagnation pcint. The calculations for Fig. 8 are given as Example 1,

page 17.
¥
- 0.6
[
0.5 |- EXPT. M REF.
[®] 2.17 12
P 4 A [N} 12
£
w o0,y MODIFIED NEWTON I AN/SHOCK-EXPANS ION METHOD
B (EQ. 2 AND 10, AND SHOCK-EXPANSION TABLES)
e
s 02|
b=t -
]
o 0.0 LEES AND KUBITA
z (EQ. 11)
g L
g 0.0
0.1
o
P 3 T I S T | U T N T T S VA S S RN S S S R N D U G S S S

0 0.5 1.0 1.5 2.0 2.5 3.0
NONDIMENS | ONAL AXIAL DISTANCE, x/d

FIG. 7. Pressure Distribution on a Spherically Tipped
Tangent Ogive Rody.

A further significant application of modified Newtonian theory was
carried out by Andrews (Ref. 8). For the case of a hemisphere cylinder,
an empirical modifying function was added to the modified Newtonian

11
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0.6

0.5 jo EXPT.  M_  REF.
. O 153 1
0.6 =
MODIFIED NEWTONIAN/SHOCK-EXPANS ION METHODS

Rl (EQ. 2 AND 10, AND SHOCK-EXPANSION TABLES)

VAN DYKE'S SECOND-ORDER METHOD, REF. 12

LEES AND KUBOTA
(eQ. 11)

CGEFFICIENT OF PRESSURE, C
=
L)
I

=0.1 = --...,M____‘
-0.2 U S VU U Y N SHA U S A G G S S DU S G S S S D SR SR S 41_J
0 0.5 1.0 i.5 2.0 2.5 3.0

NONDIMENS 10vAL AXIAL DISTANCE, x/D

FIG. 8. Comparison of Modified Newtonian/Shock-Expansion
and Van Dyke's Second-Order Method With Experimental Data
for a Spherically Tipped Tangent Ogive Body.

expression, Eq. 2, and agreement was achieved with experimental data from
Ref. 8 and 17 for a Mach number range from 0.75 to 2.0. The equation
used was

= 2 N
C,=C,  sin® @ + F(eb,m) (12)
max

where

2.27

F(Gb,M) = {0.78 Mm- sin Gb - 0.95 exp[—2.235 (Mm-l)]>cos eb

This equation is presented in Fig. 9 and 10 and compared with experimental
results (Ref. ©, 8, 9, and 17).

In the subsonic regime, C for blunt bodies is computed from the
isentropic relation Phax

( 1+ XL Mmz)Y/ =k )
C = (13)
Prax (v/2) M2

This equation is compared with experimental results in Fig. 1.

12
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COEFFICIENT OF PRESSURE, C
L]
L=
=

= ANDREWS (EQ. 12}

90 8o 70 60 50 40 30 20 10 1]
LOCAL SURFACE SLOPE, Bh DEG

FIG. 9. Comparison of Eq. 12 With Experimental
Data for Hemisphere Cylinders.

A modified form of Eq. 11 may also be used ir combination with
Eq. 2 or 12 to predict the pressure distribution on a hemisphere cone
combination in the supersonic regim:. The pressure distribution for the
hemispherical nose is determined by using either Eq. 2 or 12 with Eg. 3.
The cone tables (Ref. 11) are then used to determine the pressure coeffi-
cient for a cone, Cp » with a semivertex angle, BN’ equal to the slope
c

13
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COEFFICIENT OF PRESSURE, C

rias

[

L=

[- .

]
b OO0
e - N =]

% 8 70 60 50
LOCAL SLOFE, 6, DEG
FIG. 10. Comparison of Eq. 12 With Experimental
Data for Hemisphere Cylinders.

of the conicil section of the body of interest. This will be the value
of C_ reached on the cone surface some distance downstream of the

c
hemisphere-cone junction. Th2 pressure distribution on the conical
section can then be approximated:

(14)

14
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It

where

AC =C -C
P(43¢) P53 Pc

CD = Cp from Eq. 2 at the hemisphere-cone junction
i

o =C for a cone of ©
P N

pC c

The use of this approach is illustrated by comparison with experimental
data (Ref. 18) in Fig. 11 and 12.

For a blurt body with other than a hemispherical mose, Eq. 12 may
be used with good results if the function F is mulidplied by the fineress
parameter (r/L):

C_ =¢C sin® 8, + (rp/L) F(8, M) (15)
max

Iy, * radius at the base of the nose section

L = axial distance from stagnation point
to nose base

F(Bb, M) = game as that in Eq. 12

Eg. 15 indicates that tte influence of the modifying function F(ﬁb, M)
decreases as the body becomes more slender.

This equation was used tu. compute the pressure distribution on a
body having an elliptical nose with ry/l <= 0.61. The results are
compared with experimental Jdata (Ref. 19) in Fig. 13. Equation 15 was
also used to predict the distribution on a prolate spheroid (ellipsoid
of revolution) with rp/L = 0.167, and the results are compared with
experimental data (Ref. 20) in Fig. 14. From Fig. 14, mote that the
pressure gradient is predicted quite well, even though the actual

15
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' o™ EXPT. M, REF.
g‘ ! 0o 1.20 18
' 2
- AMDREWS (EQ. 12)
. 5 {Q. 14}
5 C,, FROM CONE TABLES
-
L
3 ° =
% i o]
‘\\\\\fifﬂjfpf,pﬂﬂv
=0.2 =
| -0k iy | | Lo s abta v aabsasadl e cpwaba oy o100 i
i 0.1 0.2 0.3 0.4 0.5 1.0 1.5 2.0 2.5 3.0 3.5
I—— HEMISPHERE { : COME {
DISTANCE FROM NOSE, x IN.

FIG. 11. Pressure Distribution on a Hemispherically
Capped 15-Deg Conme.

EXPT.  M_  REF.
(o] 1.90 18

ANDREWS ([, 12)

Cp FROM CONE TABLES

COEFFICIENT OF PRESSURE, ©

(0. 1) \\\

=0, 4 1'lllllllllllllellIllI‘llllllllll

0 0.1 0.2 0.3 0.4 0.5 1.0 1.5 2.0 2.5 3.0

i '-— HEMISPHERE —'r CONE
DISTANCE FROM NOSE, x IN.

FIG. 12. Pressure Distribution on a Hemispherically
Capped 15-Deg Cone.
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vanw_,m DA Pt

r—l.-—-l
BOOY PROFILE { ] =

()

COEFFICIENT OF PRESSURE, C

EXPT
Q 1.90 19 0.61
A 1.6a 19 0.8

2.8 [, Y] WA N VN S T 1.
90 80 70 60 50 &0 30 20 10 0
LOCAL sLoFc, OL DEG

FIG. 13. Pressure Distribution on an Ellipsoid of
Revolution~Nosed Cylinder.

magnitude of Cp from Eq. 15 and experiments differ somewhat. As an
example of this approach, the calculations corresponding to Fig. 13
are presented on page 27,

The chief advantage of the Newtonian method is that with a minimum
of effort, good accuracy is available.

Table 1 presents a summary of the available pressure distribution
data. .
EXAMPLE 1: MODIFIED NEWTONIAN/SHOCK-EXPANSION METHOD

As a numerical example of the modified Newtonian/shock-expansion
method, consider again the data shown in Fig., 7 for M_ = 2.17. The body

17
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<
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[
w
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-0.2 —t

) 10 20 30 40 50

DISTANCE FROM NOSE, %

FI5. 14. Comparison of Prediction Techniques With
Experiment Pressure Distribution on a Prolate
Spheroid. (Data from Ref. 24.)

is a spherically capped ogive with r./rp = 0.158. By assuming that this
body may be treated in terms of an equivalent pointed body, the pressure
distribution may be comp:ited as follows:

1. The coefficient of the pressure at the stagnation point (Fig. 1)
is glven as C_ = 1.70.
Pe
2. To determine the distribution away from the stagnation region,
first determine GN for the equivalent pointed body. For an ogive,

sin 6 = b 2 o

where
L = length of ogive
X = axial distance from the nose

Rc = radius of ogive surface curvature (in the x-y plane)

18
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TABLE 1. Pressure-Distribution Data
Test
Data Body Mach Reynolds Theoretical
Source Configuration Number | Number/pt arison
Andrewvs, J. S. Hemisphere cylinder 0.8 5.5 - 10° Equation 13,
(AD 465-140, Boeing D2- 0.9 6.0 - 10¢
22947-1; 1964) 1.0 6.1 - 10
1.076 6.2 - 106
(Reported in Andrews but
original source {s Morris
and Grobli (16)) %.39 Not reported
1.79
Baer, A. L. Heaiephere cylinder 1.99 2.02 - 10% Modified Newtonisn
(AD 261-501, AEDC TN 61- 3.00 4.2 - 108 Equation
96; 1961) 4.03 5.3 - 108
5.06 6.1 - 108
6.03 4.4 . 108
iy 8.10 2.5 - 108
Buglia, J. J. Hemisphere cone Free flight Approximately Modifted Newtonian
(MASA TN D955; 1961) ) = 14°30' 1.97 10 - 106
cone ta
.14
Carter, H. S. and Bressette, Hemisphere cone 4 14 - 10° None
W. E. Flat~Faced cone 2. 14 - 10°
(NACA BM L57C18; 1957)
Chauvin, L. T. Hemisphere cone 2,08 4.4 - 10° None
(MACA RM L52K06; 1952) 2.54 4.57 * 108
3.04 4.16_- 108
Estabrook, B. B. 20° Cone Cylinder 0.70 Range--from Compared with the-
(AEDC TR-59-12, AD 216 and parabolic arc- 0.8 1.36 x 106 oretical cone data
698) cylinder 0.90 to
0.95 4.0 x 108
0.978
1.00
1.025
1.050
1.10 .
1.15
1.20
1.30
1.40
Gardiper, G. K. Hemisphere cone 0.3 2 x 10° None
(AD 461 744, Litton Sys- (c /x, 2 0.07) 0.5 3.14 x 106
tems, HADES-12-65-1; 1965) ¢ 0.65 3.3 x 108
0.8 4.15 x 106
0.9 4.30 x 108
1.0 4.40 x 108
1. 4.40 = 108
1. 4.38 x 10
; . 1.3 4.0 x 106
Grahem, F. J. and Butler, Henisphere cone 0. Range of Rs None
C. B. cylinder and el- 0. 4.0 - 108
(AD 240 084, AEDC TN 60- lipsotde cylinder 0. to
128; 1960) 0. 7.2 - 108 .
0
4

w

.
~N - LR N
858835888 ggw~-

Katz, J. R.
(AD 159 801, NAVORD R5849;
1938)

Heaisphere cylinder

. < e
N WO O o

Heaiephere cone

NA LN N0 OO O
ek X KX

BeNIBEG

(Re not reported)

Modified Newtonian

19
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TABLE 1. (Continued)

' Test
Data, Body Reynolds Theoretical
Source Configuration Number/ ft Comparison
Lord, D. R. and Ulnaa, E. 7. Ogive Cylinder Perturbation the-
(¥ACA BN LS1L20; 1952) ory and method of
chavacteristics
Love, K. §. Hemisphere - 1.9 (Re not reported) Modified Newtonian
(J_wmu_%gg 3.8 Equation
Sciences, May 5.8
6.9
Cow 0 = 45° 6.9 Generalized New-
® tonian Equation
[~ Ogive WL = 4] EIxact theoretical
sad MI4/L) = 0.5) msthods compared
Cona 8 = 41° wvith Generalized
Bewtonian Theory
T Equation
Matthews, C. W. Prolate spheroid 0.3 2.7 - 10° Prandtl-Glauret
(MACA TH 2519, 1954 t/d = 6,10 0.6 correction to in-
0.8 compressible po-
0.9 to tential flow solu-
0.92 tion
0.94 3.9% - 10%
Uichols, J. K. 8.3 diameter and 0.90 approximately Mone
(AD 225 362 362, AXDC~ 10.0 dismeter cone 0.9% .108
™-39-100) cylinder and 8.5 1.00
diumater ogive cy- 1.0%
1linder 1.10
1.20
1.30
1.40
1.30
1.60 b
Okawcht , K. Beaispherically- 0.7% (2¢ not reported) None
(D 291 399, MAWIrS capped ogive 0.8%
R 8048; 1962) (r ll" = 0.16) 0.93
[sea also Johsasos, V. ¥., & 1.08
NOTS ™M 4061-77; 1961) 1.15 3
1.33 Van Dyke
2.17
3.24 Msthod of Charac-
4.84 . teristics
Pesrson, A. O. Heamisphere cone 0.25 3.0 x 108 None
(MASA ™ D1961; 1963) 0.40 2.3
0.60 3.1
0.8 3.
0.85 3.8
0.90 3.9
0.95 4.0
1.00 4.1
1.03 4.1
1.10 4.2
1.18 4.2
1.20 4.2
1.47 3.0
1.60 3.0
_ 1.90 3.0
Perkins, E. W., Jorgensea, Bemisphere cylinder 1.97 3.10° NWewtonian Theory
L. X., and Sommér, S. C. 3.04 4.10¢ Rquation 1
(WACA R 1386; 1938 3,80 4.108
Nemisphere cone, 6 = 1.50 4.1 - 10° Cone Theory
6°s9* < 1.97 4.14 - 108
3.10 4 - 106
Bemisphere cone, 6 = 1.54 4.1 - 10°
s°10° G 1.97 414 - 108
3.06 4 - 108
Spreiter, J. R. and Alksne, Parabolic are bodies 0.80 (Re not veported) Perturbation
A Y. t/d = 6, 10, snd 6/2 0.85 theory
(MASA TR-2; 19%9) 0.90
1.0
Cones 1.
Stine, H. A. and Wanlass, Hemisphere cylinder 1.97 3-10° to 6-10° Newtonian Theory
. 1.04 2.8 - 10° to Equation 1 and
(CACA TN 3344; 1954) 4 . 108 Incompressible
3.80 2.8 .- 108 Theory

20
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From the body geometry, L may be determined from the given values ry
1 and R .
c

sin Y = L/R

v = cos—1 (R ; rb)

If

0.592 4inch

ial
o
L]

5.534 1inches

-
|

then

<
"

27 deg

and

e
4

2.50 inches

o)
]

local slope at tue nose (x = 0)

L-0

R 0.454

6, = 27 deg

21
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3. Values for Cp and for (P/Pt) may be found in Ref. 11, or in

N N

the National Advisory Committee for Aeronautics publication, NACA Report

1135, Washington, D. C., 1953; for example,

C = 0.53 and (P/Pt) = 0.29
Py N

From Eq. 6,

c =C /sm’eN = 2,59

Pray "

4., Modified Newtonian theory gives:

%D %
Theory Experiment

0 1.70 1.68 (Stagnation value, Fig. 1)
0.046 0.46 0.46
0.325 0.34 0.36
0.604 0.24 0.26
0.883 0.15 0.16
1.161 0.084 0.085
1.440 0.037 . 0.030
1.719 0.012 -0.03
1.999 0 -0.08

One sees that the modified Newtonian theory begins to deviate significantly

from experimental data as 6 becomes small. This was expected.

5. The next step is to find the point beyond which the shock-expansion

method should be used. Equation 10 may be used:

(x'/L')m = 0.60 + 0.15K
1.184
K= Mm(d/L) = 2.17 (m—)
K =1.03

(x'/L')m = 0.60 + 0.15(1.03) = 0.75

x' =1.87
m

22
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x =1.74
m
(x/d)ln = 1.47

6. Compute C_ at the matching point using modified Newtonian
theory: P

C =C¢C sinzem
P Ppax p
, 2
L' - x'
cp - 2.59( = )
2
2050 - 1.87
= 2‘59( 5.53% )
C = 0.033
P

7. From the definition of Cp,

E R XS (Pt> PLs
C = = = e [ — - —
P o(y2pm? %o P\l %

N
Substituting
Pt = P along the cone surface
and
) P/P ) - (P /p )
By — By < t/y it
C = = /P
Py %% (qm t)N

23
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one obtairs
C_ +P/
C - -P—- pN qQ = —P-E
p P (P/P, 5 q,
and
. 2 5o (P/Pt)n
+
F;'(P °°q°°)c,,N+Pm7q,

From these equations, the shock-expansion method may be started.
For the first increment, use Cp = 0.033 at x/d = 1.47 (modified Newtonian

value).

0.29
(P/Pt)l 0.033 + 0.30 ( 56 0.30)

P_/q, = 2/y>_=0.30

From a table of Prandtl-Meyer, functions for P/P, = 0.112, v; = 28.56.

8. Compute the Cp at the next station downstream, Station 2, as
follows:

46 = |82 - |

v, = v, + |3.47 - 6.5] = 28.56 + 3.03 = 31.59

2
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From the tables,
(P/P ) = 0.095
t
2
cC + I’m/q‘,°
Py
c-@@)—————-%m
Py 2 (P/Pt)
N
0.56 + 0.30
cp2 (0.095) 039 0.30
C =0.28-0.30 = -0.02
Py
Repeat the process for the next station, Station 3:
P/pt = 0.095
v, = 31.59
v, = 31.59 + |8, - 8,| =31.59 + |0 - 3.47|
Vv, = 35.06
(P/P ) = 0.0763
t
3
C_ = 0.0763 (2.96) - 0.30
Py
C = -0.074
P3
25
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9.

The results of this process may be sumarized as follows:

For the cylindrical portion of the body, use Eq. 1l:

C =
Py

i
L

K =

Ax

exp(0.155) =

x/D

0
0.046
0.325

0.604
0.883
1.161

1.440
1.47
1.719

1.999
2.337
2.657

C exp
P3

Ax/p

(-Ax /1K)

2.337 - 1.999

L/p =

1.03

0.338

2.111Q1

1.167

-0.074
1.167

~0.074 exp(-0.658/2.175) =

2.111

= 0.155

.03)

= -0.063

C

0.074
1.353

P
Calculation Experiment
1.70 1.68
0.46 0.46
0.34 0.36
0.24 0.26
0.15 0.16
0.084 0.085
0.037 0.030
8.033 ...
-0.020 -0.025
-0.063 -0.050
-0.054 -0.040

The calculations and data appear in Fig. 7.

26
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- EXAMPLE 2: EQUATION 15

| _ As an example of the use of Eq. 15, consider an eliptically nosed
cylinder (see Fig. 13) R/L = 0.61 at ¥_ = 0.90:

- 2 J1)F{ }
, ¢, =C,  sin’f + (R/L)F:(Bb, Mw)
max

1. From Fig. 1, C = 1.215 at ¥M_ = 0.9.
Prax

2. For these coordinates,

ten 6 = (R?/12)(-x/r)

1 - r =V (R?/1%) (L2=x?)

c

X ebz deg pggg
2.684 68 1.075
2.359 45 0.42
2.033 33.5 0.05
1.464 20.7 -0.15
0.935 12.3 -0.58
0.488 6.25 -0.75

27
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3. For convenience in computation, choose calculated points at
2 2
6, sin?  C  sin’s  F(B, M) (R/LF (B, ,
. max
90 1.000 1.215 0.0 0
80 0.9698 1.18 -0.037 -0.024
70 0.8830 1.072 -0.088 -0.045
60 0.7500 0.911 ~-0.165 -0.10
50 0.5868 0.714 -0.276 -0.168
40 0.¢131 0.502 -0.422 -0.257
30 0.2500 0.304 -6.600 -0.368
20 0.1170 0.142 -0.798 ~0.486
10 0.0301 0.G37 -1.00 -0.61
0 0 0 -1.187 -0.724
% s
Calculation Experiment
90 1.215 00D
80 1483 s
70 i.00 ...
68 e ' 1.075
60 : 0.800 = .....
50 0.53%6 ...
45 Ll 0.42
40 0.235 ...,
SElae) S 0.05
30 -0.968  .....
20.7 ... -0.15
20 -0.345 ...
1530 -0.58
10 -0.5746 ...,
61251 I P e -0.75
0 -0.726 ...,

These results are presented in Fig. 13.

28
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PERTURBATION THEORY

For some bodies (pointed bodies or those which are treated in terms
of equivalent pointed bodies, in the transonic regime for instance) and
for Mach numbers other than those specified above as being ammenable to
the modified Newtonian or the modified Newtonian/shock-expansion methods
(M_ < 0.7), the most useful methods for solution are those of small
perturbation theory as developed by Van Dyke (Ref. 21, 22, and 23) and
Spreiter (Ref. 24 and 25). Somewhat simpler linearized theories have
been developed by Laitone (Ref. 26 and 27) and Adams and Sears (Ref. 28).

Several texts (Ref. 29 and 30) contain explanations of and background
material on perturbation theory. Van Dyke (Ref. 21 and 22) presents more
detailed developments. The pertinent developments of the theory are fully
presented in the cited references; only the squations directly employed
in the computation of the pressure distribution will be presented here.

The application of perturbation theory begins w!th the description
of the flow over a body by means of a velocity potentlal. This approach
presumes irrotational flow. This idealization, however, seems to be
justified by the results in the subsonic, transonic, and low-supersonic
regions obtained by Van Dyke, Spreiter, and others (see Fig. 8, 14, and
15, and Ref., 21~ 30).

-

EXPT. W, REF,

[

(=)
g 0.4
a .
3 SPREITER'S CALCULATIONS,
S REF. 2k
('S
(=]
Y 0.2f
w
S
t -
w
=1
(=]
. \
i o]
0.2 N S SR SRS S | O
0 0.1 1.2 0.3 0.4 0.5

NONDIMENS IONAL AXIAL DISTANCE, x/¢

FIG, 15. Pressure Distribution on a
Perabolic Arc Body, £/d = 6.
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In this method, the basic flow field is described by

and when the presence of a body disturbs the flow field, by

Ul-uw-i-ul

where u_, u,, and u, are the perturbation velocities. The problem is
then st%ted in termg of the nondimensionalized parameters,

“1/“m’ uzlum, u3/um

The criterion for application of this method is that these nondimensional
parameters are much less than unity. For the majority of the bodies of
interest, this criteria will be met except in the region of the stagnation
point of blunt bodies. Van Dyke (Ref. 21 and 23) presents a method of
correction for subsonic flow that renders the solution valid even in the
stagnation region if the nose contour is no more blunt than round. A
rather obvious example of a body that would be excluded from treatment

by perturbation methods is a flat-faced cylinder. Such a body i1s excluded
because its nose 1is more blunt than round, and the ratios uzluw\and u3/u°°
would not be small.

The first step in the development of perturbation methods is the
description of the flow field. Both velocity potential and stream
functions have been used for this purpose. . perturbation velocity
potential, ¢, is most often used and defined such that

30
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The equation of motion of the flow field about the body may then be
stated in terms of this perturbation velocity potential:

a-u2e. + byy + 0 (16)

zz
= M&zlxél <2¢x + ¢x2 + ¢)yz + ¢z2)(¢xx t ¢yy * ¢zz)
F 2¢x¢xx L ¢x2¢xx ¥ ¢y2¢yy ¥ ¢z2¢zz i 2¢z (1 + ¢x)¢zx

+ 20 (1 + ¢x)¢xy]

Equation 16 will yield velocity components which are exact, as long as
the limitation that ¢y, ¢y, $, << 1 is met. These equations, however,
are quite unmanageable. Converting to a cylindrical coordinate system,
reducing the equations to second order in terms of the derivatives of ¢,
and limiting consideration to bodies of revolution yields the following
form:

¢ (Y+1)M, 2
o+ -f? +B% =M2 {2 T +1 32¢x¢xx a7
o 2¢r¢xr e ¢2r¢r (+ for subsonic )

T - for supersonic

31
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where

\/' 1 - sz subsonic flow
B = |

M.m2 -1 supersonic flow

A linearized form for determining the potential, ¢, is obtained by
further approximation, neglecting the terms on the right-hand side of
Eq. 17 which contains products of the derivatives of ¢. This then
results in the linear equation

¢ +—tB% =0 (18)

This linearized form has been used by Laitone (Ref. 26 and 27) and by
Adams and Sears (Ref. 28) in both the subsonic and supersonic flight
regimes. Initially the coefficient of pressure resulting from linearized
theory was expressed

Cp - -2¢x : (19a) -

However, as pointed out in Ref, 28, ¢4 and ¢, are actually of different
order at the body surface, and the accuracy of the method in predicting
the coefficient of pressure is improved by retaining the second-order
term ir ¢,

cp - -2¢ - ¢ 2 (19b)

-

This improvement comes at no increase in complexity of the solution, for
at the body surface

¢, = dR/dx (20)

where

R = R(x) describes the variation of the cross-sectional
radius, R, with axial distance, x.

32 .
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It should be noted that Matthews in Ref. 31 employed Eq. 19a rather than
Eq. 19b for linearized theory. For this reason his statement in that
reference as to the inaccuracy of linearized theory is not correct as

is pointed out by Adams and Sears in Ref. 28. Adams and Sears (Ref. 28)
presented the following approximate expression for the linearized
potential in the subsonic flow regime:

$(x,1) = 1 [s (x)1n (—ﬁ) - 151 x - 2 5' () 1n(8-0) (21a)

- % /;X S"(E)In(x-E)dE + _/2 S"(E)ln(E-x)dE]

where

S = 7R?
R = r(x)

£ = total length of body

Notice that this solution yields singularity at the stagnation point;
for this reason, the solution obtained is not valid in the region of a
stagnation point. However, for points a distance x > 0.05% away from

a stagnation point, this solution gives good results. For pointed
bodies, the solution is valid except very near the tip. Additionally,
because Eq. 2la was developed for subsonic flow, this solution presumes
that the body curvature is smooth and continuous from nose to tail.

This would eliminate from consideration those configurations with
cylindrical afterbodies or flat sterns. However, comparison of the
results of Eq. 21la with experimental data for configurations with
cylindrical afterbodies shows that the solution is good except in the
region of discontinuity (Ref. 24 and 25). The corresponding supersonic
flow solutionce developed from linearized theory are limited to pointed
bodies but the shape of the aft section has no influence. As a general
rule, approximate equations such as Eq. 2la, developed from the linearilzed
equation, Eq. 18, will obtain good results for M_ < 0.7. As an example,
the pressure distribution over a prolate spheroid ‘(an ellipsoid of
revolution) in subsonic flow is calculated in the Example of Linearized
Perturbation Theory, page 37. Equation 2la yields the coefficient of
pressure at the body surface:

L 412 re) ol
¢ = [2 In ("E +1+ > (21b)
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where
R = 21/2 (8x - x?)
£ = total length of body
T =d/%
The Cp at the stagnation point is again given by Eq. 13.

Solutions cbtained from the linearized equation, Eq. 18, cannot be
used in the transonic regime because the term Bz¢xx retained is no longer
large in comparison to one of the neglected terms that appeared on the
right-hand side of Eq. 17. To correct this difficulty, Van Dyke (Ref. 21)
and Spreiter (Ref. 24 and 25) present more rigorous approaches to the
solution for the perturbation velocity potential that offer considerably
improved accuracy, particularly in the transonic flight regime. This
improvement is obtained by including a nonlinear term on the right-hand
side of the potential equation, Eq. 17:

(=M% o + (/) ¢+ o, =M+ (22)

This equation, for a frictionless, irrotational flow, provides an improved
first-order solution which is applicable to the subsonic, transonic, and
supersonic regimes. Again, the equation for determining the coefficient
of pressure at the body surface is

M - 2
c, = -20, - ¢2

Van Dyke (Ref. 21) presents a solution to Eq. 22 and develops a
correction method that renders the solution valid in the vicinity of the
stagnation point of blunt bodies in subsonic flow, with the limitation on
the solution being only that the ends be no more blunt than round. The
basic equations of Van Dyke's solution may be presented as follows:

M2 (Y+1)
¢(x,r) = (F + £f) In(r) + (G + g) + F(F' 1n(r) + G') (23)
2(M 2 - 1)

34
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where the prime, ', denotes differentiation with respect to x, and

F(x) = RR'
M 2 (Y+1)
f(x) = - —————— FF'
22 -1

) ;
8 1 (° F(x) - F(E)
F(x) 1In + = € , M_>1
2/(x-a) (b-x) ZL x-

G(x) = ¢

X
F(x) 1::2—(-;%+fa M%QdE , M <1 |

L

r b - .
] 1 f(x) - f
f(x) 1n + = J-'-L——fﬂdg » M_<1
2v/(x-a) (b-x) ZJ; xhoyc

g(x) = { 1
X
B8 f(x) -~ f(§) !
f(x) lnm-!'ﬁ J—XL._—AE—dE » M >1

\

As a correction factor for blunt ends in subsonic flow, Van Dyke then
develops a correction factor to be added to Eq. 23:

- 2
o[- 1E@ L 1E®) <"‘” " )
R 2 x-a 2 b—x 4(1"“002)

which renders the solution valid in the region of the stagnation point.
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As an example of this method, Van Dyke coniiders the case of a
prolate spheroid (Ref. 21) and arrives at the result for Cp at the
body surface:

b 2 4
C =12 21n(3—;)+1+ 1 _(1:51_,\ T 1 - 5x? + 2x
F 1-x* ar-m2 (1-x%)?

Adding the correction factor for the round ends gives a final expression

o o2 Bt N (y+1) T |1 - 11x* + 4x*
Cp ¢ ]2 ln( 2) + 1+ 3 % . ~
1-x (1-M°) (1-x%)

Van Dyke used the fcllowing illustrated coordinate system for his
development:

i r

e
N~ -

R= ] - x2

Results obtained from Van Dyke's equation are compared with those of
linearized theory in the example presented on page 37, for a prolate
spheroid T = 1/6 at M_ = C.70. This comparison indicates that for

this Mach number there is no advantage in using Van Dyke's equation,

for the improvement which results is very little, if any, except in

the stagnation region. The use of Van Dyke's method is not so straight-
forward as is linearized theory, Eq. 2la. However, in the transonic
regime the accuracy of Van Dyke's method improves, whereas that of
linearized theory degenerates. The results from Van Dyke's second-
order method are given in Fig. 14 for M_ = 0.90 and T = 1/6.

Spreiter and Alksne (Ref. 24) present a very complete development
for the solution to Eq. 22 for pointed bodies of revolution. These

36




S e T T S e omaeme = SRR PO T 2] 3

NWC TP 4570

.

results are illustrated by Fig. 15, which has been reproduced from

Ref. 24. Again the process of solution is rather difficult but for
pointed bodies in the transonic regime, there is little alternative.
For the details oy this solution, the reader is referred to Ref. 24.

Van Dyke (Ref. 21) also presents a complete second-order solution.
In this solution, all of the terms on the right-hand side of Eq. 17 are
retained but are handled as follows:

0. L O+ M2
. | = 2
¢rr + r t 8 ¢xx M2 2 * 18 ¢xq)xx
28
2 + for subsonic )
* 2¢r¢xr + ¢r ¢tt (— for supersonic
where
1 - sz subsonic flow
R =

sz ~ 1 supersonic flow

The complexities of such a solution, however, carry it beyond the scope
of this report, and mention of this method is made only for the sake of
completeness. Okauchi (Ref. 12) compares the results of Van Dyke's
second-order solution for an ogive with data obtained from tests of the
hemispherically capped ogive (r./rp = 0.15), discussed previously.
Representative results for low supersonic Mach numbers are included in
Fig. 8.

EXAMPLE OF LINEARIZED PERTURBATION THEORY
As an example of perturbation methods, a prolate spheroid with

T=1/6 at M, = 0.70 is considered. At the sur-face of a prolate spheroid,
the dimensionless radius is

R(x) = (21/2) (x& - x2)*

T=4d/%

37

s 2 N RTINS TR o B s i e e e IO L s oy o

BPEIPT



WE

NWC TP 4570

At the surface, r - R(x); the crsss-sectional area is

4t
22

S(x) = R¥(x) = (x£ - x?)

4nt?
22

S'(x) = (L - 2x)

8nt?

22

S"(X) - -

From Eq. 2la

¢(x,r) = {511; $'(x) 1n (—‘%) - % $' (0 1n x

X
-1 wwma-0 -3 5O - o

L
+1 L S"(E) 1n(E - x)dE]
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for small values of r (i.e., in the vicinity of the surface). Make the
substitution for S' and §8":

2
¢{x,r) o 2 [(2 - 2x) 1n (SB—)-%'hx-P%ln (2 - x)
2'2

2
x 2
+f In(x - E)dg -/ 1n(§ - x)dE
o x ]

Differentiate with respect to x:

e <2 e () -4(3) - ()

X
+(/ 2lalx-B)] 4 4 1n(0) -o)
Jo

')
(f zuegg-.audm-mm))]
f |

. 212 8 22 f" 1
o, & loan () —2 4+ L &
X g2 (2) 2x - x2) Jo X%

'
+£ -E-—xd£+21n(0)

2
o = i in (—Ii) + 2 + %— {ln(x—E)}:;
4(2x-x2)

- %lln(E—x)]: - 1n (O)I
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x —41? B 22 | 2
¢, *— |In (=) + ——— - = In(Lx-x*)
in () o - F )]

Now evaluate cbx at the body surface r = R(x) = (2t/4%) (lx—x"’);’:

T P 2 (21/8) Bx-x?)* |
b (x:R) = fa ( 5) + by = [ 2t/ J

Combine the first and last terms using the definition of R:

412 8 22
¢ (x,r) = in (=2) + ———
x 22 [ ( 2) 4(x-x2) ]

Also at the body surface,

= OR _ (1/8) (R-2%)
r - 9x (zx_xz)li

From Eq. 19, the coefficient of pressure is

Cp = =20, - ¢r2

c =8 [ln (zﬁ) P LI (Tz/lz)(l-ZX)z]
N Y h(ax-x?) (2x-x2)
c ziﬁ 21n(3'_8>+ 242 __1_[22-4x2+4x2?]
P - 4(2x-x?) Lx-x? j I
2 f 2
c x4 2m(§)+1+—l;_
O [ 2 4 (2x-x2)

!
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The last term of this equation in terms of the body cross-sectional
radius 1s expressed

2
c x4 21n(—2)+1+—

This may be compared with Van Dyke's solution (page 42) by substitution

of £ = 2 and R = /1 - x? to fit Van Dyke's choice of coordinates. Thus
the linear theory gives

as compared to Van Dyke's solution

¢ = 12 [2 inB g1 —]
R 2 ¢
1 -x

I e 1-11x2+4x"]
1-M2 (1 x%)?2

00

The difference beotween the two equations is In the second bracket.
This arises fror Van Dyke's use of Eq. 22 and tlie corraction term Cr
instead of Iq. .f, which is the starting point for the development of
Eq. 21a.

As a numerical example, consider a prolate spheroid with T = 1/6
at M_ = 0.7 (data from Ref. 31).

o C
L2y P
Linear Experimental Van Dyke

5.0 +0.0176 +0.025 +0.030
7.5 -0.029 -0.040 -0.023
12.5 ~-0.0654 ~0.056 -0.064
25.0 -0.092 -0.096 -0.091
37.5 -0.099 -0.100 -0.101
50.0 -0.101 -0.101 -0.102

41

tyidi I e S PR S A R . - .. i Sl e . - T M S

i



e A ot e e et

RNy =

PR S e

.
S

e T pewTEsEE

NWC TP 4570

From these calculations, one sees that the more complicated methods
of Van Dyke offer little advantage at M_ = 0.70. However, it should be
noted that at Mach numbers in the transonic regime, the accuracy of
linearized solution degenerates, whereas, the results obtained by Van Dyke's
method improve in accuracy somewhat (see Fig. 14).

SIMILARITY RULES

The final method to be discussed is that of similarity. In this
method, a known pressure distribution on vne body is used to predict
the pressure distribution on another affinely related body. Affine
implies that all coordinates in a given direction change only by a
uniform ratio from one member to another. For example, on bodies of
revolution this affine relationship may be expressed

r = TR(x)

where r is the radial distance to the surface from the axis of symmetry,
and T is a characteristic body parameter such as fineness ratio or slope.

This approach may be used in two ways:
1. In subsonic, transonic, supersonic, or rsonic flow, one may
use experimental measurements on one member of an affinely related family

of bodies to predict the distribution on the other members of the family.

2. In subsonic flow, one may correct exact incompressiti: potential
flow solutions for the effects of compressibility.

Similarity rules are discussed and compared with data 1in Ref. 20, 29, 30,
31, and 32,

For irrotational flows, a velocity potential exists such that
® = d(x,r; M,v,T)

The solution (Ref. 33) proceeds by separating the dependent variable
into components and then stretching each component and the independent
variables by factors that depend on the original parameters:

SJu =x+ 0+ ¢
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where ¢ is the linearized potential theory and @ the second--order
increment. For the linearized problem

aa- M°°2)¢xx +o + 9% =0 (25)

¢ > 0 at infinity
¢r + TR'(x) at r = Tr(x)

Thus, the linearized problem is not dependent on Y and depends only on
M_and 1. The similarity rules are obtained by considering arbitrary
scale transformation in ¢ and r. The only choice that reduces the number
of parameters in the problem is

¢(x, R) = 1/8* F(x, p) (26)
p = Br
Jq - Mm2 for subsonic
B =
M2-1 for supersonic

o0

The prohlem then becomes

F +F¢*F =20 (27)
eP P e (+ for subsonic )
- for supersonic

Thus, the original problem is reduced to one where dependence is on M
and T, not separately, but only in the combination of 8T. The resultant
similarity rule is then

o(x,r; M_,T) = (1/B%) F(x,Br;BT) (28)
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For the velocity potential and the coefficient of pressure to its first -
order, the results are

(1/u ) ®(x,r; M_,7) = x + (1/B%)F(x,Br;B1) (29)
|
C,(x, 15 M,T) = (1/8?)P(x,Br;BT) (30) I
:'
Two further 2quations used for determining the C, in compressible
flow from the incompressible C are stated by Sears (Ref. 20):
inc
C_(x,R) =C_  (x,R) - (RH)" 1n B (31)
P ine

and by Lees (Ref. 34):

In B

C [1 * 0.31(In D

P pinc

Sears (Ref. 20) indicates that for slender bodies of revolution in low
subsonic flow, M_ < 0.7, correction formulas such as these closely
approximate theoretical results. This conclusion was reached by con-
sideration of the results from Ref. 31 for ellipsoids of revolution
with 2/d ratios of 6 and 10.

In the transonic flow regime, the similarity rule takes a somewhat
different form. Additionally, for bodies of revolution in the neighbor-
hood of the body surface, a similarity rule exists only if the body is
very slender. In terms of determining the pressure distribution, this
severe limitation makes the use of transonic similarity rules of little
value (Ref. 32). However, if the bodies of interest are sufficiently
slender, affinely related bodies will be similar if the similarity
parameter,

J=1%1In [/2‘ (1 - M) (32)

is equal for both bodies.
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COMPUTER TECHNIQUES

Although consideration of complex computer techniques for determining
the pressure distributioan was not the objective of the program, it was
noted during the literature survey that several computer techniques are
being used with good results for blunt bodies in supersonic flow; some
of these are noted. A brief comparison of theoretical and experimental
results is given in Ref. 35. Methods developed by NASA (Ref. 36) and
at NWL (Ref. 37) are representative of those that yleld good results.
Also, Ref. 38 reports a modification of a Northrop-developed program that
yields good results in the Mach 1 to 3 range.
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Section 3

HEAT-TRANSFER DISTRIBUTION ON BLUNT BODIES
OF REVOLUTION

The analysis of the convective heating of a high-speed vehicle is
an integral part of the evaluation of the aerodynamic and thermal
behavior of the vehicle. Methods of analysis for convective heating
have been extensively developed over the past two decades. However,
this work has been directed primarily toward an understanding of heating
conditions where the stagnation enthalpy is much larger than the enthalpy
of the air at the surface of the vehicle.

The experimental data reviewed were those obtained for Mach numbers
less than 5 both in free flight and in wind tunnel tests. Not all of
the available data are reviewed since some wind tunnel conditions were
not compatible with actual flight conditions expected at the corresponding
Mach numbers, and some data were originally presented in such a fashion
that it made comparison difficult to achieve.

Reasonable agreement between theory and experiment appears to have
been achieved for flight regimes above a Mach number of 1.6 for blunt
body vehicles. However, adequate experimental verification of the
analytical methods developed for the high Mach number regimes has not
been obtained for the range of flight Mach numbers from 0.7 to 1.6.

Since the Reynolds number encountered in the low altitude (sea level
to 50,000 feet), the high-speed flight regime under consideration is
expected to be high; a large portion of the boundary layer is expected
to be turbulent. It will be necessary, therefore, to examine methods .
of analysis for the laminar, transitional, and turbulent heat-trausfer
regimes and to compare these methods with the appropriate experimental
results.

STAGNATION-POINT HEAT TRANSFER

Various methods of computing the stagnation-point heat transfer to
blunt body supersonic vehicles have been presented in the literature.
Probably the best known of these methods are those of Lees (Ref. 39),
Fay and Riddell (Ref. 40), Detra, Kemp, and Riddell (Ref. 41), Vaglio-
Laurin (Ref. 42), and Cohen (Ref. 43). These methods were developed
to predict the heat transfer to blunt-body vehicles as vehiclc speeds
were pushed to higher and higher values. A major objective of these
studies has been to account for the thermochemistry effects that arise
as a result of the higher stagnation temperatures encountered.
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The equation derived by Sibulkin (Ref. 44) for the heat transfer at
the stagnation point of a sphere has been used by many investigators to
evaluate the heat flux at the stagnation point. Starting with Sibulkin's

equation

NuL = 0.763L (B);i (pe/ue)!i Pro'l’ (33)

where Nu; is the Nusselt number based on a typical length, L, and B is
the velocity gradient at the stagnation point, the heat transfer at the
stagnation point may L. written

§, = 0.763 (8) éelu‘*)% <pr)°"' k(re - Tw> (34)
8

s ’

This expression may be modified to read

q, = 0.763 <pr‘°'6> Ge b >" <he . hw> (8) (35)
S s S 8

Substituting in the expression for the velocity gradient at the stagnation

point,
due
B = s (36)
s
e obtains the result

-0.6 1 du g
qw = 0.763 {Pr '> Pe Yo > he - hw EES (37)
8 . s 8 s s

where Pr = 0.71 fcr computations. In this expression the density, Pe »
s

and the viscosity, Mg o are evaluated at the outer edge of the boundary

8
layer at the stagnation point of the body. Note that the only effect of
the wall temperature in this equation occurs in the evaluation of the

wall enthalpy.
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To overcome this deficiency, Fay and Riddell (Ref. 40) obtained a
correlation of numerical results with the following expression for the
heat transfer at the stagnation point of a blunt body

b
du
q, = 0.763 (pr‘°'6> <pw u, >°'1 Ge b )°°“ (ha - h»(ﬁ) (38)
8 8 8 8 S w S

The velocity gradient at the stagnation point may be evaluated from the
Newtonian pressure distribution:

due 1 \//
ey Al 2 Ps o (I8 /ps (39)
] (o] e

e

Hence, using the perfect gas equation, a heat-transfer parameter may be
written as

§, VR /P = 0.763 <1:r'°'6> <pw v )0'1 <pe u )0"‘ <ha - hw> (40)
8 e S 8, s S w

Cohen (Ref. 43) has also presented a correlation of the results of
numerical solutions for high-velocity heat transfer (U, > 10,000 fps)
ir the form

4, VR /P = 0.767 er )’0'6 (pw u >°'°7 <pe u )0"‘3 <hs - hw> (t1)
8 [ 8 8§ § 8 8 e

2RTS 1l- P
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. In addition to these exvressions, Detra, Kemp, and Riddell (Ref. 41)
i have presented a correlation for high velocity (U > 10,000 fps) in
the simplified form of

g VR /P =2.28x 1072 h 1.075 - (42)
8 e .

e

The experimental blunt-body heat-transfer data available for com-
parison with the preceeding methods of calculation are limited for flight
Mach numbers between 2 and 5, whereas appropriate data below a Mach number
of 1.6 are simply not available (Ref. 45, 46, 47, 48, and 49). This is
shown in Table 2, which presents a summary of the appropriate blunt-body
heat-transfer distribution data available. The Mach number and Reynolds
number at which the data were obtained are indicated in the table.
Appropriate stagnation-point heat-transfer data were obtained from the
results presented by Buglia (Ref. 50), Chauvin (Ref. 51), and Chauvin
and Maloney (Ref. 52). Reference should be made to the Annotated Bibli-
ography, page 87 in the Appendix. for an indication of the difficulties
encountered in using data presented in the other reports listed.

TABLE 2. Low Supersonic Blunt-Body Heat-Transfer Distribution Data

e i SR o TS O B
+

. Last Messurement Type of Data
\ Station Available
d Averag.: Distance
: Type Surface from ~ Local Laminar
] of Macn Finish Stag. Point Reynolds Turbulent
i’ Report Test Configuration No.= p inch (fn.) Number Transition
X Langley Research Free Hexispherically 2.32 2-5 18.20 7.42 x 10° £ X Y
1 Center Plight Capped Cone 2.47 7.66 x 106 X X X
, J. J. Buglia Ry/Ry = 0.74 2,63 7.84 x 108 X X X
] NASA TN D-955 Cone half- 2.80 8.36 x 10° X x oz
] r angle = 14.5° 2.97 8.54 x 108 X X X
1 By = 6.498" 3.14
Naval Ordnance Lab- Wind Hemispherical 2.80 ot reported 0.566 Not reported X X X
%' oratory Tunnel
I I. Korobkin D=1 in.
i Mavord Report 2863
1 Naval Ordnance Labo~- Wind Hemisphere 1.90 Hot reported 0.866 2.6 x 10° X
I ratory Tunnel cylinder 2.80 | 1.4 x 108 X
' 3.26 4.0 x 103 x
i 1. Korcbkin De2tn. 4.20 4.1 x 103 X
¥ Navord Report 3841 : 4.87 2.4 x 108 X
Ameg Reasearch Center Wiand Hemisphere 1.97 20 4.20 2.4 x 10° X X
A. Stine snd K. Van- Tunnel Cylinder
lase, NACA TN-334é D=4 in, .
Langley Research Cen- Wind Hemisphere 1.62 olished" 3 414 2.2 x 10° X X X
ter Tunnel Cylinder 2.08 . 2.6 x 10¢ 3 X X
L. T. Chauvin and J.P. D=4 fa. 2.54 2.1 x 106 ¢ X ¢
Maloney, NACA RM-1S3L 3.04 ' 7.0 x 105 b3
08
Levis Rewsarch Center Wind Hemispherically 3.12 16 2.9 Reo = X X
Tuanel Capped Cone 1.04 x 10
N. 8. Diaconis, R. J. Included angle= 3.12 130 X X
Wisniewski, and J. R. 90°30'
Jack De 1.4 in.
NACA -Tii-4099
Langley Research Cen- Wind Sphere .00 Not reported 5.5 b X X X
ter, I. B, Beckwith, Tunnel D - 4 in. . 4.45 x 10
J. J. Gallagher Hemisphate-cyl!adaer 1.57 Re_ = X e X
. NACA TN-4125 D= 21n. ] 0.8 x 10
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It would appear, at this point, that the results of the experimental
program reported by Buglia (Ref. 50) represent the most complete set of
experimental data obtained for free~flight or wind tunnel environments.
For this reason, the set of results obtained by Buglia has been employed
for comparison with the formulas previously presented.

In the flight test conducted by Buglia, heat-transfer and transition
data on a highly polished hemisphere cone were measured over a Mach number
range from 2.32 to 3.14 up to a free-stream Reynolds number of 24 x 106
based on the body diameter. The hemisphere radius was €.498 inches and
the cone half-angle was 14.5 degrees. The stagnation-point heat-transfer
results obtained from this experiment are shown in Fig. 16, plotted as

the heat-transfer parameter, dw \/ROIPS , versus the flight valocity,
s e
U_. Here éw is the heating rate, R0 is the nose radius, and Ps is the
8 e
stagnation pressure at the nose of the vehicle. Also shown in Fig. 16
are experimental data obtained in a shock tube, as reported by Rose and
Stark (Ref. 53).

The theoretical prediction of Fay and Riddell, obtained from Eq. 40,
is shown in Fig. 16. For comparison the correlation presented by Detra,
Kemp, and Riddell is also shown in Fig. 1l€.

It 1s apparent from Fig. 16 that the expression developed by Fay and
Riddell cen be used with confidenrce down to velocities of the order of
2,000 fps if the wall enthalpy is properly considered.

Table 3 presents tabulated values of the experimental results obtained
by Buglia (Ref. 50) for the stagnation-point heat-transfer rates for the
flight Mach numbers of 2.32, 2.47, 2.63, 2.80, 2.97, and 3.14. Also pre-
sented are values of the stagnation-point heat-transfer rates calculated
from first, Fay and Riddell according to Eq. 40; second, from Detra, Kemp,
and Riddell, according to Eq. 42; and finally, from Cohen, according to
Eq. 41.

For this limited range of results, the Fay and Riddell equation
indicates an average error of 13Z high, whereas, Eq. 41 from Cohen
indicates an average error of 10%.

For conditions where the enthalpy at the wall tempevrature becomes
of the same order as the stagnation enthalpy, expe. .ental results pre-
gented by Chauvin (Ref. 51) and Chauvin and Maloney (Ref. 52) are of
interest. The heat transfer to a 4-inch hemisphere was measured for
several flow Mach numbers and stagration temperatures. The stagnation-
point heat-transfer rates are presented in Fig. 17 along with the data
of Buglia (Ref. 50) as functions of the enthalpy drop across the boundary
layer at the stagnation point. These results may be compared with the
theoretical results cf Fay and Riddell for a2 Lewis number of unity, as
shown in Fig. 17.
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FIG. 16. Stagnation-Point
Heat Traiisfer for Air.

It thus becomes apparent that additional blunt-body stagnation-point
heat-tranafer data are required for flight Mach numbers in the range of
0.7 to 2.0 in order to verify the applicability of the analytical methods.

LAMINAR HEAT TRANSFER OVER SPHERICAL SECTIONS
The distribution of heat transfer over the surface of the hemisphere
in the region of the stagnation point and along the surface of the cone

section of the vehicle examined by Buglia can be compared in the following
way.
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TABLE 3

Ro = 6,498 inches; highly polished surface.

Experimental and Theoretical Stagnation-Point
Heat Transfer for a Hemispherically Capped Cone

R
ﬁwj,PL Beu/ft/atm/ft sac
sY “se
U» T P' * bh, Fay ® Detra®
M £ R = Btu/1b end pd
o L ps 4/Im | Bug114® | Riddeli | Riddell | Cohend
2.32 2543 1040 81.5 77.4 2.58 2.78 3.90 2.70
2,47 2707 1110 90.0 88.2 2.46 2.65 4.83 2.32
2.63 2880 1189 99.7 97.3 3.17 3.55 5.52 3.47
2.80 3062 1278 110.5 127.3 4.04 4.66 6.34 4,59
2.97 3244 1372 121.1 142.7 4.54 5.30 7.18 5.18
3.14 3425 1471 132.3 160.5 4.96 5.99 8.03 5.88
d
8Ref. 50; PRef. 40; CRef. 41; YRef. 43.
6.0
I
9 i CHAUVIN AND MALONEY
£ BT, M, T REF,
N (] 3.0 980°R 52
= 0 O z.sk o m g
N v 2.05  997°F 52
L O BUGLIA, REF. 50 o
P (FREE FLIGHT)
@
4o 0
o
" !
¢°
(0]
o 0
o«
L 0
3
- 2.0_
-
-]
: i FAY AND RIDDELL
= (€Q. 40)
I &
o
=
P L :
g
-
0.0 i | 4 | i 1
0 40 80 120 160
(%se = ) BTULS,
FIG. 17. Stagnation-Point
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Fay and Riddell, and Cohen found that the variation in fluid
pr erties between wall conditions and stagnation conditions at the
outer edge of the boundary layer must be taken inteo account in computing
the heat-transfer distribution. One method for accounting for variable
fluid properties has been advanced by Eckert (see Ref. 54 for a thorough
discussion and an extensive bibliography of early work) through the
introduction of the reference temperature, defined as

™ = T +O.50(T -T)+0.22(T -T) (43)
e w e aw e
where the adiabatic wall temperature is given by

7 (14152, )

aw

the recovery factor, r* = Pr%, for the laminar boundary layer, and

* 1/3
r = Pr for the turbulent boundary layer.

The laminar heat-transfer distribution over the surface of the
hemisphere, as predicted by the various methods of analy:is, are compared
on the basis of the local Stanton number, defined as

C; 5 qw/lp*ue(haw - hW)] (45)

where the reference density, p*, is8 computed through the perfect gas
equation using the static pressure at the outer edge of the boundary
layer and the local reference temperature.

The methods of analysis for predicting the heat-transfer distribution
over the hemisphere surface, which appear to be the most straightforward
and yet within acceptable agreement with the experimental data, are the
methods of Korobkin (Ref. 47) and Lees (Ref. 39).

From Sibulkin's equation for the stagnation-point heat transfer,
Eq. 33, Korobkin replaced the length, L, by the wetted distance from
the stagnation point, s, and the velocity gradient, B, by u /s and
obtained the equation €

Y
pus
Nu_ = 0.763< eue> prl 4 (46)
e
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where the properties are evaluated at the outer edge of the boundary
layer. This expression may also be written in terms of the Stanton
number by dividing through by Pr Reg where the Reynolds number, based
on the conditions at the edge of the boundary layer, is written

Re = = E (47)

Korobkin thus obtained the expression

- =1
Cy = 0.763 (Pr 0'6) (Re ) < (48)
8

for the Stanton number in the stagnation region. To account for the
effect of wall temperature on the gas properties, this expression may
be written in terms of properties evaluated at the reference enthalpy:

Cy = 0.763 (P?)'O'G (R28>‘1‘ (49)

for the stagnation region of a hemisphere. This relationship is conserva-
tive in the computation of the heat-transfer distribution over the hemis-
phere surface.

Lees (Ref. 39) presents the following expression for the ratio of

the rate of heat transfer to a given point on the hemisphere surface to
the heat transfer at the stagnation point:

ﬁw 26 sin 6 [(1 - l/YMwZ) cos?6 + llyr*lwiZ

i o]

8

(50)
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where

£(0) = < o1 > (02 _ 8 s;n 46 + 1 - gos 46) (51)

+— (02 - 6 otn 20 4+ 1002 20)

Here 6 1is the angle between the flight velocity vector and the hemisphere
radius vector. This expression is applicable only in a region of laminar
bceundary layer on the hemisphere surface.

Thus, for the stagnation region of a blunt-bodv vehicle, a comparison
is presented of the equation of Korobkin, Eq. 49, based on reference
properties, and the equation of Lees, Eq. 50, with appropriate experimental
results.

For blunt-body vehicles that include either conicel sections or
cylindrical sections, the flat-plate formula presented by Van Driest
(Ref. 55) should be available. The flat-plate heat-transfer equation
for laminar flow is written

c; - 0.332 (P?)‘2/3 (R«"QB)';i (52)

where the properties are determined at the reference temperature and the
static pressure at the outer edge of the boundary layer.

The experimental data obtained by Buglia (Ref. 50) for the heat-
transfer distribution over the hemisphere and cone surfaces were reported
in the form

Cy = (53)

and were corrected to the reference temperature hase by

* paouoo
[ Cy = CH ~— (54)
. exp =\ pu,
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The experimental values obtained by Buglia (Ref. 50) are presented in
Fig.» 18(a) through 18(f) as a function of the Reynolds number, defined as

*
* 0] Uel‘
Re = -
s *
9}

(55)

where s is the wetted length from the stagnation point to the point in
question. The static pressure at the edge of the boundary layer, employed
in the calculatior of the local temperature and velocity, wes o-tained
from the experimer.tal pressure distribut:lon. Isentropic expansion from
the stagnation point to the local pressurz was then assumed tc calculate
the local temperature and velocity. The data points presented in Fig. 18(a)
through 18(f) on the cone section are indicated with a flag. It is inter-
esting to note 1n the vicinfty of the juncture between hemisphere and
conical sections that the Reynolds number, based on reference conditions,
decreases. As the flow is compressed in the region of the conical section,
the boundary layer undergoes transition from laminar to turbulent flow,
thus showing a significant increase in the heat-transfer rate,

The theoretical predictions of Korobkin, Eq. 49: Lees, Eq. 50; and
Van Driest, Eq. 52, are also included in each of Fig. 18(a) through 18(f)
for comparison with the experimental results.

The results presented in Fig. 18(a) through 18(f) indicate that the
Lees relationship, based on reference values, more closely predicts the
experimental data for laminar flow over both the hemisphere and the initial
portion of the cone section of the body. Alsc, for a case where laminar
flow persists over a signifir.int portion of the conical sectioa, it is
apparent that the Van Driest equation, Eq. 52, may be used to predict the
heat transfer.

It is also apparent that for the Mach number range from 2 to 3, if
laminar flow persists over the entire hewmisphere section, Lees' expression
will account adequately for the pressure gradient effect over the juncture
between the hemisphere and the conical pcrtion of the body.

The numerical computations corresponding to the results przseited in
Fig. 18(a) through 18(f) are given in Tables 4(a) through 4(f). Each table
contains the numerical results presented in the corresponding figure. The
parameters of interest, for example, the local Reynolds number based on
wetted length and reference conditions, are presented in terms of the non-
dimensional wetted distance from the stagnation point for each Mach number.
The results presented in these tables indicate that the best agreement
with the experimental Stanton number distribution is achicved by using the
Fay and Riddell stagnation-point heat-transfer equation, Eq. 40, with Lees'
expression for the distribution of the local heat-transfer equation, Eq. 50,
and the density of the air computed with the value of the reference tempera-
ture and local static pressure. This method will be presented in detail
in a later section.
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TABLE 4(a). Experimental and Theoreti:al Heat-Transfer
Distributions Over a Hemispherically Capped Cone

M =232, P_=11.0psis, T = 500.8°R

00

RE Cﬁax lgl) CﬁL(Z) Chy, ) cﬁLRE<a) cHLeE«'s »
8/2 R x 1076 x 103 x 103 x 103 x 103 x 103
0.090 0.479 1.15 1.242 1.458 1.155 1.355
0.150 1.195 0.67 0.805 0.942 0.748 0.876
0.210 2.162 0.37 0.592 0.686 0.550 0.636
0.270 3.411 0.40 0.440 0.502 C.409 0.466
0.330 4.482 0.32 0.377 0.419 0.351 0.389
0.390 5.325 0.32 0.335 0.358 0.312 0.332
0.520 5.696 0.29 0.275 0.267 0.256 0.249
0.060 3.056 0.28 0.329 0.264 0.306 0.246
0.810 3.306 0.50 0.332 0.259 0.309 0.241
1.050 5.758 0.22 0.186 0.153 0.173 0.142
1.400 7.415 1.57 0.215 0.170 0.200 0.158
(I)Experimental Stanton Number, Cf - qwexp ; Buglia,
exp P ue(haw - hw)
Ref. 50.
(23

‘Stanton Number based on the Fay and Riddell stagnation-point
heat trunsfer, Lees' distribution of local heat transfer, and reference
conditions.

(3)Stanton Number based on the Fay and Riddell stagnation-point heat
transfer, Lees' distribution of local heat transfer, and conditions at
the edge of the boundary layer.

(A)Stanton Nurber based on the experimental stagnation-puint heat
transfer, Lees' distribution of local heat transyer, and reference
conditions.

(S)Stanton Number based on the experimental stagnation-point heat
transfer, Lees' distribution of local heat transfer, and conditions
at the outer edge of the boundary layer.
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TABLE 4(b). Exper’mental end Theoretical Heat-Transfer
Distributions Over a Hemisyherically Capped Cone

M =2.47, P_=10.8 psia, T_ = 500°R

]

RY Cﬁexél) ¢ @ g, ) cﬁLREw cﬁLEEm
8/2 R x 1076 x 103 x 103 x 103 x 103 x 103
0.090 0.499 1.09 1.221 1.450 1.132 1.345
0.150 1.245 0.62 0.794 0.939 0.736 0.871
0.210 2.252 0.40 0.585 0.685 0.542 V.635
0.270 3.552 0.41 0.437 0.505 0.406 0.468
0.330 4.800 0.25 0.344 0.393 0.319 0.364
0.390 5.852 0.29 0.285 0.318 0.264 ,  0.295
0.520 6.216 0.18 0.250 0.2:2 0.232 0.234
0.660 3.129 0.47 0.368 0.297 0.342 0.275
0.810 3.404 0.81 0.375 0.236 " 0.348 0.274
1.050 5.944 0.33 0.191 0.158 0.177 0.147
1.400 7.655 1.55 0.220 0.176 0.204 0.163
(l)Experimental Stanton Number, C; * — €Xp ; Buglia,
exp P ue(haw = hw,)
Ref. 50.
(2)

Stanton Number based on the “ay and Riddell stagnation-point
heat transfer, Lees' distribution of local heat transfer, and reference
conditions.

(B)Stanton Number based on the Fay and Riddell stagnation-point
heat transfer, Lees' distribution of local heat transfer, and conditions
at the edge of the boundury layer.

(4)Stanton Number based on the experimental stagnation-point heat
transfer, Lees' distribution of local heat transfer, and reference
conditions.

(S)Stanton Number based on the experimental stagnation-point heat
transfer, Lees' distribution of local heat transfer, and conditions
at the outer edge of the boundary layer.
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TABLE 4(c). Experimental and Theoretical Heat-Transfer
Distributions Over a Hemispherically Capped Cone

M_= 2,63, P_=10.6 psia, T_ = 499°R

[e .} [ ]
R* cﬁexél) caL(z) cHLe(a) cﬁLRE(A) cHLeE(S)
s/2 R x 10-% x 103 x 103 x 107 x 103 x 103
0.090 0.515 0.97 - 1.204 1.439 1.076 1.285
0.150 1.2711 0.61 0.810 0.959 0.724 0.857
0.210 2.300 0.39 0.596 0.698 0.532 0.623
0.270 3.626 0.40 0.445 0.513 0.397 0.458
0.330 4.898 0.27 0.348 0.397 0.311 0.355
'0.390 5.969 0.30 0.286 0.320 0.256 0.286
0.520 6.334 0.32 0.243 0.246 0.217 0.219
0.660 3.342 1.05 £.302 0.250 0.270 0.224
0.810 3.554 1.30 0.308 0.24% 0.275 0.220
1.050 6.088 .96 0.193 0.160 0.172 0.143
1.400 7.844 1.53 0.222 0.178 0.198 0.159
W
(I)Experimental Stanton Number, C; - ‘exp ; Buglia,
exp p ue(haw - hw)
Ref. 50.
(2)

Stanton Number based on the Fay and Riddell stagnation-point
heat transier, Lees' distribution of local heat transfer, and reference
conditions.

(3)Stanton Number based on the Fay and Riddell stagnation-point
heat transfer, Lees' distribution of local heat transfer, and conditions
at the edge of the boundary layer.

(A)Stanton Number based on the experimental stagnatiun-point heat
transfer, Lees' distribution of local heat transfer and reference
conditions.

(S)Stanton Nurber based ¢n the experimental stajnation-point leat
transfer, Lees' distribution of iccal heat transfer, and conditions at
the outer edge of the boundary layer.
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TABLE 4(d). Experimental and Theoretical Heat-Transfer
Distributions Over a Hemispherically Capped Cone

M =280, P_=10.5psia, T = 498°R

[+2]
R% Cﬁex;l) CﬁL(Z) cHLe(a) cﬁLRE(A) CHLEE(S)
8/2 R x 1076 x 103 x 103 x 103 x 103 x 103
0.090 0.563 0.82 1.150 1.434 0.997 1.244
0.150 1.404 0.46 0.752 0.934 0.652 0.810
0.210 2.565 0.43 0.540 0.667 0.468 0.578
0.270 4,038 0.36 0.408 0.496 0.354 0.430
0.330 5.287 0.22 0.352 0.416 0.305 0.360
0.390 6.191 0.42 6.324 0.366 0.281 0.317
0.520 6.496 0.48 0.280 0.284 0.243 0.246
0.660 3.412 1.94 0.336 0.280 0.292 0.243
0.810 3.703 1.95 0.325 0.264 0.281 0.229
1.050 6.500 1.52 0.210 0.180 0.182 0.156
1.400 8.362 1.50 0.239 0.197 0.207 0.171
éw
(l)Experimental Stanton Number, C; Es EXP. ¢ Buglia,
exp p ue(haw - hw)
Ref. 50.
(2)

Stanton Number L=zsed on the Fay and Riddell stagnation-point
heat transfer, Lees' distribution of local heat transfer, and reference
conditions.

(B)Stanton Number based on the Fay and Riddell stagnation-point
heat transfer, Lees' distribution of local heat transfer, and conditions
at the edge of the boundary layer.

(A)Stanton Number based on the experimental stagnation-point heat
transfer, Lees' distribution of local heac transfer, and reference
conditions.

(S)Stanton Number based on the experimental stagnaticn-point heat
transfer, Lees' distribution of local heat transfer, and conditions at
the outer edge of the boundary layer.
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TABLE 4(e). Experimental and Theoretical Heat-Transfer
Distributions Over a Hemispherically Capped Cone

M, =2.97, P_=10.2psia, T_ = 497°R

R::e cgexél) caL(z) C“L,(3’ anRE(A) cuLeE(S)
8/2 R, x 10 x 103 x 103 x 103 x 103 x 103
0.090 0.581 0.7 1.134 1.432 0.972 1.227
0.150 1.433 0.45 0.764 0.955 0.655 0.818
0.210 2.589 0.43 0.564 0.698 0.484 0.598
0.270 4.117 0.36 0.414 0.507 0.355 0.435
0.330 5.497 0.22 0.339 0.408 0.291 0.350
0.390 6.552 0.71 0.298 0.346 0.255 0.296
0.520 6.958 0.9 0.249 0.262 0.214 0.225
0.660 3.428 2.36 0.332 0.277 0.285 0.237
0.810 3.720 2.36 0.314 0.256 0.270 0.219
1.050 6.585 1.69 0.217 0,187 0.186 0.160 .
1.400 8.535 1.62 0.243 0.202 0.208 0.173
%
(l)Experimental Stanton Number, C; = SXPp ; Buglia,

*
exp p ue(haw - hw)
Ref. 50.

(Z)Stanton Number based on the Fay and Riddell stagnation-point
heat transfer, Lees distribution of local heat transfer, and reference
conditions.

(3)Stanton Number based on the Fay and Riddell stagnation-point
heat transfer, Lees' distribution of local heat transfer, and conditions
at the edge of the boundary layer.

(A)Stanton Number based on the experimental stagnation-point heat
transfer, Lees' distribution of local heat transfer, and reference
conditions.

(S)Stanton Number based on the experimental stagnation-point heat
transfer, Lees' distribution of local heat transfer, and conditions at
the outer edge of the boundary layer.
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TABLE 4(f). Experimental and Theoretical Heat-Transfer
Distributions Over a Hemispherically Capped Cone

M_=3.14, P_=10.0psia, T_ = 495°R

n:'-G cgex;n CﬁL(Z) C“L,(” chRE(A) CHLGB(S)
e/2 R x 10 x 103 x 103 x 103 x 103 x 103
0.090 0.598 0.63 1.118 1.429 0.925 1.183
0.150 1.491 0.45 0.732 0.933 |  0.606 0.772
0.210 2.693 0.42 0.542 0.682 0.448 0.565
0.270 4.194 0.35 0.421 0.518 0.348 0.429
0.330 5.597 0.21 0.344 0.417 0.285 0.345
0.390 6.867 1.04 0.281 0.335 0.233 0.277
0.520 6.766 1.344 0.278 0.287 0.230 0.257
0.660 3.419 2.29 0.334 0.277 0.276 0.229
0.810 3.683 2.52 0.313 0.252 0.259 0.209
1.050 6.476 1.68 0 736 0.201 0.196 0.166
1.400 8.584 1.40 0.254 0.211 0.210 0.175

%
(l)Experimental Stanton Number, C; * EXP ; Buglia,
exp P ue(haw - hw)
Ref. 50.

(Z)Stanton Number based on the Fay and Riddell stagnation-point
heat transfer, Lees' distribution of local heat transfer, and reference
conditions. '

(3)Stant~n Number based on the Fay and Riddell stagnation-point
heat transfer, Lees' distribution of local heat transfer, and conditions
at the edge of the boundary layer.

(4)Stanton Number based on the experimental stagnation-point heat
transfer, Lees' distribution of local heat transfer, and reference
conditions.

(S)Stanton Number based on the experimental stagnation-point heat
transfer, Loes' distribution of local heat transfer, and conditions at
the outer edge of the boundary layer.
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It should be pointed out that the experimental results used for the
comparisons made above were obtained on a smooth (roughness from 2 to
5 u-inches) hemispherically cappec cune. The polished surface condition
apparently delayed transition from iaminar to turbulent flow for this
particular vehicle: hence, the Reynolds numbers for which laminar flow
persists are high, on the order of 5 x 106. These data are thus presented
only to compare the various methods of predicting laminar blunt-body
heat-transfer distributions with available experimental results.

Additional experimental data for the heat-transfer distribution over
hemispherically capped cylinders have been reported by Chauvin and Maloney
(Ref. 52) and Korobkin (Ref. 47). However, an insufficient amount of
supporting test information prohibited comparison of these data with the
methods previously discussed. These data are, therefore, presented in
Fig. 19 as the experimental Stanton number based on local conditions at
the edge of the boundary layer versus the local Reynolds number. The
Mach number renge covered by the wind tunnel tests of Chauvin and raloney
was from 1.62 to 3.04, thile Korobkin obtained a Mach number range from
1.90 to 4.87. These data indicate a fairly uniform distribution about
a line predicted by Kovobkin's equation, Eq. 49. It should be noted
that in the tests reported by Chauvin and Maloney, and Korobkin, the
boundary layer underwent transition from laminar to turbulent at a local
Reynolds number of approximately 1 x 106, based upon the wetted length
from the stagnation point and the properties evaluated at local conditions
at the edge of the boundary-layer heat-transfer.
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FIG. 19. Local Stanton Number Distribution Over a Hemispherically
Capped Cylinder Obtained in Wind-Tunnel Tests; Chauvin and Maloney,
Ref. 52, and Korobkin, Ref. 47.
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Cresci, MacKenzie, and Libby (Ref. 57) have compared laminar heat-
transfer data with the theory of Lees (Ref. 39) by using the stagnation-
point value of Fay, Riddell, and Kemp (Ref. 56) for Mach numbers above 3.
The data are presented in Ref. 57 in terms of a Nusselt number defined by

Nu = q (cp)s Ro/kse (hse - hw) (56)

e

and a Reynoids number parameter

Re = Re \/Ps/ps h, = Re o:’ (57)

e e e
where
Re = p_ Vv hS Ro/u8 (58)
e e e
and
os = Ps/ps hS (59)
e e e

In terms of these parameters, the heat-transfer distribution is represented
by

p_H - = ==
Nu S TW W PpUurT
- ™ (60)
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Correspondiag to this equation, the Reynolds number based on momentum
thicknees is given by the theory of Lees:

-]
o
X

0.66 /;; puu(r)? dE]
" L (61)

™
(14
=1
lall
A
Q
]
—

where

Rey = piee (62)
and

6 = Lw (pu/peue) [1 s (u/ue)]dy (63)

Comparison of Eq. 55 and experimental data is presented in Ref. 57
with excellent agreement. Since these experimental results corresponded

to a flight Mach number of approximately 20, they are not presented here.

HEAT TRANSFER IN THE TRANSITION REGION

An extensive discussion of boundary-layer transition is prerented
by Wilson in Ref. 58. This work, however, is largely concerned with
transition phenomenon on pointed bodies of revolution. 1In fact, the
observation is made in this reference that few data are available for
blunt-body heat transfer in the transition region. Despite this, a
computational procedure has been compared with experimental results for
the heat transfer in the transition regime by Cresci, MacKenzie, and
Libby (Ref. 57), by Nardo and Sadler (Ref. 59), and by Stetson (Ref. 60).
In anticipation of its use in transition flow, the womentum equation for
the axisymmetric boundary layer can be written in the form

dRey/ds = (ﬁe/os:>(aﬁ/ﬁ) (cflz) - Regd(ln T 1)/ds (64)
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- 2 i b - .
where Cf er/peue , the local skin-friction coefficient ose P /peehse
The analysis of Ref. 57 utilizes, for fully dcveloped turbulent flows,
the extension of the local Prandtl incompressible skin-friction law for
the incompressible ''cold-wall' case in the form

C./2 = 1u(0.013) (Re

. )‘;‘ (65)

8

Numerical integration of Eq. 64 along with a skin-friction iaw equivalent
to Eq. 65 is required. 1In accordance with the suggestion of Persch

(Ref. 61) and including the modification suggested by Ref. 55, the skin-
friction becomes

o T Re, 2

6 0 (66)

cf/2 = 11{0.013 Re

The constant Il in this expression is equivalent from the laminar
flow such that the friction coefficient, Cf/2, remains continuous at
the transition point (Ref. 57),

M= Reez 0.013 _ E_f — (67)
Re % H

0 = trans.

If Eq. 64 and 66 are combined, and Eq. 64 is integrated from the
transition point, then the skin-friction coefficient and the momentum-
thickness distribution are known. When Reynolds analogy is modified
to account for nonunity Prandtl number effects, then the heat-transfer
distribution may be found from

-(2/3) (h

§, = Pr " hw)peue (cf/z) (68)

Comparisons of this method of analysis with experimental wind-
tunnel data has been made by Cresci, MacKenzie, and Libby (Ref. 57)
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and by Nardo and Sadler (Ref. 59). These comparisons were based upon
the Nusselt number evaluated from the expression

/3 hlw B hw
w

Nu = Pr' " ==—
B8

a (ol
m O e

(cffz) Re, (69)

e ]

Figures 20(a) through 20(e) show the variation of Nusselt number along

a veridian of the hemisphere used in the wind-tunnel tests. These
results were obtained for Re from 0.97 x 10% to 5.1 x 106 with the
total temperature variation from approximately 1200— 1900°R. The tunnel
Mach numbers were not given. These results indicate a qualitative
agreement of the computational procedure with the experimental results.
It 4s readily apparent, however, that appropriate free-flight trensition
heat-transfer data will be required before the method can be used with
confidence for design purposes. No such flight data are presently
available in the open literature.
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FIG. 20(a). Variation of Nusselt Number Along
Meridian of Hemisphere, Re = 0.97 x 106; Nardo
and Sadler, Ref. 59.
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TURBULENT HEAT TRANSFER ON BLUNT BODIES OF REVOLUTION

Fully developed, turbulent heat transfer over blunt-body vehicles
has been compared to the prediction of the flat-plate reference-enthalpw
method by Cresci, MacKenzie, and Libby (Ref. 57) for wind-tunnel results,
and by Zoby and Sullivan (Ref. 62), and by Eckert (Ref. 63) for the
results of free-flight tests.

The correlations, presented by tliese authors, wcre made by relating
the local skin-rriction cozfficient to the hLeating rate by & modified
Reynolds analogy expressed as

" c
qw = —£~Pr-(2/3)

Cy = [peue (haw = hw> ] ) (70)

To evaluate the Stantcn number, , for turbulent heat transfer, the
local skin-friction coefficient, Cg, must be properly calculated. The
Blasivs relation fc:r the incompressible skin-friction coefficient is

c
<—§>i = 0.0296 (Re,‘)-o'z (71)

for the Reynolds nurher range 105 < Reg 5_109, and the Schultz-Grunow
incompressible skin-friction relation 1s

Cc
£) . -2.584
<—2>1 0.185 ( log,, Res) (72)

for the Reynolds number range 10° < Reg 5_109. Zoby and Sullivan (Ref 62)
point out that both relationships correlate the data below a Reynolds
number, Reg, of 167 but that the Schultz-Grunow relation applies over the
entire range of Reynolds numbers from 107 to 109.

Compressibility effects were accounted for by again evaluatirnz the

flow properties at reference conditions. The local skin-friction coeffi-
cient 18 then written

Ce/2 = 0.0296 (p*/pe)°'8 (u*/ue)o'z (Re:)-o'z (73)
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and
N *\-2.584
Cg/2 = 0.185 (p /pe) (10310 Res) (74)

for the Blasius and Schultz-Grunow relations, vespectively.

By substituting these expressions into Eq. 70, the following
expressions for the heating rate are obtained:

§, = 0.0296 deue(haw - hw)(Pr*)‘2/3(Re8)"0'2(p*/pe)0'8(u*/ue>°'2 (75)

and

4, = 0185 o (g, - hw)(pr*)'2/3(ioglo re) 2284 (o%p,)  6)

It 1sveaaily shown that Eq. 70 may be written in terme of the Eckert
flat-plate reference-enthalpy formula. If

* P UES
Re = —— an
8
U
then
* : R\~ o\ -
Cy = 3 ' = 0.0296 (Pr) 2/3 (e,) 0.2 (78)

The Reynolds number is based upon properties evaluated at reference
conditions, the velocity at the outer edge of the boundary layer, and
the corresponding flat-plate wetted length.
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Experimental results for turbulent heat transfer to blunt bodies
of revolution obtained in wind tunnel tests, presented in Ref. 57, are
shown in Fig. 21. These data were obtained from the shrouded-model
wind-tunnel technique for tunnel total temperature of 1200 —1900°R,
hence, tunnel Mach numbers were not reported.

Shown also in Fig. 21 are results obtained by Buglia (Ref. 50) from
free-flight tests of the smooth hemispherically capped cone over a Mach
number range from 2.32 to 3.14.

s ECKERT
(EQ. 78)

«x
o
&
2
g
-
-
“
10‘3 p— EXPT.  REF.
i o) 57
- 57
L 57
50
Io-b i i [ S S U S | 1 1 111 T W |
lOs |06 |07

REYNOLDS NUMBER, Ra: - p*u.s/u*

FIG. 21. Variation of Local Stanton Number Based on
the Flat-Plate Reference-Enthalpy Method With the
Local Reynolds Number; Cresci, MacXenzie, and Libby,
Ref. 57; and Buglia, Ref. 50.

The correlation study of Zoby and Sullivan (Ref. 62) includes some
turbulent heat-transfer data. These data cover a Mach number range from
2.98 to 5.5 and include some 13 data points. It should be pointed out
that blunt-body, turbulent heat-transfer data are relatively scarce as
compared to sharp cone results, and that additional turbulent heat-
transfer results are needed below a Mach number of 3 to obtain more
confidence in the engineering heat-transfer computational methods.
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Eckert (Ref. 63) has presented a correlation of experimental results
for turbulent flow over flat plates as a function of Mach numbers in
the range from 0 to approximately 5. The experimental results are not
pertinent to this report because they were obtained for a flat plate,
but the trend of the limited data is important. Eckert found that the
ratio of the actual to the constant-property turbulent-friction factor
for a plate at the recovery temperature scattered rather widely from the
theoretical values as the flow Mach number decrcased from approximately
2 to approximately unity. If this trend is typical of heat-transfer
results in this Mach number range, then the me*hod of analysis for blunt-
body heat transfer in the turbulent regime may be in question. Hence,
" even though satisfactory agreement for fully developed turbulent heat-
transfer results may be obtained from the flat-plate reference-enthalp,
method for Mach numbei. greater than 1.6, one must be cautious in arbi-
trarily extrapolating the results to Mach numbers close to unity. Clearly,
additional experimental results are required in this range.

For rapid calculation of turbulent skin-friction and heat- transfer
results for high Mach number vehicles, Knuth (Ref. 64), and Neal and
Bertram (Ref. 65) have presented turbulent skin-friction and heat-transfer
charts adapted from the Spalding and Chi (Ref. 66) method for determining
the drag of a compressible, turbulent boundary layer on a smooth flat
plate. This method 1s presented for a Mach number range from 0 to 20,
considering gross effects; hence, its usefulness in a limited range of
Mach numbers from 0.7 to 5 where detail is important becomes questicnable.

METAOD OF COMPUTATION OF THE HEAT-TRANSFER DISTRIBUTION

The calculation of the stagnation-point heat-transfer rate and the
distribution of heat-transfer rate over the surface of a blunt-body
vehicle are preferably performed by a digital computer. The slide rule
can be used for initial estimates, but the computations can become
tedious. The following discussion describes the method of calculation
and the assumptions made.

The geometrical configuration is assumed to be a spherically capp-d
frustrum of a coae.

Effects of wall temperature, Mach numbers, and variable fluid
properties are accounted for by evaluating the fluid properties at the
appropriate reference conditions. Correspondingly, the theoretical
variation of Stanton number versus Reynolds number, based on the reference-
enthalpy method, is a straight line on a log-log graph, either for laminar
flow, Eq. 49, o' turbulent flow, Eq. 78. The state of the boundary layer
may be readily ascertained from such a plot, as indicated in Fig. 18 (a—f)
through 20(a—e).
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To summarize the method, the flow at the outer edge of the boundary
layer is assumed to have passed through a normal shock wave, followed
by isentropic expansion to the theoretical value of the surface pressure
found from Eq. 12. Fluid properties are evaluated at the reference
conditiorn, thereby eliminating the dependence of Stanton number and
Reynolds number on Mach number, wall temperature, and variable fluid
properties. Air properties are taken from Keenan and Kayes ''Gas Tables,"
whereas the viscosity is evaluated by using Sutherland's equation.

The input information required for the computation of heat-transfer
distributions is assumed to be (1) vehicle nose radius, (2) flight
velocity, (3) ambient temperature, (4) ambient density, and (5) wall
temperature.

Stagnation-Point Heat-Transfer Rate

The calculation of the stagnation-point heat-transfer -ate proceeds
as follows:

1. Compute the flight Mach number, M_, from the flight velocity,
V_(fps), and the ambient air temperature, Tw(°R):

M gt
" 49.1/T1,

2. Compute the pressure ratio, Ps /Rm, across the normal shock

e
wave from the flight Mach number M_ :
P 2 v/v-1
s [torny /21 w2
BN 1/v-1

[2v/ertn 7 - -1y /)]

For y = 1.40, this equation reduces to

¥, 7.2m 2 \2*3
=—=12M?|—
7 1/

2
M-
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3. Compute the ratio of the total temperature at the outer edge
of the boui.dary layer at the stagnation point to the free-stream static
temperature:

T
]

.+ X ly2
T 1+ 3 M

4. From the gas tables, extract the enthalpy, hgy, corresponding
to the temperature, Ts (°R), and the enthalpy, by, corresponding to
e
the wall temperature, T, (°R). For low temperatures, corr2sponding to
M, < 5, the specific heat at constant pressure may be assumed constant
at a value of cp = 0.246 Btu/lbm°R.

5. Compute the density at the edge of the boundary layer at the
stagnation point, p, = P‘ /R T, 1bm/ft3, and the density of air at
8 e e
the wall temperature at the nose of the vehicle

e lbm

s RT ft3
ws

where R 18 the gas constant for air.

6. Compute the viscosity of the air at the stagnation-point
temperature, T8 (°R), and at the wall temperature at the nose of
e

the vehicle, Tw (°R), from Sutherland's formula
s

_2.270 x 1078 (1)3/2  1bg-sec
T + 198.6 c0?

u

where T 18 the temperature in degrees Rankine.
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7. Compute the stagnation-point heat-transfer parameter, qw v Ro/Ps
s e

from the results of Fay and Riddell, Eq. 40:

g, \/?0717: - 0.763 (Pr'°‘6> <pw b, >°'1<pe u, >0'4<haw-hw>
8 e 8 8 8 8

For a given nose radius, R,, this result then yields the stagnation-
point heat-transfer rate.

Heat-Transfer Distribution Over Hemisphere Surface

To compute the heat-transfer distribution over the hemisphere
surface, the expression of Lees, Eq. 50 and 51 may be used as follows:

1. Compute the heat transfer on the hemispherical cap at the angle
6 from Lees relationship, Eq. 50 and 51. The angle 6 is the angle between
the flight direction and the radius vector to the surface station of
interest. The stagnation-point heat-transfer rate is obtained from the
previous calculation.

An alternate method for computing the local value of the heat trans-
fer employs the Korobkin expression for the Stanton number, Eq. 49. The
procedure for obtaining the heat flux from this expression is as follows:

2. Compute the pressure, Pe, at the edge of the boundary layer at
the point 8 from Eq. 12 for the pressure coefficient. The Newtonian
pressure distribution may be used to advantage over the surface of the
hemisphere.

3. Compute the static temperature, T,, at the outer edge of the
boundary layer, assuming isentropic flow from the stagnation point, from

P 0.286
e

PB
e e

T
—
T

8
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4. Compute the velocity, u,(fps), of the flow at the outer edge of
the boundary layer from the flight velocity, V_(fps), and the enthalpies,
he(Btu/1bm) and h_(Btu/lbm), corresponding to the temperatures T, and T_.

2
u_ = V.2 + 50,100 (hw - he)

5. Compute the Reynolds number corresponding to the local flow
conditions at the outer edge of the boundary layer at the distance, s(ft),

6. If Reg < 106, assume laminar boundary layer.
turbulent boundary layer.

If Res > 106, assume

*
7. Compute a, the recovery factor, r ; b, the adiabatic wall enthalpy:

and c, the reference temperature, T*(°R):

8. Recovery factor

*1/2
Pr for laminar flow
*
r =
173
Pr for turbulent flow

b. Adiabatic wall enthalpy

2
_Ye  Btu
56,100 1bm

« U
h =h +r
a e
w

¢. Reference temperature

*
T =T +0.50(T-T>+0.22(T -T)
e w e aw e

where the adiabatic recovery temperature, T,y, corresponds to the

adisbatic wall enthalpy.
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*
8. Compute the deasity, p*(lbm/ft’), and viscosity, U (lbf-oec/f.tz),
corresponding to the local pressure, Pe(lbf/ftz) and reference temperature,

T*(°R).

9. Compute the Reynolds number based on reference conditions and
the running length along the surface from the stagnation point to the
given station:

p*

* u s

Re = -
8

u

10. For laminar flow on the hemisphere surface, use Korobkin's
equation, Eq. 49, for the Stanton number on a sphere:

« \-1/2 |

Gy = 0.763 (P:)-O.(’ (re,)

11. The heat flux at the station of interest is then computed from

*

4, = & *ue (haw - hw)

12. For turbulent flow, the Eckert flat-plate equation may be used
to compute the Stanton number:

- A\2/3 , , (0.2 5 ,
Cq = 00296 (pr)  (Re)  for 105 < Re <107 -

13. When a wider range of Reynolds number, Reg, is encountered fo.
turbulent flow, the Schultz-Grunow relation may be wued:

-2/3 -2.584

( log 10 Rea)

c; - 0.185 (P:)
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Heat Transfer in the Transitional Region

The procedure for the determination of the heat transfer in the
transitional region between the laminar and turbulent heat-transfer
regions is outlined as follows:

1. The Reynolds number, Reg, based upon the momentum thickness
may be chosen as the parameter to represent transition. This momentum
Reynolds rumber, Reg, based on local fluid properties at the outer edge
of the boundary layer and the laminar boundary layer momentum thickness,
may be computed from Ref. 57:

Ree = 7 = 0.22 <Pre> <CH>
f e

Transition is assumed to occur at Reg = 250. Highly polished surfaces
will delay tramsition; hence, higher values of Reg for transition will
occur. These values will have to be determined experimentally.

o

O
~

2. The constant B 1s evaiuated from the laminar flow such that the
local friction coefficient, C¢/2, remains continuous from the laminar to
turbulent transition region:

6 = at transition

3. Calculation of the skin-friction and the momentum Reynolds
number through the transition region proceeds through the numerical
solution of the following equations:

% _Ye fo.o13 T
2 use Re;‘ Re.2
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4. The heat-transfer distribution is then calculated from

dw - (CfIZ) (Pre)_Z/3 Pe'le (haw - hw)

5. Finally, the local Nusselt number is calculated from

1/3 ‘haw - hw (pe/pse) (“e/“se)

Nu = Pr

where

is the Reynolds number based on flight velocity, stagnation properties,
and the radius of the hemisphere.

CONCLUSIONS

PRESSURE DISTRIBUTIONS

In addition to a literature survey, methods for determining the
pressure distribution on bodies of revolution in flight regimes from
kigh subsonic through supersonic are discussed in this report as stated
in the Introduction. From this investigation, the modified Newtonian
and the modified Newtonian/shock-expansion methods give gzood accuracy
with a minimum of effort for the following cases:

l. For a hemisphere-cylinder, the pressure distribution may b::
determined from either Eq. 3 or 13 in combination with Eq. 12 for tue
Mach number range from 0.75 to 2.0, and from Eq. 2 and 3 in combination
with the shock-expansion method for Mach numbers above 2.

2. For other blunt bodies of revolution that have continuous

curvature in the nose region, Eq. 15 is used for Mach numbers from
0.7 to 2.0, and Eq. 2 is used for Mach numbers above 2.
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3. For poirted bodies, Eq. 6 and the modified Newtonian/shock-
expansion method are used for Mach numbers above 1.0.

4, Equation 11 may be used for cylindrical afterbodies.

For pointed bodies at Mach numbers other than those specified as
being ammenable to the modifiad Newtonian/shock-expansion method, the
most useful techniques are those of the small-perturbation theory as
developed by Van Dyke and Spreiter.

HEAT-TRANSFER DISTRIBUTIONS

This report gives an evaluation of applicable blunt-body heat-
transfer rates for high-subsonic to low-supersonic flight. An outline
of an engineering method of analysis for the predictiom of blunt-body
heat transfer withir. this flight regime is alsc presented. From this
study, the following conclusions can be made.

1. Stagnation-point heat transfer to blunt-body vehicles for a
range of flight Mach numbers from 2.3 to 3.1 has been predicted by the
formula of Fay and Riddell with an accuracy from 8 to 20%, inclusively.
However, the accuracy of prediction of wind tunnel data by the formvla
of Fay and Riddell is dependent upon the enthalpy difference across the
boundary layer and not upon the tunnel Mach number. Thus, experimental
dats are required to determine the applicability of the formula c¢f Fay
and Riddell for Mach number regions of less than 2.

2. The laminar heat-transfer distributions over blunt bodies of
revolution at Mach numbers between approximately 2 and 5 are best
represented Dy Lees' method. If laminar flow persists to the juncture
of hemisphere and cone on a hemispherically capped cone, Lees' method
will predict the effect of pressure gradient on the reduction of the
heat transfer. However, for the laminar region between the stagnation
point and the body station at 45 degrees, little difference is noted
between Korobkin's method and Lees' method.

3. The method of predicting the heat-transfer rate in the tran:ition
region on blunt-body vehicles developed by Crasci, MacKenzie, and Litby;
Nardo and Sadler; and Stetson is apparently a rational and fairly accurate
method for including transitional behavior in heat-transfer calcu'ativns.
Nevertheless, methods for predicting transition still retain to be
developed.

4. Fully developed, turbulent heat-transfer rates over blunt-body

vehicles for a Mach number range from 1.6 to above 5 are adequately
represented by Eckert's flat-plate reference enthalpy technique. No
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turbulent heat-transfer data are available in the open 1iterature for
either flat plates or for blunt-body systems in the Mach nunl.er range
from 0.7 to 1.6. Such data will be required to provide confidence 4in
the application of the engineering methods discussed for this range of
Mach pumbers. Extrapolation of the flat-plate formulas into this range
of Mach numbers may be of questionable accuracy.

|

. P
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Appendix
BIBLIOGRAPHY

This bibliography consists of three sections. The first section
is an annotated bibliography that cites and critically reviews 51 entries
of particular intzrest in the determination of pressure and heat-transfer
distributions on bodies of revolution for subsonic, transonic, and
supersonic flight regimes. The second section, a general bibliography,
cites 516 entries of interest in this area. Some additional references
covering hypersenic flow, boundary-layer theory, real gas effects, and
corrections for angle of attack or yaw, which cuatain pertinent informa-
tion, are also included. This overall bibliography is nct extaustive,
but it is extensive and does present the major portion of those articles
heving a direct bearing in the development of engineering methods of
computing pressure and heat-transfer distribution.

The annotated bibliography contains entries arranged alphabetically
by author. Those entries covering pressure distributfou are presented
first (Ref. 1— 23), followed by those covering heat-transfer distribution
(Ref. 24—51). The general bibliography contains entries, again, arranged
alphabetically by author; however, these are separated into six main grcups
by subject. The largest groups, those covering pressure distri>ution and
heat-transfer distribution, are further subiiivided for more convenient
use,
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ANNOTATED BIBLIOGRAPHY

PRESSURE DISTRIBUTION

1.

Adams, 4. C. and Sears, W. R., ""Slender-Body Theory--%“x:tensions and Review,"
Journal of Aeronautical Sciences, Vol. 20, No. 2, February 1953, pp. 85-98.

(see also, Sears, W. R., "Small Perturbation Theory,' High Speed Aerodynamic

and Jet Propulsion, Vol. 6, Fart C., Princeton University Press, Princeton,

New Jersey, 1954.

A review 1s presentad of small perturbation theory as applied to wings and
slender bodies of revolution. Cons?jeration is given to determination of
pressure distribution from theoretical developments which are obtained by
linearized methods, similarity, and simple corrections to incompressible
distributions. This report provides a good introduction to the subject
and suggests several useful modifications of earlier methods which give
improved accuracy. A number of comparisons of theoretical and test results
are given. The test data, however, has been drawn from other sources.

Andrews, J. S., "Steaay State Airload Distribution on a Hammerhead-Shaped
Payload of a Multistaged Vehicle at Transonic Speeds," D2-22947-1, The
Boeing Company, Seattle, Washington, February 1964.

Data is presented for pressure distribution on a hemisphere cylinder for

a Mach number range from 0.8 to 2.0 (see Table 1A for data summary). Ad-
ditional and empirical modifications of the modified Newtonian theory is

developed which correlates the data for 0.75 < M < 2.0.

N - 2
..,p Cpmax sin eb + F(eb,Mm)

Fo,.M) = 107865727 s1c’0, - 0.95¢72: 2330 -1) ] cost

b

Baer, A. L., "Pressure Distribution or a Hemisphere Cylinder at Supersonic
Mach Numbers,' AEDC-TN-61-96, August 1961 (AD 261 501).

Experimental pressure distributions were obtained over the hemispheric.l
nose of AGARD Model E at Mach numbers ranging from 2 to 8 (see Tasble 1A
for summary of data). Tests results are compared with modified Newtonian
theory and show good agreement. Comparison with the numerical methods of
Van Dyke and Gordon (NASA TR R-1, 1959) are aiso given.

Blick, E. F. and Francis, J. E., "Spherically Blunted Cone Pressure Dis:ri-
bution," AIAA Journal, Vol. 4, No. 3, March 1966, pp. 547-549.

The modified Newtonian-shock expansion method is applied to the determina-
tion of the pressure distribution on spherically blunted cones. The angle
at which the modified Newtonian and the shock-expansion methods match is
given by the empirical equation
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7.

8.

88

-0.455

6, = 0.349 + [0.198 + 0.80(M_ - 2.8) ]

arc con [1.05/1nM )]rad
for the range 3 < M_ < 15.

Cole, J. D., "Newtonian Flow Theory for Slender Bodies," Journal of Aero-
nautical Sciences, Vol. 24, No. §, June 1957, pp. 448-455.

Newtonian flow theory is examined from the point of view of gas dynamics
and hypersonir small-disturbance theory. A general solution of the first
epproximation for the flow past slender bodies at zero angle of attack

is given.

This paper is one of the earlier efforts in application of Newtonian
theory and its major coacern is the hypersonic flow regime.

Guderley, G. and Yoshihara, H., "Axial-Symmetric Transonic Flow Patterns."
USAF Technical Report 5797. USAFAMC, Dayton, Ohio, 1949.

A solution for the flow field about an axisymmetric body at free stream
Mach number one is presented. The method is of the indirect type, work-
ing from an assumed potential flow field to the resulting description of

a nose shape. This approach appears to be too complicated to be useful

in terms of an "engineering" solution for pressure distribution on a speci-~
fic body.

Katz, J. R., "Pressure and Wave Drag Coefficients for Hemisphere, Hemisphere
Cones, and Hemisphere Ogives,” NAVORD Report 5849, March 1958.

Experimental pressure coefficients for hemispﬂﬁre cylinders and hemigphere
cones are presented and compared with modified Newtoniar theory (a summary
of the data is presented in Table 1A). No data is presented for pressure
distribution on hemisphere ogives. The results show good correlation of
experimental data for a Mach number range 2.5 to 6.5 with the modified New-
conian form

C =¢C sin2e
P

P max b

Laitone, E. V., "Linewarized Subsonic and Supersonic Flow about Inclined
Slender Bodies of Revolution," Journal of Aercnautical Sciences, Vol. 14,
No. 11, November 1947, pp. 631-642.

Rigorous first-order linearized solutions are obtained for subsonic and
supersonic flow about bodies of revolution. The surface preassure is found
by means of a Taylor's Series Expansion in terms of the cross-sectional
grea. The resulting expressions are in satisfactory agreement with exist-
ing experimental deta. The first order solution for the subsonic regime
is strictly valid only for incompressible flow or for a slender pointed
body in the compressible subsonic regime. However, except in the region
of a stagnation pcint, the solution is also a valid approximation for
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slender bodies with blunt ends. The solution for the supersonic regime is
only valid where the entire flow field is supersonic.” This imposes the re-
quirement that the nose be pointed and the shock wave attached.

Some comment on the pressure distributfon at small angles of atta~k is also
made. :

9. Laitone, E. V., "The Subsonic Flow about a Body of Revolution," Quartevly
Applied Mathematics, Vol. 5, Part 2, July 1947. ’

A solution is presented for the linearized flow potential around axisymmetric
bodies of revolution in the subsonic regime:

bt tl/ré =0
This is accomplished by approximating the source-sink distribution integral

by a Taylor Series Expansion. This process ylelds the following first-order
approximation for the pressure distribution

7 1s' ,1-2x/d Br x x
] =l = - g" Br _ X - X
4 Cp + o (1-x/L ) - 8"(1 + 1n L In 2 L(l L) )
(3 (4) 2
8 _ 2x 8 207 _ 2x , 2x NIV
. LA -0+ S LBQ - b (')
where the coordinates are as fcllows
AT
v:‘;x
i : T

The values of C_ obtained are strictly valid only for incompressible flow
or for pointed Pglender bodies in subsonic compressible flow. However, ex-
cept in the region of a stagnation point, the expression offers a valid
approximation for the pressure distribution on blunt slender bodies of
revolution.

10. Lees, L., "Hypersonic Flow," Proceedings of the Fifth International Aevo-
nautical Conference, IAS-RAES, June 20-23, 1955.

A consideraﬁle contribution to the usefulness of Newtonian theory is made
by suggesting a modified form for the pressure coefficient on blunt bodies

C =C sinzeb

P Prax

where C = the value at the stagnation point.
max

e TR S R LS T I S s AR R o

11. Love, E. S., "Generalized Newtonian Theory," Journal of Aerospace Sciences,
Vol. 26, No. 5, May 1959, p. 314.
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A means of applying modified Newtonian theory to pointed bodies of revolution
is given. Using Lees' form

C =¢C sin?e
P pmax b

Cp“x is defined as

C = C_ /[sin%e
P

P

max N N

where

(2]
al

Cp at nose of cone with sémi-vertex angle 6

Py N

o

local slope at pointed nose of the body
This application is, however, limited to the portion of the supersonic flight
regime where the body will have an attached shock at the nose.

Matthews, C. W., "Comparison of the Experimental Subsonic Pressure Distribu-
tion absut Several Bodies of Revolution with Pressure Uistribution Computed
by Means of the Linearized Theory," NACA TN 2519, February 1952.

Experimental pressure distributions on two prolate spheroids of fineness rat-
ios 6 and 10, an ogive body and a prolate spheroid with an angular bump are
compared with theoretical results obtained from applying the Prandtl-Glsuert
correction to the incompressible potential flow equations and from linearized
theory. It is concluded that the rather more complicated Prandtl-Glauert
method gives satisfactory results except in the region imnediately adjacent
to the ends. It is also concluded that the linearized theory does not yield
satisfactory results. However, it should be noted that in arriving at this
conclusion, Matthews used an incomplete expressinm for Cp. Later in review-
ing this work Adams and Sears point out that using the complete expression

for Cp

A o - 2
Cp 2¢x ’r

linearized theory predicts the experimental results of this report equally

as vell as the.Prandtl-GIAuert convection method and with less effort.

Okguchi, K., "Summary of Results of Pressure Coefficient Calculations for
a Spherical-Tipped Tangent-Ogive Body," NAVWEPS Report 8048, October 1962.

A review of results obtained in work conducted by the Naval Ordnance Test
Station to develop procedures for calculating pressure on practical body
shapes is presented.

The body used for the test had a spherically-tipped (r; = 0.094 in.) tan-
gent ogive nose (rp = 0.592 in.). Comparison of test results and theoreti-
cal results obtained from Van Dyke's second-order method is made at M =
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15.

16.

1.53 and 2.17. In the thecretical analysis it is assumed that the body
1s pointed. The agreement is quite good (away from the nose tip). For
M, = 3.24 and 4.84 a method of characteristic solution is compared with
test results. Again the body is assumed to be pointed in the theoretical
calculations and the results showed good agreement.

This report also contained data for M, = 0.75, 0.85, 0.95, 1.05, and 1.15.
There is no attempt to present theoretical comparisons for these Mach num-

bers.

Perry, J. C. and Pasiuk, C., "A Comparison of Solutions to a Blunt Body
Problem," AIAA Journal, Vol. 4, No. 8, August 1966, p. 1438.

Consideration is given to the various numerical methods of predicting the
flow in the nose region of a blunt body moving at supersonic speeds. Four-
teen different solutions were obtained and compared witn experimental re-
sults for an elipsoide of revolution (r = v2x - 4x“)at M, = 3. This compsri-
son showed several numerical methods closely predicted the measured test
results. There was scatter between the pressures predicted by various num-
erical solutions, however. This scatter was considerablc in the nose region.

The numerical methods used are based on one or the other of three diiferent
computational approaches developed by Belotserkorski, Van Dyke, and Swigart.
A method developed at NASA by Lomax and Inouge using Van Dyke's approach and
a method using Belotserkorski's approach developed at NWL by DiDonato pro-
vided quite good results.

Spreiter, J. R., "Aerodynamics of Wings and Bodies at Transonic Speeds,"
Journal of the Aerospace Sciences, Vol. 26, No. 8, August 1959, pp. 465-486.

A brief summary is presented on basic concepts and the principle results
that have emerged from numerous experimental and theoretical investigiations
of transonic flow past thin wings and slender bodies. Emphasis is placed
throughout on the correlation and evaluation of resulted provided by di-
verse methods for the approximate solutions of the nonlinear equations of
the small perturbation theory in transonic flow. Also a critical examina-
tion of experimental results is given.

This paper is particularly valuable as a review of material pertinent to
transonic flight. However, the bulk of the material presented is for
two-dimensional bodies or pointed bodies of revolution

and also appears in Spreiter and Alksne (NASA TR R-2) (see Table la for
data summary).

Spreiter, J. R. and Alksne, A. Y., "Slender Body Theory Based on Approxi-
mate Solution of the Transonic Flow Equation,” NASA TR R-2, 1959.

Approximate solutions of the nonlinear equations of the small perturbation
theory-for transonic flow are found for pointed slender bodies of revolu-
tion for flows with free-stream Mach number 1 and for flows that are eith-
er purely subsonic or supersonic. These results are obtained by applica-
tion of a method based on lccal linearization. The theory is developed
for pointed bodies of arbitrary shape and specific results are given for
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18.

19.

20.
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cone cylinders and parsbolic arc bodies at zero angle of attack. Results
are compared with data (see Table 1A for data summary).

The method of this report is rather complicated but does provide solutions
for the preasure distribution on pointed bodies in transonic flight not
found elsewhere. Additionally, the report is of considerable value as gen-
eral background material.

Van Dyke, M. D., "The Paraboloid of Revolution Subsonic Flow," Journal of
Mathematics and Physics, Vol. 37, No. 1, January 1858, pp. 38-51.

The solution for the flow about a paraboloid of revolution is developed
and it is demoratrated how this solution may be applied to remedv the de-
fects vhich arise when linearized small perturbation theory and its high-
er appriximations are applied to bolies having round noses. This report
provider useful background when applying the mathods developed by Van Dyke
in NASA TR R-47.

Ven Dyke, M. D., "Practical Calculation of Second-Order Supersonic Flow
Past Nenlifting Bodies of Revolution," NACA TN 2744, July 1952.

Calculation of second-order supersonic flow past pointed bodies of revolu-
tion at zero angle of attack is des~ribed in detail and reduced to routine
computation. Tables of basic functions and standard computation forms are
presented. The procedure is summarized so that one can apply it without
necessarily understanding the details of the theory. A sample calculation
is also given.

Van Dyke, M. D., "Second-Order Slender Body Theory--Axisymmetric Flow,"

Small perturbation theory for subsonic and supersonic flow past bodies of
revolution is developed. Methods are developed for handling the difficul-
ties which arise at round ends in subsonic flow. In addition to second-
order theory, first order linearized theory and the transonic approximation
to the non-linear equations are developed and discussed in some detail.

The methods presented are somewhat difficult in application but the report
presents a very good comprehensive review of perturbation theory. All
results obtained are compared with other existing theories or with ex-
perimental data (see Table 1A for data summary).

Van Dyke, M. D., "The Similarity Rules for Second-Order Subsonic and
Supersonic Flow," NACA Report 1374, 1958.

The similarity rules for linearized compressible flow theory (Gothert's
rule and its supersonic counterpart) are extended to second order. It

is shown that any second-order subsonic flow can be related to "nearly
incompressible" flow past the same body, which can be calculated by the
Janzen-Rayleigh method. It is also pointed out that these methods are
chiefly useful as a theoretical aid rother than in correlation of experi-
mental data. This arises as tests on four related todies would be needed
to isolate the four functions involved in the similarity expression.
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Vau Dyke, M. D., "A Study of Hyperscnic Small Disturbance Theory," NACA TN
3173, May 1954.

Newtonian theory is suggested as a practical means of determining the pres-
sure distribution over bodies of revolutiun ia hypersonic flight. For the
present purpose the value of this report is chiefly historical in that it
records the first application of Newtoniar theory to problems of current
interest. In its original form Newtonian theory yields a pressure coeffici-
ent of the torm

C_ = 2 sin?6

P b
Vendemia, R. J., "An Engineering Method for Rapid Calculation of Supersonic-
Hypersonic Pressure Distributions on Lifting and Non-Lifting Pointed Bodies
of Revolution and Several Special Cases of Blunt-Nosed Bodies of Revolution,"
IG 752, The Johns Hopkins University Applied Physics Laboratory, Silver
Spring, Maryland, November 1965.

A method is presented for celculating pressure distribution and local Mach
numbers for pointed bodies of revolution and for several cases of blunt-
nosed bodies in the supersonic and hypersonic flight regimes. The method
used 18 a hybrid solution involving modified Newt.nian and shock-expansion
theory. This approach is very useful and provides accurate results for a
variety of nose shapes and fineness ratios in the supersonic to hypersonic
regime. A considerable amount of test duta is also presented and compared
with theory (see Table 1A for a summary of Mach numbers and nose shapes).
In the context of the present problem this report is of considerable value.

Wagner, R. D., Jr., "Some Aspects of Modified Newtonian and Prandtl-Meyer
Expansion Method for Axisymmetric Blunt Bodiez at Zero Angle of Attack,"
Journal of Aerospace Scienrts, Vol. 26, No. 12, December 1959, p. 851.

A method is presented for determining the point at which the modified New-
tonian and shock-expansion solutions should be matched. 6qp and Myp are
given in graphical form as a function of Mach number (3 <M < 40) for a
hemisphere cylinder in air and helium.

HEAT-TRANSFER DISTRIBUTION

24.

Beckwith, I. V. and Gallagher, J. J., "Heat Transfer and Recovery
Temperatures on a Sphere with Laminar, Transitional, and Turbulent Bound-
ary Layers at Mach Numbers of 2.00 and 4.15," NACA TN 4125, December 1957.

An investigation was made of the pressure, equilibrium, temperatures, and
aercdynamic heat transfer on a sphere and on the nose of a hemisphere cylin-
der at Mach numbers of 2.00 and 4.15. The heat-transfer coefficients at

the stagnation point from the tests at both Mach numbers were compared with
the theory of Reshotko and Cohen (NACA TN 3513) and were in good agreement.
The velocity gradients used in the theory were evaluated from the experi-
nental pressure data.
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The local Leat-transfer coefficients from the tests at Mach aumber 2.00

were in agreement with the theory for laminar flow in the region up to
approximately 20° from the stagnation point. Large increases in heat-
transfer coefficient caused by transition to turbulent flow occurred beyond
this region with the maximum values observed at about 40° from the stagna-
tion point. From this location back to the separation point the approximate
level in the heat-transfer coefficient as well as the variation with distance
vas fairly well predicted by a simple theory based on turbulent heat-transfer
formulae for flat plates.

The heat transfer coefficients from the tests at Mach number 4.15 at the
highest Reynolds numbers were gen»rally similar to the results at Mach num-
ber 2.00 except that transition taually occurred farther back on the nose.
The maximum values of the heat transfer coefficient downstream of transition
ver? again in reasonably good agreement with the simple turbulent-flow theory.
For Reynolds number of about 3.00 x 106 or less, the dsts over the entire
hemispherical nose were in agreement with the theory for laminar flow.

Brindle, C. C. and Malia, M. J., Jr., "Longitudinal Aerodynamic and Heat
Trunsfer Characteristics of s Hemisphere-Cylinder Missile Configuration
with an Aerodynamic Spike," Aero Report No. 1061, Washington, D.C., The
David Taylor Model Basin Aerodynamics Laboratory, AD No. 417 466, July
1963.

A hemisphere cylinder with an aerodynamic spike (produced by a small noz-
zle exhausting air from the hemispherical nose) was tested in the 18-inch
wind tunnel at Mach numbers of 1.87 and 2.16. Heat-transfer coefficients
were measured for both hot and cold bodies. Ko comparison or correlations
with theory vere obtained

Brunk, J. E. and White, W. N., "Free-Flight Hypersonic Heat Transfer and
Boundary Layer Transition Studies: HTV Flights A-40 and A-41," ARL Tech-
nical Report 60-311, Wright-Patterson Air Force Base, Ohio, Aeronrutical
Research Laboratory, December 1960.

Two HTV-1 hypersonic test vehicles, Rounds A-40 and A-41, were flown at
Holloman AFB in October 1959 with blunted and sharp 20° half angle nose
cones, respectively. A maximum flight velocity of 5800 feet per second
was attained, corresponding to a local sharp core Mach number and unit
Reynolds number of 3.4 and 50 x 106 per foot respectively.

Surface temperatures and aerodynamic heating rates were obtained for one
station and three radial positions on the conical portion of the blunted
nose cone (Round A-40) and at three stations on each of two longitudinal
rays on the sharp cone (Round A-41). Uncertainties in the data reduction
invalidated the laminar results but the heating rates obtained in turbu-
lent regions on the conical sections showed good agreement with the theo-
retical heating rates based upon Eckert's flat-plate reference enthalpy
method. The surface finish was specified as 32 micrcinches (RMS) maximum.

Buglia, J. J., "Heat Transfer and Boundary-Layer Transition on a Highly-
Polished Hemisphere-Cone in Free Flight at Mach Numbers up to 3.14 and
Reynolds Numbers up to 24 x 106," NASA TN D-955, September 1961.
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29.

The model used for the flight-testing had a ratio of nose radius to base
radius of 0.74 and a half-angle of 14.5° and was flight-tested at Mach
numbers up to 4.70. The nose of the model had a surface roughness of 2 to 5
microinches as measured with an interferometer. A comparisoa with results
from rougher models indicated that the high degree of polish was instrumental
in delaying the transition from laminar to turbulent flow. However, data were
obtained at Mach numbers of 2.32, 2.47, 2.63, 2.80, 2.97, and 3.14 and prob-
ably represent the most complete set yet obtained for correlation with theo-
retical methods. Stagnation point heating values were in best agreement with
the prediction of Cohen while Lees theory best represented the distribution
of heat transfer. The turbulent flow over the conical portion of the vehicle
correlates best with the Eckert flat-plaste reference enthalpy method.

Carter, H. S. and Bressette, W. E., "Heat Transfer and Pressure Distribution
oa Six Blunt Noses at Mach Number of 2," NACA RM L57C18, April 1957.

The heat transfer and pressures on the surfaces of six blunt-nose models are
presented for 0° and 5° angles of attack. The tests were made in a free jet
at a Mach number of 2 with a total temperature of 935°R and a Reynolds num-
ber per foot of about 14 x 106. The authors state that the heat transfer over
the conical portion of the models was correlated with Van Driest's flat-plate
theory while the heat transfer at the stagnation point was compared with the
theory of Reshotko and Cohen. However, the data does not compare well with
the results of Van Driest when comparison is based upon local conditions at
the outer edge of the boundary layer. Insufficient data precluded comparison
on the reference-enthalpy method.

Carter, H. S. and Carr, R. E., "Free-Flight Investigation of Heat Tramsfer to
an Unsvept Cylinder Subjected to an Incident Shock and Flow Interference from
an Upstream Body at Mach Numbers up to 5.50," NASA TN D-988, October 1961.

Skin-temperature measurements were made along the stagnation line of the
transverse cylinder of a cruciform test configuration constructed of two
nearly equal size tubes. The flow on this stagnation line was influenced
by boundary-layer separation and by end effects as well as by the intersec-
ting shocks. Under these conditions the measured heat-transfer rates had
inconsistent variations both in magnitude and distribution which precluded
correlation of the heating rates with position of the intersecting shocks
or with theory.

Chauvin, L. T., "Pressure Distribution and Pressure Drag for a Hemispheri-
cal Nose at Mach Nuxbers 2.05, 2.54%, and 3.04," NACA RM L52K06, December 1952.

The results of an experimental investigation of the pressure distributions on
8 hemispherical nose 3.98 inches in diameter, mounted or a cylindrical support,
were presented for wind tunnel Mach numbers of 2.05, 2.54, and 3.04 and for
Reynolds aumbers of 4.44 x 106, 4.57 x 106, and 4.16 x 106, respectively, bas-
ed on body diameter and free-stream conditions.

This report presents basic tunnel operating parameters required for the
evaluation of the convective heat transfer results presented by Chauvin
and Mzloney in NACA RM L53L08a (February 1954).
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33.

34.
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Chauvin, L. . and Maloney, J. P., "Experimental Convective Heat Transfer
¢a a &Inch and 6-Inch Hemisphere at Mach Nushers from 1.62 to 3.04,"
MACA BM L53L08a, February 1954.

¥quilibrium skin temperatures and convective heat transfer were measured for
a é~inch and 4-inch diameter bemispherical nose in the Langley ¢~inch and
12-inch blowdown wind tunnels, respectively. The Mach number fr the 4-inch
nose ranged from 1.62 to 3.04 for a Reynclds number based on body diameter
of approximately 4.5 x 106. The 6-inch nose was tested at M = 1.99 at a
Reynolds number based on body diameter of 6.4 x 106 and for two surface con-
ditions.

The measured Stanton numbers correlated well with the Korobkin equation
over the spherical section of the hemisphere for the laminar region. In
the turbulent region the flat-plate reference method of Eckert represented
the data fairly well. Transition was observed at Reynolds number of ap-
proximately 1 x 106 based on distance from the stagnation point and condi-
tions just outside the boundary layer and correupoading to a region between
the 45° and the 60° stationms.

Cohen, N. B., "Boundary-Layer Similar Solutions and Correlation Equation
for Laminar Eeat-Transfer Distribution in Equipibrium Air at Velocities
up to $1,000 Feet Per Second," NASA TR R-118, 1961.

Exact solutions for flat-plate flow, axisymmetric stagnation flow and stag-
nation flow for a yawed infinite cylinder are obtained and correlating formu-
las for the appropriate heat transfer functions are developed. A correla-
tion formula for the heat transfer distribution function for an arbitrary
favorable pressare gradient on s body of revolution or yawsd infinite cylin-
der is determined for application to various local similarity methods. Per-
tinent equations are collected in a single section for convenience.

The methods presented in this report should be extended to lower Mach num-
bers. The corr=lation presented agrees better with experimental data than
other well-known formulas and the range of application should be exteunded.

Craswford, D. H. and McCauley, W. D., "Investigaction of the Laminar Aerody-
namic Heat-Transfer Characteristics of a Hemisphere Cylinder in the Langley
11-Inch Hypersonic Tunnel at a Mach Number of 6.8," NACA Report 1323, 1957.

Aerodynamic heat transfer data to a nonisothermal hemisphere cylinder evalu-
ated in the Langley ll-inch hypersonic tunnel at 2 Mach number of 6.8 and

a Reynolds number from approximately 9.14 x 106 to 1.06 x 1nbbused on dis-
meter and fres-stream conditions were reported. The experimental heat-trans-
fer coefficients were slightly less over the whole body than those predict:d
by the theory of Stine and Wanlass (NACA TN 3344) for an isothermal surfaca.
For stations within 45° of the stagnation point the heat-transfer coeff{ic..-
ents could be correlated by a single relation between local tanton number
and local Reynolds number.

Cresci, R. J., MacKenzie, D. A. and Libby, P. A., "An Investigation of
Laminar, Transitional, and Turhulent Heat Transfer on Blunt-Nosed Bodies
in Bypersonic Flow," Journal of the Aerospace Sciences, Vol. 27, No. 6,
June 1960, pp. 401-414.
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36.

37.

Experimental results for laminar, transitional, and turbulent heating

rates measured by means of the shrouded model technigque were reported.

The Reynolds nrmber was varied over a range from G.4 x 106 to 4.0 x 105 while
the stagnation to wall enthalpy ratio from 2.3 to approximately 1.5.

The experimentzl Jdauta were compared to the laminar hypersonic dboundary layer
theory of Lees and shown to b= in good agreemcat on the conical portion of
the model. On the spherical poriinmn of the model the data ure approximately
20 pes cent higher than the thecvetical prediction, dus apparently to radia-
tion to the model.

The experimentszl data presenied in this study is not directly applicable to
the problem of determining tbe nerodynimic heat transfer to blunt bodies at
Jwer supersonic Mach numbers. However, the method of snzlysic should be
exylored for application in the transitional flow.

Extensive data are also presented for comparison of ¢he flat-plate reference-
enthalpy theory for the prediction of turbulent hcat transfer to blunt bodies.
1t should be noted, however, that these data were obtained for stagnation
temperatures in the range of 1500°R to 1700°R which correspond tc flight

Mach numbers of 17 and above.

Diaconis, N. S., Wisniewski, R. j., and Jack, J. R., "Heat Transfer and
Boundary-Layer Transition on Two Blunt Bodies at Mach Numbeyr 3.12," NACA TN
4099, October 1957.

Local heat transfer values were measured on a hemisphere cone cylinder of
diameter of 1.4 inches and a 12)° included angle cone cylinder at a Mach
number of 3.12. Experimentel values of the heat transfer distribution for
the blunt body .greed well w:.'tt tne heat transfer distribution prediction
nf the theory of Lees when the surface roughness was less than 16 micro-
inches. An insufficient amount of wall temperature information prohibited
comparison of the distribution results.

Hermann, R. and Melnick, W. L., "Aerodynamic and Heat Transfer Studies with
Evaporative Film Cooling at Hypersomic Mach Numbers,"” RAL RR 189, University
of Minnesots, Rosemount, Minnesota, Rosemount Aeronautical Laboratories,
September 1962.

In crder to establish the ir:;ulating characteristics of an evaporating film,
measurements of the aerodynamic heat transfer to a hemispherically-capped
cylinder were made at free-stream Mach numbers of 0.30 and 6.8 withcut mass
injection. The low speed results (M, = 0.30) indicated that the heat tramns-
fer conductance (h) were constant in tlLe stagnation region, in agreement with
well-known theories (where Nug = 0.92 B, %r0-4). The laminar heat transfer
distribution on the hemisphere cylinder at M, = 6.8 with a Revnr 1ds number

of 283,000 per foot was well represented by the theory of Kemp, Rose, and
Detra.

Kemp, N. H., Rose, P. H., and Detra, R. W., "Laminar Hest Transfer Around
Blunt Bodies in Dissociated Air," Journal of the Aerospace Sciences, Vol.
26, No. 7, July 1959, pp. 421-430.
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38.

39.
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An extension of the method of Fay and Riddell is presented for predicting
laminar L:at-transfer rates to blunt, highly-cooled bodies with constant

wall temperature in dissociated air flow.

Experimental heat-transfer rates obtained from shock tube facilities were
presented and compared with the theoretical results. Approximately 75 data
points were presented for the heat transfer distribution over a hemispheri-
cally-capped cvlinder. These data were obtained in a shock tube at ehock
Mach numbers from approximately 8 to approxirately 14, and hence the result-
ing experimentzl values of stagnsation point heat transfer and heat transfer
distribution are not applicable for flight Mach numbers less than 4.

Korobkin, I., "Local Flow Conditions, Recovery Factors and Heat-Transfer
Coeffi :ients on the Nose of a Hemisphere~Cylinder at Mach Number of 2.8,"
NAVORL Report 286S, White Oak, Maryland, U.S. Naval Ordnance Laboratory,

May 1953.

Recovery temperatures and heat transfer coefficients were measurec cn an
one-inch diameter hemispherically capped cylinder in the NOL 40 x 40 cm
Aeroballistice Tunnal No. 3 at a Mach number of 2.8. The locd heat-transfer
coefficient for supervonic flow over the hemisphere with a laminar boundary

layer were correlated with the incompressible expression presented by Sibulkin:

N = K(8) R G.5 Pro"'

“p “p

Korobkin, I., "Laminar Heat Transfer Characteristics of a Hemis;here for a
Mach Number Rarge 1.9 to 4.9," NAVORD Report 3841, White Oak, Maryland,
U.S. Naval Ordnance Laboratory, October 1954.

Pressure and heat transfer measurements were made on the hemispherical nose
of a :wo-inch diameter hemisphere cylinder with laminar boundary layer flow.
The tests were conducted in the NOL 40 x 40 cm Aeroballistics Tunnel No. 1.
Heat transfer measurements were made in the Mach number :gnge from 1.90 tn
4.87. The resultant Stanton number correlates with the expression

for the stagnation region of a sphere

C, = 0.763 (pr) -6 (Res)'o‘5

where Pr = 0.70 and the Reynolds number is based upon the local conditionsg
at *he outer edge of the boundary layer and the length parameter is the
wetted surface distacce from the stagnation point. These data are presen-
ted in Figure 19.

Marvin, J. G. and Deiwert, G. S., "Convective Heat Transfer in Planetary
Gases," NASA TR R-224, July 1965.

Equilibrium convective heat transfer in several real gases was investigated.
The gus considered were air, nitrogen, hydrogen, carbon dioxide, and argon.
Solutions t. the similar form of the boundary-layer equations were obtained
for flight velocities from 10,000 to 30,000 ft/sec for a range of parameters
sufficient to define the effects of pressure level, pressure gradient,
boundary-layer edge velocity and wall temperature. Results are presented
for stagnation point heating and for heating-rate distribution.
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41,

42.

43'

44,

Although the range of velocities considered in this reference are beycnd
those of this bibliography, the method of analysis and trends indicated

may be useful in developing methods of numerical solution of lower Mach num-
ber heat transfer problems.

Nardo, S. V. and Sadler, R. W., '"Heat Transfer and Temperature Distribution

in a Hemispherical Nose Cone in Hypersonic Flow," PIBAL Report No. 597, Poly-

technic Institute of Brooklyn, New York, Brooklyn, New York, January 1962.

The heat transfer to a hemispherical nose cone subjected to hypersonic flow
conditions was calculated by the theory of Lees for Reynolds numbers from
one to five million. Comparison with results of test runs in the Polytech-
nic hypersonic tunnel facility indicated good agreement. The experimental
procedure employed the shrouded model technique which is described in the
paper of Cresci, MacKenzie, and Libby (Reference 34).

This report presents further details of a computational procedure for deter-
mining the heat transfer in the transition region from laminar to turbulent
boundary layers on a hemispherical nose. Further experimental verification
of the procedure is also presented.

Neal, L., Jr. and Bertram, M. H., "Turbulent Skin Friction and Heat Transfer
Charts Adapted from the Spalding and Chi Method," NASA TN D-3969, May 1967.

Charts are presented which allow a rapid determination of local and average
skin friction and heat transfer on flat plates in air. The charts cover a
Mach number range from 0 to 20, a Reynolds number range from 105 to 109 in
decade increments of the exponent and a wall terperature stagnation temp-
erature ratio range of 0.1 to the adiabatic wall case.

The accuracy of the charts has rot been established in the Mach number range
from 0.8 to 5 since the experimental heat transfer data used to support the
method employed in the development of the charts was obtained in the Mach
number range from about 5 to 9.

Sands, N. ard Jack, J. R., "Preliminary Heat Transfer Studies on Two
Bodies of Revolution at Angle of Attack at a Mach Number of 3.12," NACA TN
4378, September 1958.

The axial temperature and Stanton number distributions for two pointed bodies
of revolution at zero angle of attack are presented. No comparisons were
made to theory.

Schurmann, E. E. H., "Engineering Methods for the Analysis of Aerody.amic
Heating," RAD-TM-63-68, Wilmington, Massachusetts, Research and Advanced
Dev~lopment Division, Avco Corporation, November 1963.

Varinus methods cf analysis of the convective heating to a body are review-
ed for flight Mach numbers above 5. This report is of value in comparing
methods of analysis with experiment for Mach numbers from 8.5 to 16 but
does not contribute to evaluation of heating effects below Mach numbers of
5.
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Seiff, A., "Examination of the Existing Data on the Heat Transfer of Turbu-
lent Boundary Layers at Supersonic Speeds from the Point of Viev of Reynolds
Analogy,” NACA TN 3284, August 1954.

Heat transfer data from four wind tunnel experiments and two free-flight ex-
periments with turbulent boundary layers were compared with Reynolds analogy
and agreement was found within eight per cent. The data covered the Mach
number range from l.4 to 3.2 at effective Reynolds numbers from 0.4 million
to 24 million. They were obtained on a variety of body shapes including
flat plates, cones, and pointed slender bodies of revolution. Extremely
blunt shapes such as spheres were excluded fiom the correlation.

Somser, S. C. and Short, B. J., "Free Flight Measurements of Turbulent-
Boundary Layer Skin Friction in the Presence of Severe Aerodynamic Heating
at Mach Numbers from 2.8 to 7.0," NACA TN 3391, 1955.

Experimental measurements of average skin friction of the turbulent bound-
ary layer were presgented for a free-flying, hollow-cylinder model at Mach
numbers of 2.8, 3.8, 5.6, and 7.0 at conditions of high rates of heat
transfer. No heat transfer data or correlations are presented.

Stine, H. A. and Wanlass, K., "Theoretical and Experimental Investigation
of Aerodynamic Heating and Isothermal Heat Transfer Parameters on a Hemi-
spherical Nose with Laminar Boundary Layer at Supersonic Mach Numbers,"
NACA TN 3344, December 1954.

Measurements of the heat-transfer parameter Nu/ v’i; based on local flow con-
ditions just outside the boundary layer and length of boundary-layer run
were carried out on the heated, isothermal surface of a hemisphere cylin-
der for a Mach number of 1.97 and Reynolds number based on body diameter
from 0.60 x 106 to 2.28 x 105, An approxiuate method for calculating the
distribution of the heat-transfer parameter, applicable to any body of
revolution was developed which predicts within about + 18 per cent the
experimental results. Since the data presented in the above study were
obtained from an internally heated body, they were not subjected to an-
alysis and corr:lation in our study.

Swanson, A. G., Buglia, J. J., and Chauvin, L. T., "Flight Measurements
of Boundary-Layer Temperature Profiles on a Body of Revolution (NACA RM-
10) at Mach Numbers from 1.2 to 3.5," NACA TN 4061, July 1957.

A parabolic body of revolution with a pointed nose, the NACA RM-10 was
flight tested at Mach numbers up to 3.5 and Reynolds numbei.s up to 140 x
106 (based on length to the probe and rake measuring station). Skin-
friction coefficients determined by the momentum method from the tctiai-
pressure rake data were in fair agresment with the Van Driest theory for
flat plates with compressible turbulent boundary layers. Heat transfer
measurements indicated a transition Reynolds number of about 15 x 106.

Wilson, R. E., "Viscosity and Heat Transfer Effects," (Sections 13 and
14, Handbook of Supersonic Aerodynamics), NAVORD Report 1488, Vol. 5,
August 1966.

S——




T

NWC TP 4570

50.

51.

3
i
|
L]

This report presented a review and discussion of ne&rly two hundred papers
pertaining to the study of viscous effects in high-speed flows. The empha-
sis in this volume is placed on the presentation of theoretical and experi-
mental results which supposedly can be used by the missile designer for the
calculation of skin friction and heat transfer.

The method of calculation suggested in this report for the heat transfer
to blunt bodies of revolution is, however, incomplete in this discussion
of stagnation point heat transfer and the distribution of heat transfer

over the body surface. Results are presented for high Mach numbers but

the report does not extend the analysis to Mach numbers less than 5 but

greater than 0.87.

Winkler, E. M. and Danberg, J. E., "Heat Transfer Characteristics of a
Hemisphere Cylinder at Hypersonic Mach Numbers," NAVORD Report 4259, White
Oak, Maryland, U.S. Naval Ordnance Laboratory, April 11, 1957.

The heat-transfer characteristics of the laminar compressible boundary layer
on a hemisphere cylinder were presented for free-stream Mach numbers of 5,
6.5, and 8. These data have not been included in this bibliography. How-
ever, it should be noted that excellent correlation was attained with Van
Driest's stagnation region expression for incompressible flow.

Zoby, E. V. and Sullivar, E. M., "Correlation of Free-Flight Turbulent
Heat Transfer Data from Axisymmetric Bodiee with Compressible Flat-Plate
Relationships," NASA TN D-3802, January 1967.

Published experimental turbulent heat transfer data obtained over a range
of free-flight conditions and body shapes (free-stream Mach numbers from
2.9 to 13.4, free-stream Reynolds numbers per foot from 0.64 x 106 to 30.7 x
106, body shapes from a hemisphere cylinder to a sphere cone with a half 3
angle of 25°) were compared with calculated turbulent flat-plate values. {
The calculated values were evaluated by use of a modified Reynolds analogy

and the skin-friction relationships of Blasius or Schultz-Grunow with

compressibility effects accounted for by evaluating the flow properties

on reference couditions. For reference Reynolds numbers less than 107, the

calculated heating rates based on either of the two methods correlated well

with the experimental data. For reference Reynolds numbers gtreater than 107

and less than 8 x 107, the calculated heating rates bused on the Schultz-

Grunow relation compare better with the available experimental data.

Zoby aund Sullivan point out that available flight-test data correlate with-
in 20 per cent of the correlation line whereas wind tunnel data spread out
to + 50 per cent of the correlation line. This point should be pursued in
further study.
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