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ABSTRACT

(Distribution Limitation Statement No. 2)

An integrated computer program (STRAB-6) for the complete analysis of a blunt,
conical reentry vehicle as to its tra~eczory and aerothermal environment upon
atmospheric reentry is presented. The trajectory portion of the program calcu-
lates the vehicle motions in six-degrees-of-freedom, while the thermal portion
calculates the aerodynamic heating and ablation of the vehicle. The earth
model is an oblate, rotating spheroid whose parameters and gravitational
potential are described herein. The equations of motion, the method of integra-
tion, thermal model and input fcrms for the program are discussed. The thermal
model examined in this report assumes thick skin solution where the skin is of
any composite structure made of discrete layers of material whose properties
may vary from layer to layer. Also, the heatshield Is comprised of one- two,
or more different ablative materials. STRAE-6 computes nose-blunting and
includes this effect in the aerodynamics. STRAB-6 is written in FORTRAN IV
for the CDC 6600 computer.
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SECTION I

INRODUCTION

.he effects of aerodynamic heating and ablation on !he -ions, aerodvnanic

forces, and trajectory deviations of a reentry vehicle have been the subject of

* nany analyses in recent years. Previous trajectory and heating programs have

been separate, requiring that each be run separate'y with data from one used as

input to the other. Such a method sometimes requires nu-erous runs before tne

output data =oLverge to reasonable answers, and is both expensive in computer

costs and tine consir-ing. This report presents a co=puter progr- (STRAB-6)

for the complete analysis of a reentry vehicle as to its trajectcry and aero-

therm-al eniro=-ent. S-R.AB-6 provides a six-degree-of-freedon- trajectory.

analysis as well as aerodvnanic heating and ablation analysis for ctLcal

vehicles reentering the at--osphere at hypersonic speeds.

SI-R-AB-6 ,ses sae of th.e features frrm other 6-D progra.s (Refs. 1, 2, 3.

4, 5, 6). The trajectory portion of the program computes the six--degree-of-

freedom rigid body motions for an aerodva-icaly svetric reentry vehicle

encountering a model atmosphere. Slender-body aerodyn--ic theory was used and

the required aerodv-=ic coefficients are provided by subroutine input- (as a

function vehicle shape, angle-of-attack, and either Xach nt-ber or altitude).

The atnospheric model that is used is based on the 1962 ARDC atnosphere, and

the geocentric model that is used is a rotating oblate spheroid.

The aerodynaic heating and ablation portion of the progra- (Ref. 7)

(HFATAB), in its original for, computed point mass heating for a sharp-nosed

conical vehicle. The basic heating equations of this original progran (E;_ETAB)

are described in reference 7. There have been numerous improve-ents to the

I original progra= to include: heating on a blunt-nosed vehicle, the case w-here

a vehicle heatshield is conprised of two or =ore difarerent ablators, and

boundary layer edge conditions.

The equations of ;otion and of heat transfer are general in that tI.-l- appl'."

to most axially s:-.etric vehicles. Even though this Drocra= c,-.ce: -

bo- dy in general -notion under cobined angles of attack and sideslip, the

vehicle is assed to ablate svetricailv-. .he ablation 'eizht Ic-s. . ni-e

bluntness, and vehicle voixe changes are considered in t:e cAlulati.-n ex r

I
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the~ viscid and ir.;7scid drag coefficients (CD' and stability derivatives. as

wJell as the vehicle mass moment of inertia properties. in addition, the aero-

dynamic coefficiea-ts ar2 calculated for the complete ranpe of angle-of-attack

(0 < a~ < 3600) and sideslip (0 < 8 : 3600).

The positioa vector is calculated in a rotating Zarta -centered coordinate

system, while the angular positions are calculated in a reentry-centered

coordinate system. Con-putations are '-arried out, using the Runge-Kutta nethod

of nunerical integration employing a fMzcd step --ize-;ode.

This progran is sp-ecific in that the equations have been applied to a

blunt-nosed conical vehicle with the starting point at reEmtry conditions.

With sore inodifications, the tzer could easily adapt the program to analyze a

nissile fromi launch by adding thrust subroutines and substituting launch

conditions for reentry conditions -

2£
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SEC.TON 11

1h 1 ncozputerprogra=n, STIAIR is a sel otie program- in the sense

that it can geeaeterequired aerodynanic data, and calculate the =ass and

inertial vroverties due to ablation chnes o: a svetrical vehicle without
any additional Vrel'-inary calculat ions.

SIMAB-6 calculates the resultant loads. notions, and trajzeczory ozr a rigi'd

vehicle in general 6-D) notion as vell as bomidary-laver properties and tin-e-

j e~perature distribution in a body. If a nonablating trajectory 4iS desired,

_n option is provided to omit the heating and ablation portion of the pr.ogrzn.

f At the initiation Of a reentry rim, the vehicle is located in space wt

Ithe desired reentry conditions (i.e., velocity, flight pazh angle, altitude,

roll rate). Also, the user =ust innout the latitude, longitude, and axinrth at

w ihich he wishes to start the trajectorv. Other trajectory paraz-eters the user
zay wish to input are angle-of-attack and angle-o f-s ides! ip; otherrise. these

I values are zero for a noninal trajectory.

IThe aerodynamic drag coeffficients ~C)are dbr'-ined fren - Neto-miam sle4-f
bo~theory IFor inviscid drag and zodifiedS Blasi-:.s fl-at plate theory zor

viscous drag. These coeffAicients are ca-culated in subroutines CDSFy and CDTY

-and are linited to -.ehicle shapes of sw'-ericallv 1-1-"-ed cor'es uhaere the ratico

of base radius to axial lengt is U2roiatl ,ca tthcoen-ante

A dscussion of thesf :theories is in section 1-3.

The atmospheric model~ used' in tne Dregran is !-asedz on the 1962 A.; DC -- del

atmosnhere, and it exnresses the density, anbient zenperature, pressure, and;

R the speed of sound as functions of attirune.C The ge-acenzric =!del u-se-d a~

- ~rotatini- oblate svheroid, where the sea level radi'us, R-,is(tu I

I . -n
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where

R earth equaorial radius-ft
EQ

Xc = geocentric latitude-degree
C

P 0.00673852 (Ref 8) (2)
E l- 2i-e

E

eE = eccentricity of earth = 0.0818133302

Ei

REa

Figure 1. Geocentric Earth Model

The vehicle thermal model as presented in HEATAB has been modified to

extend the calculations to include the total integrated ablation mass loss rate

for a conical reentry veh±cle. The body is divided into a number of segments,

or stations along the cone, and the heating rate at each station is computed.

In addition to the original input data required by HEATAB, the fore and aft

radii, slant length, and transition Reynolds number of .ach body segment must

be supplied. These input data are identified as: ata RS, Data RL, Data SOL,

and Data RN. romputations of the skin temperature profile and ablation mass

loss rate are identical to the method in HEATAB, except that these calculations

are made for each X-station at each txajectory point.

4

- - - __________________ - -----
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As written, the STRAB-6 output will give, for each time interval, an output

of trajectory conditions, body conditions, and aerodynamic parameters. The

trajectory output conditions include time, altitude, velocity, and flight path

angle. The body conditions for each X-station include weight loss rate per

unit area, wall recession, and wall temperature profile. The aerodynamic

parameters include CD, maximum aerodynamic load, ang]a-of-attack and sideslip,

restoring forces and moments, and boundary layer edge conditions.

2. EQUATIONS OF MOTION

The equations of mftion for an ascent or descent through the atmosphere

can be written with various degrees of complexity. The equations differ in

form depending upon the coordinate system, the number of degrees of freedom,

the method of adjusting for the earth's rotation, and the integration scheme.

In the evaluation of reentry vehicles for height-of-burst (HOB) errors, dlsper-

sion analysis, or circular error probable (CEP), the equations of motion must

be written with six-degrees-of-freedom (6-D). This program employs a Runge-
Kutta method of integration for a high degree of accuracy.

a. Coordinate Systems

The equations of motion can be written in vector notation using Newton's

second law. A summation of the forces acting on the vehicle results in the

equation

d2R x v

m F 22  x v- MW~ X (W x Rdt2

Before this equation can be solved, however, it must be expressed in terms of
a convenient coordinate system.

Thlere are five principal coordinate systems or reference frames associ-

ated with orbital mechanics and trajectories. Various other reference frames

can be used depending on the complexity of the problem to be solved. For this

report, there are three reference frames: inertial reference frame, topocentric

or horizontal reference frame, and earth reference frame. The following is a

description of each and their interrelationships. All the reference frames

are right-handed orthogonal coordinate systems.
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(1) Inertial Reference Frame

The basic coordinate for the program is a nonrotating inertial

reference frame fixed with its origin at the geocenter as shown in figure 2.

ZR points north along the axis of rotation of the earth and XR aud YR lie in

the equatorial plane. XR lies in the prime meridian plane at the start of a

trajectory run (time, t = 0). The earth rotates with an anular velocity W E

about ZR; hence the earth reference frame, E, differs from the inertial frame,

R, by a rotation w Et.

The vehicle center of gravity (CG) is located in the inertial R

frame by the longitude, B, latitude, c, and vehicle altitude, ALT. The

distance from the geocenter to the vehicle CG, measured along the vector whose

orientation is determined by the angles 8 and A is
C

R = RE + ALT (3)

where RE is defined by equation (1).

It may be worthwhile to digress briefly on the subject of latitude.

There are three latitudes commonly used in astrodynamics; however, in this

report we will be concerned only with geocentric and geodetic, GeocentricI!
latitude, X is defined as the angle, measured at the earth's center, between

the equatorial plane and a radius, R., to the point of interest on the earth's

surface. The geodetic latitude, X is the angle between the f:quatorial plane

and a normal to a reference spheroidal surface, Z., as shown in figure 3.

The reference spheroid is an oblate ellipsoid whose surface nearly 7

approximates the sea-level surface of the earth. Such a spheroid is character-

ized by a "flattening" or "oblateness," f, where

f ( a - Wa (4)

and a is the semimajor, and b the semiminor axis of the ellipse of revolution

forming the spheroid. The derivation of equation (1) can be easily obtained

from the equation for an ellipse if a equals equatorial radius, R and bEQ'
equals polar radius, R" Therefore, i

0I

x2  z
+- = 1 (5)

FE 2  Rp 2

-EQ PO

6
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REFERENCE_____
SPHEROID

HORIZON

XR

TO SURFACE DIRECTION OF

Figure 3. Geocentric, Geodetic, and Astronomical Latitudes (Ref. 9)

By multiplying 2and adding and subtracting z2 on the left side,

X+ Z2 Z + =R Q2I 02 EQ

But from figure 3

X2 + =2 RE2

z =R sin X(6)

Therefore,

E E cR2EQ

RPo

8
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Solving for R

R REQ1 (8)

1 + sin
2 X Rll

c RPo-

From reference 10

f = 1- - eE (9)

and from equation (4)

_.E = 1
RFo 1 - f

By squaring both sides and substituting equation (9) for f,

REFQ2 1 (10)
Rpo2  1 eE 2

Now, by adding -1 to both sides,

2 2 1 - e 2

po 1-e E eE

From equation (2), it is show-n that

Rp 2
PE =  E(2 1 (I

UE
Equation (1) is now obtained by substituting equation (11) into equation (8).

R EQ
(I + PE s in7 c

9

I!
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he sea-level radius ef the earth can now be determined at any

station by '%awing the geocentric latitude, X' of the station.

The astronomical latitude, X al is defined as the angle between

the local asLronomical zenith, Za, or vertical (as determined by a plumb bob

or, actually, by the direction of the local gravitational field) and the

equatorial Flane. Since astronomical latitude is based upon the local gravita-

tional fie],i and is also centrifugal-force affected, it differs from the

geodetic latitude by a very small value and can be considered negligible.

Therefore, this report will consider geodetic and astronomical latitudes

identical and will be concerned only with the relationship between geodetic

and geocentric.

To convert from geodetic latitude to geocentric latitude, the

slope (0) of the tangent (geodetic horizon, see figure 4) at the statiun on

the earth's surface can be obtained by differentiating equation (5).

+ 0 =

; Z Zc EHICLE CG

ZH

1116 TANGENT OR

HORIZON
3

x

Figure 4. Geodetic to Geocentric

10
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Therefore,

a 2 4o (12)tan6 xZ I RE I

but

tan 0= 1
tan A

tan X z
C x

By substituting these quantities into equation (12), the relationship between

X " and X is established.g c

I .

!2

tanA =A tanA (13a)!•g p0 2  c

-

J But by substituting equation (10) into equation (13a), 'A can be determined

from one constant. Therefore,

I
arctan - e2 tan g (13b)

n=, -, (14)

g c

With the foregoing relationships established, the second

reference frame can now be defined.
-E

(2) Topocentric or Horizontal Reference Frame

The second of these coordinate systems is con.nonly known as the

topocentric, but has other names depending upon the users application. Some

of the names are horizon, launch, reentry, and trajectory syste.. This report

refers to this coordinate system as the horizontal, H. The word topocentricLi .i
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is derived from the Greek iors, meaning a place. In thiP reference frame,

the origin is taken at the observer as shown in figure 5. The Y H-axis is

directed toward the east, the XH-ais toward the south, and the ZH-ax's is

directed toward the astronomical zenith. This system is rotated along with

the earth's reference frame, and is, therefore, not inertial. The angle from

the north direction measured clockwise (or east) in the X H9 YH plane is defired

as azimuth, AZ.

With the horizontal reference frame now defined, it is now

possible to complete three of the six-degrees-of-freedom.

b. Equation Development

Newton's second law for a rotating coordinate system is repeated here

for convenience.

m d 2 R  F -2cu v- mw x( xR)
dt

2

or

d2R Edti E E(5

dt
2  m

where

.41Rd is the vector acceleration of the vehicle CG with respect to
dt2  the inertial reference frame

F Is the total force vector on the reentry vehicle

2 E x - is the coriolis acceleration of the axis system due to thet rotation of the earth

m is vehicle mass

W x & x is the centrifugal acceleration of the axis system due to

the earth's rotation

WI 0.7292 x 10-4 radian/sec, earth rotational angular velocity

Since the horizontal reference system Yx, H Z) will rotate w~ith

the earth, several vector cross-products will appear in the final equation for

d'R/dt2. Therefore, the rotation rate vector, wE, and general vector, R, nust

be expressed in the same reference frame (xjj, ZH ZH) for expansion.

12

__________________________ __________________
~i
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As shown in figure 5, pseudo-trajectory reference frame(VS eoo e o(HH,
has its origin at the initial position of the vehicle center of gravity. This

frame is fixed in space (with respect to the horizontal (H) frame), with Z..
H

equal to the reentry altitude, and with X' and Y' rotated from XH, YH about ZH
H9 H

some initial azimuth angle, AZ. The vehicle flight path is initially fixed in

the Y; Z' plane directed downwward some reentry angle, Ye"

Therefore, the components of XH, YH* ZH on X, Y1 , Z; is

X =cos AZ X + sin AZ.•a (16a)
HY

Yfisin AZ • -cos AZ Y (16b)

-- -H (16c)

As previously shown, the horizontal reference frame is not inertial,

and therefore, rotates at the same rotation rate as the earth. So that W. cay

be written

WE WE sin Xg - A-Ecos 3g (17)

I

Equation (17) may be rewritten after substituting equation (16b) into equation

(17).
I
I

Z - cos X sin AZ
E sin Xgz g Z WV-

+ W cos - cos AZ Y (18)

IE

Therefore, the components of the earth's rotation rate in the horizontal

reference frame may be written
I

SCos . sin AZ (19a) -

H -
a

E = _cos -cos AZ (19b) -

Hg I
I

EZ sin (19c) I

HI
14j

____ ____ ____ ___ _ __ ____ __

_ _ __ _ _ __ _ _ _
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To determine the general vector, R, and displacement acceleraLions,

the vehicle CG must be considered displaced fro= the horizontal reference

-frame by the vector, Ras shecwn in frigure 6.

IZR Z

/ VEHICLE

R -r

I I

XR

Fi-gu-re 6. Inertial and Body Axis Ccord!nzae Svste--s

15



AFWL-TR-68-61

From figure 6, the following relationship can be established:

4 =4 4
R= + r (20)eo

r can ae written in terms ef its components on the horizontal reference frame

as

= x ' + Y Y, + Z Z (21)
H H H

where X, Y, Z are the scalar vehicle CG displacement on the horizontal

reference frame. R can now be written as

=x '+ Y ' + Z + (22)
H H H eo

Although R can be written in any reference frame, its vector components must

be in the same reference frame. Therefore, the equation

eo eo c (23)

must be written in terms of the horizontal reference system.

From figure 4, the vector, Zc, in the geocentric reference frame can

* be written in the form

" • 'HCos n + YH Cos r)

C H n+ Hcs

or by substituting in equations (16b) and (16c), the following is obtained:

Z = ZH cos n + X' sin AZ sin n -Y cos AZ sin P. (24)
c H H

Equation (23) can now be rewritten as

R sin AZ sin n X' -R cos AZ sin Y' + R cos n Z (25)
eo eo H eo H eo H

where components of F in horizontal reference frame are
eo

RXH =R sin AZ sin neo

R = -R cos AZ sin n
YH eo

RZH R Los n (26)
ZH eo

16 -l
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By substituting and collecting terms, the equation for is

(R (~ + X) X'+ (R~+ Y) ' + (RzF:+ Z) ~ (27)

The vectors R and -E have now been expressed in the horizontal

reference frame. The development of equation (15) can proceed further by

ta''ing the first derivative of R, with respect to time, in the following

general form for an inertial coordinate system:

(j = [gd~] + -)
\dtF t L w. x

where

Tt is the derivative relative to the rotating reference system

'( is the vehicle CG velocity vector with respect to the inertial
reference frame (R)

Therefore,

where a dot above the variable denotes first derivative with respect to time.

The last term may be expanded in the following matrix form:

I YH +

xH vHzH

+ ( R + ) ( E  v + ((8 )'

) H ( (

(H + ) +(H I)()]]R 17 R+
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From, this exoanded form, the following equations can be established:

U (E (RH+ Z) wE H(R yH+Y) (29a)

B E R +x)-w. (RZH + Z) (29b)

C W (R+ ~ (RY + x) (29c)

Therefore, the velocity vector is

dR + A) 'F + CY+ B) ' + (~+ C) 'zH(0

To obtain the acceleration, the second derivative of R with respect to time is

taken

-X+~ y +~ ' + (Z + ') H
dt2

+ WEX [(i + A) X"+ (y+ B) -Y",(+ + C) Z](31)

where AICare the derivatives of equations (29a), (29b), and (29c),

A =w E HZ - () Y (32a)

E E

zH xli

CW Y W X (32c)
El Ey

and the last termi is expanded to give

18
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WXWxH 
H H

E dt WE E WE
xH yH zH

(+ A) (Y+ B) (Z+ C)

[WE ( + C) -WE (Y +B)I tX;

r "r

+ [WE (X+A) -wE (ZH+C)j

IW xH yH

By substituting the above into equation (31), the fcilowing is

obtained for the acceleration

IA
dt2  X + W E - W E  + W E  + C) - E (Y + B)] XIA

d2 yR zH yH zH

+Y + WE X- E + WE ( + A)- wE 6 + C)] Y6
zE xH EzH EAxH

ExH EyH ExH E yH

By collecting terms and reducing equation (33), the final development

of vehicle acceleration with respect to the horizontal reference frame is

dt2  Evi /Evil

119
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+(Y + A-wE C) YH

+ (Z-+ 26 + WE  B WE HA) ZH (34)

or in component form in the horizontal reference frame,

ax = X + 2A + w C - W B (35a)
yH EzH

ay = Y + 2B + WE A - wE C (35b)
zH x

a = Z + 2C + B - w E  A (35c)z ExH yH

This completes the derivation of the acceleration equations, which

includes coriolis and centripetal acceleration due to rotation of the coordinate

system, and accelerations of the vehicle CG due to forces and moments.

To complete the equations of motion, it will be necessary to introduce

the forces and moments acting on the vehicle. These forces and moments result

mainly, for this program, from gravitational attraction, and from reaction of

the air on the vehicle as a result of its motion. This is not to say other

types of forces cannot be involved.

c. Earth Position Coordinates

Since the components of the gravitational force are dependent upon the

position of the vehicle in the earth coordinate system, the instantaneous

longitude and geocentric latitude can be obtained by the following method.

From equation (6) and reference 9, the geocentric latitude is

Z
X =arcsinR

and the longitude is

20
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I 6 arctan XE

where X EP, E and Z~. are coordinates in the earth reference system.

This program expresses the vehicle position in the horizontal reference

frame; therefore, the position must be transformed to the earth reference frame.

This can be done through examination of figures 2, 5, and 6, and the following

transformation matrixes.

Teorder of transformation will be from X A Y , Z' to XH31 YH and ZH
V~~ V ."A 7

I Therefore,

X = X' sin AZ-Y' cos AZH HH

Y = Xt cos AZ + Y' sin AZ

Z H-- (36a)

or in matrix form

[X [sin AZ (-cos AZ) 0] [X1

I H Icos AZ sin AZ 0 Y

I j [o 0 1 (36b

lnr and

X =X sin N +Z Cos XE 11 g H g

ZE =X Cos ' + Z sin g (3 7 a)
E 1, 9 -1

from which the following matrix is formed:

21



g 1 0 L ZH

-COS A 0 sin A ZH  (37b)

By substituting equation (36b) into equation (37b)

X sin Xg 0 COS g sin AZ (-cos AZ) 0 X;

y 0 1 0 • cos AZ sin AZ 0 Y;e

Ze LCOS Xg 0 sin AE L 0 -H _

(38)

and expanding equation (38),

FXe (sin Ag sin A) ( A cos AZ) g XH

Y = cos AZ sin AZ 0 "

Ze COS sin AZ) (co g cos AZ COS L ZI

(39)

From equation (39)

sin sin AZ H sin Xg cos AZ) + ZH cos (40a)

YE= cos AZ + Y' sin AZ (40b)

E H H

Z= -X (cos A sin AZ) + ' (cos Ag cos AZ) + , sin A (40c)
E  -X o F

where

X xH "

Y' =R + Y
H yH

Z'= R + z

H zH

221
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RxH, RyH, and RzH are defined by equation (26). Therefore, the instantaneous

geocentric latitude can be obtained from

X= arcsin( -E ) (41)

where

R = j(RXH + X)2 + (RyH + Y)2 + (RH + z)21/2

since the earth is assumed to be a body of revolution about the polar axis, the

instantaneous longitude may be defined as

B = arctan 
(42)

XE) (42)

and will be considered positive when measured east from the prime meridian and

negative when measured west.

Sd. Gravitational Equations

The potential function and equations used to obtain the gravitational

K forces to be included in the equations of motion are presented in this sub-

section. The gravitational potential of the earth is an expansion of spherical

harmonics as a function of latitude and longitude. However, in this program,

the earth is assumed to be a body of revolution so that the longitudinL. effects

may be ignored. Although some satellite data indicate that the earth's

equator is elliptical where the major axis is somewhat larger than the minor

axis, the difference though is very small compared to the equatorial radius.

The gravity components are determined by taking partial derivatives of

the gravitational potential equation (Ref. 9'.

J R, 1 0 0 (1- 3 sin2

R '1+

+" 5 R (3 sin -5 sin

+( 3 - 30 sin:". + 35 sin" - 4"

(4-3)
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where

G 0 ffi 1.4076427 x 1016 ft/sec2 gravitational constant of the

0 o earth

R = radial distance to body CC from earth's geocenter

REQ = earth's equatorial radius

X = geocentric latitude

J = 1623.41 x 10- 6 , coefficient of the second harmonic

H = 6.04 x 10-6, coefficient of the third harmonic

K = 6.37 x 10- 6 , coefficient of the fourth harmonic

The gravitational potential field is usually defined by spherical

harmonics. Each higher order term in equation (43) is due to a deviation of

the potential from that of a true sphere. Therefore, the potential is expressed

as a series of Legendre polynomials in the variable, 1. . Many analyses (Refs.

9, 11, 12) consider only the second-, third-, and fourth-order terms. The first

harmonic (RT) is missing because of the choice of an equatorial coordinate

system in which 1 is measured relative to the center of the earth. The fifth
C

harmonic is not sufficiently well known to justify its inclusion in this

equation.

The gravitational acceleration of a vehicle along any line is the

partial derivative of the poteniial function, $, along that line. See figure 7.

N VEHICLE
CG

Figure 7. Gravitational Direction

Z- -
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I g is related to (R, X) by

where VW is the gradient vector of XR, A). From figure 7, the force along

the radius, R, is

G =mg M~
r r a

and in R, A direction
c

where m = mass of vehicle in slugs. From equation (43), GR and G! are
R c

obtained.

GR=- = +m G i 2 :oIo R

'EQQ
--4- )(3 sin A - 5 sin .

c C)

5+ -E 3 30os n 3 5 sin ' o

-- c

+ R'(3 c c ' c

+ 3 csin 5 osin o

K

Isimplifying and dividing through by a,

12
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CR 1.2. + 34bj(i-3 sin2
R2R)

+4H
5 +4--3 sin 5 sin 3 x$49c C)

+ 3 -3 30 sin2  3 os 4  (

- 2 o 1- (sin X cos )

c c

R2  IC
L

+ (3 $ cos 5 sin c

+ a o Ai o + 7sin3 X Cos )4b

Since G is along the radius and GX is perpendicular to R, they are in the

inertial reference frame. For them to be included in the equations of motion,

their components =us-- be found with respect to the horizontal reference frame.

This can be accomplished by the use of direction cosines and transformation

matrices.

After examination of figure 8, the following series of equations can

be written to transpose GR and GA to the horizontal reference frame.
R c

It is noted that G and G. are taken as positive in the direction
R

shown in figures 7 and 8. Therefore, by definition

GR= + ;R

1) +
R= + R -

GS =0 (45)
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jZE

IIA

Figure 8. CGravitatioual Transfornations

GX -R(cos .Cos +G- (sin cos +-GE sin

IGY -G.R (cos X c sin) + r,- (sin csin S) G Cos

GZ E -GR sin~ -G!cos 1 (1a6)

GX. =GX- sinl -- Z.cosA

Gy.. = Gx

IGZ =GNXE cos G-sn17

Frm equations (16a), (16b), and (16c), the ffol!iing is obtained:

a%.'. aC.. sin AZ -t- G. Cos Az

Gy~ -cX.. Cos AZ 4 Gy.. si.n AZ

L GZJ'J = GZ,.(.S
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Equations (46) and (47) can be expressed in matrix form

GX I-sin co A cos 6 + cos X sin A
H g C)

GYN (-os Xc sin8)

GZH -cos Xg cos X cos B - sin Xg sin X

sin Xg sin Cos + cos A Cos X sin Xg sin a GR

(sin X sin B) (-cos 8) GX

(cos Xg sin X cos a - sin X cos X) (cos X sin B)j L GS (49)

This matrix may be written into the following equations for transformation:

Gll =-sin X ces A cos 6 + cos X sin Xg c g c

G12= sin X sin X cos B + cos X cos X
g c g c

G21 = -cos X sin 8
C

G22 sin X sin 8
C

G31 -cos X cos X cos 8- sin X sin Xg C g C

G32 +cos X sin X cos 8 - sin X cos X (50)
g c g c

The firal transformation is obtained by substituting equation (49)

into equation (48).

GX' = GR (GIl • sin AZ + G21 • cos AZ)
H
+ GA (G12 • sin AZ + G22 • cos AZ)

GY' - GR (-Gll cos AZ + G21 • sin AZ)

H

+ GI (-G12 - cos AZ + G22w sin AZ)

GZ' GZ = GR (G31) + GX (G32) (51)

283 33
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The components of the gravitational forces are now expressed in the

horizontal reference frame and may be included with equations (35) to complete

the equations of motion.

Before the aerodynamic forces and moments can be resolved, a method

must be established for the transformation of components from the body

reference frame to the horizontal reference frame and the inverse.

e. Euler Angles

Up to this 'oint, only the equations for the three-translational

degrees-of-freedom have been derived. This establishes the vehicle CG with

respect to a horizontal reference system. To analyze the body forces and
moments as a result of its motion about the CG, the angular orientation of

the vehicle must be known with rcspect to the horizontal reference system.

The Euler angles describing the angular motion are , e, and , and will

be noted as pitch, yaw, and roll angles, respectively. These angles are to be

differentiated from the angles of attack and sideslip. The angles of attack

jand sideslip have a kinematic definition based on the components of the free-

I stream velocity relative to the body axes of the vehicle. The angular displace-

I ments, €, e, and 4j, on the other hand, are used to measure the vehicle attitude
with respect to a fixed set of axes (X, Y, and Z), and in no way require motion

I of the vehicle relative to the surrounding air for their definition.
I

Consider a vehicle moving with respect to the inertial axeF X, Y, and

Z which are also fixed In cpace. The following wiil describe one of several

ways of specifying the angular orientation of a vehicle at any instant of time.

This will be done by successively pitching, yawing, and rolling the X, Y, and

Z axes until they coincide with the axes x, y, and z of the vehicle as shown

in figure 1).

First, pitch the vehicle by an angular displacement A -round OX so that

Z goes to Z, and Y goes to Y1 (figure 9a). The relationship between the two

coordinate systems is then given by the following transfer matrix:

X] 1 0 0 X

YI 0 cos c -sin Y

LI
Z' 0 sin c cos i 1 Z (52)

I -
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Z 2

Il 0

0 Y Y
x x+ Y-y

X2
a. 1s-.t Rotation b. 2nd Rotation

Z :Z
2 3

0

x3

c. 3rd Rotation d Composite Diagram
A

Figure 9. System of Angular Displacements

30



AFWL-TR-68-61

Next, yaw the vehicle by an angle 0 about the OYI axes so that XI goes

to X2 and Z, to Z2 (figure 9b). The new relationship is given by the transfer

matrix

X 2  os 6 0 -sin 0 X 1

Y2 0 1 0 " Y1

2 1

Z 2 sin e 0 cos a z! (53)
hr L j j

I

!|Finally, roll the vehicle by angle 1 around the OZ 2 axis so that X 2

![moves to X3, and Y 2 to Y 3 (figure 9c). The transfer matrix for this rotation

Sx - Cos 
= 

sin 0 X

i"y ]-sin, cos 0 Y 2

= _z 0 0 1 Z2  (54)

¢' where

Sx =3

Y Y 3

z Z3

The operations of pitch, yaw, and roll for th:'.s program must always

be performed in this order since angular displacements do not follow the

ordinary laws of vector addition, but, in fact, follow a noncommutative law.

Under this system of rotations, the direction cosines of the finial vehicle

axes x, y. and z to the fixed axis X, Y, and Z are obtained by substituting

equation (52) into equations (53).

X2 cos e (-sin e sin ) (-sin ; cos ) X

Y 0 'os -sin Y

z sin (sin t cos ") (cos , cos Z (55)I

3-
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Then substitute equation (54) into equation (55)

rx] (cos p cos 0) (-sin a sin € cos i + sin 0 cos O)

y = (-sin cos 9) (sin e sin ssin + cos cos )

zj sin (cos 6 sin )

(-sin e cos €cos -sin sin (h) X

(sin sin 0 cos.- sin cos ) Y

(cos e cos ) ZJ (56)

Therefore, equation (56) will transform components from the fixed axes or

horizontal reference system to the vehicle or body reference system. To trans-

form components from the vehicle axes to the horizontal references axes, the

matrix of equation (56) must be inverted by interchanging rows and columns.

The elements of equation (56) may be written for simplicity as follows, where

subscripts indicate rows and colr.s.
A = C os if

A1 2  -sin 6 sin € cos P + sin cos e

A =-sin e cos cos 1; sin 4, sin
13

A -sin i cos 9
21

A sin e sin sin s +cos oos
22

P'3!= sl
i~=sin sn0Cs i o

N31 si

A Cos e sin
32

A cos 8 cos (57)

f. Transformation of Angular Velocities

It is now necessary to express the angular velocities Wx' Wy' and w

with respect to the vehIcle axes in terms of the Euler angles.

32
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Iz
J z2

I Z2

! dtI

I d#

_ t

I dO
di Y2

x 8

I X2

I Figure 10. Angular Velocities of Euler Angles

t

The components of the angular velocities along the X., Y., and Z, axes

to the vehicle axes x, y, and z shown in figure 10 are

-d4 d :L u OScos eicosn a sin
x dt dt

T o -" sin t, COdt o

The equations in section 11-2e and equation (56) have been derived

with respect to the inertial axes X, Y, and Z. If the axes svstem' is allowed

to rotate, the angular velocity of the earth -- must be included. Therefore,

the inertial angular rates of the vehicle are
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x X EXH

f? WyZ + WE (9

ZH

where wE W and wE are defined by equation (19). These are the
Xli yH Z H

components of the earth's rotation rate in the horizontal reference frame.

Since this program was wirtten for a symmetrical cone vith uniform

weight distribution and turther assumies symmetrical ablation, tnen the products

of inertia will be zero regardles3 oi roll angle, ul. (This will be shown irn

section I1-2g.) Therefore, the roll and transverse moment of inertia can be

obtained independent of p.This will simplify the equations and allow the

angular momentumi, h, to be written in the second rotation.

Therefore, equation (58) can be simplified and written in the X, v2
and Z2axes as

W -- CoseP
X2 dt

W d6
V.2 dt

W 2 ~ sin e- (60)z2 dt dt

which arc Vize total rotation rates of the vehicle in the second rotated axes.

Novw W WF ,and wa must also be written in the same axes system
XH H EH

as the vehicle angular rates. This can be done by using the transformation

equation (55) which will result in

'E WE CosO-W. sin esin LE sine Cos c
x ZH

O+0L+ W Cos ~WE sin

J. W. sin ~+ w sin c cos C+~ w c CGS Cos (61)

3 4
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Therefore, equation (59) can be written as

x x2 +Ex2

w +w
y Y2 Ev,

Z = 2 (62)

which are the inertial angular velcpcitie. of the vehicle in the X,,, Y,, and Z)

axes.

Since equation (62) is v.:ritten in the second rotated axes system, it is

also necessary to have the angular velocity of that coordinate system. There-

F fore,

E
y d,

I x dt'Cos (6 E)

6d
ddn -- sin 6 + wE (63)

z 7 dtE[ - Z2

i which completes the transformation of angular velocities.

| g. Moment of MomEntum

A particle of mass, m, moving with velocity, R, figure 11, has a linearI

momentum (Ref. 13)

P R

The moment of this linear momentum about an arbitrary point, 0, is

defined as

h r x m R (64)
0

where

R absolute velocity of m

r = radius drawn from 0 as sho-n in figure Ii

= the angular moment= of the particle about the noint 0
0

35
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r.

x

Figure 11. Moment of Momentum about 0

The angular momentum of a rigid body, figure 12, about any axis perpen-

dicular to the plane of motion and passing through the point 0 fixed in a

moving body is the sum of the moments of the linear momenta of all its particles

Pacut the axis. Therefore, equation (64) can be rewritten as

hr X myv
0i

where v. = velocity of any point i on the body. The velocity of a representa-

tive particle of mass m. may be expressed in terms of the velocity of 0 plus

the velocity of mi with respect to 0.

i 0 -

Therefore,

= x tMi + x

or is expanded from

o= i x ( xi)i- Vo x . mi ri
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WEW

zz

II
I1

Figure 12. Components of Momentum

eIf, by definition, 0 coincides with the center of mass, the term mi is

equal to zero, the angular momentum can be expressed by the following integral

Sho r x ( x dm (65)

k T!he relation between the angular momentum of a body and the applied

=oments, M of the forces m. acting on m is obtained fro= rotational

equation of motion.

o- = rx MR (66)
0

WE 37
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Taking the second derivative of the expression

R=R + r
0

and substituting into equation (66)

or

x =Z d ( xm)-Rx E i7 (67)

Again mr 0 when 0 coincides with center of mass. Equation (67) reduces

to

M 's (r x m r) (68)o dt

but r is equal to the following:

*gdr dr%r= dt [dtJ x

where

t]) = total derivative relative to inertial axis

= derivative xelative to rotating axis and, since body is
rigid, is equal to zero

Therefore,

r x r

and substituting into equation (67) the relationship between M and h is
0 0

established.

( x m C. x r)) (69)

38
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or

d h
0 do =  -1,70)

With this relationship established, the derivation of h can be continued. The

integral in equation (65) nust be evaluated and this is done by first expanding

the cross product W x r

-x r 17 " (y + 0 ,z-: -:zZ )

iX y zIV
(71)

where fl r" and r is defined by equation (62). -Then expoansion of the crossxI  v z °

product x (;- x is

r x r)V

z zrx(xr) = x * z

+ ( V (x - z (Vy-

B+ dfio + (y z + x+F(72)
z

B definition, the cents of inertia of a body about the x, v. z axes are

I = !(y: + z-) .

(= ( -- ) e

z
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and the products of inertia are

I = xy dm

I = Jxz dm

- . .= z y z d m

If the x, y, z axes are considered the principal axes, the products of inertia

and the time derivatives of the moments of inertia are zero.

Therefore, by integrating equation (72) over the entire body and

applying the above definition, the following is obtained:

h 0 h= I x Xi + I Q Y + I z k (73)
o xx yy zz

in which case the moment of momentum components along the x, y, z axes are

h =IR
X X x

h =1 2
SY yY

h I z Q (74)

It was shown previously that the moment about a body's center of gravity was

equal to the time derivative of the moment of 'omentum.

dhM =-

o dt

which in general form can be expressed as

Substitute this into equation (70), Euler's moment equation is obtained,

-~dhoM =- + Q x h-- o dt 2 o

where i is the anguJar velocity of the second rotated axes system.
2
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Taking the cross product Q29 x h in a manner similar to equation (71),

(equation (75) becomes

dhx + dhy 3- + Ah z~ ~h Sh1 1d dt dt + y2 Z

I (yh ( 2  2 h x) J. (76)

and collecting terms yields

=( dt + h y2 h z Q2hy 2x z+h h

+ hz + h h k (77)
\dt X Y2) 

Now, taking the derivatives of equation (74) and remembering d(I)/dt = 0 for

- principal .xes,

dhx
i dt = xx

I
|dt y y

dhz =I (78)
dt y y

where 6x2 , , are the derivatives of equation (62)y z

=- cos + + 0 sin +Lx

fY r-

_ y

I.• ~- (79)

and WEx2, WEvy2  ,.,Ez 2 are the derivatives of equation (61). Before taking the
f

derivatives of equation (61), let the following be elements of equation (55)

where subscripts indicate row and columns:
I-
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Bi1 = cos 8

B1 2  -sin e sin

B1 3 =-sin 8 cos€

B2 1 =0

B2 2 = cos #

B =-sin
23

B3 1 = sin 6

B =cos 6 sin
32

B = Cos 8 Cs (80)
33

The derivatives of equation (80) are defined here

DB1 1 = -O sin 8

DB =1-2 cos 6 sin -4)sin 8 cos

DB = - Cos 8 Cos + sin e sin)
13

DB21 =0

DB22 =-4 sin 4

DB 23 = -Cosos

DB3 =8cos e

32DB32 =-6 sin e sin 4 + cos 0 cos

DB =- sin 8 cos - cos 6 sin 0 (81)
33

Therefore,

DBjw Ex + DB1 2wEy +DB3wz

=DB2 w +DB w + DB w
Ey2  l1Ex 22 Ey 23Ez

=DB3 wE + DB + DB,3E

31z D32 Ey Ez(82)

42
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Substituting equations (74' (7f), and (79) into equation (77) and writing 0
in component form with I = I

I H = I cos e + ; 0 sin 6 + WEx)+ "y2 (Iz~z) z2) (I , Y)

x xyx

M ,.~~~ ~ (; -()+z Ix'x) -QX2,0
my = I x + LEY2) + QZ2 - X2( Z)

SM = I sine - 6 cos e + ,E + ., (I )

- IQ (83)

h. Summary of Equations of Motion

For convenience, the equations of motion are restated here with all

terms added and in a form similar to that used in the program.

d2 x wF _ C + W B Gx

dt 2  mE EzH

d2Z = F 2i " A + w C -Gydt 2  zH xH

i d~2z Fz 2C-E

S2 m E B+ A -Gzdt xH EYH

Idt 2  x Z2 x I x Ey2yHXx x 2

d2-- =~ -y21zz~~ eo d+

det x2 x y -"'z."y d-- - sin -+ E o

I I

dt. z z z dt 2

F r- cos :-'--- dt dt

.'-

1 4-
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where all term are known from the initialization or fromr. the previous time

step.

Although these equations have been written f or .3 conical siiapcd body

with weight chauge due only to ablation, it only a matte~r of modifying the

equations to include thrust and aaditional forces and moments associated with

a finned missile.

3. INTEGRATION TECHNIQUE

To integrate a set of n~ simultaneous second order differential equations

of the form

d2 A!4f (.xx)i ( 1, 2..
dt 2  i('xX. x)

The Rumge-Kutta method of numerical integration is reco=iiended for this

type of application and especially where a high degree of accuracy io, desired.

Thus, the equations of motion in the preceding subsection are shown as six

second-order differential equations, which are to be aolved simultaneously.

This method consists of four sets of equations which involve different sub--!ti-

tutions into the differential equations. The equations are solved, and the

increments of the functions are calculated as weighted averages of the solutions

to the four equations. Therefore, the integration procedure fot the expression

of the form

Sf (t, X, X')

dt 2

is described by the following generalized equations

x x +X
n+1 n n~

x X+~.t k + 2k+ 2k +k-)

where

kc ~At fit, n'n

n n

k t f -, t x + x_ + 2

44
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k3  t (tn + At xn  n 2- k' Xn 21

In integrating a differential equation numerically, the equation is replaced

by a difference equation and solved accordingly. The Runge-Kutta method has

excellent properties for stability in the integration and if the integration

step is taken small enough, the difference equation is usually close to the

differential equation solution. However, some variables in the equations of

motion may have peculiar oscillations or increase very rapidly which could

cause an unstable condition or an error in the solution. An unstable condition

or solution can often be made stable by using a smaller integration step. The

reason for this is that different step sizes change the parameters relating to

the stability of the difference solution.

The integration step size, At, for this program is fixed, although the
r

user could modify the integration method to use a variable step size under

error control (Ref. 14). The user has the option to break into the program at

exact specified values of the independent variable, t, for the printout step.

4. AERODYNAMIC HEATING AND ABLATION

The equations of heat transfer are general in that they apply to most

axially symmetric vehicles of any composite skin structure. The vehicle skin

is assumed to be made of discrete layers of material whose properties may vary

from layer to layer and there is no limit -n the number of layers. This progra

is specific in that the equations have been applied to a blunt-nosed, conical

vehicle.

Hypersonic vehicles may be categorized into two gcneral types. The first

consists of those vehicles which must be propelled through the atmosphere to

sustain flight. The second type comprises those that have a vast store of

kinetic and potential energy which will be dissipated to the surrounding air

during reentry. The latter type is of primary interest and for which this

program was written, although it will handle either type.

In either case, some of this energy is expended against drag forces which

assume the form of skin friction and pressure drag which product heat. The

heat equivalent of the kinetic energy contained within a body is approximately

I



V2 50,000 (Btu/lb)
en

where V is the reentry velocity in ft/sec. While only a fraction of thisen

energy is actually transferred to the body as heat, this fraction is still a

significant quantity and accurately illustrates the magnitude of the problem.

a. Heat Flux Equation

Experiments in high speed flow have verified that the magnitude and

direction of heat flow at the surface does not depend on the difference between

the wall temperature and the free-stream temperature as in low-speed flow, but

rather on the difference between the wall temperature, TW, and the adiabatic

wall temperature, TAW. It is apparent that the determination of the adiabatic

wall temperature will be of prime importance in the calculation of heat transfer,

since the transference of heat to or from the wall will depend upon whether the

skin temperature is above or below TAW. The adiabatic wall temperature can

conveniently be expressed in terms of a dynamic-temperature rise

(V2
TAW= TEMPE + RF 2cE (84)2 g Cc pa,

where

TEMPE boundary la: er (B/L) edge temperature, *R

VE f B/L edge velocity, ft/sec

gc = gravitational constant, ft/sec
2

J Joule's constant = 778

C = specific heat of air, Btu/Ib-*Rpa

RF recovery factor which is a measure of the fraction of the
free-stream dynamic temperature rise recovered at the wall

Reference 15 shows that for practical purposes

RE - (85a)

for laminar flow and

RF (85b)

for turbulent flow where
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PR* = Prandtl number

PR = Cpa i*/K

= viscosity of air in lb/ft-sec evaluated at reference

teperature (TREF)

K* = thermal conductivity of air in Btu/ft-sec-*R evaluated
Sac T BYF!ic

Therefore, the unit surface convective heat rate for high-speed flow (Ref. 16)

is

q /A = he (TAW -Tl) (86)

where

qcc = heating rate in Btu/sec-ft2

h = convective heat transfer coefficient in Btu/ftl-sec-OR
e

A local wetted area in ft2

(1) Heat Transfer Coefficient

For determining the heat transfer coefficient in laminar flow over

a flat plate, an empirical method using Blasius theory was developed by Rubesin

and Johnson (Ref. 17) to account for the combined effects of the local Mach

nuber and the temperature ratio of the wall, T,,, to the boundary laver edge,

TEMPE. In this method, the conventional analysis of heat transfer by convection

F can be used, but the reference temperature, T for evaluating the fluid

properties is expressed as a function of the local Mach nuber and of the ratio

T.,/TEMPE. The method has been extended to cover turbulent flow, and has proved

to be both convenient and useful.

Therefore, for laminar flow the reference temperature is

TRE. TEMPE I + 0.58 (T PE i + 0.032 MLCHE- (87)

and for turbulent flow

T = ThYPE [ + 0.45 - 0.035 MACHE %88)

REF 7

47



Equations (87) and (88) can be expressed in the form for laminar flow as

T TEM4PE + 0.5 T -TLXPE) .1(A DP) (0
REF / W.9(A 2P) (9

The heat transfer coefficient (Refs. 16, 18) is related to the

flow properties through the expression

1/3a
Nu*(PR*) =C(Ra (91)

where

N* Nusselt number =h x/K*
U e

h =effective heat transfer coefficient
e

X distance from nose, ft

K* thermal conductivity of air, Btu/ft-sec-*R, evaluated at

TREF

R =B/L edge Reynolds numnber P ~V XI/s

o boundary layer edge density, lb-sec2 /ft 4

V boundary layer edge velocity, ft/sec
e

C =0.575 for laminar flow on cone

C =0.0296 for turbulent flow oa cone

C =0.778 for laminar flow an blunt body

C =0.0348 for turbulent flow on blunt body

a 0.8 for turbulent flow:

a 0.5 for laminar flow

B/L edge viscosity, lb-sec/ft2'
I e

The solutions to these eauations for the heat transfer coefficient is obtained

by the use of Che Blasius incompressible flat plate skin fricrion coefficients

=odified for compressible flow by use of Eckert's reference enthalpy. For
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laminar flow

1Cf R 2 (92a)

and for turbulent flow

Cfc  ;j (92b)
Cf \el e

Good correlation with experimental data is obtain -d if the gas

properties are evaluated at the reference temperature and the velocity is taken

as the bcundary layer edge velocity. For the case of mass addition, the

Aproperties of the injected gas are used to compute the Prandtl number and

Nusselt number.

It is important in the selection of a suitable material for thermal

protection by the ablative process that the produc.s of decomposition have a

high specific heat. This in turn produces a high effective mean specific heat

of the gas-air mixture in the boundary layer and a high Prandtl number. It is

Ualso desirable that the ablator have a low thermal conductivity. This will

decrease heat conducted to the interior of the vehicle. The surface of the

vehicle also receives heat by radiation from the hot gas in the shock layer in

addition to that by convection. As the air density is low, its emissivitv is

much less than 1 percent. Therefore, the rate of radiation heat transfer is

negligible compared with that of aerodynamic convection and can be ignored.

b. Unsteady Heat Conduction

A means of applying the Schmidt graphical method for solving an steadv

heat conduction problem is presented here. A thorough discussion of this

method can be f-ound in any general text (Refs. 16, 19) and will not be attempted

here. -his method is quite flexible in that difficult boundary conditiors can

be handled easily.

This method is widely used for solving u"steady heat conduction problems

because it gives an iterative profile of the temperature change. Bcaust: of

its simplicity, mistakes, if the. occur, are easily found, and relativey

;untrained personnel can accomplish the work. Nu=erical ethcds ar o  _zpiiaivv

convenient when a high-speed digital computer is available since tL-.. stvps 'n

IfX;a nu-erical solution can be prograed relati-vely casiiv.
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The numerical method for solving unsteady-state heat conduction differs

from that used to solve steady state. In the latter case, the temperature

distribution in a body can be obtained for a network of points in a solid by

solving a system of residual equations. In unsteady-state systems, the initial

temperature profile is known, but its variation with time must be determined.

Therefore, it is necessary to resolve the temperature profile at some future

time from a given distribution at an earlier time.

To illustrate te niz.erical method, it is necessary to transform the

Fourier conduction equation (a partial differential equation that is second

order in space and first order in time) for the unsteady temeprature distribu-

ton in a heat-conduct!ne solid into a finite difference form.

AT aA2 T
X (93)

AT (A)2

The subscripts denote the differentiation variable. Letting n denote position

and t time, LT can be written as

A T= T -T
n,t+l nt

and in a similar manner

xT T n,t+l - n,t

The expression L2T thus becomes

.2T = T - 2T + T. X rn+l, t 'a-tn ,t

Substituting these expressions into the Fourier equation (93), gives

T -I = )- -- (T"lit - 2Tnit + TTn,t--1- nit _ " n-l,t) (91)

The temperature throughout a wall or slab can nov be computed for any

later time if the initial distribution is .- rn. A Schidt plot de=onstrazes

the te=perature profile versus time in a sei-infinite siab (frigure 13).
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Figure 13. Schidt Plot in an Infinitely Thick Wall

A constant vi1 te=perature is assamed in the _raphical expzle, but a

varing wall temperature can be handled with equal ease. By letting the -all

F teperature vary with tine, the distribution at each point within the bod- can

be coputed for each tie increzent.

c. Vehicle The-ma! Mode l

To deterine the t--e-te--perat.ure profile in the vehicle skin, tht

Fourier conduction equation was vritten as a finite difference e-a"tion and

solved nuericai v. This =ethoe is a further adaptation cT the Sc-- gra-n_

ical =ethod (Ref. 19). Thne wall is divided into a nu=ber of iz--ina --ith "lown

thickness, specific heat, and thernal conductivity and -it. a k- in-ti a.

tezpera ure distrib-t"-:m. Figure !" illustrates the ode -t-- its ai.Cia ted

tno=enclature.
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Figure-14. Hodel for Wall Temperature Profile and Ablation
Recession Calculations

The differeace equation for computing the temperature at position n at

time t +1is

T =T + aft (Tn, - 2T t+ T l')(95)

In this form, the material properties cannot vary from layer to layer. If the

properties vary from lamina to lamina, the above equation must be written in

the foim

:1,t+'L n, t + , ~~ )2 n - Tnt)

-~) T~ T l) (96)1
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Where a is the thermal diffusivity and may be replaced by its defined equivalent,

K- (97)

pcp

where

K = thermal conductivity of material in Btu/ft-sec-*R

P - density of material in lbs/ft
3

cp = specific heat of material in Btu/lb-*R

This step allows one to easily recognize certain groups of terms as the heat

corducted through each lamina and permits the convective heat flux to be used

in solving for the wall temperature. The equation for the wall temperature is

T n-!,t+l Tn-l,t + (p n_1 [h(TAW Tl],t

2At K R I

t -(T n.l t -ITnt) (98)

The backface boundary condition can be specified in several ways. If

internal heating for cooling) is preLent. the backface may be held constant or

allowed to vary in a specified manner. A conservative assumption is that no

heat flows through the last lamina. This assumption will ca-,se somewhat more

ablation and higher temperatures than would be encountered with a cooled back-

face or other heat sink material.

d. Ablation

Advances in hypersonic atmospheric flight have resulted in environments

of extremely high temperatures. Boundary layer temperatures in excess of

10,000*F are characteristic of vehicles entering the atmosphere at hypersonic

speeds.

In hypersonic flight, it becomes obvious that capacitance or mass heat-

sink protection, though simple, is an inefficient means of contending with the

extremely high heat fluxes associated with certain reentries or with sustained
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periods of thermal flight. Consequently, other means of cooling or protecting

for operating beyond heat-sink limitations must be used. One convenient means

of environmental protection and for which this program was primarily written is

the ablation cooling method.

The ablative process is illustrated in figure 15. The ablation process

works in the following manner: (1) the material or ablator acts as .i heat

sink; (2) when the critical or melting temperature of the ablator is rei.ched,

a thin layer of the material at the surface will begin successively to melt,

vaporize, depolymerize, or decompose chemically; and (3) as the material

vaporizes, the gaseous products of decomposition enter into the boundary layer.

Being relatively cool, as compared to the boundary layer air. the injected gas

forms a thin, but effective film that reduces the heat transfer to the vehicle

skin. It is important in the selection of a suitable material for thermal

protection by the ablative process that the thermal conductivity of the material

should be as low as possible so as to confine the high-temperature zone at the

surface to the thinnest layer possible. Likewise, to reduce the rate of mass

loss, and hence, the required weight of protective ablator, the surface tempera-

ture at which decomposition and melting begins should be as high as practicable.

The products of decomposition should preferably have a high Prandtl number,

since it is defined as ratio of heat storage to heat conduction of a gas. This

means it is desirable to have the mean effective specific heat of the gas-air

mixture in the boundary layer as large as possible.

SHOCK WAVE

/ - SUBSTRUCTURE

>SO~LD PROTECTION MATERIAL
MOLTEN MATERIALGASEOUS MATERIAL

Figure 15. Ablative Process

5"
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Since the ablation process can be characterized by an exchange of

material for thermal energy, the energy balance at the ablating surface, in its

simplest form, is

qnet - qc - q cond - q rad - q block (99)

where qc is heat transferred to the surface by convection, 4cond is the heat

conducted from the surface to the substrate material, 4block is the heat blockage

by transpiration in the boundary layer, and qrad is negligible and has been

ignored.

Ablation is assumed to occur when the temperature of the outermGst

laming has reached the melting temperature of the material. The outer surface

will recede and is assumed to take place normal to the local surface.

(1) Mass Loss and Surface Re-:ession

Two mechanisms are involved in the loss of ablation material: 11)

mass loss due to oxidation, and (2) mass loss due to sublimation. Oxidation is

controlled by the diffusion of oxygen to the reacting carbon, and sublimation

is controlled by local pressure and temperature. A detailed discussion on the

theory of ablation and material decomposition and reaction is not the intent of

this report, so only the results will be presented.

The efficiency of an ablation material is frequently defined for

engineering use in terms of a quantity known as the effective heat of ablation,

Q*, in Btu/lb,

Q* = 40(100)

where ; is the surface heating rate of a nonablating calorimeter at the

ablative temperature, and m is the mass ablation rate. The term "effectiveI. heat of ablation" collectively ,xpresses the ability of a material to absorb,

block, and dissipate incident heat per unit mass expended. The effective heat

of ablation value may also be expressed by using equations (99) and (100) as

SQ qcond + qblock (01)
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or by substituting approximate equations for each gives

CP(T. - Tb) + 0.7 ar) m (Ah) 0 (

Q*- (102)

- rad/0)

where

Cp - heat capacity of =aterial

T = ablative s'irface temperature
w

Tb - temperature of unheated material

4a r = molecular weight of air

M v molecular weight of Injected gas

m - rate of mass injection
V

0 ...... P, diffcrence across boundary Layer without t',-nspiration

If the radiation, q is insignificant, equation (102) can be reduced to the

form

Q* A + B (Ah) (103)

where A is an e=pirical value obtained from experimental investigations of

different ablators and B is dependent on whether flow is laminar or turbulent.

The surface recession rate is obtained br

S -E (104)

where

s=recession. rate, ft/sec

o ablation material density, L-/Xrt 3

The enthalpy difference across the boundary can be calculated fron the following

equat ions:

(zh)°  hr - Cpa TW (105)

56 1
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where

h- =Cpa TEMPE + U V2/(2g J

The following are analytical expressions used in this program for determining

--ass loss and recession rates of three co=-on ablators.

I (a) Phenolic Refrasil (Silica)

The expression for obtain=Ing the effective heat of ablation
for Phenolic Refrasil is

}Q* -4710+3B (Ab) (106)

I . B - 0.58 for laminar flow

4~ -0.32 for turbulent flow

(b) ATJ Graphite

The effective heat of ablation for ATu graphite is

Q - 2030 + B A) 0  (107)

where

B - 2 for either turbulent or laminar flaw

Wc Carbon PhenolicI The expressions for carbon phenolic are more comoplicated;
than those used for the other materials due to reaction of carbon with atmos-

E pheric oxygen. This material has a very high =elting tenperature and a low

I thermal conductivity which gives it excellent insulation properties. Also, its

I products of decomposition have a high specific heat ccmpared to that of air.

For laminar flow, the diffusion mass loss ra..e is Ri-ven by

. (Refs. 20, 21)

C

-C (009)
-d ] ' '-

LK L r -7(

- --- ~~-=- - - 57 - - -. *
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and for turbulent flow, the expression is I
- rKL 1dK2(h -CpBTW) (109)

where the constants K! and K2 can be interpreted as the intercept and slope,
respectively, on an effective heat of ablation versus enthalpy difference

(bet-ween recovery and wall conditions) plot.

qc = convective heat fl=,Btu/ft--sec

hr m recovered enthalpy, -tu/Ib
r

CpBL = specific heat In boundary layer, Etu/Ib-*R

T- - wall temperature, -*R

K i- 5370

K2, 5.37

K] 1 - 4240

K2T 5.77 I
The total nass loss rate is given by I

M d 1+ 2.64 x W04 (PBL) j., -11.05 X 104 (110) |

I
I|

where

IL fi total mass loss rate, Ib/ft2 -sec

P L = boundary layer edge pressure, lb/ft2 (Ref. 20) j
The surface recession rate is calculated by II

S - I-1 (111)

where j
S recession rate, ft/sec j

ablation material density, lb/ft- f

I
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(2) Total Weight Loss Rate and Toral Weight Loss

After the local instantaneous and total local recession rates have

been computed, the local weight loss rate can be calculated, if needed, by

determining the volume reduction of thc local segment and multiplying by the

material density. But the prinary weight loss of interest is the total for the

vehicle. To compute the total vehicle =-ass losn z:,d -ass loss rate, the

following procedure is used. Using the local weight loss rate, the instantaneous

anJ total recessions, and the initial radii and slanr length of the particular

segment of interest (see figure 16), zhe =ass loss rate per unit area is

multiplied by the oppropriate surface area to give a local integrated mass loss

t rate. This is accomplished by the following equations:

1 PT12E + - a SOL (112)
(LEN) P,(R, 1m;) (LEN) (LEN)) S (LEN)

whl-ere

S(1. instantaneous -ass loss rate of segment (LEN), lb/se,
(LEN)
(LEN) - nuber of particular segment of cone

RI. - larger segment radius, ft

RS - smaller segment radius, ft

(LEN) total recession of segment, ft

S instantaneous recession of segment, ft/sec

c = surface material density, lblft 3

SOL(LEN)  slant height of conical seg=ent, ft

i +in(LN) (113,

will give total vehicle r-ss loss rate when the operations in equation (113)

are accomplished in a progr= "Do Loop." Su=ming these local rates will result

in the total vehicle weight loss.

a. Stagnation Heating

To evaluate stagnation point convective heat transfer rates, this

progr enploys Lee's theory (Ref. 22), modified by use of Eckert's reference

enthalpy techniques (Ref. 19), in Lee's equation
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0.778 se lip (114)

w~here

1.1 1.203 at hiah ten-neratures

se -

-1.4 ratio of sp*eciLfic heats for air

-7 ,enity evalmated at stagnation reference cenditions

viscosi-., evalatee- at stasnation reference condition-s

a.I - velocity copont gradient at the stagnation point
(iro ?FaT amed Riddell)

-S 2=g~o pressre (Oblaicue sboix)

(1) Nose Blunrin3

In the detemixnat-Io of nose blunting, it is assoned that the

initial noe sh~ave of varticular interest %ms a sphere--came. and affter ablation

the final shape was a sphere-cone - zxeietal eviden-ce !:as scnthat die

finalI eroded shave cound -be anrxztdby a sznhere-coe havri-, a snall

dceViation fron- a sphere- Th1e refer-mce sphere--cone co fixuraticm after ercsion-

is obtained b3y -placing a spherical surface ta=4gent to a come parallel to the

criginal surface but displaced b- thle erosion an the cone zand is located aziall-31y

2-t ansto on :be vehicle cen-ter line In accordance with the erosion- at the

stagnation point (figtzre 17)-

1he excei-na evidence of ncse-shape cham e of reemtry- vehicles.

as previously noted, c.-, be re-presented, by a spbere-cone urb;ch deviazes frna

spherical shape by. an =zoiet less -than 10 Percent of th e final no-se radmas.

The final eroded nose radius can be obtained in te-.ns v. the sta~a o! o6.

ercsion =nd come ercsion as shmmm- in the folkw'inaecazn

6!

a id



AFWL-TR-68-61

I!

ORIGINAL NOSE SHAPE

0 
!

" S S '

Figure 17. Vehicle Nose-Shape Change

t 1
+ i n dt dtR R I sin 6 c c O -- \ Q*)

The integral represents the erosion at a given time during the

flight for the locations at the stagnation point S and a point on the cone C at

a location of wetted length of about five times the nose radius.

It is now possible to evaluate the final nose radius for a given

application. Let

t

Ss= J dt (115)
S

0
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and

t

! (c dt (116)

C

therefore

1 [ sinG 6 S S (117)in 6 c

where

R° = original nose radius, ft

R - instantaneous nose radius, ft

Oc = cone half-angle

SS W stagnation point recession rate, ft/sec

C recession rate at location, C, ft/sec (see figure 17)

f. Boundary Layer Transition

The problem of transition from laminar to turbulent boundary layer

flow has always been a troublesome one for the aeronautical engineer. The

standard approach usually has been to design conservatively, that is, for

turbulent flow. In general, the transition Reynolds number has been found to

primarily depend upon the local Mach number, which has been observed in the

analysis of boundary layer transition on a series of flight vehicles. Transi-

tion on blunt spherical nose vehicles with low boundary layer edge Mach numbers

appears to occur at Reynolds number of 1.5 x 106, while on sharp bodies where

the edge of the boundary layer edge Mach numbers approach 10 Reynolds numbers

as high as 2.0 x 107 have been observed prior to transition. Thus, for u.itested

vehicle configurations, it is necessary to investigate the relationship of the

Mach number and the Reynolds number in both the high and low Mach number regions.

This relationship between Mach number and Reynolds number stands to reason if

their definitions are understood. The parameter Mach number describes the

influence of compressibility on heat transfer and flow phenomena and is defined
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as the ratio of the gas or flight velocity to the local or ambient speed of

sound. The Reynolds number, which describes the nature of flow, is a

dimensionless measure of the ratio of inertial to viscous forces.

It should be noted that flight data on sharp bodies indicate that,

generally, transition does not occur instantaneously over the entire vehicle

so that it may travel several thousand feet between the onset of transition

and zne establishment of a fully turbulent boundary layer. See references 23

and 24.

The approach used in this program is to apply the sharp and blunt body

transition Reynolds numbers simultaneously. Therefore, the sharp body criterion

is described by the expression

ReTRAN = 6.6 x 10
7

* and the blunt body criterion is applied when either of the following two

Reynolds numbers are reached with conditions stated

Re = 1.5 x 106 on the spherical nose
TRAN

Re = 5.0 x 106 on tbe conical portion aft of the spherical
TRAN

nose for a wetted length of five times the nose radius.

The above criteria has been found to correlate with experimental data.

5. AERODYNAMICS

The one item that plays the most significant role in determining the

performance of a high velocity or hypersonic reentry vehicle is aerodynamic

*° drag. Experimental results have been correlated with theoretical studies of

the nonsteady effects on a reentry vehicle or missile during its trajectory.

!- These results indicate that the aerodynamic forces can be determined accurately

-by assuming quasi-st-eady flow conditions; that is, the flow field at any

instant of time is the same as that associated with steady motion at the same

velocity. Furthermore, it has been demonstrated that the boundary layer

behaves in a quasi-steady manner. Therefore, assuming that the validity of

these results carry over for an ablating blunt cone, the instantaneous drag

coefficients can be obtained from equivalent steady-state conditions.
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This program asumes that the drag consists of three components: cone

pressure or forebody drag, base pressure drag, and skin friction or viscous

drag. It is convenient to consider these quantities as distinct quantities

which can be added together to obtain the total vehicle drag. Though all

these quantities are distinct, some are dependent upon the boundary layer

condition. For example, the condition of the boundary layer, laminar or

turbulent, which influences the viscous drag can also influence the base drag.

a. Cone Pressure Drag

The forebody pressure drag for a slender body at..zero angle-of-attack

or at incidence can be calculated on the basis of the modified slender-body

theory.

The forebody pressure drag is defined by the relation

j - ~ -ff P Cos nmd

Sm

where cos (P, V.) is the cosine of the angle between V and the outward normal

to the vehicle surface. The area S comprises the total area of the vehiclem
except base area.

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 c/P across the conical shock. Solutions for this pressure ratio as a function

of Mach number and cone angle, e , have been tabulated by Kopal (Ref. 25) for

the ratio of specific heats of y = 1.405. These r sults have been employed

directly in the drag equation in order to obtain the forebody drag on a sharp

cone. The analysis produced the equation

12.5+8 Msin
CDp =4 sin2 Ac [2n. (118)

which is similar to th2 form of the Newtonian drag equation for a sharp cone.

The last term represents the variation from the Newtonian theory due to Mach

number effects.
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Nose blunting of a cone will increase the pressure drag. Local over-

pressures are induced near a blunt nose by the strong nose-shock curvature.

The results of sharp and blunt body solutions have been correlated as a function

of M., ec, and RN/RB. However, for bluntness ratios, RN/RB less than 0.05,

the values for the drag due to the overpressures are low compared to Cp.
Dp'

This program do.,. account for the drag due to the nose being blunt
within the limits expressed above. The sharp cone drag is modified by assuming

the nose drag to be that of a sphere minus that of the cone replaced by the
sphere. Because both of these terms are referenced to the projected area of
the sphere, the area or bluntness ratio, RN/RB, term is needed as a correctness

factor. Therfore, the pressure coefficient for a blunt cone is (Ref. 26)

X

+ . 58- - R 8 C(119)Dcone C 0p

I

where 0.58 is drag coefficient for a sphere obtained from reference 27

C is from equation (118)Dp

is the bluntness ratio of nose radius to cone base radiusI

b. Skin-Friction Drag f
The skin-friction or viscous drag is defined as i

D f T Cos(t .)d S

S I
where T is the local skin friction per unit area due to viscosity, and A

cos (t, V) is the cosine of the angle between V. and the tangent to the

vehicle surface in the T direction as shown in figure 18.

The skin-friction drag coefficint can be defined as

L

CDf 2. Cf cos r dx (120)
B_ I
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V0  _

TOTAL- DRAG

Figure 18. Aerodynamic Body Subject to Normal
and Tangential Forces

where C is the local skin-friction coefficient defined as

C 1/2 o V2 (121)
o

(1) Local Skin-Friction Coeff'cient

(a) Laminar Flow, a = 0

The local skin-friction coefficient is calculated using the

Blasius flat plate in compressible solution. The flat plate solution was

modified for conical flow by the Mangler transformation (Ref. 28) and for

compressibility by Eckert's reference enthalpy method (Ref. 29).

The modified Blasius equation is

0.664 e e (122)

-RxVPJe 0 V2

where
V

Re e boundary layeT edge Reynolds numberx 1
e

x = distance along sharp cone surface
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0 e = density of air

Ue = viscosity of air

V = velocitye

The superscript * and subscripts e and signify the property is evaluated at

the reference enthalpy or conditions at the edge of boundary layer or free

stream, respectively.

Equation (121) can be simplified to

VI . 5 0.5*

Cf 1.15 e (123)

Letting

pV
R

CO
x

and rearranging equation (123),

1.5

xV

From references 30 and 31, the quantity

can be replaced by

0.5- (' P) (h.-. 185

where
T

h* h* e
h he T

68

o-a



AFWL-TR-68-61

It Is assumed that cone pressure PC is equal to boundary layer edge pressure,
the free-stream specific heat is equal to the boundary layer edge z-cific

heat, the specific heat ratio is y - 1.405, and the recovery factor, RF, i

equal to 0.8426. Therefore, equation (123) for the local skin-friction

coefficient can be written as

1 1 .Ve 5 !e0.5 -0e.185C 0 (125f. r. co ,,. o-ho,-  e)_o

w-here
-1

h-.0.5 +0. 5 0.34y

h1II +007 e (126)
e

The ratios,

("e)I

(!e)

are obtained frcm conical flow results given by Bertram (Refs. 31 and 32)

which have been correlated as a function of the hypersonic similarity parameter,

X sin c K . A curve-fit of these results produced the following relations:C C

e -4 K A (127)

P [2.5+ 8K
e c
+ 2.8 C(26
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e 1 + 0.0966 K + 0.2267 (129)
i=_ c (c)

The local Mach number can be computed from

.VFeeTe V

From previous assumptions and reducing

M (130)

The local laminar skin-friction is now defined in terms of free-screa conditions,

wall temperature, and cone angle.

(b) Turbulent Flow, a 0

Using the Blasius flat plate incompressible solution modified

in a similar manner for conical flow and compressibility, the Blasius equation

for the local skin frIction coefficient in turbulent flow is

0.0698 e(e3-)
C _ e (131) -

v-0 2  r- V2

* By substituting in a manner similar to laminar flow, and using the sane ratios

and rearranging, the following expression for the turbulent skin-friction

coefficient in terms of free-stream conditions, wall teperature, and cone

angle is given by

0.0698(%0.8

Cf = H 0.2 0 Rh-e (h V)(132)

where

-0.5 + 0.5 _ 0.38
kee

for RF 0.877.
F
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(2) Average Skin-Friction Coefficient

To obtain the average skin-friction coefficient for both laminar

and turbulent flow, the local value =ust be integratzd over the cone surface.

Therefore, substituting = for AB in equation (120) and cearranging

Cf cos 6 (r) dx (133)

0

but

Cf (C (f) ()O
xL

and

= L2 sin2
C

r = x sin S
C

Substituting these relations into equaticn (133), then

2  (cf (L) cos 6 sin Pc (x) dxCDf L2 sin 2 a c c I
C =L0 0

(134)

Now, cc=bining equation (134) with equations (125) and (133), :he arerage

skin-friction co-fficients for ]ainar and turbulent flow are, respective'v_,

- f

5335

F J
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The wall temperature used in the enthalpy ratio equation is taken as an

average temperature over the entire vehicle surface.

c. Base Drag

The base pressure drag is determined by the mechanics of the wake, for

which there is as yet no complete theory. Vailues of the base pressure

coefficient CpB must be obtained experimentally. Because of this, analytical

methods of treating base drag are -igually re-,aced by a correlation of experi-

mental results. As the vehicle velocity increases, the base pressure, and

therefore, the base-drag coefficient are affected simii.rly to other pressures.

Once the speed is well into the supersonic region, =.-st base pressures for 3

cone appjoach about 70 percent of a vacuum. Hoerner (F.ef. 33) has correlated

a wide variety of data for conical flow with the following result:

p - 3tM2 (136)

for a vacum. Reducing this by 70 percent

r - l.001It (137)PBP

for M > 2.

d. Stability Derivatives

The stability derivatives used in this progrm are for a sharp core and

are easily derived from references 34 and 35. These derivatives consisted of

the damping coefficient per radian oa pitch angle ef attack, CHQ, and the rate

of change of the normal force coeficient per degree of pitch angle of attack,

- . These values are for the following cone conditions:
!| a

4.0" < < 10°c

and

o< < 0.3

The rate of change of pitching ==znt coefficient, CMA, can be con-ted

as

HA = - (D) (CA.) D1 (138)
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wihere

SM-static nargin in feet

DIA - reference dianeter in. feet

Because of the sy~err.y of the conical vehicle used i= hspr-rn the vamlues

- produced by yaw angle of attack and yaw angular velocities are equal in =agni-

tude to pitch (daza). Therefore,

Cx R - QWQ (139)

UB - CA

C-13 - -CY (141)

j-The derivatives are used to cum-te the aerodymnanic forces and =rents needed

j to restore the veh,.cle to zero angle of attack pn itch and yzw-
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SECTION III

SUBROUTINES

1. ATMOSPHERIC PROPERTIES

The following list of subroutines are incorporated in STRAB-6 to compute

the necessary atmospheric properties. This atmosphere uses the equations

derived for the 1962 U.S. Standard atmosphere.

a. Subroutine RHOF

This subroutine computes the atmospheric density as a function of

geometric altitude from the main program. The geometric altitude is converted

to geopotential altitude in the subroutine and the density is computed

accordingly. The units of density, Rho, are lbs-sec2 /ft4.

b. Subroutine VSD

This subroutine calculates the velocity of sound, VS, in feet/sec as

a function of geometric altitude.

c. Subroutine TEMPA

The ambient temperature, TEMP, is calculated in this subroutine as a

function of geometric altitude. The units are degrees R.

d. Subroutine VISCO

This subroutine computes the viscosity of air as a function of

geometric altitude. The units are lb-sec/ft2 .

e. Subroutine PRESS

The ambient pressure, PE, is calculated in this subroutine as a

function of geometric a. itude. The units are lb/ft2.

2. HOT AIR PROPERTIES

a. Subroutine VISCOT

This subroutine calculates the viscosity of air as a function of

temperature. It is used primarily for the hot air in the nonablating boundary

layer. The units are lb/sec-ft.
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b. Subroutine TCAT

The thermal conductivity, TCA, of hot air is calculated is this

subroutine as a function of temperature. The units of TCA are Btu/ft-sec-*R.

3. ABLATOR THEPHAL PROPERTIES

The following subroutines are used to compute the thermal properties of

carbon phenolic, phenolic silica (Refrasil), and ATJ graphite. The properties

computed are the thermal conductivity and the specific heat. The carbon

phenolic and phenolic silica ablator have both virgin and char properties as

well as densities. From all available data for ATJ graphite, it appears that

no distinction is made between virgin or char conditions. The subroutines that

compute the thermal properties for carbon phenolic and phenolic silica have the

same names to minimize card changes in the main program.

a. Subroutine VTCPC

This subroutine computes the virgin thermal conductivity for carbon

phenolic or for phenolic refrasil as a function of wall temperature. The

t units are Btu/ft-sec-*R.

b. Subroutine VCPPC

The virgin specific heat for carbon phenolic or phenolic silica is

calculated by this subroutine as a function of wall temperature. The units

are Btulb-°R.

c. Subroutine CTCPC

The char thermal conductivity for carbon phenolic or phenolic silica

is computed by this subroutine as a function of wall temperature. The units
are in Btu/ft-sec-*R.

d. Subroutine CCPP

This subroutine computes the char specific heat of carbon phenolic or

phenolic silica as a function of wall temperature. The units are Btu/lb-0 R.

4. ABLATION GAS PROPERTIES

Subroutines GCPB and GASTC compute the thermal properties of the ablative

gas-air mixture in the boundary layer. These subroutines are used with the

carbon phenolic ablator only. They compute the gas specific heat and gas

thermal conductivity. The values associated with phenolic refrasil and ATJ

graphite are inputted as single values.
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I

5. STABILITY DERIVATIVES SUBROUTINES

q

These subreutines are incorporated into STRAB-6 for computation of the I

necessary aerodynamics discussed in section 11-5. The equations are general

for the following cone parameters:

4.00 < 6 < 10.00
C

0 < RN/% < 0.3

3.0 M < 30

a. Subroutine CDSF

This subroutine calculates the aerodynamic drag coefficients CP, CAN,

CPB, and CDF as a function of M or Reynolds number. CDSF is called for in the

main program.

(1) Subroutine CDFM

This subroutine computes the skin-friction drag, CDF, and is

called into the program through subroutine CDSF. The boundary laver edge

properties are calculated in this subroutine.

b. Subroutine A(MQ

The damping coefficient, CMQ, Is calculated in this subroutine as a

function of free-stream Mach number. CMQ is per radian.

c. Subroutine ACNA

This subroutine computes the normal force coefficient, CNA, as a

function of free-stream Mach number. CNA is per radian.

6. SUBROUTINE I.ITIAL (Ref. 36)

This subroutine is incorporated into STRAB-6 to provide the necessary

vehicle geometry calculations and changes in units. By reading in vehicle

axial stations of interest, the subroutine will compute the transition Reynolds

number, slant height kSOL), smaller radius (RS), and larger radius (RL) for

each conical segment. It will also compute the appropriate cone base radius

and total slant height. See figure 16 for further clarification.
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7. SUBROUTINE ATTK AND SSLP

These subroutines are used to compute the complete range of angles of

attack, ALP, and sidesLip, BFT. These angles are computed as a function of

the components of the relative velocity.

8. SUBROUTINE DLON

This subroutine computes the longitude of the vehicle with respect to the

earth reference system. See section II-2c for derivation.

i

E

VPi
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SECTION IV

PROGRAM OPERATION

1. INPUT DATA REQUIREMENT

All input data that is subject to change either die to vehicle or trajectory

requirements are read into STRAB-6 from the data statement. The word data is

punched first, then the FORTRAN symbol, and then the numerical values. The

symbols and numerical values are punched in Columns 7 through 72, inclusive,

with up to nine continuation cards if needed. Columns 73 to 80, inclusive,

can be used for comments or identification. The numerical values can be

punched in any format except "I." Care should be taken to keep the symbol and

its corresponding value in the sme sequence. For example:

DATA V. AZN, NOFX, NAL, GAMMA/22414., 123.003, 8, 4, -39.92/

Also,

DATA WE, REQ, ET/O.729E-04, 20,927491E+06, 8.18133302E-02/

Another method of data card is

DATA (POS (I), I = 1, 6)/3.338, 15.189, 27.040, 38.851, 50.742, 65.556/

Another flexibility of the input routine, aside from the fact that the

data can be introduced in any order of the symbols (with their associated

values), is the feature that permits inputting the same symbol (and an associ-

ated value) again, thus superseding the previous value. This feature is

convenient when basically constant vehicle configurations and initial conditions

are maintained in many runs with only a few quantities changing. The "Standard"

input data cards may be kept intact, and only the varying quantities may be

punched on a card after the data cards which may be removed later.

For the heating portion of the program, there are several "Do Loops" that

initialize temperatures, ablator lamina thickness, control indicators, and

thermal properties of the adhesive bond and backface aluminum shell. Also,

there are various equations to obtain initial trajectory conditions as well as

initial dummy program starters.
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ia. Multi-Case Run

This program readily !ends itself for a multi-case run with a minimalF change. If the need arises for a parametric study of various vehicle geometry

and trajectory missions, the following changes can be made to some of the data

inputs and check for completion of the multi-case run.

Read 1500, NCASE, (POS(J), J=l, 8) 1500 FORMAT (12, 7A10, A8)

Print 1501, NCASE, (POS(J), J-1, 8) 1501 FORMAT (IH1, 30X, 7AO, A8)

These read and print statements allow the identifier to be read into

the program and case heading to be printed out before that particular case data

output. ThE 1500 format allows the case number to be punched in the first two

columns. When a zero is in these columns, the program will go to end with this

check statement.

If (NCASE.NE.0) go to 1700
END

where statement 1700 would be the return at the beginning of the program to

*start another case.

-V To update the vehicle configuraticn and trajectory parameters, the

*following data input is used

- Read 1300, (POS(I), I=1,NOFX)

Read 1300, THETC, GAMA, BI

Read 1300, V, AXN, GLAT, DLON

Read 1300, ALGTH, SNR 1300 Format (8F10.2)

All other data input cards would remain the same. See appendix II for multi-

case listing and setup.

2. OUTPUT DATA REQUIREMENTS

The output quantities of the program and sample case are shown in appendixes

I and III.

_ Before the printout of any results, ;. listing of the program and input data

cards arc printed. This record of the actual program listine and data input

will assist in the identification of a run as well as an aid in troubleshooting

in the event of arithmetic errors.
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The first block of data printout of the matrix of temperatures, lamina

thickness, etc., are obtained from the initialization '!Do Loops" for heating

portion of the program. This printout is done only once.

The second block of data is the trajectory output, aerodynamic coefficients,

and boundary layer edge values. The next block of output is the wall and skin-

profile temperatures, total recession, integrated weight loss rate, and total

weight loss.

Printout is regulated by a time indicator. Data can be printed out at any

time step desired. If a printout of data is wanted every 0.1 second, set

BT .1. The following method will then allow printout at that time step.

BTL = BT - H/6.

BTH = BT + H/6.

If (T .GT.BTL . AND. T. LT. BTH) go to (statement number)

ET = BT + .1

where H is the Runge-Kutta integration time step. This method will allow data

printout and also go into the heating portion of the program.

In addition to the printed output, selected quantities may also be obtained

as punched output. The punched cards may be useful for machine plotting or as

input to some other program.

M

ii
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3. FLOW DIAGRAMS
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APPENDIX I

STRAB-6 PROGRAM LISTING
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PRO(ARAM STRAR62 (INPUT9OUTPUT)
C 6 DEGREE TRAJECTORY WITH ABLATION HEATING AND STAG A 2

COMMON /A/ wE A 3
COMMON /8/ AREAeRADSLANT*SNRTHETCV A 4
COMMON /C/ CPM*CPtCaNoCPB.COF A S
COMMON /D/ Tw(50,12).IND(50,12)tJIND(12),VCP(50,12)tVTC(50,12),VRH A 6
IO(Sn.12),DEL(50.12),OE(50,12).SDOT(12),XI(12),RS(12).RL(12),SOL(12 A 7
2),WT(12).TM(12).TWT(12).SACP(SO),SATC(5O),SARHO(5O).RN(12).QSTRI12 A a
3) ,QDOTC(1Z) ,QTOT(12) .OCONOII2) A 9 7
COMMON /E/ NOFXMNALALT.AMACH.QD.AMACHE.TEMPERHOEvEVISGoPBEAN A 10
IRE A 11
COMMON /F/ NOFX.ALGTH.RADIPOS(11) ,AZNGLAT A 12

C VEHICLE DATA A 13
C IF NOFX IS CHANtIED CHANGE FORMAT 103 A 14
C IF CONC ANGLE IS CHANGED SUB CDSF MUST BE CHANGED A 15

DATA SNR.THETC.81,SM/.0208,.0OS83,6.278369.59718/ A 16
DATA PIEAJGRAVgG/3.14l59i2e71B3978.32.174g32e174/ A 17
DATA REOPEETWE/20.927491E.06..673852E-02,.08'813339,O7292E-04/ A 18
DATA NOFX9NAL*NALC9NALS/8v4,1O.35/ A 19
DATA OELT.OTHRT.AT.'.05..0006,.0O1,.05.1./ A 20
DATA AZNGLAT.DLON.GAMMA/154,33.996.-107.5,-22.39/ A 21
DATA V#Z#ALPHA/j516?*t2*54E.o397*/ A P2
DATA (P05(I) ,IsI,8)/6.607,18.5S70.30.533942.496.54.459,66.422,78.38 A 23 E
15.86.469/ A 24
Al!. 09*51 A 25
ATXa23.nS A ?6

CALL INITIAL (SNR*TMETCSLANT) A P7
ALGTHIZALAflH A 28

*SNR!.SNP A P9
CLATIuATAN( (1.-ETO*2)*TAN(GLAT)) A 30
CLAT*CLATI*1ao*/Pl A 31
ETlwGLAT-CLATl A 32
PbNw(90*-GAMMA-ALPHA)*PI/180s A 33
PPHUO.0 A 34
P143(1* .PPH) *PHN A 35
DLGGaDLON A 36
PHIMPH A 17
VmAc.B I A 38
RADwRADI A 39
NOFXPaNOFX~l A 40
NOFXMuNOFX-1 A 41 s
AKLlwS370o A 42
AKTlt&24l. A 43
AKLpw5. 37 A 44
AKT~s5.77 A 45
GVlSu4o429E-5 A 46
TOLa. 00854 A 47
TMELT*6760 * A 48A
TEM=544. A 49
NALTuNAL A so
NP12NAL~l A %I
NP2=N&L*Z A 52
NALCI*NALC.1 A 53
NALC2=NALC#P A 54
NP1S*NALS.1 A RS
NP2q*NALS. 2 A 56
R'4OVu9O,4 A rs7

ATJQNOuIZn .96 A S9
CPAw.2395 A 60
nnf 1 Jul*NGFXP 92A Al



J 1 N I) (J) IhSO A 82
I SOT(J*O*A 63

DO 2Jul*OFXMA 64
VC~NPIJ)*315A 65
VCPNP2J)*208A 66

VTt~o~a7E0 A 67
VTC(P2*)B*0694A 68
VRHONPIJ)21#7A 69

'R!4(NP20J)2169, A 70
D02O wvP A 71
TWCI*J)sTEM A 72

2 IND(I.J).O A 73
DO 3 InIsNAL A 74
00 3 Jw19NOFXM A 75
fELU.9J)uTOL A 76

3 DE(19J)=TOL A 77
00 4 !ultNOFXM A 78
nEL(NPI*I)a*00333 A 79
OE(NP191)s.00333 A 80
OEL(NP2*I)aoO05 A A1

4 '(NP291)u.OO5 A 82
005O IsloNALS A A3
1NC i1.NOFXP)wO A A4
DEL (T*NOFXP)uTOL A A5

s DEI!,NOFXP)=TOL A 86
tTFMPw29e*2 A R7

TAWmTEMP A 88

IPNI=80.967 A 49
STAWaTEMP A 90
STOLwTOL A 91
SXw*0I?4S*RS(NOFXP)*PMI A 92

RXSSNR A 93
VCP INALCi .NOFX) u.315 A Q&
VCP(NALC29NOFX)s.208 A 95
VTC(NALC19NOFX)*074E-04 A ('6i
VTC tNALC29NOFX) ..03694 A 97
VRNO(NALC19N0FX)=919T A 98

VRHO(N~ALC2*N0FX) .169. A 9

jDO 6 I9NALC2 A 100
TW(!.NOFX)uTEM A 101
INDU.*NOFX)*0 A 102
fEL(I*NOFX)STOL A 103

6 DEU.#NOFxl&TOL A 104
DEL (NALCi .NOFX) u.00333 A 105
DE(NALC1,NOFX)s.00333 A 106
DEL (NALC2*NOFx)w,005 A 107
DE (NALC2*NOFX) 8.005 A 108
lE (NP2S*NOFXP) 3.005 A 109
DEL CNP2S9NOFxP) 8.005 A 110
DE(NPISqNOFXP)=.00333 A Il1

EDELtNP1SvNSFXP)w*00333 A 112
SACP(NP1S)=.31S A 113
SACP (NP2S) u.248 A 11'
SATC(NPIS)ao74E-04 A 115
%ATC(NP2S)=*03694 A 116

PiSARI4O(NP1S)s9l.7 A 117
e-SARNO(NOM6~169. A 118
Ji-00 7 NaloNP25 A 119

W-7 TueJN-OFXP)vTEM A 120
PSI.O. A 121
047.0*0 A 122
AZu(1.000*DAZ)OAZN A 173
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SGLAT*SIN (GLAT)A12
CGLATmC0S (CLAT) A 124
SAZ*STN (AZ)A12
CAZaCOS(AZ) A 126
VEX*-WE*CGLAT*SAZ A 127
wEY*WEoCGL&T.ckz AJ?

A130
REIaREQ/110POSNCLT)12*,o 

A 132
QEHRRElOSINtETAj)* SAZ A 133
RYI4U.RE1*STN(ETAI)O CAZA13
RZHtRlE*C0S (ETAj)A13
TwO.O A 135

D~eOA 136
ysQ*~cj A 13

A 139PPHwO.0 A 131
P'4(l .0.ppI)ON A 160
OZftV*SIN(GAMXlA*PJ 8 O,1
DYwv*CosfGAMNA*Pjo, A 14
LLLaO 

A 143ALTuZA14
T'4u0.o A 145

DT~O.0A 146OP~O.0A 147
~~*~oA 148

OELPSvOO A 149
DPSNUP**PI A 15O
DP~u (1 .. ELPS)*DPSN AiUaO*1407639E*17 AA5
BJ=1623.41E-l6A15
8"26. 04E-06A15
SKai. 3?E-06A15
AREAaPIORAD*02A15

O sOa .O01 A 158
02X~ l.0A 159DCYuO. 0A 1,
O2Zn.0A 161

0)TYaOO0 A 162
02P4..oA 163
O2PO~oA 162
PRIN 7iA 167

PRINT 71,(IDI,11NFP A 166
PRIT 9' (DOd).alflFP ~A 168PRINT 73, (IND(Ie),Jal.NOFX),11NL A 167

PRINT 73o ((VCP(I.J) 9Jw1,NOFX3 ,IwlNALC2) A 170PRINT 75. ((VPC(I*J): .Ja,N0FXI,IB1,NALC2)A10
PRIN 75 ((TC~jj)9wl9 OFXvlv9NAC2)A 171PRINT 7A, ((vRmo(l,jvJ*1.NOFX).T.1,NALC2)

A 172PRINT 77, ((OEL (Ij) J.1 .NOWX .1.1 NALC2) A 173PRINT 78. ((0E(IJVJw1,NOFX),IuINALC2) 
A 174PRINT 79. ((TvtTj)9jwlN0FX)IwlvMALC2, 
A ISPRIN4T 71A17

PRINT g A1n
CALL VSO (VS*ALT) 

A 176CALL RHOF (R140.ALT, 7A'4ACHu V/VSA10
CALL VISCO (VIS.ALT, 8ANRmR.40*V*SLANT/V IS 

A 182CALL COSF (CD,AMACJIANR) 
A 183

A 185
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PRINT 1 T.X.Y.ZALTGAMMA.VMASPS1,V.QDAMACH.CDANRPH1,THEALP A 186
lBSET.PS.ALPT.XE.YE.ZEFO.FNGFZ.CLAT.DLONABETAGCIR.AlZ.AIX A 187
LLL=LLL.1 A 188
0O TO 9 A 109

9 D2XsFX/VMAS-2.eflA-COWEY.8OWEZ.GX A 190I 2YuFY/VMAS-2. *OB-AeWEZ.CoWEY.GY A 191
O2ZuFZ/VAAS-2 * onc-*WEX.A.VEY.GZ A 192
O2THuTY/AIX-WX200Z2.AIZOVZ2.0X2/A!X-OVEY2 A 193
D2PH43(-TX/A!X.A!ZeWZ2*0Y2,AIX-Y20Z20P400TISIN(TN *OwEX2) /COS CT A 194

114) A 195I O2PSUTZ/AIZ-AIX.WY2OX2/AIZAIXWX20Y2AIZ02P4.S~tT4 .0P1DTI4.C A 196
lOS (THI -DVEZ? A 197
CALL COSF (C~OAMACM*ANR) A 198
PERulI...0375*ALPT..00156.ALPT..2. A 1
COCDOPER A 200

9 XlvX*0X*H/2* A 201
DX1=OX**2E.I4/2* A 202
YlsY*DYOH/2* A 203
OYlaOY*02Y*H/2. A 204
ZimZ*OZ*H/2o A 205
OZ~eDZ*02Z14/2. A 206
THlaT14.DTH*H/2* A 207
DTM1 uTm*02T14.H,2* A 208:1PW41PH40PHe14/2, A 209
09141 OPH*02P14.H,29 A 210
PSI uPS*DPS*14/2o A 211I.OPS~sOPS*02PSIMfl. A 212
XSRXI A 213
0X~uOX1 A 214*1YSUY1 A 21S
DYSvDYl A 216
ZSBZl A 217
DZSnOz 1 A 218
T145vT14 A 219
DTH45.0714 A 220
PHSUPI1 A 221
OPHSUOPH1 A 222
P95UPS1 A 223
DoPsoops1 A 224
OISl.000 A 225
Gn TO 12 A 276

in D2X~aFX/VMAS-2.ODA-C'WEY.8*WEZ.GX A 227
02Y1 aFY/VUAS-2.oO8-AOWEZ.C*VEX.GY A 228
DflluFZ/VMAS-2.*OC-8OwEX.A*wEY.GZ A 229
D2T141 TY/A IX-WX2*0Z2.AIZ.WZ20012/AIX-DWEY2 A 230
02PM~a C-TX/AIX.AIZOWZ2.0Y2/AX-Y2O20P4500TSOSTHS.OWEXZ) ICTHK A 231
D2PSIuTZ/AIZ-AIXOWY0X2AIZ.AIXOWX200r2/AIZ02P1.ST4S0P45.THSe A 232
iC~THS-OVEZ? A 23:)
X2=X*DXIeI4/2. A P-44
OE D2uDX*02Xl*H/2. A 235
Y2sY#OY1*N/2. A 236
OY2uDY*O2Y1*4/2. A 237
Z2a!fZ*4/2* A 23A
OZ2=OZ02Z1*H/2. A 239
TH2wTHl.0T41 @/2 * A 240
OTI42sOTjia.02T141 w/2 * A 241
PH2mPP~l1*H/2 * A 242
DP82aF4.02P41*1/2 * A 243

PS2sPS.OPSv&H1/2. A ?44
ops2wopsofn2PS1om./2 * A 245
XSwX2 A 246
DX5*DX2 A 247[ 95



YSUY2 A 248

DYSm0Y2 A 249

Z5UZ? A 250
DZS*DZ2 A 251

THS=TH2 A 2%2
OTMSBOTH2 A 2S3

PM5.P42 A 254

* pmsuoPH2 A 255
PS5UPS2 A 256
OPSSzOPS? A 257
01u2.000 A 258
60 TO 13 A 259

11 02X237X/VI4AS-2.*DA-C*WEY.B@WEZ.GX A 260
D2Y2zFY/VUAS-2..OB-AOVE!.CWMEX*GY A 261
D2Z2sFZ/V4AS-2..OC-SOWEX.AOWEY.GZ A 262
OPT'42sTY/£ IX-WX20Z2.A !ZOVZ200X2/AIX-OWEY2 A 263
O2P42s (-TX/A1X.ATZOWZ2OY2/ATX.Y2OZ24POTHSSTH5ODWEX2),CTHs A 264

DPuTZ/A1ZZAIXOWYPeOX2!AIZAIXX20OY2/AXZ0D2PH20STH50DPMSDTH5S A 265

ICTHS-OWEZ2 A 266
X3=X.DX'*H/2, A 267

fX3*OX*02X2*i4,2. A 268
Y32Y*OY2*M/2. A 269

0Y3.DY*OZY2*H/2. A 270

Z30ZfZ2*H/2. A 271

D73s0Z*02Z2*8/?. A 272
TH.3T*OTH?H/2. A 273

OTH~nD!M*DTM2*4/2. A 274

PH3wPI4'OPH2*t/2. A 275

0PH3=OPN.02PPH2'1/2, A 276
PS3*PS*tDPS2*N/2. A 277

D PS3uOPS2PS2H/2. A 278

XSOX3 A 279
DX~uOX3 A 280
Y5"tY3 A 281

DY5.vOY3 A 282

ZS&23 A 2fk3
DZ~aL'Z3 A 2844

TNSmTM3 A 28 -

OTm~w~ "3 A 286
Pw~wPH3 A£287

OPHSoOP013 A 246
PSSSPS3 A 289
OPSSsOPS3 A 290
01&3*000 A 291

12 T=T*DT A£292

13 RaSORT( (RXi4'X53 4*.(RY14*Y5) *2* (RZH.ZS)*02; A293

4ZE* (AZH.ZS) SGLAT-CGLAT C (RXH*4X)SAZ (RYH.Y5) .CAZ) A 294

AL*ASIN (ZER) A£295

CALmCOS (AL) A 296

SALusIN (AL) A 297
CLATwALO18Oe/PI A 20
PEwQEQ/(l .00.PE*SAL**2)**.Soo A 299
ALTuR-RE A£300
Y~u (RXH*XS) OCAZ. (RYb4.YS) .SAZ A 301
XEU(RZM.ZS)*CGLAT.SGIAT( (8A14XS)SAZ-(RYH4YS)OCAZ) A 302

CALL LONG (OLGXEEYEP!) £ 303
CLG=COS (DLG) A3V14

SLGsS!NtDLG) £ 305

OLOIULGG0LG1 80*/Pl A 306
GCIRa((RE.E)/,)ACOS(SALSIN(CLAT)*CALOCOSiCLAT1)*COS(AL-CLATI A 307

III A£308

61 1a-SGLATOCRL*CLG*CGLAT*SAL A 3nl9
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IBM

61 ZaSGLAT*SAL4CLG.CGLAT*CAL A 310

62la-CAL*SLG A 311
PUE G2*SAOSLA 315

P13o30.eSALCL635.LAC4 A 317
w ~~Pl~uSIN(Z.*ALO*sA 1

P13*3 -S~aSLOOIA 316
P14we-30OSALo2*3,OSA~s4A 31?

PSVCALeg1--'.SAL*2)A31
P7UsAL*CALe (-3.*.O.SALO*2) 2

A 321
IQ/R) 004*P)4) A 322

GXUCR. (61 1SAZ.621.CAZ) 6L (612*SAZ.BZ22CAZ) A 325
GYa*D* (621.SAZ-flI.OCAZ) .BL*tA-c2SAZ.612.CUZ) A 326
GZ=AR4S31 64-*G3? A 327

CPS5-.COs (ps5i A 378
S~k9SlM(H~jA 330
CTHSCOS(ms)A 331

SP"%mS1.(Fd A 332
-~CPMRCOS(PKS) A 333

EAICPSSOCT34S A34
A12mS9S5OCPH5.SS*SPm5~SOS 3

fA13w-CPSSOST.SOCPN5..SPSS*Ap11 A 336
LE A21*-SPSOCThI5 A 33?IA2uSPSS*STKSOSPMS#CPS*4c1A 338f 23uSDSOSCni-SPj4SlwtvS5 A 339

A31mr-T A 340
ia32wcTh5.SPm5 A 341
&33*CIM5OCPNS A 342fAwVEYB (QZM.ZS) (RYM,&Y5lOVEZ A 343
RoViFZa (RV4'X53 - (aZH4.ZS) VEwx A 344
CoNEXe& tRYI'TS) - CRX0H.25) OEY A 345
DAwDZ5OuiEY-DYhOWEZ A 346

A 348
A 349

I 128-STH5SS 3SIuz~u-STN5CH5 A 351
e2aoo. A 3W52

9 82wCON A 353
S3?3=-SPK5 A 3w-*

* 3lnSTIS A 355
9 32&CTKSOSP4S A 3S6
T 33TCTH%'&CPH5A S
OM1w-DTmAeSThk5A S

- 03.=DD-xMCTi4S.CPq.SPwi.5PN5STH-5 A 3S9

0R21=0. A 361*I032Zaw!)PtK5'SVI45 A 36?
IOR3-P5.C~h5 a 3&3I 03!uTw3.oC7I, A 344[ ?DNSC4SCTt-TH*MS A 365

D433u...TI4S*STM5.C'PS-*,D"w5SPg45eTNqg A 366j EX2&§1 1Ov*VE.320vEY.S13*EZ A 3#.?
wEY~w32 1*wVEX*BZ'vEY.8!30brEZ A 365IVfZ?wq31 eVEX.S37*VEYo833*VEZ A 369
0vEX2sD41 1.vEX*.012.wEY.Dq13.trEZ A 37G

0vEP.DZI wE~z~32.~Y~n23.tza 371
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DWE7'aD43 1 WEX.D93?.WEY,0R33.WEZ A 372
WX2nWFXP-DPH*CtHS~ A 373
WY2wEY?*TH'; A 374

*WZ2nWFZ7.flPSS-0QHS.STHS A 375
0X2wWX2 A 376
OY2nwY2 A 377
OZ2xWEZ7-DPHSOSTH5 A 378
VPX30xs A 379
VRYwDYS A 380
VRZuflZ5 A 381
VRPSGRT (VPX**?*VRY*.-2.VRZ**2) A 3A2
V=SORT CDXS**2#0YSO.2.OZS**2) A 383
CALL RHOF (RHOtALT) A 384
CALL VISCO (VISALT) A 3R5
Qfnz.q*RI4O*V**2 A 3A(.,
CALL VSD tVS9ALT) A 387
AP4AC~uV/VS A 3R8
ANR=RI4O*VOSLANTV!S A 3A9
VRX4zA1 1*VRX*A12*VRY*A130VRZ A 3?)0
VRY442 1 *VRX#AR2VRY*A23*VRZ A 391
VRZ4uA31I*VRX*A3p*VRY*A33*VRZ A 3Q2
WX3=-OPHSOCTI4S.CPS5*OTH5*SPSS A 393
WY3mOPHS*CTH5*SPSS*OTHS*CPS5 A 394

WZ~sPSS-PHS*THSA 395ICALL ATTK CVRZ4*VRY49ALPoPI) A 396
CALL SSLP (VRZ4,VRX4*BEToPI) A 397
ALPT=A~oS (f.LP) A 398
ALPTuALPT*180./oI A 399
ALP*ALP*16n*/PI A 400
8ETaBET110*/PI A 401
ALP1.A8gF (ALP) A 402
BETI=ABSF(BET) A 403
CALL ACMQ (CMQA4AC4) A 404
CALL ACNA (CNAtAMACH) A 405

C CNA PER DEGREE A 406
r CMO PER RADIAN A 407

CNR=CMG A 408
CmDU-SMOCNA/D IA A 409
CMuCMA*ALP+CMQ*wX3*DIA/ (2,*Y) A 410
TM=CMOQD*AREA*DTA A 411
FNaCN4*OD*AREAOALP A 412
CNBu-Ct4A A 413
CY~m-CNA A 414
CN=CNB*BET#CNROWY3*OIA/ (2.*V) A 415
TNaCN*Qfl*AREAOIA A 416
FYJ1 CY8#QD*AREA*8ET A 417

T~un-A 418
Ff).CD.QD4AREA A 419
FX3=FY: A 420
FY3=-FN A 4?1
FZIu-FD A 42
GFX=FX3/ (V'4AS*GQAV) A A4P3
GFYucFY3-V4AS.GqAV*SIN(PP) )/(VMASeGRAV) A 424
GFZu(FZI.VMAS.GRAV*COS(PH)) '(VMA" GRAV) A 425
ARETA*VMASOGRAV/ (CD*AREA) A 426
FX*A1 1*FX3#A21OFY3#A31#FZ3 A 427
FY=Al20FX3*A?2.rY3#A32*FZ3 A 4PS
FZ=A13*Fx3*A'I*FY3#A33OF73 A 429
TX3=Tm A 430
TY3vTkI A 411
TZ3wTL A 437
TxuTX3*CPSS-TY3*SPS5 A 433
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TY=TX3*SPSS*TY3*CPSS A 434
TZwTZ3 A 435
IF '4*000-01) 15,18.14 A\ 436I14 IF 1.000-01h 16.10915 A 437

15 0070O69 A 438
16 IF (2.000-0!) 17.11915 A 439
17 D2X3uFX/VMAS-2.eDA-C*WEY.i4*WEZ.GX A 440

02Y3uFY/V!IAS-2. .08-AeWEZ.C*WEX.GY A 441
0?Z3uFZ/VI4AS-2..DC-B.WEX.AOWEY.GZ A 442
O2TH3sTY/AIX-WX200Z2.AIZeWZ200X2/AIX-OWEY2 A 443
DPPH3u C-TX/AIX.AIZOWZ2*0Y2/AIX-WY200Z24DPM5*OTM5.STM5.0WEX2) /CTI4S A 444
D2PS~uTZ/uT Z-AI X*WY2*0X2/AIZ.AI X*WX20Y2/A !Z.02PH3*STt4SaOPMS.OTH5* A 445
1CTH5-OWEZ2 A 446
OELXuH/6.* COX.2*OX1.2.#DX2*DO2) A 447
DELDXuH/6.*(D2X.2..02X1.2..D2X2.02X3) A 448
DELYUH/6.*(OY.2.*OYI.2.00Y2.DY3) A 449
DELDY.H/6.* (02Y.2.'02Y1.2, hD2Y2.02Y3) A 450
DELZuH/6.*(DZ.2.*OZ1.2.'OU.O?73! A 451
OELDZuH/6.*(D2Z.2.*02Zl.2..02Z2.02Z3) A 452
DELTIuM/6..(OTM.2..OTH1.2..DrM2.0TM3) A 453
DELOTHuM,6.* (O2TH.2.*D2TM1.2.0021H2402TH3) A 454

*DELPHaM/6.* COPH.2*OPH1.2.*0PH2.OPM3) A 455
DELDPH4H/6.*O02PH'2.*O2PH1.2.OD2PH2.02PH3) A 456
DELPSUH/6.* (DPS.2.ODPS1.2.OOPS2'OPS3) A 4S7
fEU.PSut/6.(02PS.2*O2PSI.2.oD2PS2.O2PS3) A 458
XvX*OELX A 459
0)uODX*. ELflx A 460

fYwY*DELY A 461
0YvD0Y*OELDY A 462
Z=Z*DELZ A 463
DZuDZ*DELUZ A 444
TI~uTH4.OELTM A 465
DTH*OTH*OELOYM A 466
PHaPM*DELPH A 467
OP~MDPH*DELDPH A 468
PSuPS*DELPS A 469
DPSeDPS*OELOPS A 470
X5wx A 471
DX~uDX A 472

jrYSuy A 473
BD)S*OY A 474

ZSaZ A 475
OZS.DZ A 476
TH45.TI A 477
OTH'aDTH A 478
PH45*PM A 479

ROPHSwOPW A 480
EPSSUPS A 4RI

DPS~uDPS A 482
nlatt.000 A 483

RGO TO 13 A 484
1R THEuTHOISO./PI A 485

PHIs1PI418G,/Pl A 4A6
vGAMMA*ATAN 0Z5/flYS) *1800/PI A 487

PSluATAN(0XS/0YS)*1Rn*/PI A 48
STLaRT-H4A A 4R9
8THlUBT.'4/A. A 490
IF (ALT*LE~fl.0) GO TO 20 A 491

EIF tT.3T*RTL.ANfl.T.LTSTH) GO TO 19 A 492
I60G70O8 A 493

R19 BTuRT**AS A 494
C *******O*Oe*O*******OOe*e***O*4e9 A 495
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C A 496
PO2 WLuO.0 A 497

00 49 LEN*I.NOFX A 498
WLuWL*SOL (LEN) A 499
IF (LEN.LToNOFX) 00 TO 21 A 500
WLu * >5 A 501
NALmNALC A 502

21 D0 22 Nnl*NAL A 503
ANcN A 504
IF (AN*OEL(1,1)-SDOT(LEN)I 22*22923 A 1505

22 CONTINUE A 506
PRINT 84 A 507
GO TO 69 A SOB

P3 KlmN A 509
IF (LEN.GE9NOFX) TMELT=6400& A 510
TR3TEMPE..58*(TW(KLEN)-TEMPE)..19O(TAW-TEMPE) A 511
CALL TEM4PA (TEMP*ALT) A S12
CALL TCAT (TCh4TR) A 513
CALL VISCOT (VISE*TEI4PE) A 514
CALL VISCOT (VISGoTR) A 515
CALL PRESS (PRE,ALT) A 516
AM=AMACH A S17
PRLmPRE*(1.+*.oAM**2@(SIN(THETC))*o2O(2.5..o*AMeSIN(THETC))!(l..1 A 518
16.'AM*STNtT4ETCi)) A 519
P*PBL/21 16.2 A 520
lF (JIND(LEN)*EO.O) GO TO 24 A 521

r *.*..*~ ~A 522
CALL GCP8 (%CPtP) A 523
IF (LEN.GEoNOFX) GCPa.4 A 524

r ** OO**O**O*e****Oe@*OO*e*4*e*** A 525
CALL GAST C (GTC*GCP) A 526
PRaGCPOGVIS/GTC A 527
GO TO 25 A 528

24 PRwCPA*VISG/TCA A 529
2S HNRFwRHOE*VE*WL/VISE*G, A 530

RHOSvPBE/ (1716**TR) A 531
ANRRwRHOS4VE*WLV ISG*G A 532
IF (#NRFEGT*RN(LEN)) GO TO 26 A 533
RFnPR*0*5 A S34
HFu.575.TCA/WLOPROO.33OMNRE@@.50(VISG/VISEORHOS/RHOE)**.5 A 5.35
GO TO 27 A 536

26 RFsPR*0.33 A 537
HEu*f296*TCA/WLPR33HMNRE.B(VISG/VISE)*0.2(RHOS/RHOE)*O.8 A 538

27 DTRaVE**2/(2.*GOAJ*CPA) A 539
TAW=TEMPE*RFoOTQ A 540
QOOTC (LEN) uNE* (TAW-TW (KLEM)) A 541

28 IF (INDCK*LEN)*EQ&1, GO TO 33 A S42
IF (TW(KeLEN)-TMELT) 29,33933 A 543

29 TWK=TWt5.LEN) A S44
IF (LEN.GE*NOFX) GO TO 30 A 9345
CALL VTCPC CVTTWK) A 546
CALL VCPPC (VCvTWK) A 547
VRHO (KLEN) URHOV A 548
GO TO 31 A 549

30 CALL TCATJ (VT*TWK) A 550OR
CALL CPATJ (VC#TWK) AS551
VRHO(KtLEN) uATJRHO A5SS2

31 VTC(K*LEN)aVT A 553A
VCP (K#LEN) aVC A 554 7

IF (K*E~ol) GO TO 36 A 555
PluVTC(K-1,LEN).(TW(K-I.LEN)-TW(K.LEN))/(VRMO(K 1.LEN)*VCP(K-1,LFN A S%6

*1)*n(K-bLEN)**2) A 557
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P2aVTC(KLEN)'(TW(KLEN)-TW(K*1,LEN) )/(VRHO(KLEN)*VCP(IK.LEN)ODE(K A S58

1,LFN)*02) A 559

TW (KLEN) sTy(KLEN) .OELTO CP1.P2) A 560
IF (Tw(K#LEN)-TMELT) 48.32932 A 561

32 TW(K#LEN):TMELT-1. A 568
GO TO 48 A 563

33 TWsTW(K:EN)A 564

IF (LENeGE*NOFX) GO TO 34 A 565

CALL CTCPC (CT#TWK) A 566
CALL CCPP (CC.TwKJ A 567

VH(KeLEN)=RO 6

GO TO 35 A 569

34 CALL TCATJ (CT9TWK) A 570

CALL CPATJ (CCTWK) A S71

VRMO (KoLEN) CATJPHO A 572

35 VCP'(KoLEN)=CC A 573

VTC (KLEN) uCT A 574
INO(K#LEN).1 A 575

36 7'3DELT/(VCP(KLEN)OVRHO(KLEN)*DE(K.LEN))02. A 576
P4wHNEOCTAw-Tw(K,LEN)) A 577

P53vTC(KLEN)*(TW(KLEN)-TW(gK41,LEN))/OE(KLEN) A 578
4R.CPAOTA-'PE.RF'VE**2/ (2.@G*AJ) AS79

QCONO(LFN)&VTC(KLNRT(KoL,EN)TWK19LEN))/DE(KLEN) A 580

TW(KtLEN)"TW(KLEN).P3.(lP4-P5) A 581

IF (TWCK#LEN)-TMELT) 37#38.38 A 5P2

37 JINO(LEN)SO A 5A3

WT(LEN)m0* A 584

GO TO 4R A 585

38 TW(KeLEN)uTMELT A 586v

INO(K#LEN)ol A 587

JIND (LEN) .1 A 588*1CALL GCPS (GCPtP) A 589
IF (LEN.GE.NOFX) GCP0*4 A 5Q0

ODOT~uO * A 591

OTOT (LEN) .QOOTC (LEN) .QCONO ILEN) A 592
IF (OTOT(LEN)&LE9O.0) GO T1. 48 A 593

IF (LEN*LT*NOFX) GO TO 39 A 594

.1 DELI~vHR-CPA*TMELT A 595

QSTA~z2000* ,2*ELH A 596

CDOTuOTOT (LEN)/ (QSTARAT-'RHO0 A 597IGO TO 41 A 598
39 IF (HNRE-RN(LEN)) 40.40.41 A 599

40 DMDa(GTOT(LEN) )/(AKLI.AKL2O(MR-CPA*TMELT)) A 600
G0 TO42 A 601

41 DMD=(QTOT(LEN) ) (AKT1.AKT2O(HR-CPA@TMELT)) A 602

42 PXEuI1.C5E*04/TMELT A 603

TMDOTuODO(.2.64E.9/(PL.67*E*PXE)) A 604

COOT T~n)OT/RHOV A 605

43 Sn)OT (LEN) uSOOT (LEN) .CDOT*DELT A 606

JIND (LEN) .1 A 607

Do 44 Nul#NAL A 6n8

BNmN A 609

IF BN@0)EL(1.1)-SDDT(LEN)) 44944.45 A 610

44 CONTINUE A 611

PRINT 84 A 612
GO) TO 69 A 613

45 fE(NLEN).1EL(NLEN)-(SOOT(LEN)-(BN1.o)'fEL(I.LEN)) A 614

PCMmVCP(NLEN)OVRMO(NLEN)*DE(NLEN)**2/(DELTVTc(N9LEN)) A 615

IF (PCM-2.) 469&7947 A 616

46 OE(NLEN)sfl. A 617

CkwN A 616
96 4DOT (LEN) sCNOTOL A 619
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INO (N.1 LEN) .1 A 620
47 IND(N*LEN~ul A 621

WT(LEN)sPI.(RL(LEN).RS(LEN)-2 0 0SOOT(LEN))'CDOTORHOC*SOL(LEN) A 622

IF (N*EO.1) GO TO 48 A 623
DE (Ny-i LEN) .0. A 824

48 K*K.) A 625
IF (K*LE.NAL) GO TO p8 A 626

TW(K.LEN)uTW(KLEN).O5LT*(VTC(K-1,LEN)/(VRIO(K1.#LEN)*VCP(K-19LEN) A 627
1#DE(K-1.LEN)*02)*(TW(K-1.LEN)-TW(K.LEN) )-VTC(KLEN)/(VRHO(KLEN)OV A 6PI8

2CP(KLEN)OEL(K.LEN)**2)*(TW(KeLEN)-TW(K.1,LEN))) A 629
IF (TW(KLEN.9GT.1060.) TW(KLEN)=1060* A 630
K*K.1 A 611

TW(KLEN)uTW(KLEN).OELTO(VTC(K-1.LEN)/(VRHO(K-1LEN)OVCP(K1.*LEN) A 632

1O*EL(K-1,LEN)*2)(TW(K-1LEN)-TW(KLEN))) A 633
IF (TW(K9LEN).GT*860*) TW(K#LEN)a86C* A 634
NALuNAL I A 635

49 CONTINUE A 636
*.*..r.............*.*@........ A 63?

LEN=NOFXP A 638

00 50 NxlvNALS A 649
ANmN A 640

IF (ANOOEL(19NOFXP)-SOOT(LEN)) 50.50.51 A 641

sn CONTINUE A 642
PRINT 85 A 643

GO TO 69 A 644
51 KSNN A 645

tTMELTu6400. A 646
STPuTEMP..58O(Tw(KSLEN)-TEmP) ..19.CSTAW-TEMP) A 647

CALL TCAT (SYCASTR) A 648

CALL VISCOT (SVISG*STR) A 649
IF (JIN0(LEN).EQ*0) GO TO 52 A 650

.. **O.*.*.O*.**.***O@OO*@O@*OO*O#O**GOO@@O@OO*~~ A 651
CALL GCPR (GCP9P) A A652

IF (LEN.GEoNOFX) GCPw*4 A 653
*................e...ee.....*..eooee.**OO*O OO@*OO A 654

CALL GASTZ (GTCGCP) A 655ISPRuGCPOGV IS/GTC A 656
60 TO 53 A 657

52 SPR=CPA*SVISG/STCA A 6%~8
Si3 SRFuSPR*.5 A 659

CALL PRESS(PREALT) A 660
PTSuPRE((12-AMACH**2)O*3.5((6.0/(7.0*AMACH0210))025) A 661

uRHOWSsPTS Ij.*STR) A 662
DV=I./SN'- *- 1 2.(PTS-PRE)/RHOWS) A 663

GTABu((Cl...5C/(AMACM2))*(1.0-1.0/(1.4*AMACH**2)))0*0.2S A 664

SODOTu 3GT eSR( OSSVSD G )*(V**2) /(2.*G*AJ) A 65S

55 STw*2Z*GA*P)A 666
STAWaTEMP*SRFSTR A 667
STGuTEMP*SOTR A 668

STRECOIEMP#SRFO (STG-TEMP) A 669

SHE=SQOOTC/ (STG-TW (KS9LEN)) A 670

56 IF (IND(KSvLEN).EO.1) GO TO 57 A 671

IF fTW(KS9LEN).GE.TMELT) GO TO 57 A 672
STWKsTW (KSeLFN) A 673

CALL TCATJ (SYT,STWK) A 674
CALL CPATJ CSVCSTWK) A 675
SARHO CKg) ATJRmC) A676
SATC (KS) .SVT A 677
rqACP (KS) uSVC A£678
IF fKS*EO.1) GO TO 58 A 679
TW(KSLEN)uTw(KSLEN) .OELT*(SATC(KS)/(SARO(KSI1SACP(KS1)*DE( A 680 _A

lKq-1,LEPJ)*O2)*(TW(IS-1.LEN)-TW(KS.*LEN) )-SATC(KS)/(SARI4O(KS)eSACP(K A 681
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I.2s)*nE(KS#LEN)..2)*(TW(KS#LEN)-TW(KS.1,LEN))) A 682
IF (TW(KS9LEN).LE*TMELT) GO TO 65 A 683
TW(KS#LEN)*TMELT-1. A 684
60 O6S A 685

57 STWKeTW(KS*LEN) A 686ICALL TCATJ (SCTSTWK) A 687
CALL CPATJ (SCCSTWK) A 688
SARNO (KS) UATJRHO A 689
SATC (KS) USCT A 690
SACP(KS)aSCCA69
IND(KS*LEI)ul A 692

sa Tv(KS.LEN)mTW(KS#LEN).0ELT/(SA:P(KS)eSARxO(KS).oE(KStLEN)).(sNE.(S A 693
ITO -TV(KSLEN))-SATC(KS)/DE(KSLEN)L'(TW(KSLEN)-TW(KS.1.LEN)))O2* A 694
IF (TW(KSoLEN)#GE*T4ELT) GO TO 59 A 695
JIND(LEN) .0 A 696
60 TO 65 A 697

59 Tw(KS#LEN)*TP4ELT A 698
MRuCPA*TEA4*qF*V**2/ (2-*O*AJ) A 699
SCICONDU.SATCtKS)e(TV(KS.LEN)-Tw(KSm1.LEN))/DE(KSLEN) A 700

fS;TOT-SOOOTC-SOCOND A 701
1IF (SOTOT.LE~o.0) GO TO 65 A 702

INO(KS9LEN)a1 A 703
JINDOLEN)nl A 704
DELH=HR-CPAOTMELT A 705
QSTARSu2000*2*OELH A 706
CDOTSuSOTOT/ (GSTARSOATJRMO) A 707
SnOT (LEN) uSOOT (LEN) .CDOTS*OELT A ?08
SSwCOOTS A 709
RX-RX.1./(l.-SIN(THETCfl.(SIN(THETC).SS-CDOT) A 710
SXu.01745RX*P4I A 711
IF (SXeLE.0*0) SXO*01943 A 712
IF (RX.LE.4a0) RXu*01387 A 713
SNRmRX A 714
00 60 NuloNALS A 71S
SKIMN A 716IIF (8N*DEL(1.NOFXP)-SOOT(LEN)) 60960961 A 717

80 CONTINUE A 718
PRINT 84 A 719
Go Tn 69 A 720

61 OD-(N.LEN)u0EL(NLEN)-(SOOT(LEN)-(BN-le)oOEL(1,NOFXP)) A 721
fPCMuSACP(N)OSARHO(N).OE(NLEN)..2/(DELTOSATC(N)) A 7M
tIF (PCM-2.) 62963.63 A 723

62 DE(N#LEN)uno A 774
SOOT (LEN)sWItSTOL A 72S
IND(N*LEN)n1 726
IND(N*1#LEN)u1 7P7

63 IF (NEOeI) GO TO 69) A 728
NMuN-I A 729
00 44 Iul*N4 A 730

A4 DE(I.LEN)w0. A 731
65 KSmKS#1 A 732

IF (KS*LE.NALS) GO TO 56 A 733
TWIKS.LENuTw(KqLEN).DELTo(SATCCKS-1)/(SARMO(KS-I).SACP(KS1I).ov( A 734
IKS-1LEN)2)(W:KS-1LENTW(KSLEN-SATCKS,/SARHO(KS)OSACP(K A 735
,S)*0)E(KStLE:N)*G2)O(TW(XSLEN)-TW(KS.1,LEN))) A 736
I-F (TW(XS,LEN)9GT.1060o) TW(KS#LEN)ul06O. A 717

KKSuKS. 1 A 718i KoE~~(qtE)DL*ST(A-)tAm(SI)SC(SIOE A 739
1'KS-1,L.EN)002) *(TW(KS-1.LEN)-TW(KSLEN))) A 740
IF !TW(KS*LEN)*GT.860.) Tw(KS9LEN)z860. A 741

C **OO**OOOI***@*O*.*..**...O...O. A 742
OFTMfLT=676n. A 743

Z 103



C *O*~*O*A 744
TOTWT*. A 745
WflOT*0.0 A 746
00 66 LLu1.NDFX A 747
TOTWTSTOTWT4PI'CRS(LL)'RL(LL)-SDOT(LL))OSOOT(LL)*RHOV*SOL(LL) A 748

66 wOOTuWDOT~oT (LL) A 749
SWTLa.0698*PHI*SNRI**SDOT (NOFXP) *ATJRHO A 750
WT (NOFXP) u2.*PIeSNR**2COTSATJR.4 A 751
ToTwTsxToTwT.SwTi A 752
WDOT=WDOT*WT NOFXP) A 7S3
ViA9=81-T0TWT/G A 754
PAD*RADI-SOOT INOFXM) A 755
ALGTHsALGTHI-SOOT (NOFXP) A 756
AREA=PIORAD*02 A 757
SLANTuALGTH/(CO5(THETC)-SNR/RAD@(l.-SIN(TMETC))) A 758
ATLeAT-DELT/6* A 7S9
ATHuAT.OELT/A, A 760
IF (ALT.LE.O.0) 6O TO 68 A 761
IF (T.GT.ATL*ANfl.TeLToATH) GO TO 67 A 762
S~O TO 8 A 763

67 IF (LLL.LT.8, Go TO 68 A 764
LLLu0 A 765
PRINT 80 A 766

68 PRINT 81. TgXY.ZALTGAMMAVMAS.PSI.VOD.AMACHCD#ANRPI1,THEALP A 767
1,8ETPSALPT.XE*YE.Z~,FD.FNgPFZCLATOLON.ABETA.GCIR.AIZ.AIX A 768
PRINT 82. CP*CANCPBCOF*ANRE A 769
PRINT 83. RM0,VISAMA,^HE.TEMPERMOEVEVISG.PBE A 770
LLLaLLL. 1 A 771
ATu&T*1.0 A 772
PRINT 87. CSOOTL).Iu1,NOFXP) A 773
PRINT 70. i(TW(IJ)tJzlNOFX)9Iul#NP2) A 774
PRINT 86. TW(NALC1vNOFX)9TW(NALC2*NOFX) A 775
PRINT 89, WOOT*TOTWT*RX A 776
PRINT 90. OSTAR A 777
PRINT 919 (Tw(INOFXPhtlnl#NP2S) A 778
IF (ALT) 699699A A 779

69 CONTINUE A 780
A 7M1
A 782

70 FORMAT £30X*8F8.0) A 7A3
71 FORMAT (IMi) A 784
72 FOPMAT (*J1ND00104) A 785
73 FORECAT (1IND0814/(1OXtSI4)) A 786
74 FORMAT (*VCP*8Ej2o3/(llX9SE12e3)) A 787
75 FORMAT c*VTC*RE12*3/(11XqAE12*3)) A 788
76 FORMAT .*VRMO*BE12*3/f11X#8E12*3)) A 789
77 FORMAT c*nEL*8E!2.3/(11X#8E12*3)) A 790
78 FORMAT t*nE*A-El7.3/(11X9AEj2.3)) A 791
79 FORMAT (*Tw*8Ej7.3/f11X98E12,3)) A 792
80 FORMAT (12X.4HTIJE14X.1MX,18X.1NY.15X.1HZO16X,3HALT.13X.5HGAMMA,1 A 793

11X.4MVMAS/30X,414PSI.1SX.3MVEL,13X.2mQD. 15X,51AMACH,11X.2HCO.14X,3N A 794

2REN,30X,3HPHI *16X,5HTH.ETAllX.SALPHA,12X.3HBET, 13X.2mPS. 14X.4HALP A 795
3T/3nXt2MXE, 17X.?HYE. 14X.?MZE, 15X.2HFO,14X,2MFN. 14X,3MGFZ/30X,3HLAT A 796
4,16X.4MLONG, 12X.4NRETA,13X,4HGCIR.12X241Z, 4X.2141X) A 797

81 FORMAT (1H094X*7El7.7/(22Xv6E17*7)) A 798
*82 FORMAT c10X#5S1ln.3) A 799

0 3 FORMAT (SX*AE.IO.3) ASC00
84 FORMAT 10oH OVERHEAT/) A 801
as8 FORMAT t*OVERNEATSTAG1*/) A 802

*86 FORMAT (-OVERH.FATSTAG2-/) A£803

87 FORMAT t1OX*SOOT*9El2.3) A 804 -

AR FORMAT (86XoFR.n) A 8AS



89 FORMAT c10OWTLOSSRATEtS.Eii.4:L8S/SECANDOTFLwTLOSSrS.E13.4.LBSAN A 806

91 FRMAT(30913F.0)A 809
Q2 FORMAT (* SOOT* 10OS ASI C

END A811

10



SUBROUTINE ATTK CVRZ4sVRV4,vALP9PJ)8 
1C COMPUTES ANGLE OF A'TACK.ALF,

IF IVRZA) g9.1 
8 31 IF fVR'r4) 4.3,28 

42 ALP=ATAN(VRY4/VRZ4) 8 5
RETURN 8 6

3 ALP20. 83 7
RETURN 8 8

4 ALPsATAN(VRY4/VRZ4) a 8
RETURN a 10

S IF (VRY4) 697,8 8 10
6 ALP=-PI/2* 8 11

RETURN 8 13
7 ALP=O, 8 13

RETURN 8 15
8 ALPwPfi, 8 i6

RET'JRN 8 17
9 IF (vRY4) 10,11,12 B 18
1n ALP9*VJI*ATAN!VRY4/VRZ4) 8 is

RETURN 8 19
11 ALPmPI 8 21

RETURN B 21
12 ALPuPI*ATAN4(VRY&/VRZ4) 8 23

*RETURN 8 24
END 8 24-
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SUBROUTINE COSF (COAM*ANR) C I
C COMPUTES INVISCID DRAG C 2ICOMMON /B/ AREA,RADqSLANTvSNR9THETC,VC 3

IGw32.174C 6
ANOSE*PI. (SNR**@) C 7
wARE*UP I RADOSLANT c e

IAHACi~aAM C 9
PR=,89 C 10

C 11
1 151,)C 12

CP34.*(SIN(THETc))ee2O(2.548.*AMACH.S!N(THETC))/(I.1. ANACM.SIN( C 13ITHETC)) c 14
CANatC.55-CP) *ANOSE/AREA C1
CP~a1 .0O1/AM*02 c 1s
CALL COFM (COP) C 17

COMCP*CANOCPR*COF C is

I-I
HE

1-3



SUBROUTINE LONG (OLG*XE*yE#PI, 
0 IC THIS SUR COMPUTVS LONGITUDE 
0 2IF (YE) 196,4 
D 31 IF (XE) 2993 
0 4p LGu-PI#ATAN(YEXE) 
0 5RETURN0 

63 DLGmATAN(YE/XE) 
D 7RETURN 

a
4 IF XE) 5.10.,3 

0 95 OLGnPI*ATAN(YE/xE) 
D 10RETURN 
D, 11

6 IF (XE) 7.7,8 
0 127 DLGwPI 

1RETURN 01
D LG*O.0 

D 1sRETURN 
019 LGu-Ph/?. 
0 17RIETURN 
0 18tO LGsPI/2. 
0 19RETURN 
0 20END 
0 21-
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f

SUBROUJTINE INITIAL t3NR*THETC9SLANT) E I
C E 2

C THIS SUBROUJTINE PROYIOCS iME NECESSARY GEOMETRY CALC1JLAT1O%-S AND 3
C CI4ANSES IN UNIT. F~OR PR04#AN STRAR6 E
C E S

COKPC-4 /D/ Tv(S0,l2!,IND(50,12).JINO:l2).VCP(S0,12).VTCtS0.l2.yR E 6
1O(5Ogl2)gOEL(5OuI2).DEf50,12),SOOT(12),X!(l21,RSI12).RLI2,SOL(12 E 7
2),vTt12),TW4(12).TVT(12).SACP(58).SATC(S0),SARKO(5SO),RN(12) E a
CONWON IF:r NOFx.ALGThRAD!,POSCll) ,AZNG-AT 9
AZN=AZN/57. 296 E 10
GLAT.GLAT157,296 E 11
ALGTkuPOStmCFX) 112. E 12

1m*morX-I 1E 13
SYi~nSIN THETc) E 14
cTMUCOS(THErC) E IS

Rvd4l1-a6E*07 E 17
SOL!UinPOS!.1)-PS(il)/3(12.POCTU) E 18

I RS(!)*SSNU'CTN.(OS(h12.-S*I0-STIST/CT4 E 19
RN tNOXI u.0f.06 E :!a
RN(WOX*1)ol.SE.0S E 21
R5 (NOFX~ zSWR E 22
RS lNOfx* 13 Sma E 23
SOL(NDF1IP0S(l)/l2.0-S~dI1.~ogThI IICTN E 2,6
RIOTa5r~kQ*CT'. (ALOT-S0 I .0.STMII *STit/CTH E 25
INsoV1-2 E 26
Po 2 !=I1slo E ?

2 RLE)&RS(1.1 E 28
RDt (wOx-1 IRAD! E 29
RL#NOrX)RStll L 30
IqLAWT*0.0 E 31
DO 3 IuI.NOFX E 32

3 SLAhTmSLAIIT*SOL (!I E 33
RETRNE 34
E %M AS-



SUBROUTINE CDFM (CDF) 
F 1C THIIS SUR COMPUTFS SKIN FRICTION DRAG F 2COMMON /B/ AREA*RADosLANT*SNRoTHETCV 
F 3COMMON /D/ Tw(50912),INoSO,2)J1N12)VCP(5

0 1 2)VTCS5,2,P F 4IOt5 0912)9EL(5012),E56912),SDOT(
12)X!.12 )tRSl1)R(oO(2  F 52) ,WT(12 ,Tm(12) TWT 12) .SACP(ft) ,SATCC50) ,SARMOc50O ,RN(12) F 6COMMON /E/ NOFXMNALALT ,AMACMG ,AM MEROTVMP IGPBA

IREF 8TWAmO.
CDFu0*0 

F 19:SRuSNR/RAO 
F 11P13.14159 
F 12tCALL RHOF (RHOtaLT) 
F 13CALL VISCO (VISALT) 
F 14 -CALL VSD (VS*ALT) 
F 15CALL PRESS (PRE,ALT) 
F 16CALL TEMPA CTEMPtALT) 
F 1?AMACHuV/VS 
F 18TEMPE=TEMP*(1...0966*AMACH.SIN(THETC) *e2267'*(AMACHeSyN(THETC) )**2) F 19VEuV*(l.-1.4/AMACHee2*c*MACH*SIN(THETC))..l*

9 )**SF2AMACHEMAMACH. (VE/V) *(TEMP/TEMPE)*o 
F2R1ul?16. 
F 22AMuAMACH 
F 23AMmAMACH 
F 24PRsROI*.*M**SNTEC)02(9+oAOIiHT)/I* 
F 2516.*AM*S1j.utMETC)n 

* F 26RHOEmPBE/CR'I1TEMPE) 
F2CALL VISCOT (VISGTEMF') 
F PSAREA*0IORAD**2 
F 29ANRE=RHOEIVE*SLANT.3

2 ,174/VISG F 30COTT.1 ./TAN(THETC) 
F 31no 2 Kul9NOFXM 
F 32DO 1 Vv1.NAL 
F 33IF (nE(M*K)*LE.no) GO TO 1 
F 34TWAsTWA*TW (M*K) /. 
F 35CCNTINUE 
F3CONTINUE 
F 37RERRHO*V*SLANT/vIS 
F3IF (ANRE-2*0E*07) 394#4 
F33 HSIIUS*.SeCTWA/TEMPE)4..3?4*(AMACHE),.

2  F '0COFlud1.53/RE*o.5)o(VE/y)*1.5*CPBE/PRE)..5.*(TEMPTEMPg)*15( 
F 411 ./HSH) **. l85*COTT 
F 42CDaCFI((.*.84*S-4,03*3)-(S0,33R.(.69.2(69*.

1. F 43ISR3 *AL0G14~(RE) 11 
F 44GO TO 5 
F 454 HSHU.S*.5*CTWA/TEMPE)*.03880(AMACHE)**

2  F4
1 ./HS14)* .584OTT 

F 48 'COF.COFIec1..( (.8..052JA.4ACH).SR)) 
F 49 95 !C0FaCDF 
F 50R F T URN 
F 51END 
F 52-

.AR

HoI



I.SUBROUTINE VISCOT (VISG,TEMP) 6 I
U NITS AEL/TSf-r
IF (TEMP-2460*) 2,1.1 4I VIS~x4l-0E-10*TEMP*2o4414E.O5 

54ETURN 
6 62 IF (TEMP..1160*) 4,393 G 73 7VuSG*00o69EIOILMP..Y?106E-05 

0RETURN 
G 94 IF (T MP-76O.) 695.5 G 105 VISe~u32*.5jEyMP4*6o3Eos5 
a 11RETURN 
G 126 VISGu166.666E..1O.TEMP..34334E.05 
6 13RETURN 
6 14END 
6 1S-

EFl



SUBROUTINE PRESS CPE9ALT) 
HC COMPUTES PRESSURE PER ALTITUDE 
N 2C LOS/FT2 
N 3PEu21 16.2*EXP (-4e25509E-05*ALT) 
H 4RETURN 
H 5END 
H 6

112



SUBROUTINE VSD (VSqALT) I IC THIS SUR COMPUTES SPER.O OF SOUND2
C UNITS ARE FT/SEC 3

IF (ALT-36000o) 191#2 I 4
I VSulll6.9-.412E..02*ALT I 5

RETURN 1 62 IF (ALT-82000*) 3..54 1 8
3 V'.-96805I a

RElURN 1 9
4 IF (ALT-154000o) 5,5,6 1 10

K5 VS38l4o..191F-0,*ALT I 11
RETURN 1 12

E6 IF (ALT-172000e) 709,8 1 137 VSuIO6* 1 14
RETURN I1
IF (ALT-262000.) 999,10 1 16

9 VSu1527.-e24SE-n2*ALT I 17
RETURN I 18

RZTURN I P0
END 121-

I13



SUBROUTINE GCPB (GCPPBL) I
C THIS SUB COMPUTES ABLATIVE GAS SPECIFIC HEAT J 2
C UNITS ARE STU/#LR-OEG R J 3

IF (PBL-1O.) 29191 1
1 GCP=-o2280ALOG(0BL)#3622 J 5

RETURN J 8
2 IF (PBL-.009) 4.3,3 7
3 GCP=-*30882*ALOC CP8L) .3.4J

RETURNJ
4 IF (P8L-*0001) 695,5 J 10
5 GCPu.7374*ALOG(PBL) '8.37 j 11

RETURN J 12
6 IF (PBL-1.OE-05) 8.7,7 J 13

7 GCPw.12333*ALOG(P8L) .2.709 j 15
RETURN J 1s

a GCP1*2M 17
RF.TURN J 17
ENDis
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SUBROUTINE TEmPA (TEMPALT)K I

C TiKIS SUP COMOUTES TEMP OF AIR VS ALT TO 300,000 K 2
C TEMP IS IN DEGREES RANKINE K 3

IF (ALT-?6100O.) 29191 K 4
1 TEc4Pw298s2 K 5

RETURN K 6
2 IF (ALT-175500*) 4.393 K 7
3 TEMPu-2#463E-03*ALT*941*04 K 8

RETURN K 9
4 IF (ALT-154000.) 6.5.5 K 10
5 TEMPaSO8.79 K 11

RETURN K 12
6 IF (ALTS850009) 8.7t7 K 13
7 TEMPm1.627E-n3*ALT*256*05 K 14

RETURN K 15
a IF (ALT-35700*) 10.9,9 K 16

9 TENPa3BQ.99 K1

z- RETURN K 20

E94D K21-
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SUBROUTINE TCAT CTCAtTEMP) L 1
C THIS SUB COMPUTES THERMAL CONO. OF AIR V3. TEMP L 2C U'NITS ARE 8TU/SEC-FT-OEGREE RANKINE L 3

IF (TEMP-2960o) 291*1 L 4
1 TCAU6.OE-06*TEMP**03324 L 5

6O TO 9 L 62 IF (TEMP-2460., 49393 L 7
3 TCAu7.BE-06*TEmp-*028 L 8GO TO 9 L 9
4 IF (TEMP-1960.) 69595 L 105 "CA=14*2E-06*TEmqP**012I? L 11

GO TO 9 L 126 lF (TEMP-1160*. 8.7,7 L 13
7 TCAvj6*5E-06*TEmP**00766 L 14

GO TO 9 is1Pa TCAul9*28E..06*TEMP*.00444 16
9 TCAuTCA/3600. L 17

RETiuRN L 18
END L 19-
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K9

SUBRlOUTINE VCPRC (VCP*TEMP) M 1
C THIS SUB COMPUTES VIRGIN SPECIFIC MEAT VS, TEMP M 2rC UNITS ARE 8TU/LR-OEG R N 3

If (TENP-400,.) 29191 M 4
I VCPn.SSE-04*TEN0.1.23 M 5

RETURN N 6
2 IF (TEMP-200O.) 4.3,3M
3 VCP**19E-03*TENP*.69 M 8

RETURN m 9
_4 IF (TEPKP-1060.) 69595 N 10

5 VCPn.55AE-03*TEMP-*0423 M 11
RETURN N4 12

RF6 IF (TEMP-860.) 897,7 14 13
7 VCPu*975E-03*TEmP-*4865 N4 14

RE:TURN 04 1s
a IF (TEMP-660.) 10099 04 16

r-9 VCPn.21E-03*TEMP+*1714 M 17
RETURN "i

in VCPu.375E-G3*TEMP.tU62S iq 19
RETURN 14 20
END N21-

F

FE
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SUBROUTINE RI4OF (RHOALT)N 1
C THIS SUB COMPUTES DENSITY OF AIR VS, ALTITUDE N 2

COMMON /A/ RE N 3
GALTuRE*ALT/ (RE*ALT) N 4
RHOO..0023769 N 5
R*53.352 N 6
Ew2. 7183 Nd 7
IF (GALT-36089,) 1#192 N 8

I T=518*688-3*36616*GALT/1000* N 9
RI4OmRHOO* CT/S18.668 **4*256i N 10
RETURN N 11

2 IF (GALT-82O21., 3*3,4 N 12
3 EP2=z360A9.-GALT)/(R*389.98C) N 13

RbOuRHOO*.297069*E**EP2 N 14
RETURN N 15
IF (GRLT-154199.) S596 " 16

s Tz254*988.1 .A4S92*GALT/I000o N 17
RNOaRHOO*.0326657e T/3S9.988)*-12,388 N 18
RET URN N19

6 IF (GALT-17388S.) 7,7,8 N20
7 E04u(jS4199o-GALT)/(R*508eT86) N -1

RHOuRHOO*.00I21 179*E**EP4 N 22
RETURN N 23

a IF (GALT-259186.) 99910 N 24
9 Tx938.088-2*46S888GALT/1000* N 25

RIOaRHOO@S.86784E-04o (T/508.788) **6,592 N 26
RE-UIRN N 27

1 If (GALT-2952T6.1 11.11.12 ti 28
11 EP6w(2S918S*-GALT)/(14.298.186) N 79

RI4O=RHI1.73274E-0S*E**vP6 N 30
RETURN N 31

12 T=-349.Rj2*2.V146*GALT/1O000. h 32
qHOaRHOO*1 .7926'3E-06* (T,298.188)..-9.S41 N 33
RETURN N 34
END N 35-
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SUBROUTINE VISCo (YIS*ALT) 0 1
C TmIS SUR COMPUTES VISCOSITY OF AIR VS. ALTITUDE 0 2

*C UNITS ARE IN LB-SEC/FT**2 0 3
IF (ALT-270000*1 2,191 0 4

1 VISs2.3SE-07 0 s
RETURN 0 6

2 IF (ALT-175500.) 4,3,3 0 7
3 VISs-leS09E-12*ALT*6.333E-07 0 8

RETURN 0 9
6 IF IALT-IS6000.i 695#5 0 10

RE5 VJSw3.68E-G7 0 11
RETURN 0 12

6 IF (ALT-83250.) 8,7.7 01
7 VISm.973E-12*ALT-2*j72E-07 01

RETUR~N 0 1s
8 IF (ALT-34500.) 10999 0 16

9 VI582*969E-07 0 17
RETURN 0 1s

V ~VISv-Z.124E-I2*ALT*3,?3?E07 01
RETURN 0 20
E7NDo i

0 1

ra



SLV5PCUT1NE CCPP (CCPsTEMP) P I
C THIS SUR CO4PUTFS CHAR SPECIFIC HEAT VS. TEMP P 2
C UNITS ARE sTU/LR-OEG R P 3

iF tTEMP-600C.) 2.1.1 p
1 CCPS.4 P

RETURN P 6
2 IF ITEMP-4000o. '.3.3 p 7

3 CCPz. 125L-04*TEmP*.3215 S
RETtiRPE p 9
IF (TEMP.3000.) 6.5#5 P1
CCPm.30rE-o..TEwa.!9S p1
RETuJRM P 12

6 IF (TENPZOOO0.) 8.7.7 P 13
7 CCPu.IA7E-G4*TEm**.!* P 14

RETWZN P 15
A IF iTEMP-1060.) 10.9,9 P 16
9 CCP=.207E-e3*TE.P-. 1' P 17

RETttRN p la
10 CCPz.9bE-04*TEM*-*0223fi P 19

RETURN P 20
END p 21-
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Mr SUBROUTIVNE SSLP :VRZ'..VRx..BET*PlI a 1
C COKOUTES ANGLE nF SIDESLIP 2 2

IF :VRZ&) 9.5,1 a 3
I IF (VRX4) 4.3,2 4

2 ETwATAW(VRX4iVRZ4) a 5
0RETURN Q 6

973 BETma, a 7
RETURN 0 a

4 BETuATAN(VRX4/VRZ4) a 9
RETURN a 30

s IF IVRX41 6*7.6 01
& BTw-PI/2. 01

1-RETURN 0 13
7 ETso. 0 14

RETURN a i5
a BET*01/2. a 16

RETURN 017
9 IF (VRX&) 10911.12 G IA
I. SET=-P!.ATANfVRX4/VRZ4) a 19

RETIRIJa 20
11 8ETmP! a 21

RETURN 0 22
I? BETmP!.ArAN(vR14/VRZ4) 0 23

RETURn 24
END02-
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SUBROUTINE VTCPC (VTC*TE'4P) R 1

c UNITS ARE BTU/FT-SEC-DEG R ~
IF (TEMP-4000.) 2#19iR 3

I VTCs,705E-O7*TEmP58E-04 
R 4

RETURN R 6

2 IF (TEiF-2000.) 493*3 R 6
3 VTCs.695E-07*TEM4P**62EO04 

7

RETURN R 8

4 VTCu*7376E-OT*TEMP**5347E-0
4 R 9

RETURNA 10
RETN R 11-
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SUBROUTINE ACmo (C,A)

COMPUTES DAMPING COEFFICIENT S 2IF (A*6T*IT*) 60 TO 1 S 3IF tAoGT*9*) 6O TO 2 sIF (A*GT*To) GO TO 3 S 5IF (A*GT*5.) 0O TO 4 S 6IF (A*GT*4*) GO TO 5 S 7IF (A*GT*3o) GO TO 6 S 8C=2&5.A-10. 
5 9RETURN 
S 101 CE-2.4 
S 11RETURN 
S 122 Cu*fl5*A-3*25 
S 13RETURN 
S 143 Cu.eA-3.7 
S 15RETURN 
S 16A Cu*3*A-593 
S 17RETURN 
5 165 Co.7.A-?.3 
S 19RETURN 
5 206 CzA-8.5 
5 21RETURN 
S 22END 
S 23-

*12



SUBROUTINE GASTC (GTC#GCP) T 1
C COMIPUTES ABLATIVE GAS THERMAL T 2
C CONDUCTIVITY* BTU/SEC-FT-OEG*Ro T 3

GTC84*429E-050 (GCP+#297) T 4
*RETURN T 5

END T 6-

124



SUBROUTINE ACNA (CqA) U 1
C COMPUTES NORMAL FOR('E COEFFe U 2
C CNA PER DEGREE U 3

Cw@034 U 4
RETURN U 5
END U 6-

12



SUBROUTINE CTCPC (CTC.TEMP) v IC THIS SUg COMPUTES CHAR THERMAL CONDUCTIVITY VS. TEMP V 2C UNITS ARE ST/TSE-E R V 3IF (TEMP-6000s) 19292 V 4CTCCs*5E-O?*TEMD**053E.0
3  V 5RETURM 

V 62 CTCu*389E-03 
?RETURN 

V aEND 
V 9-

126R



SUBROUTINE CPATJ (S*T)V 1
C COMPUTES SPEC HEAT 6iF ATJ GRAPHITE VS. TEMP V 2
C UNITS BTU/L8-DE-R V 3

IF (T-20000) 1*292 V 4
1 IF (T-10000) 4,3,3 v 5
2 S*3s&CZE-O5*T..3SS36 w 8

RETURN V 7
3 S=1*2SE.04*T..175 a

RETURN V 9
4 Sw3o409E-04*1-*0409 v 10

RETURN V11
END w12-

12



SUBROUTINE TCATJ (C9T) 1 I

C COMPUTES THER. COND. Or ATJ GRAPHITE VS. TE"P X 2

IF (T-34600) 1.3.3 A 3

1 Ir (T-24600) 2.4.4 A 4

2 Ir (T-14600) 6.5.5 x 5

3 C=(2.E.0S*T**28a8)/60* x 6

RETURN x 7
4 Ca,35/60* A 8

RETURN x 9
s Cut-l*84E-04*T*.8O26W)60e A 10

RETURN x 11

6 CuC-3.82E-04*T*1*091)/60o X 12

RETURN X 13

END 1 14-
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