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NOMENCLATURE (CONTINUED)
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K] Constant defined by Fauation 79c
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n constant defined by Equation 50c
Nu Nusselt number
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f; p Nondimensional pressure, Equation 79b
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; q Heat flux (BTU/ft2-sec)
q, ,Dynamic pressure (1bf/ft2)
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e Radius of corner for flat face nose and spherical arc :
nose, Sketches 3 and 4 (in) i
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‘ R Gas Constant, 53.35 ft/°R :
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'% St Stanton number
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'i T Temperature, °R
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'§ t Time (sec) |
At Time step for trajectory calculations (sec)
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F ?‘ wt Weight of reentry vehicle (1bs)
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z (a/Ry)™!
é ZA Constant defined by Equation 126b or c
1 Zk Constant defined by Equation 126d
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; Y Ratio of specific heats
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NOMENCLATURE (CONCLUDED)
Match point location, defined by Equation 45
Momentum thickness

Constant in skin friction equation, defined by Equation 97b
Elliptic coordinate, Sketch 2

Angle between X axis and tangent to body, Sketch 1 (degrees)
Constant defined by Equation 6b

Constant defined by Equation 88c

Constant defined by Equation 54d

Viscosity (slug/ft-sec)

Elliptic coordinate, Sketch 2

Elliptic coordinate for body

Defined by Equation 55a
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Freestream density (slugs/ft3)

Density behind shock (slugs/ft3)
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SUBSCRIPTS
B Body; base of vehicle
c Cone aft body
e Boundary layer edge value; oblate ellipsoid value
E Initial reentry condition
f Flat face-sharp corner value
h Hemispherical value

I Intersection of nose with corner, Sketch 3
ISH Shoulder point of nose, Sketch 1

J Junction of nose with aft body, Sketch 1

MIN Minimum value from Krasnov's universal curve
NB No blowing value

PM Prandtl-Meyer value

r Recovery value

SA Spherical arc-sharp corner value

SL Sea level value

w Wall value

b) Location of corner, Sketch 3; no blowing value; stagnation value

0.5 Oblate ellipsoid value, b/a=0.5

© " Freestream condition

SUPERSCRIPTS

W Sonic point value; reference enthalpy value
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SECTION I

PONEPNIL BV PN

INTRODUCTION

The active cooling of re-entry nose tips may be the only practical
method of maintaining a shape stable nose in a severe weather environment.
The coolant provides protection from the thermal and particle environ-
ments, and the degree of protection depends on how effectively the
available coolant is used. The transpiration-cooled nose tip (TCNT) is
one means of actively cooling the nose tip. By minimizing the coolant
necessary for thermal protection, more coolant is ‘available for particle
protection. One of the options available for reducing the amount of
coolant for thermal protection is to optimize the external shape of the |
nose tip. The objective of this investigation is to determine the
external shape of a TCNT that requires the minimum amount of coolant over

it et S ik b S e i i i

a re-entry trajectory.

The general problem of minimizing the aerodynamic heating to a
hypersonic vehicle has been considered by various authors (References 1,
2, 3, and 4). A1l of these studies used the calculus of variations
method and assumed a modified Newtonian pressure distribution, either
completely laminar or completely turbulent flow, and constant freestream
conditions. The specific case of the TCNT was considered by Baker and |
Kramer (Reference 5). They also assumed a modified Newtonian pressure
distribution, and either completely laminar or completely turbulent flow.
: Instead of constant freestream conditions, however, their trajectory
1 ! parameter beta, NT/CDAB, was assumed to be a constant. All but one of
' these studies concluded that the flat face - sharp corner shape minimized
the total heat load to the vehicle, and that for a given fineness ratio |
there was an optiimum flat face height. Furey's (Reference 3) results 5
differed in that the flat face had a small "bubble" at the stagnation
point. Hull (Reference 6) has pointed out the mathematical restrictions
that result from using the above assumptions with the calculus of
P : variations method. These restrictions make the results in the literature
mathematically questionable. Baker and Kramer did take Hull's results into
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consideration in their investigation but they assumed that the flat face
nose was the optimum shape without ever proving it.

The results in the literature may also be questioned from a practical
viewpoint. The modified Newtonian pressure distribution is of course
accurate for the hemisphere but not for the blunter shapes such as the
flat face. The boundary layer flow over the vehicle is usually a
combination of both laminar and turbulent and, as turbulent flow is
associated with much higher heating, the effect of the nose shape on
transition is an important factor. The freestream conditions, as well
as beta, vary throughout the trajectory. Assuming that either of these
is a constant removes the effect of the nose shape on the trajectory time
which is another factor effecting the total coolant required. In view of
the above, it was decided to reconsider the optimum TCNT problem and use
the variation of parameters method rather than the calculus of variations
method. The variation of parameters method requires the calculation of
the total coolant needed by a given nose shape during reentry. The
optimum shape is the shape requiring the least amount of coolant. This
method allows the optimum shape to be more realistically determined as
the assumptions mentioned above do not have to be made.

As the optimum shape is determined by comparing the amount of
coolant required by one shape with that required by another shape, only
relative accuracy is required in the calculations. The simpler empirical
methods available in the literature were used to calculate the aerodynamic
heating and drag. Some of these methods are valid only for hypersonic
speeds, hence this investigation is restricted to impact Mach numbers
greater than four. Three different families of nose shapes were con-
sidered - the oblate ellipsoid, the flat face - round shoulder, and the
spherical arc - round shoulder. These families are bounded by the flat
face - sharp corner at one extreme and the hemisphere at the other
extreme. A ten-degree half-angle cone was used as the aft body for all
three shapes. The transpirant, water, was assumed to cool only the nose
as the aft body heating is usually handled by an ablative material.

The wall temperature of the nose was assumed to be 2000°R. At each
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altitude the coolant flow and total drag on the vehicle were calculated.
The trajectory equations were used to calculate the next altitude,
velocity, reentry angle and range for a given time step. A time step was
chosen such that the drag coefficient was nearly constant. The coolant
used over the entire trajectory was determined by numerically integrating
the amount of coolant used at each time step.

The geometric considerations are presented in Section II. The
inviscid analysis is covered in Section III. This includes the shock
stand - off distance as well as the properties behind the shock and at
the body stagnation point. The viscous calculations are discussed in
Section IV and the trajectory in Section V. The validation of the
computer results is presented in Section VI. In this section, the
computer program results are compared to data in the literature or values
obtained from hand calculation. In Section VII the results of this
investigation are discussed, and in Section VIII, the conclusions are
presented.
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SECTION I1I
VEHICLE GEOMETRY

The equations used for calculating the various geometries are
summarized in this section. The independent variable for the nose is y,
while the arc length, s, is used as the independent variable on the aft
body.

1.  OBLATE ELLIPSOID

Y4

b — — — — — — — — — — —

O E——— S ——

Sketch 1. Oblate Ellipsoid

The equation for an ellipse in the coordinate system shown above is

2 2
=B 17 = (1)
a

The intersection of the nose with the cone aft body occurs when 6 = 6 .
The coordinates of this junction are

2 tan ec

X3 °

oo 8
N/r_l + %% tan2 0

e

e
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vy " 2 (2b)

, b2 2
]+Ft‘n Sc

The shoulder point location, ISH, is given by

Xsn = P e (o}

Yisy = ¥g * (b - x,) tan 6, (3b)

The arc length along an ellipse can be conveniently expressed in terms
of the elliptic coordinates (£,n).

n=0,r
4 ? = - p? (4)
n T 212 = (1+62) (0 - nd) (5a)
“2 a Z/C = En (Sb)
s =-b 1 £g = b/c (5¢c)
q” z
%B

Sketch 2. Elliptic Coordinates

then
n b =
f B dn (6a)
2 ] - K
If n= cos w, and & = (-——2—) . (6b)
K

then o

—:—- f 1-k sinf v d (7)
cos w

This is an elliptic integral of the second kind.
5
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Using'y as the independent variable, values of x, 6, n, are given by

X =b { | BX 1/1 - yzlaz } (8a)

fd i

: 2

3 o = tan") {% L (8b)
R 2

o {b/a) tane y |[a

| n = = -1 (BC)
i} . —7

i i -1 €47 e g

)

& -

- [ - @sinfu w (8d)
‘ CosS w

For values of y between Yy and YisH

x =xg * (y - y;)/tan o, (9a)
‘ s =53+ (y-yy)sin e, (9b)
5 0 = 0, (9c)

2.  FLAT FACE - ROUND SHOULDER

yA ISH

A A P A S A e

e

v

Sketch 3. Flat Face - Round Shoulder Coordinates




AFFDL-TR-78-147

E The intersection point between the shoulder and flat face is

1 XI =0 (100)

Z S
vty e .

The intersection of the corner and aft body is

|
E | r_tan 6
,‘s | Xy =P — & (1a)
-

5 -
/ 2
1 + tan ec

r
{ = c 11b
yy=ypt = (11b)
| N/»] + tan” o,
3
eJ = -TZL - eC (11C)
| 35 'Yy (Md) %
|} The shoulder point (ISH) is |
X1sH = "¢ (12a) E;
yISH o YJ + (rC - XJ) tan eC (\2b) {I
|
Siep = Sy * Llypey = ¥y)/sin e ] (12c)
i The center of the shoulder (x,. ¥,) is
Xo, i (13a)
i‘ Yo = 8-, (13b)
:Q The equations for x, 6, and s on the flat face are
4 X =0 (14a)
: 0 = 1[/2 (14b)
| s=y (14c)
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5:; On the corner
2 i 2 2
1 %= 4/'\: - L8 =y (15a)
k| s y-y
6 =sinTl { —2} (15b)
b -

| s X

; ] 5= ¢ (15¢)
B
;‘! s=sptr. ¢ (15d)
! % On the flank, y > 2 the equations are the same as those for the

ellipsoid, i.e., Equations 9a, 9b, and 9c.

3.  SPHERICAL ARC - ROUND CORNER

ISH

Sketch 4. Spherical Arc - Round Corner Coordinates

Center of corner (xo. o)

Nl B ‘ (16a)

2 2
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Intersection of arcs (XI’ yI)

=1 yc
{ }
Ry = e

sin

o1

Yo

Y1 = Ry Ry - 1)

= Ry (1 - cos ¢I)

>
—
i

Sp " Ry ¢
Intersection of corner with flank (xJ, yJ)

-ec

©

()

"

OV E ]

Yy = Yo *r. cos 0

p T, M sin 8.

Ve S5 S TR
Shoulder location (xygys Yrsn)

XIsH = Xo

YisH = Y1 * (%o - xg) tan 8,

(yISH = yJ)

+
sin ec

15~ %

(17a)

(17b)

(17¢)

(17d)

(18a)

(18b)

(18¢c)

(18d)

(19a)
(19b)

(19¢)

The equations for the dependent variables over the different regions are:

On spherical arc (y < y;)

6 = sin™! (y/Ry)

b B RN e Rﬁ ~ Yz

(20a)

(20b)

e T T e e ROV 4
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1 g
) ) ¢
4 $=Ryo
On corner (y, <y <y,)
k.1 I - g
4 1o = Ye
> ¢ =sin " ( 7 ) (21a)
| 5
3 " X = Xq = I'c €08 ¢ (21b)
L I
2 0=5-0¢ (21c)
- R AT an
‘ ! ‘ On shoulder (y; <y < ygy)
E | s (v -y, (22a)
E X=X tan 6 *
E (y - y,)
E | FOAT THi N .
f It is also noteworthy to consider the case of the sharp corner. For
! eJ greater than 10°, a discontinuity will exist at the corner.

Yo=Yy = 2 )
: ; ‘ XJ ’ XISH = RN = R: = 32 (23b)
» For 8, less than 10°, the nose will flare smoothly into the aft body.
4 ‘
| ;
b |
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E ]

E ]

k- !

i |

B Sketch 5. Spherical Arc - Round Shoulder, 6 < 10°
> e
i %5 =7 - 6, (24a)
| Wi RN sin ¢J (24b)
XJ = RN (] - cos ¢J) (24C)
$) RN ¢J (24d) 3
and,

XIsH = RN (25a)

1 Yisw = ¥g * (xpgy - xg) tan 6 (25b)

3
;
: Spsn = 59 * Llyggy - vy)/sin o 28ec) ;
4. AFT BODY OF CONE ]
For the aft body, s is the independent variable and :

; i X = Xqgp * (s - SISH) cos 6, (26a)

i b y = yISH + (S - SISH) sin ec (Zsb)

0 =6, (26¢) .i
| i
j n

2
|
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The end of the cone is given as

Xg © L (27a)
¥g = Rg = Yisn * (xg - xpgy) tan 0 (270)
Y
L gac
e

| Ry

L ]

| .

Sketch 6. Aft Body Coordinate System

12
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SECTION III
INVISCID CALCULATIONS

In this section the methods used to calculate the inviscid local
flow properties are presented. Empirical methods available in the liter-
ature were used. Real gas effects were zccounted for by determining an
effective specific heat ratio.

1.  FREESTREAM CONDITIONS

The freestream conditions at a given altitude were determined from
equations given by Dommasch, Sherby and Connolly (Reference 7). The sea
level values are as follows:

P, = 2116.217 1bf/ft2

sL
= 0.002377 slugs/ft?

= 518.688 °R

PsL

= 1116.444 ft/sec
= 32.174 ft/sec’
R = 20,855,531.0 ft
The distance above the earth's surface is the geometric altitude,

hG‘ The distance from the earth's center is the absolute altitude, ha’
The geopotential altitude, hg is given by

hg = hgs hg < 60,000 ft (28a)
Ry
lig —Ti;Ji s hg > 60,000 ft (28b)

In the geopotential layers where g is essentially constant, the pressure,
density and temperature are given as follows:

Isothermal region (T = constant):
§ = 8 e (29a)

o = o e (29b)
13
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Gradient Region (dT/th is constant):

T=T, +a, (h9 - hb) = Tgu s adhg (30a) %
i 1
6 = & (1/1y) V3" (30b) :
|
3 |
o =g (1)) "Dk + 1] (30c) |
= where
| oAl d1

| s 84 = T
| - RT d th

and hb’ 81 9 T] and y are given in Table 1.
1/a4R
The freestream stagnation properties are calculated from the i y

relationships using the static values of P_, T_, and p_ and the free-
stream values of M_ and vy.

: A 2 %
T [1+3102] . (en) (31a)
. Y1 ,2]y-T  1bf %
0 o [1 ¥ i M,,] o (31b)
1
3 Y-1 2] o=t slugs
Po_ = Pe [1 +5 N,,,] Y1, 13 (31c)

The stagnation enthalpy was determined as follows

b, " CpTa* 20 (32) 4

2.  SHOCK DENSITY RATIO

T v b g
L " "

If ho is less than 864.0 BTU/1bm, the isentropic gas equations can -

be used to determine the shock density ratio. For h° greater than 864.0

f BTU/1bm, real-gas effects must be considered and an iteration procedure

is required.

14




T Y -

€S8TTYS "8+ elOHxnmonn.ﬁ 9-0TXGSOE0 T} I8 6%€~ 9cv6T z+| 9Lz°s6z| 91s662] L

0 G-0TX%LTEL"T mloﬂnNOAOG.m 88T°68¢C 0 98T ‘65T 8yv“z9z| 9
9%9TZ6S° L~ QlOﬁuewnow.m vloaxwoamh.m 880°8€6 88897°Z-| GS88°ELT 9Ye‘cLT| S
0 6LTTICT00°0 9988TT00°0 | 88L°80S 0 66T°“%ST| 8YE‘SST| ¥
€9%288¢€ "T1+ LS992€0°0 909s%20°0 886 °%ST 0Z6S%9°T+| TT0°‘C8 sveze | €
0 690.6Z 0 6SE€E€2TT°0 886 ° 68¢ 0 680°9¢€ TST9¢ 4
90LETT9SC S~ T T 889°81S 09199S "€~ 0 0 T
1

L)

=y

14 0001/40 5

mu ]

e/l bo L ot | 2WP _Ppf gy Yy | 2| E
1p =

r~
E <
i
-]
s
m. SINVLSNOD JIY¥IHASOWLY
-
2 1 378V
| [T
] <<
|
w
m
I

Y W . i PR S 6 s i EPPER TR e src!é

i B




T R r—
v X . i Saaiaa
i Wi

AFFDL-TR-78-147

Ideal Gas (h, < 864 BTU/1bm)

i e i - (33a) ‘
Po  (y-1) + I
T, (2w - (=DM + 2] e
L (v+1)? W2
P
3“2:-'I+$IT(H£-1) (33c)

(y=1) n,z. +2

(33d) ]

Real Gas (ho > 864 BTU/1bm)

The computational procedure for the real-gas case is as follows:

(1) Guess Py (isentropic relationships)

=(2) u, =p, u o,

(3) Py = P, +p, ul -0, ul

ITERATION

1 . ¢ %3 f
(4) hy = b+ 3 (2 - i) |

—(5) Pp = Py (hz, Pz); Bade (Reference 19)
The iteration is continued until the percent change in the density is
less than 1 x 10°°. | 3

Knowing the density, pressure and enthalpy behind the shock, a
temperature is calculated from the perfect gas equations. If the
temperature is less than 2500°R, the following equations were used.

e A
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y-1s 0.4 - (34a)
1+0.4 (§§—°ﬂ) o (5500/T)
[éEEOOIT ]]2

s (34b)

2 JRT,

If T2 is greater than 2500°R, then the temperature behind the shock is
calculated from Hansen (Reference 8). Because of its complexity, this
method is not presented here.

The stagnation conditions behind the shock are calculated as follows:

MZ = u2/ /YRT2

2
""02”’2*’}"2 u3 [‘*242] s
§ Py LY U%,%);h«(hﬁmmeﬁ) (344)
e 2 2 2
E T°2 = T02 (Poz’ hoz, poz); Hansen (Reference 8) (34e)
Yeps = W (P/Py, )% (py/e, ) (34f)

— My = Ul [Yess R T, (34q)

The iteration is continued until the change in "2 is less than 0.001.

3.  SHOCK WAVE CALCULATIONS

The shock stand-off distance, radius of curvature and profile were
calculated from Krasnov (Reference 9), and James and Terry (Reference 10).
The shock stand-off distance and radius of curvature for the three
different nose shapes are as follows.

17
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a. Sphere

e

Sketch 7. Hemisphere Shock Stand-off
Shock stand-off:

w

— Po

—o— = 3 = 5 * B —
- h 0.78125 0 ; p o (35a)
Radius of curvature:

R 2
B 25 35 |
B ik Rsh 0.78125 { 1.0 + 3P (35b)

b. Flat-Face Sharp Corner i-
—g = 1.03 —9-—_ (36a)

1-p

O V. W S e

4 ( Rso) 1.03 [1 +,/§.3j s
R [ S 36b
S¢ e T Y 3 0.781253].‘[3 (1.0 - p)

' c. Flat Face-Round Corner
k| R

i Sketch 8. Flat Face - Round Shoulder Shock Stand-off

wiresns

———

s

_; 18
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® .S =1 C
S = " Sf - [Sf - sh]'fi (37a)

K s _sf *h “ (37b)

d. Oblate Ellipsoid

The shock stand-off distance for the oblate ellipsoid was
adjusted to fit the trends given by Felderman et al (Reference 11).

5, -5, e [e(/a) + e(b/a)’] (38)

The constants e, and e, are calculated from §h and §0 5+ A simultaneous
solution gives

e, = 42n {0.025 + 1.1814 Pl-2an (§h)
-32n (§f) (39a)
e, =2 n (§h) +2 4n (Ef)
- 4 ¢n (0.025 + 1.1814 p) (39b)
'§0 5 = 0.025 +1.1814 ° (39¢)

The radius of curvature of the shock can be determined as follows
S S

At s (40a)
so So
therefore,
R -
b T, (40b)
s o~
So
then, b #E
1+ -g- ° Sh

19
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Assume that §o varies linearly with (P/a), then

Se =S¢ - (S¢ - §,)(b/a) (41a)
and

Eso . gelge i ge/[gf - (§f i §h)(b/a)] (4lb)

where 3; is given by Equation 38.
e. Spherical Arc - Sharp Corner

The shock stand-off distance and shock radius of curvature for
the spherical arc nose shapes are given in this section. Results
presented in Krasnov (Reference 9) show that the shock stand-off varies

linearly with (A/a).
(EQ) .20 ._0.) - 2(.52) A (42)
ale 9 a/e aj| a

(%lA

N

where

Equation 42 is assumed to be valid for when the sonic point is on the
corner, i.e. 0 < (A/a) < A,. The sonic point is assumed to be at the
corner for 03 > 45°. Therefore A, = 0.41421, for a nose body radius (a)
of one inch.

For (A/a) larger than A,, the shock stand-off distance must
decrease monotonically to the value for the hemisphere. This is accom-
plished by matching a second order polynomial to a straight line through
(s/a)h.

(So/‘)h = co + c1 A+ c2 Zz (44a)

where

¢=5¢-4 [5,-2517% (44b)

s i

g " -
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3 1 : = g-o— 3 - 3
» and,
‘ A=%-%, (444)
The match point of the polynomial and straight line is assumed to be
5 -2.0(Cc_-5,)
bup * c: ; ()
. therefore
| cC +C, 4 -§
c,-2—1h h (46a)
(oyp - 2 841 Byp
where
Ah =1.0 - &, (46b)
; also,
| Gor20fe +63 -5
mSA = 1 - 0 ~] h h (46(:)
(A~ 28, ]
MP h
i and,
b =3, - mg, A4, (46d)
| 8
The polynomial expression is used from 3, < A < (A, + ZMP)' The linear §
expression S = b + mA is used from (B, + ZMP) to 1.0.
} An expression for the shock radius of curvature is given by Krosnov as
{ 4
{ Rso Rsf Bs j
L] s7 5 % (47) ]
i ¥ —-—
i B+ =9 [Rsf e BQ]A

where Bs is given as the value of ﬁ; at A = 0.45 and is approximately

3 0
E equal to 1.8 to 2 times Rsh . For this investigation Bs is taken as gg
] ‘ ]

ﬁ;ho’ which is somewhat larger, and the above equation is used over the 3

full range of &.

21
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f. Spherical Arc - Round Corner

For the rounded corner spherical arc, the shock stand-off and
shock radius of curvature are assumed to vary as follows:

§o = §SA " [ESA - §h](rc/a) (48a)

(R)gn (),
2 (is)h - [(E,;)h - (ES)SA](rc/a)

(48b)

g. Shock Wave Profile

The shock wave profile can be determined from James and Terry
(Reference 10).

R¢ 4
T
R
| N .
Sketch 9. Shock Wave Profile
" 1 1
s /x\ * PAL B
. {(a) ‘e (.)} (49)
where

1 1.35 -0.0687
k. = +0.057 Cy M (50a)
N

Rrx

22
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0.75 2 -0.07
0.75 » 0.2741 + l.'l!'s[CD (Mm-])
a_ =0.56 §Co  (M-1) N
S D“ )

(50b)
0.75
0.646 exp(o 237 CD )
, N
g [o.s z] 0.0 (50c)
i
N

where CD is the drag coefficient for the different nose shapes.
N

4. PRESSURE DISTRIBUTION

The inviscid pressure distribution over the reentry body was con-
sidered in three parts: the nose, after body and base. There are
many methods available for calculating the pressure distribution
over the nose of a hypersonic vehicle. These methods however are
complicated and time consuming. For the purposes of this investigation,
a simplified method was desired that would give relatively accurate
results between shapes as well as short computer times.

a. Oblate Ellipsoid

Vinokur's method (References 12, 13, and 14) is used for
calculating the pressure distribution over the oblate ellipsoids.
This method gives good results for the flat faced shape but is some-
what less accurate for the hemisphere. The method is developed in
detail in Reference 15, and is summarized here for completeness.

The nondimensional pressure (P/P ) is given by

(; " BE¥) 1 oiﬂ, (51)

(2 0 - k) EB + n

23
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where k = Rw/Pz. and EB’ n are elliptic coordinates given by

EB = b/c
: (bsa) tan o

n
J 1+ (E/a)2 tani 0

The terms A & B are constants given by

2 .3,.2
< B, 168, K Ea(E5 + 1)
Voden EenGegen g+

and

2 .2,.2
. 808, K™ gglEg + 1)
B"_(52+1)(5"‘+1) T (5e2 4 1)
B &g B
where
e 2
0.5 - 0.8 XK, - Cp Ky

B, =
2 C]

ol
"

[ S ] [So/Rso] 1
v k S,/2 JES +1

>
n

2 .

(52a)

(52b)

(53a)

(53b)

(54a)

(54b)

(54c)

(54d)
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(use sign which gives X < Es)
2.
1 .
2 - 0
: By B * (_5) Jgg +1 (55a)
(€ +1)
P] i | (55b) ,
¢ = |
Py= - P i 0.40 g (55¢)
By 19 fe ‘s (55d)
3% Ve L. 55
The constants C]. CZ’ C4, CG’ C7, and C8 are
C, = s + tan'] T -d (56a)
1 =2 S 1
£ 1
£ - &
C2 . =10 (56b)
o T
R (sii +1) [3 tan ‘gs - dz] (56¢)
(Es +1)
2 =2
Ep = &
Ce = s (56d)
10(1 + SEB)
.ES
. c7 o (56e)
5(5 £g + 1)
3 Igb 16 + 50 E- + 30F
Cg = 10, (3 tan 1.s,s-dz)+ —— s (56F)
(& +1)

25
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The constants d] and d2 are

&g

]
dy = ———— '+ tan ' E (57a)
b e ;
15¢ 2
d, = B B + 3 tan”) gg  (57b)

2 (52 + 1) (1 +g2)(5E2 + 1)

b. Flat Face - Round Shoulder

The pressure distribution on the flat face - round shoulder
nose was determined by assuming a velocity distribution from the
stagnation point to the sonic point. A modified Newtonian type equation
was used from the sonic point to the Prandtl-Meyer match point.

The velocity distribution was assumed to be linear from the
stagnation point to S/, i.e., u = (du/ds)sps, where

S| = 0.70 (1.0 - rc/a)s; (58)

Beyond SL» the velocity is assumed to vary parabolically to the sonic
point S*, i.e.,

= du a 2
u=u o+ <;5)sp (s sL) + C3 (S'SL) (59)
where
u* - u, - (du/ds)e, (s* - s,)
c3 % L SP L (60)
2

(s* - 5))

The corresponding pressure is determined from the isentropic relationships.

A modified Newtonian type equation is used aft of the sonic point
on the rounded corner.

P = (BE) -k, sin? (o* - 0) - Jy(6*- 6) (61)
P P P P

26
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where,
Jp = %gf ; slope at the sonic point (62a)
(Px - P) - Jp0*
ko = P - e (62b)
sin” 6* 0,
The value for Jp was determined as follows:
QE* : dp* du* ds*
de Eﬁ‘ ds* do (63)
where
*
%% e (64a)
du* _ (du) + 20 ( *
== \>= s* -5 ) (64b)
ds* ds Sp 3 L

dp*/du* is determined from the isentropic relationships and M = 1.0,
-1

i = -1
dp* _ dp* '___dMZ - Y (_Y”)Y (65)
* *
du sz du agz 2
therefore
o Yu* r ok
- - (%) 2(u*-u) -(%'l) (s*-s)) (66)
02 L

This method is used from the sonic point to the Prandtl-Meyer match
point.

c. Spherical Arc

The spherical arc pressure distribution was calculated in a
manner similar to that for the flat face because a modified Newtonian
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pressure distribution fails to give the proper stagnation point velocity
gradient and sonic point location. The linear velocity region is given by

5, = [1.0 . ;5] [1.0 & ;—u] [0.70 -3 (%E)] 5 (67)

This gives the same results for the flat face and hemisphere as
the equation for the flat - round case. The term

0.10 /a
[0.70 - 2 (Wi)]

is required in order to prevent an inflection point occurring in the
velocity distribution. The equations for the velocity distribution in
the subsonic region are the same as for the flat face - round shoulder
case. The method for calculating the pressure distribution aft of the
sonic point is also the same. This method gives results which are
identical to the flat face - round corner nose for both the hemisphere é
and the flat face nose shapes.

The methods for calculating the pressure distributions over the
various nose shapes are used up to the point where a match is obtained
with the Prandtl1-Meyer pressure. This occurs when the pressure and
pressure gradients are equal to those given by the Prandtl-Meyer theory.

P/P = (p/pP 68
(") ) o5

(d P/P°z) Lo
) - 5 ()
where :
2Y P o5
(&) (&) - ()]
d (P : b 2
de ('ﬁ: ) Ty (69) !
2/ oy 2 iR LA - B 4
Ty-1.0) F;Z y-1.0
28
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For the oblate ellipsoid nose

dp _ dp d
d6 " dn do (70a)
where
2
£ ‘, 1+¢
de B B
£ . (70b)
o Eg +n? 1o nl
2
dp _ _2nk (4, - Bv“z) 1:aop®
® -0 @ Vi
X {28,(1 - n?)(£5 + n?) + (A, - B,no)(Ed + 1)) (70¢c)

For the flat face - round shoulder and spherical arc noses, the
pressure gradient is

&8

& * .
Kp sin 2 (6 6) + Jp

(71)
The match point location is determined using an iteration procedure.
Knowing the match point angle, emp’ and Mach number, Mmp' the Prandtl-
Meyer relationship is used to determine the Mach number distribution
over the nose. The isentropic relationship is then used to calculate
the associated pressure.

The effects of mass addition on the inviscid pressure over the
nose was neglected (Reference 16).

d. Aft Body Pressure Distribution

The pressure distribution on the aft body can be determined from
a method given by Krasnov (Reference 9) which takes into account the nose
bluntness effects on the aft body distribution. This method is good for
for x > X1sy * 2a. For the region between X3 and Xsy * 2a, an exponential
relationship was used to insure that no inflection points occurred between
xJ and Xsu + 2a.

29
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E !
F | P - By = A, exp [ (x'/2) + A, (x/2)%) (72)
E ; where x' is measured from Xgs and FﬁIN is from Krasnov.
! The constants Ao’ A], and Az are determined from the following

%‘f boundary conditions:
b | - R - are known from nose

j T.ox bt L X' =0: PJ ’ (dp/de)d calculations.

| 2. x' = X'ypy ¢ (dprdx) = 0
_ : These boundary conditions give
Ao = Py Pumn (73a)
) (dF/dX)J a
: L St pussan (73b)
: ()
; | -A '
3 i AETE R R
¢ 1 A 2.0 wn Swn "oy (73¢)
=
3 In order to determine A], (dB'/dx)J must be known. This can be determined

Therefore, (deldx)J must be known for each of the different types of
nose shapes.

R . T R e e
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1d. Oblate Ellipsoid

¢

: jL — X
[ b
Sketch 10. Oblate Ellipsoid Nose Notation
(%%) it sin ezcos 9 (75)
X\'2 2
O gB

J

where Xgs Yye and eJ are given by equations 2 and 8b, respectively
2d. Rounded Corners (Flat Face or Spherical Arc)

v |

-

(xgs¥) X

Sketch 11. Round Corner Notation

3
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—d—e— a2 -—————-]
(d)()‘J r. cos eJ (76)

where eJ is given by Equation 11c or Equation 21c

This equation is also applicable to the spherical arc - sharp corner
case. The term P is replaced by RN’ j.e.,

de -1
— = (77)
(dx)J RN cos eJ
3d. Flat Face - Sharp Corner
y 4

sf—éff

X

Sketch 12. Flat Face - Sharp Shoulder Notation
on the flank x = (S - S¢) cos 0.» and dy/de = 0.

For this case use (dF/ds)J

ﬁ = QE d—s . -d.i = ]
(d)()J (ds)J (dx)‘J . cos 6, (78)

The constants Ao and A] can now be calculated. The constant AZ’ as well

as the pressure aft of x = Xsy * 2a, requires information from the
universal curve.

Krasnov's universal curve method utilizes i as the independent

variable and P as the dependent variable, where 3
1.5 X
3 . Xk <
G “2——— 24 (79a) B
a ;
M. CDN
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e
43 (tan 6) 5
and
K; = M, tan 6,
Gy T iR Pu,)/-lz- Poo uz

where Xk is measured from XsH-

This curve (Reference 9, Page 606) was digitized as follows:

X &
.05 1.475
.10 1.240
<12 1.200
.14 1.200
.15 1.230
.20 1.350
«25 1.480
.30 1.550
.35 1.600
.40 1.650
.50 1.680
.60 1.740
.70 1.770
.80 1.780
.90 1.790
1.00 1.800

The minimum was estimated to occur at XMIN = 0.13, with PHIN = 1.20.

Using Equation 79a,
X = 2a Xyry ", JCDN
KuIn 5

1

(79b)

(79¢)

(79d)

(80)




T SR T B i ks TR g " ; ST '-;:»u»‘.-m:.ﬂv‘)wa,--'vw

AFFDL-TR-78-147

%

' )
| | i
|
oA
fied
' ;! ix XMIN
' ASH —
Sketch 13. Shoulder Region Notation
= Xy * X (81a)
X C XsH T X
XN = (Xey = X3) + X (81b)
1 MIN SH ~AJ KmIN
XMIN = XuIn/2 WS
and A, = - Ay a/(2.0 X'ypy) (81d)
The method used in computer program is to use the expotential relation-
ship, Equation 72, between Xy and XMIN® and then for x > XMIN® the Py
universal curve is used. Linear interpolation is used for values of ¥ p
f that fall between the tabulated values. The pressure distribution
j obtained in this manner was considered to be adequate for the purposes i
gf of this investigation, i.e., no corrections were made for curved shock §
’i effects or boundary layer effects on the aft body. : J
| *
|
? 34
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Knowing the universal pressure distribution over the body, the
. value for velocity, temperature, and density can be obtained from
‘ ! the isentropic relationships:
E 1 xl
3 [1 +1—‘1M2] = (psp Y (82a)
E 2 0,
i ’ 2 -1
& e e (82b)
i a
§ 02
1 3
g T =0 L
| § —= [1+5- N (82¢)
- T 2
i 0
! 2
H E 2 -1
: — = [1 +3;_—1 Mz] y-1 (82d)
s
where y is obtained from Equation 34f, and a, = ¢y R To i
2 2
3 The enthalpy is obtained from
}? 5
[ - B 82
A h=H, - g J (82e)
1 ! c
5. SONIC POINT LOCATION AND STAGNATION POINT VELOCITY GRADIENT
In order to calculate the pressure distribution on the flat face -
| round shoulder noses and the spherical arc noses, the stagnation point
i velocity gradient and sonic point location must be known. :
I a. Flat Face - Round Shoulder 1
fﬁ ' The sonic point location for the flat face - round shoulder nose
. shapes was assumed to vary linearly with respect to (r_/a) as follows: 3
| ] |
. $* = "hat  [S%f1at = S"hemid (re/2) (83) !
§
| 35
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b. Spherical Arc - Sharp Shoulder

For the spherical arc - sharp corner nose shape, the sonic point

-] Ko ]
was assumed to be fixed at the corner for 6. . .. 2A5%. For 0 e < 45°, i
the sonic point was assumed to vary as follows: s 4
E 2 "
S* = $%iemi * 0y (2= Znemi) * by (Z - Zyopy) (84a)
where :
3
E: B " :
7= (a/RN) 3 Zhem1 = 1.0 (84b)
= =] - p*
k| B % i E (84c)
1-P
| :
| S Re BRI T HE | RN -, SR
: : bz = 0=45 hemi 1 9245 hemi (84d) |
E | (Zgg50 - Zhemi) § i
; The above expression for s* was based on a modified Newtonian
1 type variation for s*, i.e.,

= =
S Mod = [a sin”! {V]l 5 ; }] (%r;) (85)

Newtonian

i
c. Spherical Arc - Round Shoulder % ?
14

j= For the rounded shoulder case, the sonic point was assumed to
| vary with respect to (rC/a).

Y )

*

s* = 5. = (S - Spemt)(rc/a) (86)

*
E where Ssc is the value for the sharp corner.

R e
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The stagnation point velocity gradients were determined from results
given by Boison and Curtiss (Reference 7). The stagnation point velocity
gradient for the different noses was assumed to vary with respect to
(X*/y*) as follows:

A

where
y 2p
0, &
LN
2
and
Ju du
L@, = L@,
[ s \ds /5p s \ds sp
flat hemi

are determined from Vinokur's method.
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SECTION IV
VISCOUS CALCULATIONS

This section describes the methods used to obtain quantitative
information concerning the viscous flow effects. The viscous calculations
are more difficult than the inviscid calculations. The two calculations
are of course coupled and under certain circumstances this interaction
cannot be ignored. In addition there are the added complications of
mass addition, transition and real gas effects. A solution to the
entire viscous problem is not required here and use is made of the many
approximations that exist in the literature.

1.  VISCOSITY

The viscosity is determined from an empirical correlation to
Sutherland's formula developed by Hansen and Heims (Reference 18).

o= Mg T < 6000°R
{ (88a)
v (-]
KgHg T > 6000°R
where Sutherland's law provides
3/2
- el BN
Mg = 0.227 x 10 ° 345575 (ft-sec) (88b)
where T is in °R
and,
s (1.0 < OGN ) 6.5
1.0 + 0.023 T 1.0 + tanh 1800 . : B :
K ; 1800.0 2 1.5 + 0.125A,, (88¢)
s mgﬁ-m.s-m/\ S .
1.0 + exp ¥
0.9 +0.10 A
U
where
Au = logy, (Pa) 3 P, is in atm (88d)
and Ks-i 0.04
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2.  DENSITY

The density is determined from a method given by Bade (Reference 19).

proes [?__] [h_] o

Py Pl th
where

X, = 0.70 +0.04 log,, (P/P;)

hy = 31.9 RT_ = 1080 BTU/1bm

P, = 1 atm = 2116.22 1bf/ft?

i 3

py = 0.128 pg = 0.00949 Tbm/ft

range 31.9 < ot~ <480 ; 0.1 atm < P < 100 atm
G,

The above equation is valid to within 5% at pressures considerably
greater than 100 atm over the enthalpy range indicated.

For the range 3.8 < h/RT < 31.9, 0.1 < P(atm) < 100, X, = 0.94
(In this region p/P is nearly independent of pressure.)

3.  LOCAL HEAT TRANSFER AND SKIN FRICTION

(89a)

(89b)
(89¢c)

(89d)

(89e)

There are many methods available for estimating the heat transfer

and skin friction on a flat plate in a uniform flow. These metheds

can

also be used for a sharp cone through the use of a simple correction

factor, if it is assumed that the local body radius is much greater
than the boundary-layer thickness. The essential characteristic of

these

methods is a zero pressure gradient. However, most shapes of interest
have a nonzero pressure gradient at the boundary layer edge, which com-
plicates the solution. For regions where the pressure gradient is not

too strong, the advantages of the simpler zero pressure gradient methods
outweigh the increase in accuracy of the nonzero pressure gradient methods.

39
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For this investigation, where only a relative accuracy is necessary,
Eckert's (Reference 20) "reference enthalpy" method was used to predict
the heat transfer and skin friction downstream of the stagnation point.
This method is not only easy to apply but is applicable to both laminar
and turbulent flows. Introducing properties evaluated at the reference
enthalpy causes the effect of compressibility on the friction factor

to vanish, thus validating the use of the incompressible solutions for
both laminar and turbulent flows.

As determined empirically by Eckert

h,) (90)

h* = 0.5 (hw + he) + 0.22 (hr =

where hw is the wall enthalpy, h_ is the boundary layer edge enthalpy,

e
and hr is the recovery enthalpy, given by
o )
4 e BTU
hp = Byt % (2 Jg./ * Tbm (91)
: 1/2 : 1/3
where the recovery factor, res is Py for laminar flow and Pr for

turbulent flow.

The wall temperature of the nose was assumed to be constant (2000°R),
thus hw can be determined from

h, = € 1 (92)

L]
where Cp was assumed a constant.

The heat transfer at the stagnation point was calculated from the Fay-
Riddell equation

) 5 -2/3 (Pw v\ ——— 1 du s
(@) = 0.763 Pr (eo uo)‘po 02 u, (ds) p (hy=h,) (93)
blowing

where Pr was assumed to have a value of 0.71. A slight improvement can
be obtained by using expression given by Fox & Libby (Reference 21),

Pr 0.07

0.525 T

40
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For laminar heating downstream of the stagnation point, Lees
(Reference 52) equations were used in conjunction with the reference
enthalpy method.

%/ no blowing F*lo
where !
V2 [p* u* ] [“e]
2 s
. Poglopd e
* =
F*(s) T T T (952)
— ¥y ds
Po Yo b :
92 9
!
and
o (95b) ‘
o VEZE B '
® Y0570, Sp y

The laminar skin friction was calculated from

4 0.664 {'z"c*/nes' (96a)

(gd
[}

where

c* p*u*/pgiy (96b)
and Reg , is the edge Reynolds number

(96¢)

B T T T ——
PRI : i P SR
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E The turbulent skin friction was calculated from an expression given
by Langanelli et al., (Reference 23).

c

f, 1/5
—2 = 0.029 M, ¢y Re (97a)
B j where
45 1/5
._ oy (%'—) ({j—') (97b)
) ] and . i
' Me = 1.176 (97¢)

The turbulent Stanton number car be calculated using Reynolds
Analogy

, Cfo -2/3
st, = -2 Prp (98)

The turbulent Prandtl number (Pry) was assumed to have a value of one.

ﬁ ‘ The turbulent heat transfer was calculated as follows:

(q) g?wing = Pgug (h.-h,) St, (99)

The above expression for heat transfer and skin friction were corrected
| for diffusion as follows:

E | B h
E DCLam = [] + (Le -1) ﬁy] (100a)
Pp
DcTurb = [1 + 0.4 W] (100b)

Where Le is the Lewis number, and was assumed to be constant
(Le = 1.45). A value of 0.53 was assumed for B corresponding to
equilibrium flow.

i 42
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The enthalpy of dissociation hD is given by Krasnov (Reference 9).

h h cr(’)¢ (101a)
= - T a
D r P T°
-~ °
T = 273K
¢ = 0.1; T > 1000°K (101b)

The above equations were corrected for mass addition by utilizing
expression given in Timmer, Arne, et al. (Reference 24).

For laminar flow:

o

i
o = & - 1.0-0.68 0% +0.08 u0-%8? (102a) ]
f (s} \
0
While for turbulent flow: |1
C 0.8
Sty AR W'B (102b)
C St 4
f (0} 0.8
s 1+ 08 1
7] -

The specific heat ratio, W, was assumed to have a constant value of
1.86. This is for water vapor to air and was given in Gold (Reference 25).

The blowing parameter, B, is defined as #

B=ww§% (103)

The mass addition is assumed to be the minimum, i.e.,

m = é/AHc (104)

where AHc is the total enthalpy rise of the coolant. For the case of
water, a constant value of 1150 BTU/1bm was assumed.
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The blowing parameter can then be expressed as follows:

* - }
(ay +H) - \[;f - 4a, + 2, H+ w2
Blam *© (105a)
2a
2
4 {(13 +F)]/4 } G
B - B E 3 105b
Turb ay A
where
a, = 0.68 w04 (105¢)
a, = 0.08 W04 (105d)
ay i = W8 (105¢)
H = AHC/(hP-hw) (105f)

The coolant distribution is then given by

(106)

where 60 is the no blowing heat transfer to the surface of the nose tip.
The cooling extended only to the end of the nose region. On the aft
cone, no cooling calculations were performed.

4, TRANSITION FROM LAMINAR TO TURBULENT

Any number of methods for estimating the transition point appear
in the literature. For simplicity sake, transition was assumed to occur
when the Reynolds number, based on the blowing momentum thickness,
equaled three hundred, i.e.,

Re. = 300 (107)
8t
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This value is in line with that given by Van Driest (Reference 26) as
well as Cresci, MacKenzie, and Libby (Reference 27).

Ul ol bl il ol s sad L e o o, Lse g

The Reynolds number based on the blowing momentum thickness if

E .1 given by

: . o MY
== Ree ue (]08)
.
:': f The value for the laminar momentum thickness with blowing was

’ : determined from Timmer, Arne, et al. (Reference 24) as

- 3 C
: ¥ **
S s + B (109)
b | g o f
’ 0

where
2 C*
60** 0.4696 S 3 Res (110)

5.  TRANSVERSE CURVATURE AND VISCOUS INTERACTION

The effect of transverse curvature is to decrease the boundary-
layer thickness and correspondingly increase the skin friction and heat
transfer. This effect is small for turbulent boundary layers and hence
is omitted in these calculations. The effect of boundary layer thickness
on the inviscid pressure distribution is also neglected.

# 45
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SECTION V
TRAJECTORY CALCULATIONS

1. GOVERNING EQUATIONS

The reentry trajectory of a non-lifting vehicle can be calculated
for a non-rotating earth from the following equations:

V2o, VACyAg = -mV_+mgsiny (1112)

mV_(d+y) = mgcosy (111b)

L] . 2
"e | mv(o+a) /2 eaValohs

e = X

Sketch 14. Trajectory

The centrifugal force term, m V_ &, can be expressed as

& . V.» cos Y (112)
R+ hGS

er

where Rer is the radius of the earth (2.09 x 10+7ft). and hG is the
altitude of the vehicle. The reentry equations may be written as

o
it NS PR L (113a)
dx = 3 = -
at X V, cos y (113b)

- 46 ,
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then,
2

dv Ch AV

EEZ = gsiny-1/2p_ —2-53-5L- (113c)
and

%{. " [e_ - ® V:h ] cos Y (113d)

o er G

The independent variable is the time, t, and the unknowns are Vs ¥s hG’
and X. The Runge-Kutta method is used to solve for the above unknowns
for a given time step.

A time step of two seconds was found to be satisfactory for altitudes
above 60,000 feet. Below this altitude a one second time step was used
and when impact was imminent, the time step was calculated from

At = 0.9 h/V, siny (s

Impact was considered to occur when the altitude was less than 10 feet.
The Runge-Kutta method requires initial starting conditions which for this
investigation were assumed to be:

Altitude = 300,000 ft
Velocity = 25,000 ft/sec
Angle = 20 deg
Weight = 800 1b

2.  PRESSURE DRAG

The drag of the vehicle must be calculated at each point in time
in order to solve for the unknowns at the next time point. The total
drag of the vehicle is the sum of the pressure, skin friction and base
drag. The skin friction and pressure drag are determined by integrating

the local values over the surface area of the vehicle. The pressure drag
was calculated from

Dp -/(Pe - P_) sin 6 dA (115a)
A

a7

P gy o s e e R R P . - 1 T 0
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3. SKIN FRICTION DRAG H :
The skin friction was determined from
L /' T cos 6 dA (115b) H
A A
i For a conical body the element area can be expressed as
i
¥ dA = 2nyds = 2my (g—;) dy (116)

where the term (ds/dy) for the different nose shapes is given as follows:

Oblate ellipsoid:

[(a/c)? :
ds _ cq/ia/c) - a
dy . i—f—%————jxé—L— (n7)

(y/a)

Flat nose - round shoulder:

a) Flat region: ds/dy = 1.0 (118a)
r
b) Corner region: %i = 3 (118b)
Y ‘{r.z = tga )2
[ Yo
Spherical arc - round shoulder: §
R !
ds N !
a) Large arc: - s (119a) !
¢ J RN e !
g
b) Corner region: 3% = > 5 (119b)
Jrc = =yl {
ds 1
Aft cone: = = (120)
dy sin ec

The integration can be carried out using any numerical integration
method. The Romberg method, which is explained in detail by Carnahan,
et al., (Reference 29) was used for this investigation.

e

>,
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4. BASE DRAG

The base drag of a conical vehicle was determined from an empirical
equation given by Hoerner (Reference 28).
(121)

; 5.  TOTAL COOLANT
1 ; Knowing the altitude and velocity for a given time the coolant was
| ’ ? calculated using the method discussed in the preceding sections. The
; total coolant required over the trajectory is of course the summation
of the coolant used at each time step. The trapezoidal integration
? ; method was used to obtain this value because the time intervals over

the trajectory were not equal and the number of points on each trajectory J
varied. The expression used to determine the total coolant was

Total coolant , = Total coolant G 1z M+ M0 -t ] (122) J

\
("’\r\ {

g
f \
} E

M (1bm/sec)

i (i-1) i (i+1) t(sec) -

Sketch 15. Total Coolant
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SECTION VI
COMPUTER PROGRAM VALIDATION

The system of equations presented in the previous sections were
programmed for use on the CDC 6600 computer, and this section discusses
the validation of that program. Values generated by the computer program
are compared either with theory or with data available in the literature.

1.  STAGNATION POINT VELOCITY GRADIENT

A comparison of the stagnation point velocity gradients with the
literature gives an indication of the validity of not only the method for
determining the velocity gradient but also the method for calculating the
sonic point location. The stagnation point velocity gradients for the
three different nose shapes are plotted in Figure 1. The open symbols
are from the computer program. The closed symbols represent data from
the literature (References 17 and 34). As can be seen the trends pre-
dicted by the computer program agrees qualitatively with results in the
literature. The computer results are somewhat lower as the flat face -
sharp corner shape is approached because the computer value includes real
gas effects and because Vinokur's hemispherical value is higher than the
value predicted by the modified Newtonian pressure distribution.

2.  PRESSURE DISTRIBUTION

The pressure distributions over the flat faced nose and the hemis-
pherical nose are shown in Figures 2 and 3, respectively. The pressures
using Vinokur's method, the method developed in this report, and the
modified Newtonian method are shown for cciparison. These figures show
that the method developed in this report compares reasonably well with
Vinokur's results.

An overall indication of the pressure calculation method for the

nose can be seen from a plot of CD versus the geometric parameters
N
E
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(du/ds)BB i

r
C
( 307 ds ,hem'l a a

&
Oblate Ellipsoid
Flat face - Rd Shoulder

Spherical arc - Sharp Corner

Spherical arc - Sharp Corner
Flat - Round } Referency 34

Reference 17

®* pbD> x0O

1.0 o—

D P

(d"/ds)BB/(d"/ds)hemi

300,000 ft
25,000 ft/sec

{ .2
¢
%"
; hemi
PR el R | 1 | |
0 2 4 6 .8 1.0

b/a, rc/a. a/RN

Figure 1. Stagnation Point Velocity Gradients
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j P/P02 VS s/a
i} 300,000 ft
| 0+ 8 B @ @
L l Yo oag )
b | @
E' .90 = +0Q
|
5 +
b | O
| .80 |- B VINOKUR
: s .
P + EMPIRICAL
2
| .70 o}
’ +
a
—— +
.60 |
M_=29.5 @
| W £ RN R [DUR0 SRR i 1 S 2 A
] [T G B N R SRR S S e
% s/a

Figure 2. Comparison of Pressure Distribution Over a Flat Face

P .

s ——————

BT



13 000°00F _S43ydsjuoy
)
e/s S Cd/d

 p— - e —————
; I
343ydsiway B J3AQ UOLINGLUISLQ BUNSSAU JO UOSLAedWO) ‘g BunbiLy W
1 /s w
vl | 0°1L 8" Q- v 2 {4
o L1 | T S R T T y
_ :
o B i
+t:+ @ m“ “ '
+ S
o gl &
=| P4
[ ] o a| 2|
+ o] | _
® | _
. G
[
@ : “ g “
© | g
G'62= W —_—_———f{f——_—_——_—— ————
1 ° _ JINOS
| +
YMIONIA 'y (0]
;i § +
WOINIWI + | @ 0O
- ! @ 4
7 O]
= NVINOLMIN GOW @ o *
R ¢
b
& &
-
&
[V
<




J— |

s

L AFFDL-TR-78-147

b/a, rc/a. and a/RN given in Figure 4. Also shown in this figure are
the perfect gas range and a real gas value for the hemisphere. As can ‘
be seen, the computer program gives reasonable results.

The aft cone pressure distribution for a hemispherical nose tip is
plotted in Figure 5, along with data from the literature (References 9
and 31). As expected, the values given by the computer program agree
with those from Krasnov, (Reference 9) but are somewhat below those of
Roberts, Lewis, and Reed (Reference 31). The minimum pressure value and
: | location agree fairly well, but the data of Roberts, et al, is higher
beyond this point. The computer program value for pressure on the aft
cone does however, agree with the modified Newtonian value.

3.  NUSSELT NUMBER - NO BLOWING

The no-blowing values of the Nusselt number are plotted versus the
Reynolds number in Figure 6. The theoretical values are also plotted for |
comparison. Figure 6 shows that the computer program gives satisfactory
results for both laminar and turbulent flow. The slight difference
between the computer values and theory is due to the diffusion correction
in the computer method.

e L o o A ab S ik

4. SKIN FRICTION - NO BLOWING

L The no-blowing values of the skin friction are plotted in Figure 7 i
along with the corresponding theory. The computer program gives slightly %
different values because of the diffusion correction term in the computer :

] program and the assumption that C* = 1.0 (p*u*/peue) in the theoretical ]
calculations.

The no-blowing values of the Reynolds number based on momentum thick
ness are shown in Figure 8. This plot shows good agreement with theory
for both the laminar and turbulent cases.

5.  COOLANT DISTRIBUTION

F The computer program is seen to give satisfactorily values for the

' non blowing Nusselt number, skin friction and momentum thickness.

For the blowing case, an overall indication of the results of the methods
used can be seen by a comparison of the values from the computer program

! 54
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2.0

1.8

1.6

1.4

1.2

1.0

Figure 4. Nose Drag Coefficient Versus Axis Ratio
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with those of Schuster, Glickman & Hender (Reference 32). For turbulent
flow, Schuster, et al., give the following emperial equation for the mass !
flow distribution. ¥ 3

0.8 1.29

-4 L
1 5.0 x 10 " p u, -
m ( \gm ) - 7T 02 1[1.0 +3.03x10 8u;]-1.0$ZT (123)
ft°-sec Prot” Ry

where the units are p(lbm/fts), u(ft/sec), and RN(ft). 14

The value for the Prandtl number is 0.71, and ZT is given by
2

L% (0,075)0:8 8
s
[1.0 - 0.168 o2

where 6 is the angle with respect to the axis of symmetry of the nose tip.

0.70 (124)

The mass flow is plotted versus the nondimensional arc length in
. Figure 9. The computer program gives reasonably good results with
E _ slightly higher values for the subsonic region and slightly lower
values for the supersonic region.

6. TRAJECTORY

The validation of the trajectory section of the computer program is
shown in Figure 10, where velocity is plotted versus altitude. The
solid line is an approximation given by Adler (Referance 33):

-Zph

V = VE e-a e (]25)
where
o = ;§% gSLsgg : (126a)
k Yg !
1

Zy = & In (pg/e)s h > 75,000 ft (126b)

Zy = 7, - 7, (75,000-h); h < 75,000 ft (126c)

Z, = M.5x 1076 ft-1 (126d)

2. = [13.416 x 1076 £t~17° (126e) ’
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VELOCITY VS ALTITUDE
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' Figure 10. Vehicle Velocity Versus Altitude
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The units of o are (1b-sec’/ft%), g (ft/sec?), s (£t2), and WT (1b).
The equations assume that a and ZA are constant, where the computer
program allows for quasi variable CD and y. Figure 10 shows that the
computer program gives reasonable results for the trajectory.
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SECTION VII
RESULTS

The results obtained from the investigation are presented in this
section. For all of the computer runs the initial reentry conditions
were as follows:

1]

Altitude 300,000 ft
Velocity 25,000 ft/sec
Trajectory Angle = -20 deg

The three different nose shapes were first run with the following
vehicle conditions:

Nose base radius (a) = 1.0 inch
Length = 72.0 inch
Cone half angle = 10 deg
Weight = 800 1b

1.  NOSE SHAPE EFFECT ON COOLANT

The nose bluntness of the different noses was varied by changing
the minor axis value (b) for the oblate nose, the shoulder radius (rc) for
the flat face nose, and the nose radius (RN) for the spherical arc nose.
The results obtained are plotted in Figure 11, which shows the coolant
required for the trajectory versus the nose bluntness parameters, b/a,
rc/a, or a/RN. The spherical arc family is seen to be the best of the
families considered and the flat face - sharp corner is the best shape,
requiring only about 40% of the amount of coolant of the hemisphere. The
flat face requires less coolant because of both the smaller area and
Tower overall heat loading of the flat face as compared to the hemisphere.
The flat face surface area is one half of the surface area of a hemis-
phere. The heat flux at the maximum heating conditions for the flat face
and hemisphere is plotted in Figure 12. This figure shows that the flat
face has a lower stagnation point heating, that transition occurs later
for the flat face, and that the maximum heating is smaller for the flat
face. Thus the intensity of the heating for the flat face is not only
lower but also occurs over a smaller area.
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COOLANT VS NOSE BLUNTNESS
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Figure 11. Coolant Amount Versus Nose Axis Ratio
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3 HEAT FLUX VS ARC LENGTH
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As mentioned, Figure 11 shows that the spherical arc - sharp corner
nose shapes require less coolant for bluntness parameters less than 0.70.
This is also due to the smaller area and heat loading of the spherical
arc nose shape as compared to the flat face - round shoulder or oblate
ellipsoid shapes. The surface area for the three different nose shapes
are plotted in Figure 13, where the spherical arc shape is seen to have
the least area for a given axis ratio. The flat face - round shoulder
has the most area for a given axis ratio. This corresponds to the
coolant requirements shown in Figure 11. The heat flux at the maximum
heating conditions for an axis ratio of 0.70 is plotted in Figure 14,
Even though the spherical arc nose has a slightly higher stagnation
point heating, the overall heating intensity is lower and occurs over a
smaller area.

For values of a/RN greater than 0.70, Figure 11 shows the coolant
required for the spherical arc noses to be the same as the other two
noses. The "jump" at a/RN = 0.70 is due to the "jump" in the sonic point
location. For a/Ry < 0.7 (eo > 45°), the sonic point is assumed to be at
the corner. For a/RN > 0.70 (eJ < 45°), the sonic roint location moves .
toward the hemicpherical value. As turbulent, subsonic flow has i
associated with it higher heating rates, the nose shape that has the ;
sonic point further downstream will require less cooling.

2. NOSE SHAPE EFFECT ON TRAJECTORY

The time to impact for the data plotted in Figure 11 varied from
37.5 to 38.8 seconds. Practically speaking then, the time to impact is
the same for all of the nose shapes because the nose drag was small
compared to the total drag of the vehicle, 7% for the hemisphere and 11%
for the flat face. In order to determine the effect of the nose shape
on the trajectory as well as the coolant required, the program was rerun
for the oblate ellipsoid family with larger nose base radii. The vehicle
parameters were as follows:

& = .£.0" 3.0"

L = %2,0" 72.0"
U ® 923" 8.45°
RB = J3.7" 13.7°
WT = 1200 1b 1200 1b
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HEAT _FLUX VS ARC LENGTH
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For the two inch nose, the nose contributed about 37% of the drag while
the three inch nose contributed about 50% of the total drag. The
coolant required is plotted versus (b/a) in Figure 15 along with the one
inch data. The time to impact varied from 38.0 seconds to 36.1 seconds
for the two inch nose and from 41.0 to 36.6 seconds for the three inch
nose. Figure 15 shows that the flat face nose (b/a = 0) still requires
the least amount of coolant for both the two and three inch nose radii.
This indicates that for hypersonic impact the much smaller coolant flux
of the flat face more than offsets the longer trajectory times.

3. OPTIMUM FLAT FACE HEIGHT

The optimum nose shape determined from the variation of parameters
method is in agreement with results reported in the literature (References
1, 2, and 5). The literature also shows that, for a given ratio, there
is a flat face height which minimizes the total heating to the vehicle.
These results were obtained by assuming either a constant beta or constant
freestream conditions. In reality the freestream conditions and beta
will change as the flat face height is changed for a given fineness ratio.
To investigate the possibility of an optimum flat face height without the
assumptions mentioned above the computer program was run with the following
parameters:

LT = 72.0 inch
Base radius = 13.6 inch
Cone weight = 12,000 1b
Tw = 2,000 °R

The vehicle weight was large in order to insure that the high drag
vehicles impacted hypersonically. The flat face height was varied so
that the ratio a/RB varied from 0.1 to 0.9. The heat loading on the
nose, aft body and the combined total were calculated for the entire
trajectory and are plotted in Figure 16. The beta of the vehicle at
maximum heating altitude (BMH) is also plotted. Figure 16 shows that as
the face height increases the total heating to the nose increases while
the aft heating and total heating decrease. The beta at maximum heating
altitude is seen to decrease significantly. An optimum face height is
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COOLANT VS b/a A
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Figure 15. Total Coolant Required for Different Size Nosetips
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HEAT LOADING VS a/RB
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not observed. As the flat face height increases, the drag of the vehicle
increases causing the velocity and hence heating intensity to decrease.
The decrease in heating intensity over the vehicle more than offsets the
increase to the nose because of a larger nose area. The total coolant
required for the varying face heights is shown in Figure 17. As can be
seen, the coolant required increases drastically as the flat face heights 4
is increased.
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SECTION VIII
CONCLUSIONS

The results of this investigation can be summarized as follows.
For reentry vehicles impacting hypersonically the flat face - sharp
corner nose is the optimum TCNT shape. This was fouﬁd to be true for
nose sizes that contributed up to 50% of the total drag of the vehicle.
Using a flat face nose shape reduces the amount of water needed, and
hence volume, about 60%. This is about one pound savings in weight for

a one inch nose radius and 5.5 pound saving for the two inch nose radius.

No flat face height was found that minimized the total heating to the
entire reentry vehicle for any of the nose radii considered. If the
fineness ratio and weight of the vehicle are fixed, the overall heating
decreases as the flat face height increases due to the resulting large
decrease in the velocity of the vehicle.

The effect of the nose shape on the trajectory depends on the size

of the nose. For low drag noses, 7 - 10% of total drag, the nose shape

has very little effect on trajectory times. As the nose drag increases
to 50% of the total drag, the flat face trajectory time is about 12%
greater than that for a hemisphere.

Practically speaking it may not be possible to provide enough
coolant at the corner of the flat face. A rounding of the corner will
then be necessary. If the corner can be adequately cooled for round
shoulders with ¥e less than or equal to 0.2a, the flat face - round
shoulder shape is the optimum shape. If e is greater than 0.2a, then
the oblate ellipsoid shape is the better shape.
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