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ABSTRACT

L AT i )
7

7.
N , . .
Analytical expressions have been developed for determining d:ag
* coefficients for cones and spheres. A Theranges dfvariat.=s
considered are:

Ccne half angle 8 to 15 degrees

N P N b
¥ ¥

Cone length 1 to 12 feet

: Cone bluntness ratio 0to 0.3

Sphere diameter 3.75to !2 inches
Wall temperature 1000 to 3000° Rankine

Free-stream Mach number 5to 25

S

t i Altitude or approximate 0 to 200,000 feet

Free-stream Keynolds number 104 to 1010

e

Angle of attack 0 to 20°

DAn error analysis is presented in which the resulting drag
equations are compared to wind tunnel and ballistic range data,

and some limited flight test data. S

(\Also presented are the results of an investigation aimed at
determining the altitude range where a conical or spherical re-entry

vehicle will undergo boundary fayer transition. 6‘\
RS e

This report contains essentially the same technical information

as RAD TR 65-16 (SECRET) which was prepared by the same authors.
However, the classified portions of this TR have been deleted 1n
order to permit a more general distribution of useful data.
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NOMENCLATURE

F;(K) Induced pressure gradient parameter
h Enthalpy
Hyp Total Leat absorbed by body

X, K K" Induced drag functions

L Slant len3th of sharp cone
m Mass injection rate

M Mach number

Pt Prandtl number

P Pressure

o Etfective heat of ablation

4 Dynamic pressure

t Body radius of curvature (also recovery factor)
Rg Base radius
Ry Nose radius

-l -

C Form at Chapman-Rubesin viscosity coefficient (also pressure coefficient)
S Specific heat of constax;t pressure

Cf. Local skin-friction coefficient based on free stream conditions

CDf Skin-friction drag coefficient {no interaction)

CDB’ Base pressure drag coefficient

CDP Forebody, pres<ure drag coefficient (o interaction)

CDi Inauced drag coefficient

d, Wall temperature parameter




Reynolds number based on free stream coaditions

Re,

- Reynolds number based on local conditions at boundary layer edge

T Temperature . -

u Velocity in streamwise direction

v Velocity normazl to the wali

x Coordinate along sharp cone surface
s* Boundary layer displacement thickness
X Viscous interaction parameter

A Denotes induced values .

a Angle of attack

n Transpiration factor

0 Cone angle (semi-vertex angle)

9 Shock angle

y Ratio of specific heats

P Density

B Viscoaity coefficient

¢ Meridian Angle
Subscripts

c Conical flow

. Edge of boundary layer conditions
w wall conditions

s stagnation conditions

pressure induced

‘o

t.C. transverse -curvature induced
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° no blowing
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INTRODUCTION

This investigation is part of the Nike-X discrimination studies
which are aimed at developing a quantitative evaluation of the
observable characteristics of a re-entry vehicle and/or decoy.

The drag coefficient of a vehicle is a major discriminant because
it is the most significant parameter affecting the vehicle's velocity-
altitude signature,

The primary purpose of this investigation is to develop analytical
expressions for evaluating the total drag coefficient of spheres

and cones. The accuracy of these equations is to be determined by
comparing the results with wind-tunnel, ballistic range, and flight

test data. Since the drag equations presented in this report are to be
used in discrimination studies, it is necessary that the independent
variables consist only of free-ctream properties, body geometry, and
surface material. Consequently, all the viscous calculations which normally
involve _ flow properties at the edge of the boundary layer have to be
modified in order to transform to free-stream conditions. This require-
ment generally leads to the employment of correlated conical shock
relations, perfect gas laws, and curve-fitting techniques. For the
"inviscid calculations it was also necessary to develop curve-fits which
represent the results of rigorous solutions in terms of the desired
parameters.

In the employment of these simplifying techniques, it was necessary
to maintain an accuracy requirement that is within the range specified
for this investigation; i.e., 10% accuracy from sea level to 100, 000 ft,
and then a linear variation up to 30% accuracy at 200,000 ft. This
accuracy requirement is based on the following ranges of variables:

Cone half angle 8 to 15 degrees

Cone length 1 to 12 feet

Cone bluntness ratio 0to €.3

Sphere diameter 3.75 to 12 inches

Wall temperature 1000 to 3000° Rankine
Free-stream Mach number 5 to 25

Altitude or approximate 0 to 200, 000 feet

Free-streamm Reynolds number 10% to 1010

Angle of attack 0 to 20 degrees at 207,000 feet

0 to @ below 150, 000 feet

-1~
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The accuracy requirement is also based on a vehicle that is

not ablating or experiencing mass injection into the boundary layer.

Since most re-entry vehicles will have some type of thermal

protection which does ablate, the accuracy requirement will not be

met if mass addition effects are not included. Although the contractual
requirements for this investigation did not include mass addition
(blowing), an approximate method for determining the reduction in

skin friction drag due to blowing is provided. This approximate

method should result in a total drag coefficient that is within the specified
accuracy range, .

Also included is a discussion of more rigorous methods of analysis
which may be employed to determine the effects of blowing on skin-
friction drag and induced drag.

For the case of pure spheres, the total drag coefficient is obtained
solely from an empirical correlation of experimental data. For the

case of cones, each individual drag contribution is separately determined
by either pure theoretical techniques or semi-empirical methods. The
individual componeats are: (1) forebody pressure drag (CDp) - the drag
due to direct pressure forces, (2) base pressure drag (CDpg) - the drag
due to 2 pressure in the base region which is less than ambient, (3) skin-
- friction drag (CDg) - the drag due to viscous shear forces, laminar and
turbulent, and (4) induced drag (Cp.) - the increased pressure and skin-
friction drag due to a thick boundary layer (considered for laminar

flow only) which interacts with the inviscid flow.

The transition from laminar to turbulent flow has been investigated,
and predictions are made for determining the altitude range where

this phenomena occurs. For the case of cones, the results of various
flight tests have been employed to produce a transition criterion.

-2-
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II. CONE PRESSURE DRAG

A Sharp Cone Forebody Pressure Drag, a = 0

The forebody pressure drag coefficient is defined by the relation,

Pe ~ Pe.) tdr

For a sharp cone at a= 0, the pressure (p. )-is constant over the entire
body, and the forebody drag is then only a function of the pressure ratio
(p./p.) acrose the conical shock, Solutions for this pressure¢ ratic as a
function of Mach number and cone angle have been tabulated by Kopal
(refercnce 1) for a ratio of specific heats, y = 1,405, ‘These results have
been employed directly in the drag equation in order to obtain the forebody
drag on a sharp cone.

The results have also been compared to exact conical flow sciutions em-
ployed at Avco RAD for the case of a real gao (Program 1427) (reference

2), and there was excellent agreement.

B. Blunt Cone Forebody Drag, « = 0

For a blunt cone at a= 0, the pressure (p.) in the forebody drag ¢quation
is not constant with respect to axia’ distance (x}. However, at a given
value of x, the pressure is constant in the transverse direction when 2 = 0.
Therefore, to solve the forebody drag equation, the axial pressure dis-
tribution p_ = falr(x)] must first be determined, and then the equation can
be integrated directly.

The pressure distribution on a blunt body is most accurately determined by

the method of characteristics, which is explained in reference 3 angd 3
numevous other texts. The numerical solution of this method may be 3
obtained from digital computer programs developed by Avco RAD. To 3

provide the initial data for the method of characteristics (employed in the
supersonic region), a solution for the transonic flow region around the
blunt nose is firat empioyed {(Program 1447 ) (reference 4). The initial
data is then used in the axi-symmetric flow method of characteristics
solution (Program 596) (reference 3).

For this present investigation of blunt cones, method of characteristics
sclutions comparable to those obtained from the digital computer programs
mentioned above were employed.

«3-




These solutions were originally documented by Chuskin and Schulishnina .
in the form of tables; their results were translated, cdited, and re-.

cocumented at Avco RAD (reference 5 ). These solutions were obtained ;
kv the method of characteristics, employing the blunt body solution oi .
Beloltsarkovskii (reference ¢ ) for the initial data.

3 The reasons for selecting to employ these solutions in this investigation

: are: 1) the resulty are essentially the same as obtained by the Avco RAD -
methods, 2) the pressure distributions have already been integrated to

. yield the forebody drag coefficient, and 3) it would take considerable

3 computer time to re-run all the solutioas investigated in reference 6. .

Wrs e e vgemeys a

C. Correlation of a = 0 Solutions

The results of the sharp and blunt body solutions at a= 0 have been cor-
3 reiated as a function of M_, 6, and Ry/Rg . (reference 7 ). The analysis
consisted of curve-fitting the solutions in the form,

R B

N K N

Cp = Csin 0+ —m { —
3 ¢A \Rs,

which is similar to the form of the Newtonian drag equation. The quantities
C.N, X, A, and Brepresent the variations from Newtonian theory due to
Mach number effects. Employing polynomial curve-fitting techriques, we

auxin gk LA

. oblain, -
g C ~ 1944 + 182 M1 ~ 1700 N2 38194 M3
- N = 1931 +08635 M-l - 8063 M2 + 12205 N3
X ~ 11433 + 3496 M1 o158 M2 4 26073 N

A = 05359 + 0.09964 M1 + 10.769 M2 - 104.21 M3 + 209.43 N4 2

3
B = 3.296+2.997 ML - 74378 M2 4+ 15467 N3 ‘i

: The results of these curve-~fits are compared to the basic method of char-
3 acteristics solutions in figures 1 through 4 for Mach numbers of 5, 10, 17,
and 2%, and varying bluntness ratios. The agreement is good, therefore
satisfying the first requirement of developing an analytical expression for

i forebody drag at zero angle of attack. It should be emphasized, however,
: that the curve: fits are valid only within the specified limits of N, 8, and
Ry/Rg .
= .
: t

iy 9 ¢

S e ———— -




375 = TW=0Olvy

n.
OV AGOEIE0 S VIVA Jisy

INANNTE AT ITDONY INOD HIUA NOTIVINYA
8 HLM INOSIBVENOD L3 - 3AEND TV LIDIG | w0814

T > LAt .«
T Lurwwwmkﬁwmw

AT T
Fotiaviastatoas S e Joa

eeAResics aurdin it
LS S N TR
: M..aw.h .%.Mm:&m J, 143%

YT Y
.C.Axvnuv nwu

,:,qffﬂ.

PROSE R0% 1

st
4.

R

iRl

40 v fes

[ade

bé vy

8

14

3

JUUPRDNE PRI SR

s ,atw.rmuu&,: =3

o

fEl mnwwwm»m

.44\:::‘¢. Lelehn

‘wwxd...@w prmi e
| m;m ..&n _
] i

) o 0 0 T R VRIS SR W .i}. et o

.qlls;ti..(.. EX IR B R o o .Eau.

.:..‘th,xmua,z

ZRISE SR WyBew grad)

Yl

TR , e
b : : R et L
. 1




Sy WO OV SSINANNOTE NV 3TONY 3INODJ HLUIM NOLIVIBVA
v ¢ AQO83804 ‘viva i u<m HLIM NOSIEVIWOD Lid - 3ASND TvLIOIg g wnbiy

s NN TN TS
*y » . puA.cw i
H ¢ A Il At
o 4 vt - .
i 5 =
b4 - * 4
'y oy seate L -
i D4 s
13 313~ igend s Pt
$ e e
h4 b4
! 1 = Il
3 ¥
he: 1 S
H 1 Y 13124
g XL
o $ is
d + 1t [Peds ¥
14ist ot 4
+ ittt -
. gl jood RS -
el g Stee
s }11he el
-
2
Y
344
3
o
LT
FORON
o
SS9+
Tt
i
1.0
il

- ‘.'un* lﬂd

3 !.r».:.T..rr.Z-




U TV = OHLVY SSINENNTE A FTONY INOD HIIM MNOLHIYIEVA
OvId AQOR3I¥O4 ‘Wiva DISVE HLIM NOSIEVIWOD L4 = IAIND VLIDIG ¢ #nbyy

R bk e et i B

Siwvpmhesgoresdeasedoeetenreidonrs
e e L R R L SR SRy
Ceggdoviedorragereryrtadbirbogaon
et 2 Sk IR TRt s

(D HpORe pa

SRR AR O BB

SR Spbns e

ERROPOEys Mo

peoeb oy

ekl -

EArbiplil . . . IV e a1 - .

w0add Mal o 1 Trlgitil it et i

1 i .. .= - anead e sd et [T R <R

£33 :

SO BT IERDT FRTT SRTRs pogte Sobte Srpt S

jobit SRO04 SURIN DESIA DS PEVS bo3vs
e B2 2900 NS B2TeS SoTT P




}
.

0°6Z = "W ~ OlLLVY SSININNTE ONV ITONV INOD H1IM NOIVIEYA
: OViG AGOS3¥Od ‘vivd JISvE H1IM NOSIIVAWOD 114 = IAND Tvliola ¥ einbyg {

SRIAOIT —~ @ ~ F TN AT PINOD

&/ 4 &
o
2%
N
a H
B
.9
g0 '
Q ?
| 3
Ll FAFIND —— — =T Y
LUG D/SUT 2t W
~
\
A <
¥ @\. A
A :
¢.% O
. $
1
o n%\kn.\ ‘Ol LY TSIMNLNNTT , vz _
| o5z =B¥ h .
i _ &
b ;..,..”.
1
7
| & :




™
e

e o P
g

A -~ =& Aa
TAURIT VI N

In order to account for angle of attack effects on forebody pressure drag,
the following methods of analyses may be employed:

. 1) Sharp Cone

The circumferential pressure distribution around the yawed body (in
. a plane perpendicular to the axis of symmetry) may be obtained from
a perturbation solution of the conical flow equations. This solution is
prasently programmed for machine computation (Program 1431)

(reférence 8). The resulting pressure distributions are then inte-
graced over the body to yield the fcrebody pressure drag coefficient,

2) Biurt Cone

The circumferential pressure distribution for this configuration may
be obtained from a recently developed method of integral relations

{refereiice 9). Althcugh this solution has been programmed, it has
not been completely checkout out; therefore, this method of analysis
has not been employedé in this investigation.

3)

Newtonian Theory

This widely accepted theory may be applied to both sharp and blunt
- cones at angle of attack. The theory may be used directly to calculate
forebody pressure drag, or it may be used to generate angle of attack
scaling factors which are then applied to the o = 0 solutions presented
in the previous paragraphs,

A limited comparison has been made between methods 1 and 3, and the
results indicate excellent agreement in the hypersonic range when Newtonian
theory is used to generate scaling factors; i.e.,

S

(CDp)a = (CDp)a-O 'E:D—L

a=0/ Newt

where (CD )

a=0 is obtained f=<:a the correlations presented in paragraph C
P -

of this section.

The scaling factor (CD /Cp 0) Ne is obtained from Newtonian theory
a am=s wt

empioying digital computer program 814 (reference 10\, In this solution,
the Newtonian pressure distributions at angle of attack are integrated

-9.
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circumferentially and longitudinally along an axi-aymmetric body of
revolution. The program computes thc bounds of the aercdynamic shadow
region, and calculates aerodynamic coefficients for angles of attack {rom
0 to » radians at any input interval desired. Some results of this program
are plotted in figures 5 through 7 as-the drag coefficient Cp versus the
cone angle ¢ for bluntness ratios RN/RB ., of 0, 0.1, 0.2, and 0.3 for
angles of attack of 0°, 10°, and 20°. Figure 8 presents the desired
Newtonian drag ratio, (CDa/ CDa . 0 New’ as a function of cone angle,

bluntness ratio, and angle of attack.

In order to develop an analytical expression for this ratio, the results
vreaented in figure 8 have been curve fit, employing 2 :ecently developed
digital computer program. Avco RAD program 1413 (reference 11 ) enables
a dependent variable to be fitted as a function of polyncmial powers of up

to three independznt variables. The program uses the least-squares
approach to daia fitting where the independent variable are all presented

as polyromials cf a specified order.

The resuiting curve-fit i3 of the form:

- ) . ) 5
(CD*/C«D‘I".‘“);N& ’ft(Al + Azd + 53 ﬂzl + {A4a + Asa + Aﬁa ]8
- » *t‘-sﬁ?(»zléa#@az]ﬁf

+ !iAAO ‘;‘ Aii a +~ Alzﬂzl + [AIB + A]4(1 + A}s ﬂ‘zlo
Ry

+ ‘.AIG;AIJGGAIBCZ]GZ‘ —R-_
- : : - B -

5 i RN -
+ {A25+A26¢+ A27a]02f(—is— -
where the numerical values of the coefficients are given in tat.e I. The

accuracy of the curve-fit is within 5 percent of the azlual Newtoman
vaiues. '
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TABLE 1

COEFFICIENTS FOR (CDO/CD“ ")N CURVE-FIT SOLUTION
= U/New:

A} =  4.54681695 E-01
Az = 1.08259007 E-01 ;
A3 = 7.52646267 E-02 :
Ay = 9.92751992 E-02 :

- K:
Ag = -1,83200192 E-02 4
Ay, = -9.13259697 E-03
A7y = -4,32304686 E-03 3
Ag = £.08808160 E-04
Ag = Z.95970723 E-04
Ajo= 1.63346966 E+01
All = -~ 4.50010377 £400

Aj2 = - 1.07061625 E-01

A13 = -2.97740823 E+00
Alg=  8.21443164 E-01
Als=  5.86190152 E-03

- Ajg= 1.28462178 E-01

e LA MU A A s el

Ahsllatiot 4

- 3.55578628 E-02
g= 7.00471497 E-05 :
Ajg = -5.35168993 E+01 3
Az = 1.51758946 E+01

»
"non

A21 = -4,10820156 E-01
A2z = 9.74715936 E+00
Az3 = -2.77304727 E+00
Azge = 8.15759611 E-02

A5 = - 4.20040721 E-01

A2 = 1,09716924E-01
Az7 = -3.72121710 E-03

-15-
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In order to confirm the validity of Newtonian scaling laws at angle of attack
a typical comparison with experimental data is presented in figures 9 and 10
The comparison consists of plots of the pressure coefficient (C;) versus
meridian angle (¢) for sharp 10° and blunt 15° cones at zero and !0° angle
of attack. The Newtonian pressure coefficient, Cp was obtained {rom: the

relation,
gl
P~ Pu 2
Cp a - = 2(sin 0 cos a + sin a cos 8 cos ¢)
2
'2" Pro Voo R

for the sharp cone case, the result of integrating these pressure coefficients
yielded a ratio (CD /Cp ) that was only 2 percent higher than the
a “a=0/Newt

correspondhng ratio for the experimental data. For the blunt cone case
(figure 10), the Newtonian drag ratic is 3 percent higher than the

experimental drag ratio.

The data of figures 9 and 10 in conjunction with other similar comparisons

(reference 12, 13) have been correlated to determine the error incurred in

employing Newtonian theory for pressure distribytions. The results of this

correlation indicate that at relatively low Mach numbers and small angles

of attack, Newtonian flow under -estimates the pressure distribution on the

windward side of the body. As both the Mach number and angle of attack

are increased, the comparisons show improvement. The Newtonian

assumption of a.zero pressure coefficient for the leeward side in the shadow )
region tends to result in overestimation of the leeward pressures by as

much as a factor of two in some cases. However, the leeward pressures .
at angle of attack are of course very much smaller than the windward

pressures, and accordingly, the effect on vehicle drag of relatively large

errors in leeward pressure will not be substantial.

In order to present some quantitative comparisons, the percentage error
in CP defined by

Cpn an ~ P \
LWL an test
on 100 (6)

% errocin C =
P C /
Prest

has been computed for the windward meridian. Figure 1! shows a plot of
this percentage error as a function of the similarity parameter K defined

as

K « 2M_ran{0+a) (7
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Also included in figure 1] are comparisons of Newtonian theory with
analytical values computed from exact conical flow solutions, at « - 0

as given in refe ‘ence 14. The percentage error for this latter information
is defined aa:

/ CPNevmiln - cpumlytical

% emxin C, = x 100 {8)

C
\ Panalyrical

Figure 11 shows that Newtonian theory underpredicts windward pressures

at the lower K values. The underprediction is about 10 percent for a K

value of about 3,0. For a 10 degree cone, at a 5 degree angle of attack,

for example, a K value of 3.0 would occur at a Mach number of 5.6. At

K values of the order of 10.0, the Newtonian theory overpredicts the

pressure coefficient by about 3 percent. For the same 10 degree cone at - -
5 degree angle of attack, a XK value of 10,0 would be attained at a Mach '
number of 18,7, Thus it can be deduced that for moderate cone angles and

even relatively small angles of attack, the Newtonian theory tends to be a
reasonable approximation over the hypersonic flow regime.

:
3
b
]
4

For an 8 degree cone at zero angle of attack at Mach 5.0, which represents
the lower limit of the K parameter in the current study, and therefore the
méaximum error in Newtonian flow, the percentage error is seen to be about
. 24 percent. However, this is the error incurred when Newtonian theory
is employed directl; in the absolute sense. In this investigation, Newtoniar.
theory is only used to scale the zero angle of attack solutions which are
obtained by more¢ accurate methods. Consequently, for an 8 degree cone at
M_ = 5, the erro. will be much less than indicated by figure 11, It is also

shown in this graph that as any of the parameters, Mach number, cone an %%
angle, or angle of attack, one increased, the percentage error incurred
from Newtonian theory decreases. :
E. Base Pressure Drag

The basic data used to calculate base drag coefficients were obtained from 2

flight test pressure measurements reported in reference 15. This flight
test data has been verified by ground test data reported in references 16
and 17, Investigation of the data shows that the majcr parameters in-
fluencing base pressure drag are Mach number and cone angle. The efiects
of Reynolds number, wall temperature, bluntness and abtation rates did not
significantly effect the average pressure level in the separated flow region
of the base,

*>19-
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To correlate the efizcts of Mach number, the flight test results obtained
from reference 15 have been used to define a reference base drag co-
efficient (CDB)ref , for a cone angle, 9 = 0 degree, A curve-fit of the

variation of (Cp with Mach number has been reported in reference 7

)
to be B ref

2
n o{=1.706 — 0.33N_ +0.00565 M)
(CDB) ref ¢

This variation is presented in {igure 17, together with the limiting vacuum
condition.

To corrclate the effects of cone angle, the results of reference 12 show
that CDB ~ (1 + sin 8).

The final equation for the base drag coefficient i3 then,

2
~1.706 « 0.33 M 0.00566 M )
CDB = (1+sin0)(CDB) ; = (1 +sin8) e( -t “

re
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fii. CONT SKIN-FRICTION DRAG

LSS ST e

The skin-friction drag coefficient is defined by the relation,
L

Ce cos 6 rdx
AB -

where C; is the local skin-friction coefficient defined by the relation,

4

C -
fa © 71 2
S P U

The following two sections are devoted to the derivation of the equations for
ch in both laminar and turbulent flow conditions for a sharp cone at 2 = 0.

A, Sharp Cone, Laminar Flow, a =0

To compute the local skin-friction coefficient, we employ the Blasius flat
plate incompressible soluticn modified for: 1) conical flow by the Mangler
transformation (referance 18); 2) compressibility by Eckerts reference
‘erthalpy method (reference 19); and 3) .onversion from conditions at the
edge of the boundary iayer to free-stream conditions; i.e.,

Pe “ez ) :

Cf--cfe— 2

pﬂ u.

The modiiied Biali\u equation is then,

- . 2 ;
c - 0.664 VT P { Pe Ve ) . é
- 2 - i
/ Re, Pe Pe \p_ vl %
Since 3
R Pe e X %
e -
X ""g ;‘
3
0. 1. X s 0.5 403 LS «0.5 0.5
< Lis ped wet? w03 K 115 Y P K
- vE P ,3'2 Peo.s “EO.S NEY P ,’2
L] n. x . ;
Setting R =f and re-arranging, we obtain,
X
[
LS
r - L.15 (;._:_) ?. ”.
BT Ll UM AV P arS
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Employing the curve-{it resulte of refeareance 20,
¢ o »~0.5 oy ~0.185
prailow My
p- Heo :; ~ P- be

. P T
. & A e
Since p S‘Pg ’ md-;;-t-—h: %,:) (assuming CP, ‘CP..)

Lts [5e V3 [Pe\OS [T, \-O185 g e\ ~0.183
Cf- R.: Y, Pe T, he
where
L3 h ‘;;L
-]
e 05405 — 4 022t (—-’-——) u2
b, b, 2

Cy « 1.4, ¢ = 0.85
l_cpe‘cv.'cv.

are obtained from conical flow resuits

0.5 + 0.5 T
= 0.5 + 05 e
T

T, V1
e 2 .
S + 0.0374 M, sssuming -
‘.

Te
., and

Ue Pe
the ratios, (—-—) N (—-)
v P T

- >~

which have Been correlated as a function of the hypersonic similarity param-
eter, M_sin8, These correlations are valid for the range of this investiga-
tion which is 0.7 =< M_sin8% 6,5. This range is specified by an 8° cone
at M_ = 5 as the lower limit, and a 15° cone at N_= 25 as the upper limit,
The velocity ratio (“e Iu_) is obtained from the conical flow results presented
in reference 21, A curve-fit of these results yield:

o1 05

The pressure ratio (p, /p_ ) is obtained from the curve-fit relation presented
in reference 22, i

25+ 8, 2ia0] S
14+ 16M, sind |

Ve i4

K2

(M_ sin #) !

U

Pe

Pe

«1+28N2 sinté [

The temperature ratio (T,/T,) is obtained from the conical flow solutions
presented in referance |, A curve-fit of thase resuits yield:

<24-




B - Te 2 -3
s . .T_ =1 + 0.0966 M sin @ + 0.2267 (M, sin 8) 3
. The local-Mach number is then computed from, : -
% B ~0.5 . :
- &K v " e Te : o -
=5 - —_— e :
c B ’ ¢ jad u, Te - %
' ) Since the local skin-friction coefficient is now defined in terms of free- P
 stream conditions, wall temperature, and cone angle, we may now integrate ’
over the cone surface to obtain the skin-friction drag. Therefore,
L s
E & 1 H
. Cpn = C; cos0(2mr) dx i
: D f i
d f n RZ bl H
h: . B (+] ? 59
_g' . . ‘
- L : 9
Since
: Ly 05
! Cf o (C‘ )!g L (—) and r=2 sin 0
L3 .. x =
- A L
. . 2 - A
) Cp. = —(C L L93 cos @ 5in 0 103 &
: Pl - '
-]
- _4_ € Ny cos O sin 6 L2 ‘
3 i R 2 3
; :
3
Since L 3

2

and )
( 115 “e pe 0.5 're) -0.18% h‘ ~0,18%
Ce dyal ™ —_ S — —
fn x=l, r—-nul‘ u, \p~ 'r. ht

we cbtain the final result for laminar flow,

-
———————

“L

B @76

) ~0.183 (b‘) -0.18%
L&

* -

E {C -
D,
ks R

£y

E -

3 .

Z: -

.
3

v.

o

{ 8 -

. ks
o] ; -
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The solution of this equation is presented in figure 12 for 8° and 15° cones. ) .

B, Sharp Cone, Turbulent Fow, a = 0

We shall employ the Blasius flat plate incompressible solution mc..!fied by-- -
the conical flow transformation factor reported in reference 23, m-adified . 4
for compressibility by the reference enthalpy method (reference 19) and
converted to free~stream conditions. The modified equation is then,

0.0592 p‘ 0.8 [ \o2 pe u? .
¢ = 53 el ( —_—
- Re, Pe be/  pyud :

Setting
Pe Ye He
Re B R" ————— —— ——
x X \Pe u,, ke
and re ~arramging. 0.8

DU.3 . Lu\ P s\ 0-2
w6

Again e:mploying the Suj “ve -fit results of reference 20, modified siightly in
order 5 adequately ..e%r the range of n, b, , and h, encountered in this
study, we Ghhuir,

FOeeTeeTeT

Assuming Cp£ = CP,. = Cp'. and setting y= 1,4 and r = 0.38

-1 ]
n Tw Te 2 3
- = 05 + 05 | — + 0.0388 N 3
he T, T, ;

The local skin-friction 2qaation in terms of free -stream conditions, wall
temperature, and cone angle is now,

1.8 0.8 o\ ~0.58 ~0.53
c 0.0698 [ “e { Pe h 3 Te
fo R0.2 Uy Kp- h, T,

4
where the "¢ conditions are detezmined from the same equations specified
in the previous paragraph.

P

To obtain the skin-friction drag coefficient, the local coefficients are inte-
grated over the cone surface with the condition that ’

G, = G hat (‘2‘)0‘2

-26- ’ i
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Therefore,

L
, .
CD‘ - -—; (Cf_)xnl_ 192056 sin 6 x0-8 4x
RB >
10 cos 80 sin 8 2
) (cf-n)"l‘ 2 -
Ry
Since

2
Rg = L2sin? 6
and

1.8 0.8 ~0.58 ; o\ ~0.
(€ ) 0.0698 [ “e Pe Te\ %8 £ e\ =0-38
f/x=L = ® 02 \u, Pe r,/ b,
=L

we obtain the final result for turbulent filow,

18 0.8 -0.58 7/ ,\-0.58
€ 0.0776 (“e) (Pe) (Te) (h ) 6
- e f— — —_— —_— cot
D¢'Tucb. (RNL)O.Z u,, \Pee T, k,

TLe solution of this equation is presented in figure 14, for 8° and 15° cones. -

£. Bluntness Effects

The effects of nose bluntness tend to reduce the skin-friction drag compared
to the sharp body case. This reduction is due primarily to the loss in
dynamic pressure encountered by the free stream as it passes through a
strong curved shock. An additional reduction in skin-friction is caused by
the decreased cone pressure resulting from overexpansion of the flow,

To completely evaluate the effects of nose bluntness, the following methods
of analysis have been employed:

a. Method of characteristica (reference 3 ) {Avco Computer Program
596). This method was used to obtain the pressure distribution and
shock shape. ;

b. Blunt Body Viscid-Inviscid Solution (references 24 and 25) (Avco
Computer Program 1115B). This method was used to compute the
distribution of flow properties along the edge of the boundary layer and
the resulting local skin-friction coefficients.

-28- -
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Figure 14 SKIN FRICTION DRAG COEFFICIENT, SHARP CONE, TURBULENT FLOW
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In the employment of the latter method of analysis, the known parameters -
are frae stream conditions, body geometry, surface temperature, surface

pressure, and shock shape. The additional fluid property that can be eval- -
uated along the edge of the boundary layer is entropy. This is determined .

from an iterative solution in which the free-stream mass flow is equated
to the mass flow in the boundary layer, The analytical model used to per-
form this computation is shown in figure 15,

.

To obtain the flow properties at the edge of the boundary layer at Station

X", a value for the entropy is initially assumed. Since the presaure is

known, all other properties may be computed. The masa flow in the bound- .
ary layer is then computed by employing the correlations reported in refer-

ence 24whichpermitan approximate calculation of the mass flow as a func-

tion of boundary layer edge conditions and surface temperature. Employing

the continuity equation between the boundary layer at Station''X" and the free

stream, the bounding stream-tube radius, R, is determined, From the

known shock angle corresponding to R_, the entropy change across the shock

can be computed. The resulting entropy is compared to the assumed value

and iteration is made until convergence is achieved, The final fluid prop~

erties at the edge of the boundary layer are then used in the modified’

Blasius equnation in order to compute the local skin-friction. The same

procedure ig then employed at the next station along the body., After all

stations are computed, the local skin-friction coefficients are integrated

over the surface of the body in order to obtain the skin-friction drag coef-

ficient. -

The foregoing methods of analysis have been employed in a parametric

study in crder to develop simplified correlations. The major protlem en- -
countered in this study is the number of variables affecting blunt body

viscous drag; they are: Ry/Pp , R“L’ Mo, 9, and T,. Therefore a prelim-

inary investigation was made of the relative significance of each parameter

in order to determine which parameters were the most critical and which

ones could be neglected.

For laminar flow it was determined that the critical parameters were Ry/Rp,
and R, . Therefore, the study was conducted for fixed values of M, = 22,
6=107 and T, = 3,600°R. The results are presented in figure 16 where
the blunt body skin-friction drag is normalized by the corresponding sharp
cone value. The characteristic length in the Reynolds number is the slant
length (L) of the sharp cone. When the known quantities are cone angle,
bluntness ratio, and blunt body axial length, the slant length is determined
from the relation,

Lp
R

€038 = —— {1 - 3in )
B .

L =

-30-
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The values of R"L shown in figure 16 represent many combinations of

altitude and body length, and in all cases the correlation was quite satis- .
factory. To further confirm this correlation, a few cases were investigated N
with the velocity reduced by one-half. The resulting correlation was very

good up to R"L = 10%; at higher Reynolds numbers there was some deviation

due to Mach numnber effects,

The results presented in figure 16 show some interesting treands which -
are summarized as follows: :

(1) At low values of R, (< 104), the bluntness effects are negligibls
due to the thick boundary layer.

{2) At high values of Ry (> 109), the boundary layer is so thin that the
streamline intersecting the edge of the boundary layer at x = L has
passed through a region of the shock that is essentially normal. There-
fore, the minimum value of the drag ratio corresponds to the case
where the entropy along the boundary streamline aquals the entropy
behind a normali shock.

For turbulent flow, the parametric study indicated that the eifect of Rao

was not critical in the high Reynolds number range {> 105), The dommat-ng
.effects were found to be the bluntness ratio and free-stream Mach number.

The other effects of conz anglz and wail teruperature were assumed to be

negligible ac in the case of laminar flow. The resulting variation of the

skin-friction drag ratio is preasented in figure 17. These resalts show

that the ratio steadily decreases up to a bluntness ratio of about 0,3, and

then gradually approaches ite asymptotic limit, which is the case of normal

shock entropy at the edge of the boundarv at x = L, .

The results pregented in figures 16 and 17 have been curve-fit to yield
the following equations:

Laminar Flow

R ( f) Bl 1.0 + 9.8842 o 44,0235 -RN 2 70.383 RN ’
B e————————— 8 + Q. o, . —— R A——— .
(CD ) Rg 3 Ry ¥ Ry :
{/ Sharp

I 1
{ 0.69 + 2.1 -—-)
R

B

o d R, )
RB Y 0810 “L
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with the conditions;

ifd > 1.0, set equal to 1,0

if R< R_; . setequal to R .

Ry Ry\ 2 Ry \3
where R . = 1.0 - 6.5076 {——] + 30.46 {— ° 4h, 85{—
mn RB,‘ R R

Turbulent Flow

(0e) rune [ Ry ]

m - l.OA-;‘ L(O.S + 0,052 M) —li;-

D. Angle of Attack Effects

There is presently no reliable solution available for the calculation of skin-
iriciion drag on yawed axi~-symmetric bodies. According to the results of
referance 26, the crouss-ilow effects on the wiadward and side meridians
are relatively small up to yaw angles equal to the cone angle, This implies
that for a € 6, the Blasius solution can be employed with tangent-cone ap-
proximations for evaluating the fluid properties, Since a requirement of
this study includes the evaluation of skin-friction drag on sharp and blunt
cones uvp to 20° angle of attack, the assumption will have to be made that
the modified Biasius solution is still valid over this entire range when the
fluid properties are evaluated using tangent.cone approximations for the
windward, leeward, and side meridians. Therefore, for the case of a
sharpg cone in laminar flow,

o\ ) 15 {Ge 1.5 {Fe 0.3 —rrf_\) ~0.185 i-o.zss .
[( Df)a—l Lam. \P oo T hc

A \% -

- /

where:
3 X - 0.5
< - .sl - 9.3 {sinl'7 W¢a)+sinl‘9(0—a)+ 2$inl'9 8}{
u,, 1 M.S‘.

Pu 1 +16M_sin{0+0q)

-

e ) s 5 25 « 8M sin{6+a)
= 1+07 M \esm (8+a)

25 + 8N sin (9~ a) 2.5 + 8M,, sin 8
+ 2sin“ 6

e (
+ s “)[xusu“san(e-a) 1416M_six38_l‘
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5t 1+ 002413 N {(sin(8+a) + sin(B~a) + 2 sin 0] .
3 + 0.0567 M2 (sin2(0+a) + sin? (6~ ) + 2 sin? 6] EE
3 W) () . '
— = 05405 || l— + 0.0374 M2 )
ke Tu/ \Tws

'

;e }c -0.5
M = M

with the condition that,

ot b e Y

if (g -q) < 0, set equal tc zezr:.

For the case of turbulent flow, this same procedure for evaluating the aver-
age fluid properties is utilized in the zerc angle of attack equation. There- .

fore, ;
=\ 18 [= \0.8 [T \ =058 /._.\~0.58 ‘

PN 0.0776 { “:) Pe Te 3 P 5 0 ‘

- — —— A— [ M

lc:Df/ d] Tuth. R"L 0.2 \Il Pe T- hc ot h 5

For the case of the blunt cone, it is assumed that the skin friction drag
ratios presented in figures 16 and 17 are still applicable.

E. Mass Addition Effects

RO

The effect of mass addition due to ablation tends to reduce the skin-friction
drag. T~ rigorously account for this affect, the following analyses should
be employed:

R TRy P

"‘ 1) Evaluation of thermodynamic and transport properties of the in-
jected gas, employing Avco RAD digital computer prograrns 1291 and
1619B. (References 27 and 28).

2} Using the thermodynamic and transport properties in the solution
of the boundary layer equations for both laminar and turbulent {low
{Avco RAD digital computer programs 1475 and 1356, respectively,
refaerences 29 and 30).

: ? 3) Correlation of the skin-friction reduction ratio {Cficf } as a func-

: . A )
B tion of the blowing parameter, 2 i

.: Pye Ve cfo

S

. »36~ .




Since the original requirements for this drag study did not inclode mass
addition affects, the rigorous methods of analyeis have not been employed.
However, provided herein is a simplified approximate method which yields
reasonable rasuite for most heat shield materials., This method, which
has beon reported in reference 31, smploys the following assumptions:

a) The mass injection rate (=) can be computed from an effective heat
of ablation (1° ) and the heat flux to A non-ablating wall (3, ). Therefore,

b

-
M W e
L

1

b} - The heat of ablation can be obtained frem the relation,
Q" = C, AT + H, s n(h, —~h,)

(total enetgy absorbed) (energy lost by wracspiration)

n(hs - hv)

- H-r +

¢} Reynolds analogy is valid; i.e., C; /Cfo = alg,

The energy balance required at the wall is tken,

q = mHp
G % Br
q r Hp + n(hg = B)

Solving for :;/io , and setting egual to Cfl'Cf ., We obtain,
[+ ]

Ct Hy

C “r”l(*’s‘*:;.

[}

This gkin-friction reduction ratic due to mass addition effects is presented
in figure 18 for laminar and turbuient flow for varinus heat shield mate-
rials, The ablation propertizs used in this approximats mzathod are:

i
%
i

23
>
K~
»
3

peror v

, Material To{°R) Hy /RT, Hy(Bre/1b) Mud Tam
'; LTa 1370 9.9 745 0.41 0.57
FEE. Teflon 1800 13.4 800 0.255  0.43
. OTWR 4850 42,0 3200 0.32 0.50
: ; -37-
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IV CONE INDUCED DRAG

The induced drag resulting from a thick boundary layer around a slender body
has been considered by Probstein (reference 32) and others for the case of
laminar flow with no mass injection. It has been shown by Probstein that for
sharp slender cones, the induced effects may be camputed {rom "'weak inter-
action'" considerations; i.e., the induced pressure gradient does not significantly
effect the boundary layer growth, For slightly blunted cones, there is a region
of ''strang interaction™ starting immediately ait of the stsgnation point and ex-
tending a few nose radii downstreamn. However, for purposes of computing in-
duced drag, this region has a relatively small effect, and weak interaction ag-
sumptions may be emp.oyed throughout,

The total induced drag can be considered to be the summation of three sffects
as foilows:

1. Induced Pressure Dra_g_

This effect ia due to a new apparent body shape represented by the displace-
mert thickness profile. Employing the tangent-cone assumption, the new

effective cone angle, 6,
k 3

the induced pressure is greatest near the leading edge, and decays at a
rate which is proportional to vz .

2, Pressure Induced Skin Friction Drag

This effect is due to the increase in local skin friction as a result of in-
creased local pressure. As in the casze of induced pressure, this effect ig
greatest near the leading edge.

3. Transverse-Curvature Induced Skin Friction Drag

This cffect arines when the boundary layer thickness is not aegligible com-
pared to the bodyv radius of curvatare. The negligibly thin boundary layer
assurpption was made by Mangler (reference 18)when he transformed the
boundzry layer equations for an axi-symmetric body to a flat plate, There-
fotre, the transverse-curvature correction is used to modify the well-known
Mangler transformation factor.

The fcliowing paragraphs present the derivations employed to compute in-
dutad drag in terms of free stream coaditions. Results are presented for
laininar flow only, since induced dray is negligitle in turbulent flow when
& < 8*. ‘

«1G.

d
g =0 +3—-—. Since d58°fdz decreases as z increases,
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A. Induced Pressure Drag, Sha 'p Cone, a= 3

Ewmploying Probstein's equation for the local incrcased presivare on a sharp
cone {neglecting second order terms of the seriza expansion),

AP _

e
where:
- {E;Mei . te T
Xe * with Ce = T —
\ Re’ 3 w
0968 T
4w —= . 0058 (For y = 14 snd Pr = 0.72)
£, (K) ! dm/w.‘ ( Me)
1 - rulary v
/Pg \ Maﬂ "0 A 6- 8c ‘M-’
Vii—
\p/

which is a function of ¥_sin® and y. A curve-fit of Fy(K)} for r = 1. ¢ yields,
Fy(X) = 0.9 - 0.115 M, sin 6 + 0.0108 (M, sin 6)°

In order to obtain the viscous interaction parameter x_in terms of free-

st < -m conditions, y_ = o M), we write:
X

% c, \0 pc)-o.s (ue)—o.s (P_u)-o.s N\
;;t Ce- P_. “co “e MN

where:

‘ { This viscosity - tempetature power law
is as3umed throughout )
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Substituting,

TR @

Xew

-3

25

ge -___;%i::_:) (-:—:)0.2 (__::)-—0.5 (-;‘-5/ -0.3 <%>

The ratios, p, fp,,. T./T,, and v, fJu_ are a function of M_ sin @ and are o}
tained from the relations given in section 1.

Therefore, the equation for local induced pressure with all quantitiesg in
terms of free-stream conditions is:

Ap

P . k03
Pe
where:
3 . -0. - 0. v 2.
T' uabs Tee 0.2 Pe 0.3 Tc 0 3 ut 5
K w T + 0.058}) e T '-;-' -T_ ':"" Fy (&)
.. ’ R.' v - - -

To obtain the induced pressure drag, it is then necessary to integrate this
equation over the coue surface. To account for nose bluntness effects,

some approximations must be made in order to integrate the equation in
closed form. (1) The value of the induced pressure at the sphere-cone
-angent point is assumed to equal the valus for the corresponding sharp

cone case for the local Mach aumber and temperature associated with the
blunt body, {2) The local flow properties are assumed to be invariant with

z, and, {3) the induced pressure on the spherical nose is a negligible amount.

The body geometry employed, for th: induced drag calculations is shown
in figure 19,

The integration will now be performed in such a manner that when Ry/Ry = 0,
the solution degenerates to the sharp body casge.

-41-
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R
W 778 Ry cos 8
p3 RB
. Kx~03) porar
R
% %8 Ry cox é
Since
Pe . ¢ d !
- an W em———m—
- Dp y sin 0
K X *e
ACy = 2Cy —= (sin 6)”'5 7,0.5 dr
P | RBZ
Ryy cos 8

R

K
P Ry

4 sin 803 Ry \
- — c:D K 1 - c';-sc}‘
3 "p . \Rp kg
Rg

5 =L, we ohtain

Since

n

R v 32
4 N -0.5
ACp = - Ch K 1]« lee— cos@ L=
P 3 P Ry

B. Pressure Induced Skin-Friction Drag, Sharp Cone, a =0

Employing Probstein's first order solution for the local induced skin-

friction coefficient, and assuming y= 1.4, we obtain,

S T/T

-43-

(ACp, Ty/To ) e B
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where d., Fi{K}, and Xe are evaluated in the sume manner as for the case
of induced pressure,

Therefore,
AC,
(Ce)p . Kk x=03
G
where:
r
Ty/Ta
K’ = |~0.823+0.524 ——
Te/‘I"

d“ FI(K) an /-r“° 0.2 pe ”0.5 Te "0.3 ue 2-5
+ 0.438 M2 > & — == -
Me / Run A J pm -

Employing the same blunt body approximations as previously discussed,
we may now integrate in closed form:

L
1 (A
(ACD) - —-——-)g- - G cos 8 (2z:) dx
f £ ”RBZ A Cf

L
2 .. _=0.5
.- — K'zx™™ C‘coserdx
RZ
B 1
Since
(,)o.s
- in 8 d C; =» (C; -— R
¢ X sin an £ ( ’)x-l x
we obtain:
L
2 123
(ACD) - — K’sin 8 cosa(Ci) x—03 [~ x dx
/p RBZ x=l z

--—R—-z— K*sin 8 cosG(Cf)x.i 0.3 (L -1y
B
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For the non-interacting sharp cone case, it may be shown that (see section
i1):

——————

10.3 cos 6 L -0.%
2ia 0

4
CDf - —;— (C():-'

or
R 3 sin 6 -0.$ 0.5
@ e comere—— lj M LY
(Cf)x -l 4 cox b ch

Substituting in the induced drag equation,

-2
sin~ 0
(ACp) = 2ok = w3 - 193,
£p 2 f g2
B
Since
Ry
RBZ « L23in0 and I-—R.-—B- L cos 8 ,
we obtain

r

R
3 N ~0.5
C -w —— K’C (l-———-cos@l.
FAD();: 2 D¢\ Rg

C. Traverse Curvature Induced Skin-Fricticn Drag, Sharp Cone, a =0

Employing Probstein's first order solution for the local induced transverse
curvature effect, and again aseuming y = 1.4, we obtain

(AC¢) T 2 Xe
— = |0.517 + 0.913 + 00484 M —
Gy Te/Te € V3 Nts tan 0
- K 503
where:
To/Tu
”? « }0.517 + 091
K 517 + 3 T,
- . 2.5
; 1 “_3 (T.)o.z (P:) 0.% (Te)-os "e)
+ 0.0484 N — — —
e} VYN a8 JE.. Ty P T, o
-45.
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The integration is performed in exzctly the same manner as the pressure
induced skin-friction drag. Therefore,

TPt

R
3 N 0.5
C = — £"C - — ces6] L™
6. = 3 D ( R “cs) °

The results of some induced drag calculations are preseated in figures
20 to 23 for sharp 8° and 15° cones,

These results consist of induced pressure drag (ACD )} and the total induced

skin-friction drag, (ACDf) + (ACDf)t

The calculations indicate the following:

AC ACp

a. The ratio is significantly greater than the ratio c L
D D
f 4 D

b. The more slender cone experiences much higher i‘qduced drag than
the steep angle cone.

c. Induced drag increases with wall temperature.
d. The effect of increasing free-stream Macl number generally in-
creases the induced drag (however, there is a reversal effect at high

values of wall temperature).

The total induced drag coefficient is then,

1

D, Bluntness Effects

For the case of the blunt cone, the flow conditions at the edge of the bound-
ary layer vary with x for two reasons; {i) the pressure distribution is not

2 pnstant as in the sharp body case, and (2) the curved shock produces an
<r ‘ropy gradient along the edge of the boundary layer.

Since the integration scheme presented in the previous paragraphs is valid

only for constant flow properties, several assumptions must be riade in

evaluating effective constant conditions. This approach is very approximate,

but it is justified on the grounds that for a blunt body the induced drag is a

very smalil portion of the total drag; in fact, it is most often neglected with-

out any consegquences, .
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In this approach the major assumptions employed are:

Mial bl g

) a. The surface pressure ratio for the non-interaction case (p, /PN)

iz the same as for the corresponding sharp cone between the limits,
1 <x <L

b. The assumed constant values of temperature and local Mach aum-
ber are to be svaluated at the end of the cone (x=L). This assumption
was made in reference 33 and was found to yield satisfactory re sults.

In order to compute the local Mach number at the edge of the boundary layer
at x =L, a linear distribution is assumed between the conical shock value
and the value at x = [, which is approximately equai to 2.0. The problem
now reduces to determining where conical flow is reached.

N R A L A T R PRI VAR o

1f conical flow conditions are attained on the body, then (Me)L = (M,_.)C‘mc
If conicai flow is not attained on the body, then (M.)y < (M) .. in accord-

ance with the assumed linear distribution.

Employing the results of reference 25, the distance required to attain
conical flow on a blunt cone in laminar flow is,

. 1.33 2 u.5 2/3
. Ry s (cot 65 + 1.005)° (Re)™
x, ={— Lsin8
Rp 0.75 2 Te/To\/ % e\
. 8.7 1 = —— (sin @) { 3.5 - 0.24 ——— )
-"s/peo -1 Tc’le o0 uc
where
. . 0.6
6, = arcsin [sie @ &+ —- (From Reference 21)
~1.6
,Dc uc TC . 0.6
Re = R_|—]}|—- (assaming p ~T°7 )
Poo/ \ Y/ \Tew

-1
Pe Ye /Pe /Te )

Poy T \Pac \ Toe uoo
. 6M2
P/ = — (assuming a perfect gas with y = 1.4)
M2 &5
oo
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It should be noted that the "e" conditions are evaluated for conical

flow.

Employing the subscript '"L" to designate conditions at x = L, and the sub-
script “C* to designate conicai flow conditions, The assumed relatica for

M. atx = Lis,

M

e, = 2 (M -2 —

~¢
. eps .. L L ’
with the condition that if —-> 1, set— =1
Xe *e
To obtain T_ at x = L, we emplny the relations,

32 2
ueh / MQL TCL
<

“\u T
Ve \ ¢ €
and
2
“CL hS - hCL
ueC h, - hcc
Solving these relations simultaneously and assuming that s, = b, A
we obtain, L ¢
Te, ] .
T, 2 2
had MeL / To h X MeL
+ 1~
MCC \Tec hS MCC
where,
h$
— = 1+02 M 2 for y = 1.4
o0

The flow properties at x = L computed in the above manner are then used

in the previously derived equations for induced pressure drag, pressure
induced skin-friction drag, and transverse curvature induced skin-friction

drag.
E. Angle of Attack Effects

The effect of angle of attack is to increase the induced drag on the leeward

side and decrease ‘ne induced drag on the windward side. Since there are .
no rigorous solutions available for handling this problem, the approximate

method discussed in section III will be employed, This method assumes

-52- .
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that the zero angle of attach solutions are applicable when tas flow properties e
at the edge of the boundary layer are computed using tangent-cone theory i .‘\f k-
for the windward, leeward, and side meridians. The ‘'effective’ flow prop- N 5
erties are then obtained by averaging the properties of the four meridians, - !

uc P T s
Therefore, the relations given in section III for-—, __?., and-—,r—ewill be util- g -

ized in the induced drag equations, - @ e o

F. Mass Addition Effects T

The effect of mass addition is to increase all the induced drag contributions
as a result of a thickening of the boundary layer. For the case of teflon
ablation on an eight degree cone in high altitude laminar flow, the results
of reference 34 ghow that the induced pressures due to viscous interaction
with blowing may be quite significant,

WA PR
25

kit (A4 e A kNG

&

No similar calculations have been made during this drag investigation, since

; the effects of mass addition were not to be considered in this study, How- 5 . -
g ever, the procedures followed in pursuing induced drag calculations with 9
mass addition are as follows: .
k.
a. Employig the non-interacting flow properties for the first intera- k..
tion, compute 1:e laminar boundary layer displacement thickness deriva- E . 3
. E o3
i ) tive (—3—5——> and the ratio of the injected mass flow to external mass ‘.
. flow (_f_____> This is obtained using laminar similarity theory (Pro- ‘ 4
Pe E . 9
gram 1475) {reference 29}, in conjunction with the previously deter- B

mined thermodynamic and transpori properties of the injected gas. k3

b. Employing the solution derived in reference 35, the new effective

cone angle for the calculation of induced external flow properties is, | .
8 6 s’ P | 3
£~ Yorig * + .
¢ orig dx Pe U, :

c. Employing the new external fiow properties for the second iteration,
recompute the boundary layer parameters, the new effective cone angle, 1 k-
and the corresponding induced external flow propertiezs. This procedure F %
converges after a relatively few jterations,

‘The final requirement would be to correlate the results of the solutions into

cloged form expressions, Since this task has not yet been undertaken, it 3
i is not obvious what correlation parar-eters would be einployed for this .
- purpose. Y S
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V. ERROR ANALYSIS

A. Accuracy Limits

Sections I, III and IV discuss the varicus assumptions and appro:imations
employed in the development of the equations for the components of Cyy. This

section compares the values of total CD predicted by these equations with wind

tunnel and ballistic range data, In addition, a comparison of predicted C

with the one set of flight data available (containing accelerometer and pressure
measurements) is made,

The accuracy limits for total Cp predictions are 30 percent at 200, 000 feet
and 10 percent below 100, 000 feet, A linearinterpolationis made between these
two altitudes, As will be shown below, these accuracy limits have been met,

B. Data Sources

A literature search was conducted at three libraries; Avco RAD, Massachusetts
Institute of Technology and ta. Redstone Scientific Information Center, 2
number of reports were evaluated as to their applicability to this investigation.

Those not used are listed in the bibliography with a note indicating the reason,
Those used are references 3¢ through 41.

C. .Typical Drag Coefficieut Data

Typical wind tunnel test data are presented along with che predicted values

(solid lines) in figures 24 through 27.  The {irst three curves show Cp

versus a for several Mach numbers, cone angles and bluntness ratios. The

predicted curves agree well with the data except at the larger angles of attack
where they tend to fall below the measured points. This deviation is greatest
for the blunter cones, figure 26, |

Figure 27 shows Cp versus Reynolds number for a cone at zero angle of

attack., AtR,_~ 10 there appears to be a jump in the experimental values of
CD which was attributed by the investigators {reference 38 ) to be a transition
effect. The separate laminar and turbulent curves shown in this range are
drawn through the values predicted for each ballistic range data point, These

curves indicate that some of these {e¢st conditions might have been partially
turbulent,

Figure 27 also shows a trend of increasging C » with Mach number in both the
predicted curves and experimental data., This trend is due to the increase in
skin-friction drag and induced drag as the Mach number is increased. To
investigate the differences between theory and experiment, the ratio of pre-
dicted to experimental Cp versus Mach number is plotted in figure 28.

Here it is seen as in figure 27 that the predicted values are somethat less

~54-

%
¥
:
!
%?

1y v AR PP Foppech (T RFAS

P e dren ey SEIVESNT 5T
e A Y

R el

¢ n RS e § 7 R & o 2%

e Ars

-



Creamrd e
7

R SRS I B

i
'
i

B I T S SIS Uy
i
.

———
'

'
ceb b
i i
H § H
} NT‘-—“
|

odad

RAG COEFFICIENT A4S A EUNCTION OF ANGLE OF ATTACK

%
i
W
w

H
+
'
i .

m B

D

cobes

i i ! b .”
. . i

.

FHN SOV (U S e t.l«li.

Figure 24




FUNCTION OF ANGLE OF ATTACK

—fe

i g 2l -

e e
Ty

b

i e i B s 2 .

T

. |

FFICIENT AS A

-~
S

co

AG

3
B

D

-56~




o

AS A FUNCTION OF ANGLE OF ATTACK

NT

SEFFICIE

CC

o~
v

3
K}

2,
4

i3]

aaarasaasiaaaaay

AasiaaniadiiaiaiadaaiaaamA.




-~

R Rt St

LREDHIE00 00MG RO Q2NN STIGNATY 40 102443 (2 aanbiy “

.
¥ f-
o P
)
[ -k
P "
[ K
b o
: -8
i W y
f
{ 3
L ;.MA
: <
y -
i

g e

v

5..; u. B

M
1

B
i
.3
5

P S Y

[P S pOb A

hd .;Lvs.i r:.»rr,f?».rl.r




i

R e

gt

o

<g T
N

1 gy

e
3

z

Vil

4
S -
£ g
iAo S
|
i

‘ ot 5

1
oy

¥

H

3

Y U

(ij

VAT R

Rl s e
. "

e 4l

‘
i

g%ﬁ&ﬁn . LAY T S IV %nﬁm.n_ I

-5G.




than the experimental values. No curve was drawn through thess data because
of the scatter. It may be that factors nther than Mach number play a part in
producing the variaticr shown, since the wall temperature, Reynolds number,
nose bluntness ratio and cone angle arz all varying.

Figure 29 shows a similar ratio versus cone angle, Here a correction trend

is indicated but no line is drawn due to the number of parameters involved and
the data scatter.

D. Error Evaluation Based on Ground Test Data

calculations have been made for every experimental data point used in this
investigation, The results are presented in table lI; which'intludés-the
measured total drag, the ratic of predicted tc experimental drag and the pre-

dicted »alues for cach drag component,

The last column shows the minimum effective altitude of the data. It is required
to comgute this factor to assess whether the reaults are within the required

accuracy limits,

With a simple manipulation the expression

R
“L [a p]
i m ]| L csnbe
Ma- # - L)
derived, The bracketed expressiox (containing density, scund speed, and

viscosity of air) is altitude dependent and decreases with increaaing altitude,
Fixing the left side of the equation from ground test parameters, an infinite
number of combinations of altitude and length will satisfy the equation, The
larger the length chosen the higher the effective altitude, It is clear that with

a length range of 1 to 12 fee? an 2ltitude band of over 50, 000 feet could be
assi'g'aed for each data point. To assess the accuracy, however, the smallest
length, 1 foot, was chosen to establish the applicable minimum effective altitude,

hence the most stringent possible accuracy requitements,

Figure 30. presents the conversion chart used to establish the minimum altitude
for each data point, The drag coefficiént ratic iz then plotted versus this altitude
along with the allowable error band in figure 31, It is seen that close to

90 percent of the points fall within the allowable band. it is considered that

this verifies the accuracy of tne analytical expressions, There does appear

to be a trend in this data, as in the previous curves, showing that the sre-

dicted values are somewhat less than the experimental values, Additional
analyses ate required to determine the reasons for this apparent trend and

whether-adjustments to the theory are warranted, .

To assess the reliability of the methods employed for evaluating drag cocfficients,
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. B, Apg;ﬁéiiﬁbns to Flight Conditions

-

In an attempt to €évaluate the "aécgracy of the 2nalytical drag equations derived
in this report, the equations should also be compared to flight test data,
Applying the theory to flight conditions is necessary for the fellowing reasons:

) 1} The primary é:ﬁg’i;}y‘mént of the ‘equations will be for predicting drag
coefficients in reentry flight.
"~ 2) Some portions of the analyticai expressions were based on flight
environments; i;€., base drag, real gas curve-fits to the reference
enthalpy method, and boundaxy layer transition.

3) The ground test d:;t;i Saé;;mté:&:quately cover the Mach number
Reynolds number regime encountzred in this study,

4) The ground test data does not consist of suificient turbulent flow data
- to compare with theory; also it is not known how much of the boundary layer
is turbulent.

5) Flight test data is presently the primady means of evaluating the
effects of ablation on vehicle drag.

At the present’time, there is a very small atnount of reiiable flight test data
that can be used for this prupose. The reasons for this scarcity are as fellows:

1} To investigate the viscous effects, the flight vehicle should be 2
slender body so that the skin-friction and induced drag wiil be a significant
part of the total drag,

2} The vehicle should be instrumented with sensitive accelerometers,
The results of integrating the accelerometer measurements should yield a
trajectory that agrees with the tracking data,

3} It is also desirable to have a vehizle that is instrumented with pres-
sure taps so that the pressure drag portion of the total drag may be
determined. Howevar, on slender sharp cones, this is generally not
necessary since the pressure drag at high Mach numbers can be calculated
quite accurately,

At the present time, Avco RAD has reliabie flight test drag data {from three
conical vehicles which are very nearly pointed (RN/RB ~ 0,013), The data
from two of these flights is presently being reduced; the results of one of the
fiights have already been documented {reference 42)., The total drag data
from this flight is presented in figure 32, together with the results of the
theory which has been developed in this report. The estimate of the altitude
range of tranaition was obtained from the results presented in Section VI,
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“Included in this comparison are the theoretical results obtained when the effects

>f mass addition are ncglected. The actual vehicle was covered with a phenolic }
refrasil heat shield {except for T=flon in the tip region); cutgassing began at

about 200,000 feet, and surface ablation commenced at about 100, 000 feet,

The skin-friction drag co}iﬁciem was reduced for blowing by the approximate
method. employing figure 18, .

This comparison indicates good agrrement betweer the fiight test data, and ‘he

analyfical methods presensed in this report; the differences are within the A
limits of the accuracy requirements. - . :

Untsl the discresancies betwezn theory and test data can be more thoroughly -2
evaluated, it is recommended that the equations derived in this report be
employed to predict the drag of conical flight vehicles to ar accuracy that is
within the specified requirement. One of the reasons for the-differences
Between theoyy and flight test data might be the methed used to account for mass
addition effects. If this is the case, than it would be necessary to employ the
mcre rigorous methods of analysis mentioned in sections III-5 and IV-6,

Y (v

(LI
'

BBt A5 2 ottt 5 AR IS T St

NS < W

\
p:

3
4
A ¢
ke St v

N

Bt ancdthekest s 2 il ot 10

sa ot

"
1

e
PR T

'w,—n-m-
h '
Y

4
v

"

ﬁ%ﬂ‘iﬁ% Redidte . Do

s

8!

,
f
S\ IRt R by




Vi ﬁOUNDARY LAYER TRANSITION ON:CONES - -

-

R - altitude a: which a conical reeatry vehicle {sharp or blunt) would begin to under- A
) go boundary layer transition. In ordsr to show how such a methed has been .
- " developed, the following paragraphs deal with a discussion of ths transition cri- '
terion, how the criterion is employed, and how the resulita have been correlatea,

. T A. Discussion of Transition Criterion

’ ) The-criterion prasently employed has been obtained from the flight test -

T results of various reentry vahicle programs. Reforsace 43 providas a dis-
cussion of the flight test data, how it was interpreted, and how it was cor-
related to yield 51 reasonable criterion. R

This inve stxg:.txon of flight data indicated that the transition Reynolds num-
ber was mcst influenced by the lucal Mach numbsr at the edge of the bound-
ary layer. - More -spesifically, correlation was achieved when the computed
values of local Reynolds number at the observed transition altitudes for
. : each flight wers plottéd-vezsus the correa‘pon&mg computed values of local

- Mach number, These results are represented by the curve in figure 33
o . : which is a "best e:hma.e" of the band of data,

. S ; "'he data actually includes .arge variations of the other parameters which
- e . _influonce transition: nozs blunting, angle.of attack, pressure gradients,
B T - - body forces, gurface roughness, wall temperature, and mass injection
“ - 7 ratds. - Althcugh the affect of éach of these parameters is known to be sig-
i T “nificant, the um efiect did not alter thie observed transition altitudes very

R T “mauch (less: thanvls 000 feet}. This is qualitatively attributed to the fact
. . . that several of theas ‘wffects tend to opposs each other, For example, the
4 - - low wali t{_mperaturﬁs gesuiting from a luw lemperature ablator tends to
stabilize the Doundary iayey- however, the high rnass injection rates associ-
ated with {ow femperature ablators tend to destabilize the boundary layer
.  (reference 44). Fiurthermore, a cool wall thins the boundary layer, magni-
T ) fying the destabilizing effect of surface roughness. This opposing effect

- - haa been expesimentaily demonstrstad, (Reference 45 and others).

The angle of attack aifect is genzrally quite significant, and it is an effect
which is moat difficuli to evaluatz. However, based oa the flight test re-
sults shown in reférende 43, :igmfxcant differences in angle of attack did

not alier the tranaition zitituds by more than 10, 000 feet.

0
f

) — The effect of nose blunting ix partially accounted for in the present criterion
gince the actual nosz bluntness strongly influences the local Reynolds num-
~ ber - Mach number diairidution aloag the body. The consequence of nose

The objective ai this transition uudy was to develop a method of eshmatmg the .
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blunting that is not accounted for is the destabilizing effect of the adverse
pressure gradient which generally follows the overexpansion at the sphere-
cone tangent point. For low bluntness configurations, this effect is not
very critical since the adverse gradient accurs in the forward region of the
cone where the Reynolds number is low compared to the rear portion.

The present criterion shown in figure 33 illustrates how significant the
local Mach number effect is, covering about two orders-of-magnitude of

(Reg )y or about 100, 000 feet in aititude. Although this graph was constructed
from flight test results with numerous other influencing parameters inherent
in the data, the trend is quite typical of most of the wind tunnel data where

the test conditicns were carefully controlled (reference 46 and others).

The "bucket" in the curve at M, = 4 is aiso characteristic of wind tunnel
results.

B. Employment of Criterion ]

In employing the criterion of figure 33 to predict the altitudes where
boundary layer transition occurs, it is necessary to evaluate the Reynolds
number - Mach number (Re, -M,) distributions along the edge of the bound-
ary layer. For this task, the following methods of analysis are employed: :

a. Sharp Cone

For this case, M. and the local unit Reynolds nu~ber, Re, are constart
with respect to surface distance, x. The values of these quantities as
a function of free-stream conditions and cone angle are then easily
obtained from conical flow theory; i.e., reference 1.

b. Blunt Cone

For this case, the Re, - M, distribution along the edge of the boundary
layer is determined from the blunt body viscid-inviscid method of
analysis (references 24:% 25} {Computer Program 1115B). This pro-
cedure employs method of characteristics solutions (reference 3)
(Computer Program 596) for the pressure distribution and shock shape.
The blunt body viscid-inviscid method of analysis is an iterative pro-
cedure as outlined below for a particular body station:

1} Employing the known pressure {from the method of character-
istics), assume a value of entropy for the external flow. These
two properties are then used in Mollier charts to obtain all other
required properties external to the boundary layer.

2) Employing these external properties in conjunction with the
known wall conditions, compute the mass flow in the laminar bound-
ary layer,

-84~




3) By performing a mass balance between the boundary layer
flow and the {ree stream flow which is entrained in the boundary
layer, compute the stream-tube radius of the free-stream mass

flow,

4) Employing the known shock shape (from the method of charac- ]
teristics), detsrmine the shock angle at tlie location where the 2

bounding streamline intersects the shock.

s S

AL

5) From this shock angle and free-stream Mach number, the 9
entropy behind the shock is determined. This is compared to the s
assumed entropy, and iterations are made until the golution con-

vergea, .

Some typical Re, - M, distributions resuiting from the blunt cone method of .
analysis are presented in{igures 34 to 36 foi cone angles of 8, 10, and i5 %
degrees with varying lengths. The linesa of constant length, z, represent
the slant length of the equivalent sharp cone (i.e., surface distance from
theoretical sharp tip fo end of cone)., For each valve of x, the correspond-
ing body radius is given, so that the bluntness ratio may easily be calcu-
lated for a specific configuration. The actual nose radii selected corres-

_pend to a bluntness ratio of 0.05, for x = 12 feet. Additional Re, - M, dis-
tributions for other nose radii are reported in reference 47,

G T

RIS Tt v sy
MBS 2 e d

The above investigation was conducted for a free-stream velocity of 25, 000
ft/ssc at several altitudes encompassing the expected range of transition,
The effect of decreasing the velocity is to reduce both Re, and N, thus
sbifting the maps down and to the left,

The distributions presented in figures 34 through 36 show how Re, and N,
increase along the body approaching the sharp cone value, At high altitudes,
conical flow is reached sooner on the body because of the thick boundary

. layer which is capable of entraining a large mass flow, At lower altitudes,
the body length required to reach conical flow increases, and for L < 12 feet, :
the resulits shcw that in many cases conical flow will not be attained. The
results also show that the more slender the cone the greater the distance :
required tc reach conical flow. A closed form solution for the distance re- E
quired to attain conical flow on a blunt cone has been derived in reference 25,

3
£
£

R o e rrry
N, "

In using these Re, -~ M, maps to determine the transition altitude and the
maode of transition, the criterion shown in figure 33 is superimposed on

the maps,

This procedure yields the altitude at which a particular body station {z) will E
underge transition. A station is considered to become turbulent when its 5
Re_ - M, value is such that it falis just above the criterion curve. By - «;;',
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determining the transition altitude for sev.ural values of x, the mode of ;
transiticn for a particular vehic!e may be evaluated,

-~

Cerrelation of Resuits ' .

-

C.

~a

b

The trangition criterion (figure 33 and the (Rey -M.) maps (figures 34

to 36, plus those presented in reference 47) have been employed in a
generalized study in order to coryelate the transition altitude as a function
of cone angle, body length, bluntness ratic, and frce-stream velocity.

PRIV,

Bascd on the ranges of variables considered,. and the valid ty of the transi-
tion criterion employed, the investigation should yield reasonable results
for the following conditions: o

“cone angle: 8° <6 S15°
body length: 1F S $ 12
bluntness ratio: 0 S Ry/Rg 0.3

free-stream velo ty: 18,000 € u_ S 25,000 ft/aec {this ranée covers
the normal coz' dor of reentry velocities)

wall temperature: 1,000 €T, € 5,000°R

- angle of attack: QO° 2SS9

wall material: ablating or outgassing

The degree of accuracy of the transition altitudes presented is expacted to
be witl in 15, 0C0 feet of altitude.

" Non-ablating vehicles with a smooth surface finish fi.e., beryllium) are
expected to undergo transition 15, 000 to 20,000 feet helow the: transition
altitude- for the corresponding ablating sehicle.

Thz geuerzlized study was performed for a velocity of 25,000 ft; sec using
the methods described in the previous section. The results obtained for
specific cases of body sength and noss radiur were raplotted as a function
of bluntness ratio. These plots were then crosa-piotted at bluntness ratios
of 0, 0.1, 0.2,7and 0, 3; the final results are shown in figures 37 tc 40. -

These results show the altitudes where transition is initially expected ‘o :
occur on the body. For all the configurations investigated, the ipitial sta-
ticn to undergoe.transition was always at the rear of the body {x =L): then i
as the altitude decreases. the transition lecation proceeds upsiream, In )
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the case of low bluntnesa cones with ¢< 8°, tha Re - M distribution may
show that transition will accur first in the forward region of the cone. thus
triggering transition ovex the major portion of the body.

For the cases shown in figures 37 to 40, where transition occurs first
in the rear portion, there are two types of information that can be obtained
from the graphs: 1) the altitude of initial transition may be obtained as a
function of 8, Ry/Rg , and L., and 2) for a particular vehicle in which these
three parametsrs are known, the altitude range of transition may be deter-
mined; i,8., for an B-degree cone; 12 feet long and a 0, 10 biuntness ratio
at a velocity of 25,000 {t/sec, figure 38 shows that transition will com-
mesnce at 130,000 feet and the one foot station will become turbulent at

90, 000 Zeet.

To account for the effects of free-stream velocity in the range of 18§, 000
S u_ < 25,000 ft/sec, the results showa in figures 37 to 40 may be used
in conjunction with a velocity correction factor; i.e.,

rA « (Zayp) + AZ
™= TR, = 2300

The quantity AZ represents the increase in transition altitude as the velocity
is decreased below 25,000 £t/sec. This increase in aititude is most signi-
ficant in the case of sharp and slightly blunted cones having high values of
M, at x = L. The reason is as follows: as the velocity i1s decreased,N, and
Re, are both decreased. However, sccording to figure 33, the reduction
in M, causes (Re,)yy to decrease at a faster rate than Re,. Therefore,
trangition occurs earlier when the velocity is decreused.

In the case of highly blunted cones, M, is relatively low (2 < ¥, < 4) and as

shown ‘in figuré 33 {Re,)rp is not very sensitive to M, in this range.
. 2. refore, with blunted cones the transition altitude is not very sensitive
¢ iree atream velocity.

A parametiric evaluaticn of this velocity effect is shown in figure 41.
These resulte repressnt the approvimate increase i transition altitude as
a function of velocity and bluntness ratic for an averzge core angle and body

length.

The results shown in figurea 37 to 41 represents & first attempt to cor-
raiate transition aititude as a function of the influancing paraznsters., The
main wea' ness of this method i3 that {t fails to include all the {actors which
tend to destabilize the Boundary layer. The arguinent presentad here is.
that the local Mach-nuirker influence on the transition Revnolds number is
the dominating sffoct, while the net effect of ail the ather parameters is -
relatively small, This srgument stems irom the znalysis of {light teet Jata

provided in refsrence 43,
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To check the accuracy of the correlation curves presented, they have been
uged to re-estimate the tranaition altitudes for the various flight tests in
which reliable transition data was available, In all cases, agreement was
achieved within 10, 000 feet of aititude, In predicting the transition altitudes
for future vehicles, it is expectad that these results wiil be valid within

15, 000 feet if the flight conditions are within the specified range of variables,

As more test datz becomes available, the present transition csiterion will
be improved to include more of the influsncing parameters. The new cri-
terion can then be used in conjunction with the { Re, - M) maps shown in this
report and in reference 47 in order to develop new graphs for predicting
the transition altitudes.
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Vil. SPHERE DRAG AND TRANSITICN

A, Drai&Coefficient

The drag coefficient of a sphere, like that of a cone, is the sum of the contribu-
tions of pressure drag, base drag, skin friction drag, and induced drag. For
spheres, however, the pressure and skin friction drag are the dominant factors.
The induced drag for spheres is negligible for all cases of practical interest.
Base drag, although not negligible, is a small percentage of the total drag at
Mach numbers between 5and 25.

The pressure drag is usually considered to be a function of Mach number only,
while the skin friction drag is a function of Reynolds number. Therefore, the
sphere drag coefficient prediction would be expected to have the form Cp = f(N)
+ s(R..,L} . Data which confirm this expression from references 48 through 54
are presented. No data on wall temperature effects were found.

32t A Y ST A g R

s
iy
73

A plot of drag coefficient versus Mach number is shown in figure 42. These
data correspond to flight below 150, 000 feet, based on the sphere size and {light
conditions called for in thiz study, The predicted constant value of Cp = 0.92

fits the data well within 2 210 percent band for M>3, It is aszumead that Cp, ve-
mains constant through M=25 although the highest Mach number tested was approxi -
mately 16. Test results from other blunt bodies substantiate this assumption.

s At o

AT

Drag coefficient veraus Re vonolds number is plotted in figure 43, Values in

the region 104 < Re g 105 represént Mach numbers as low as 2.5. Here, too, .
the constant value of Cx= 0,92 fits the test data within a £10 percent band for a
simulated flight altitude of almost 200, 000 feet, discribed by a 3. 75-inch diam-

etar sphere at Mach 5. At R,,LSxIO“ or an altitude greater than 150, 000 feet,

Cp increases with decreasing Re, A curve fit of this trend yields

500

Cp = 092+
L]

i
This equation 15 applicable throughout the range of interest.

B, Boundary Layer Transition

For sphericsl configurations, a limited parametric study has been made to cor-
relate transition altitude as a function of sphere radius,R; , and free-stream
velocity.

For this investigation, a constant value of transition Reynalds number {Re, )gp =
300, 000 was assumed, To determine the local Reynolds number distribution
along the aphere, the fluid properties ware computed using a Newtonian pees-
sure distzibution and the entropy behind a normal shock., The maxirnum unit

-97-
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: Reynolda number occurs at the gonic point whers the mass flow is maximum.
: ; Employing the computed unit Reynolds number diatribution in conjunction with .
] the surface distance from the stagnation point and the assumed value of (Re; ) g, .
BT the transition aititudes have been determined. The results arc presented in
3 figure 44 for velocifies oi 5,000, 15, (00, and 25, 000 ft/sec. Thes: graphs
B show that the greate; the velocity, the higher the transition altitude, Thir
= occurs because the local Reynolds number ircreases with velocity while the .
S local Mach number is essentially constant,
53 14
17 ‘
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CONCLUS:ONS

The analytical expressions presented in this report satisfy
the basic requirements of the study:

1} All equations are in terms of free stream properties,
body geometry, and surface material.

2) The accuracy requirements have been met based on
comparison with extensive wind-tunnel and ballistic
range data, and one set of flight test data.

3) The specified ranges of variables have been covered.

The additional requirement that has been satisfied is the
determination of the transition altitude ran- 2 as a function
of the several influencing parameters

The equations that are presented in this report for cones have

been programmed for digital computer solut‘on (Program 1954)
(Reference 55). The results of this program have been compared
to more ri:gorous solutions and there has been excellent agreement.
The program 1s, however, limited to the ranges of variables
covered in this report.

In order to improve and expand the drag solutions presented
herein, it is suggested that the following additional tasks he )
performed: ;

1)  Employ more rigorous solutions in order to determine the
effects of blowing on skin friction drag and induced drag.

2) Extend the Mach number and cone angle range to include
the transonic region and cone angles as shallow at 4°.

3) Develep drag equations for the triconic shape az the general
configuration, nocting that cones, bi-conics, and cene-cylinder-
flares are special cases of the triconic.

These three tasks can be performed employing existing capabilities
The additional tasks that require highly advanced state-of-the-art
techniques would be involved with the determination of all the drag
components at angles of attack greater than the cone half-angle. The
approximations employed in this investigation for viscous effects at
o(}‘() should be valid only at small angies of attack.
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