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FOREWORD

This research was performed under Program Element 6.24.05.06.F, Project
5791, Task 579122.

Inclusive dates of research were July 1966 through November 1967. This

report was submitted by the Air Force Weapons Laboratory Project Officer,
Mr. W. J. Moulds (WLDE), on 13 May 1968.

The author wishes to express his appreciation and thanks to Lt Colonel P. D.
Cronquist and Mr. C. E. O'Haver for suggesting and encouraging the accomplish-
ment of this work. Special thanks are due to Captain J. D. Young and Lt R. H.
Aungier for their assistance and answers to the numerous questions by the
author. Last, but not least, the author wishes to acknowiedge the assistance
of Mr. J. L, Hitchcock, who did much of the programing of STRAB-6.
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ABSTRACT

{Distribution Limitation Statement No. 2)

An integrated computer program (STRAB-6) for the complete analysis of a blumt,
conical reentry vehicle as to its traieczory and aerothermal environment upon
atmospheric reentry is presented. The trajectory pertion 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 fcrmms 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 lavers of material whose properties
may vary from layer to layer. Also, the heatshield is comprised cf ore; 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 1

INTRODUCTION

The effects of aerodynamic heating and sblation on the mocions, aerodvnamic
forces, and trajectory deviations of a reentrv vehicle have Seen the subject of
many analyses in recent yvears. Previous trajectory and heating progracms have
been separate, requiring that each be run separately with data froz one used as
iaput to the other. Such a2 method soxetirces requires nuzerous runs before tne
output data converge to reascnable answers, and is both expensive in computer
cests and time consuzing. This report presents a cocputer progrz {(STRAB-6)
for the cooplete analysis of a reentry vehicle as to its trajectery andé azere-
thernal environ=ent. STIRAB-6 provides a six-degree-ci-freedom rrajectory
analysis as well as zerodynazmic heating and ablation analysis for conical

vehicles reentering the atmosphere at hypersonic speeds

SIRAB-6 uses scme of the {eatures fro= other $-P programs (Refs. 1, 2, 3,
5, 6). The trajectory portion of the progras computes the six-degree-cf-

freedoz= rigid body =otions for zn zerodyazmically sy—metric reentry vehicle

eory was used and

[g]

encountering a model atnosphere. Slender-body aerodynax:
the required aerodynzmic coefficients are provided by subroutine input. (as a
function vehicle shape, angle-of-attack, and either Mach nu=ber or altitude).
The atz=ospheric nodel that is vsed is based on the 1962 ARDC atzosphere, and

the geocentric model that is used is a2 rotating coblate spheroid.

The aerodyneic heating and abiation portion of the progra= (Rei. 7)
{HFATAB), in its original form, computed point =ass heating for a sharp-necsed

conical vehicie. The basic heating egqustions of this original progras (EEATAE)
are described in reference 7. There have been numercus icprovements to the
original prozra= to include: heating on 2 blunt-nosed vehicle, the case where
a2 vehicle heatshield is comprised of two or —ore cifferent ablators, and

boundary layver edge conditioms.

Tne equations of zotion and of heat transfer are gemeral in that t

to zost axially symsetric vehicies. Even though this progras comsiders the
body in gencral —otion under com=bined angles of
1

. the ablation weight loss. nese

vehicle is assw=ed to ablate sy==etrical

bluntness, and vehicle volume changes are coasidered in the calculations {or

bust
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ths viscid and inviscid drag coefficients (CD} and stability derivatives, as
well as the vehicle mass woment of iInertia properties. In addition, the aero-
dyna=ic coefficieats are calculated for the comspiete range of angle-of-attack
(0 < o < 360°) and sideslip (0 < 8 = 360°).

The positiea vectcr is calculated in a rotating esrta--centerad coordinate
systen, while the angular positions are calculated in a reeatry-centered
coordinate systex. Computations are ~cerried out, using the Runge-Xutta zethod

of nuzerical integration employiang 2 fixcd step zize-zode.

This progran is spacific in that the equations have been a2pplied to a
blunt-nosed conical vehicle with the starting poiat at reentry conditions.
With soce =xdifications, the user could easily adapt the program to analyze 2
nmissile froe: launch by adding thrust subroutines and substituting launch

conditions {or reertry conditions.-
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The cozputer prograz, SIRAB-6, is a self-contained prograx in the sense

that it can generate the requived 2erodymazic data, and calculate the =ass and
ine

il

)

any additicmail prelizminary calculations.

1 properties due to ablation changes of 2 sytetrical veshicie without

SIRAB-6 calculaies the resultzat lozds, motions, and trajectory of z rigid

vehicie in genperzl 6-D

texperature distributiocn in z body. If z comablating rrajectorr iIs desired
)
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.n option is provided to omit the heating znd sblaticn pertica of the progre:.

At the initiation of 2 reentry m=m, the vehicle is located in space with

the desired reentry conditioms (i.e., velocity, flight psth angle, altitude

»
roll rate). Also, the user =ust imput the latitevde, longitude, and axinmvih at
wnich he wishes to start the trajectory. Other trzjectory paraneters the user

2

Tay wish to input are apgle-of-attack and angie-of-sideslip; otherwise. these

vaives a2re zero for a acminal trajectors.

The zercdynamic drag coeificients (D) zre obr=ined frem Newtonian slez
iaz

body theory for icviscid drag znd modified Blasius fiar plate theory for

viscove drag. TInese coefficients zre ca_culated in stbroutines {DST and DX

zné are lizmited to veéhicle shapes cof sphericallr hiunted cores vhere the ra

{ base radius to axial length Is appronizately equal to the cone haif-angl

=]

éiscussion of these theories is ir- section 1i-3.

HY

The atzospheric model used in the 2rogTes is daserd on the 1962 ARDC =cdel

atz=osphere, and it expresses the density, ambient zexprrature, pressure, and

the speed of sound as fumcticns of asltizufe. The geocenitic medel wuvsed is
rozatiny cdlzze spheroid, where the sez level radius, R, is {figurc I}
.
R = - = (i3
= {1 +7_sin . Y’
= L7
3
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where

REQ = earth equa.orial radius-~ft

lc = geocentric latitude~degree
el
E
Pp = —— = 0.00673852 (Ref 8) (2)
1-e2
E
e = eccentricity of earth = 0.0818133302

Re
)

j
Req

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 vehicle. 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, slart 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, (amputations of the skin temperature profile and ablation mass
loss rate are identical to thc method in HEATAB, except that these calculations

are made for each X-station at each tvajectory point.
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As written, the STRAB-6 output will give, for each time interval, an outrput
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, anglz-of-attack and sideslip,

restoring forces and moments, and boundary layer edge conditions.
2. EQUATIONS OF MOTION

The equations of motion 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-zf-burst (HOB) errors, disper-
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 nctation using Newton's
second law. A summation of the forces acting on the vehicle results in the

equation

>
2 - - - -> -> -
mﬂ=z F~-2mwxv~mo x (wx R)
ae?
Before this equation can be solved, however, it must be expressed in terms of

a convenient coordinate system.

There 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, tcpocentric
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 Yo 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 anjular velocity w

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

R, by a rotation w.t.

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

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

frame by the longitude, 8, latitude, Ac’ and vehicle altitude, ALT.
orientation is determined by the angles B8 and Ac is
R = R + ALT )}

where R. 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. Geocentric
latitude, lc, is defined as the angle, measured at the earth's center, between
the equatorial plane and a radius, Rp, to the point of interest on the earth's
surface. The geodetic latitude, Ag, is the angle between the «yuatorial plane

and a normal to a reference spheroidal surface, 2y, as shown in figure 3.

The reference spheroid is an oblate ellipsoid whose surface nearly
approximates the sea-level surface of tne earth. Such a spheroid is character-
ized by a "flattening" or "oblateness," f, where

f=(a~-Db)a )
and a is the semimajor, and b the semiminor axis of the 2llipse 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, REQ’ and b

equals polar radius, RPo' Therefore,
; 2 -
\ X - + z‘q =1 (5)
Be® Fpo

SR

it
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Figure 2. Inertial Reference Frame, R, and Earth Reference Frame, E




Ldaii
PTG

AFWL~TR-68-61

/A

REFERENCE -
SPHEROID
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i HORIZON
EQUATOR 1
XR
/"
NORMAL — .
TO SURFACE l~— DIRECTION OF
PLUMB BOB

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

By multiplying R..2 and adding and subtracting z? on the left side,
P Q

222
x2+22_22+iEQ__=R 2

Rpg?
0
But from figure 3
2 2 = 2
X< + 2z RE
z = RE sin )'c (6)
Therefore,
R <
EQ >
2 2 .2 =K _ = 2
R+ Rg? sin® A_ - ) REO_ (N
R 4
Po
8
- J
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Solving for RE

R
- EQ
Re = 1/2
/
B.EZ
1+sin? A {23 -1

Rpo

From reference 10

f=1- /1-e£2

and from equation (4)

Reg 1
RPo_l-f

£

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

2 2
i S SR -

2 - Z _ 2
R.Po 1 eE 1 eE

(8)

9)

(10)

(11)

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

REQ
R = n 1k
(1 + P_ sin® - )
E c
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"he sea-level radius cf the earth can now be determined at any

station by “a>swing the geocentric latitude, xc, cf the station.

The astronomical latitude, Aa’ is defined as the angle between
the local astronomical zenith, Za’ or vertical (as determined by a plumb bob
or, actuzlly, by the direction of the local gravitational field) and the
equatorial rlame. Since astronomical latitude is based upor the local gravita-
tional fiel. 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 (8) of the tangent (geodetic horizon, see figure 4) at the statiun on

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

2x 2z dz _
=Xy Z=0

REQZ Rroz

TANGENT OR

GEODETIC
HORIZON

Figure 4. Geodetic to Geccentric
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Therefore,
z |
- tan8=g-z-=l—RP° xl (12)
dx 22!
i REQ
but
1
tan & = tan A
g

z
tan X = —
¢ x

By substituting these quantities into equation (12), the relationship between
Ag and Ac is established.

2
tan A = tan A (13a)
2 c

Rpo

Ml i n st i i

F But by substituting equation (10) into equation (13a), Ec can be determined

- from one constant. Therefore,

i R
1 Xo= tan [(1 -e 2) tan X 13b
o T arc £ gJ (13b)

n=13i =2 (15)

With the foregoing relationships established, the second

reference frame car now be defined.

(2) Tepocentric or Horizontal Reference Frame

The second of these coordinate systems is commonly known as the

pakiiliku i it Bl 3 et dios ke Wl beals L e L LT

topocentric, but has other names depending upon the users application. Some
of the names are horizon, launch, reentry, and trajectory system. This report

refers to this coordinate system as the horizontal, H. The word topocentric

il

IR
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is derived from the Greek toros, meaning a place. In this reference frame,
the origin is taken at the observer as shown in figure 5. The YH—axis is

directed toward the east, the X —axis toward the south, and the ZH-axis is

H
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 XH’ 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 ccordinate system is repeated here

for convenience.

2 > - - - -
o &R F-2ouxv-mox (@ xR)
de?
or
d?R  OF R\ = s
;‘T'Z“’E"E"”B"(“’E"R) (15)
t
where
dzﬁ .
—— is the vector acceleration of the vehicle CG with respect to
de? the inertial reference frame

-
F is tue rotal forcz vector on the reentry vehicle

2(;:‘E x %—-) is the coriolis acceleration of the axis system due to the
rotation of the earth

m is vehicle mass

- - -
wg X (wE x R) is the centrifugal acceleration of the axis system due to
the earth's rotation

wp = 0.7292 x 1C™* radian/sec, earth rotational angular velocity

Since the horizontal reference systen (XH’ YH’ ZH) will rotate with
the earth, several vector cross-products will appear in the final equation for
d?R/dt?. Therefore, the rotation rate vector, Wes and general vector, ﬁ, must

be expressed in the same reference frame (ﬁiﬁ YF’ ZH) for expansion.

<

P ———
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Figure 5. Horizontal Reference Frame
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As shown in figure 5, pseudo-trajectory reference frame (X', Yé, Zé)
has its origin at the initial position of the vehicle center of gravity. This
frame is fixad in space (with respect to the horizontal (H) frame), with zZ,
equal to the reentry altitude, and with Xé and Yé rotated from X, Y, about Zy
scme initial azimuth angle, AZ. The vehicle flight path is initially fixed in

the Yé - Zé plane direcred downward some reentry angle, Yo+

Therefore, the components of XH’ YB’ ZH on Xﬁ, Y', 2! is

R
ié = cos AZ - iH + sin AZ - §H {16a)
?t = gin AZ - iH ~ cos AZ - ?H (16b)
i = 7, (16c)

As previously shown, the horizontal reference frame is not imertial,
->
and therefore, rotates at the same rotation rate as the earth. So that w»_ nay

be written

E = “E sin kg ZH - w. cos A_ Y an

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

-
&

£ = “E sin Ag ZB - wg coS Ag * sin AZ XY

+ wp €OS Ag « cos AZ YH (18)

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

reference frame may be written

BEXH = —wg cos ag - sin AZ (19a)

gy T ¥g cos Ag - cos AZ {19%)
B

“EZH = - sin ‘g (19¢)

T
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To determine the general vector, §, and displacement acceleratiens,

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

frame by the vector, ﬁ, as shown in figure 6.

Zr 7y

T e T T
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From figure 6, the following relationship can be established:
R=% +7 (20)

-5
r can ve written in terms cf its components on the horizontal reference frame

as

> ' 3 >
r—xit'udwnz}ﬁzzH (21)

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

reference franme. K can now be written as
R=xR' +Y ¥ +2
X KH Y ?H z ZZH + R’eo (22)

>
Although R can be written in any veference frame, its vector comporents must

be in the same reference frame. Therefore, the equation

ﬁE() = Reo ZC (23)

must be written in terms cf the horizontsl reference system.

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

be written in the form

2 =-7:HCOSn+-§ cos n

d H

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

-> >

3 _ 1 _
Zc = ZH cos n + XH sin AZ sin n YH cos AZ sin n (24)
Equaticon (23) can now be rewritten as
B =R sin AZ sin n X' =R cosAZsinn Y'+R cos n Z (25)
eo eo H eo H eo H

where components of Peo in horizontal reference frame are
Rx = R__ sin AZ sin n
H eo

RYH = -Reo cos AZ sin n

R R LOS N (26)

ZH eo
16

T —

TR 1oL AR BT A ATARPASE AR i Rl X o AN e o St %6
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By substituting and collecting terms, the equation for R is

> >, N\ 2, >
R = (RxH + x) %+ (RyH + x) T+ (RZH + z) Z, (27)

The vectors R and $£ 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:

(@-\=Hﬂ+?ﬁx§

\de/ " g
where
&R )
rr3 is the derivative relative to the rotating reference system
!
kﬁ) 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:

g v I
X Y ZB

> 4
b
oy
]
£
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E 3 From this expanded form, the following equations can be established:
A=v (R +Z)—w (R +Y) (29a)
. A EyH 2H EZH yH
/ .
B = u (RXH + x) - g (RzH + z) (29b)
' zH xH -
C =y (R +Y)-w (r +x) (29¢)
_ E.q \ vH EyH \ XY
- E Therefore, the velocity vector is
-3
d_R- (3 -&' 6 —)' -
- X+ X+ B Y+ (20T, (30)
To obtain the acceleration, the second derivative of R with respect to time is .
taken
- .
2 .. - . ..
: R X+HT + @+ T+ @+ 3
g dt2 i H H

g e

. -p' - »' . * -
+mEX{(X+A)XH+(Y+B)YH-r(Z+C)ZH] 3D

where A, ﬁ, C are the derivatives of equations (29a), (29b), and (29c),

. PR N
\ b v
LR S atah i 4 g Y
!

: A= Z-uw Y (32a)
EyH EzH
B=w, X-w 2 (32b)
EZH ExH
C=w, T-uw & (32¢) :
xH yH 4

and the last term is expanded to give

18
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by Jt F
XH YH ZH
; X Qg = w w w
E dt ExH EyH EzH
E+4A) (Y+B) (Z+¢0)

[~ A

= 2 - 2, I
= wE (Z + C) wE (Y + B) XH
i yH zH i

v - > g

+ wg X + A) Wp (z + C) XH
L “zH xH .

. . _ ,' . —¥'

+ W (Y + B) we {X + A) ZH
[ xH yH J

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

obtained for the acceleration

3 I . . - -
d—-&=x+mE z""E Y+m£ (Z+C)-wE (Y + B) i;l
dt? yH zH yH zH

+lYv+w. X-w. Z4+w. @E+A) -w @Z+0O]T
[ En Eu Eu Een H

+[.z+u£x“s}-mE X+ ® +B) -uw '(}:{+A)]-,!'{ (33)

By collecting terms and reducing equation (33), the final development
of vehicle acceleration with respect to the horizontal reference frame is

d<R
dt?

=[x +2A+w. C-o. BYX
( E}'ﬂ E:~'H )h

i9

Y
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+(Y+2f§+wr A= g c)i?;i
“zR xH

-

+ (Z + 2C + we 3 - wg A) ZH (34)
xH yH

or in component form in the horizontal reference frame,

ax=X+2A+wE C--mE B (35a)
vH zH

a =Y+ 2+w. A-w C (35b)

y EZH ExH

az=Z+2C+mE B-wE A (35c)
xB 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 attracticn, 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
fosition of the vehicle in the earth ccordinate system, the instantareous

longitude and geocentric latitude can be obtained by the following method.
From equation (6) and reference 9, the geocentric latitude is
YA

. E
A = arcsin —
c

Req

and the longitude :s

vam o

P Wt
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Y

B = arctan ;,-E
E

where XE’ YE’ and Z,, are coordinates in the earth reference system.

This program expresses the vehicle position in the horizontal reference

R

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

5
4 This can be done through examination of figures 2, 5, and 6, and the following
* § transformation matrixes.
é The order of transformation will be from X!, Y', Z' to X.,, Y,,, and Z,,,
S H H H> "H H
% to Xp» YE, and ZE'
;%j Therafore,
%
3 -yt . _ vt
3 - XH = XH sin AZ YH cos AZ
- % = t L 4 :
E . YH XH cos AZ + YH sin AZ
< ZH = Z}'l (36a)
~j or in matrix form
- (x| [ stnaz < AZ) o] [x1
3 § H sin ~-cos B
E YH cos AZ sin 42 O YH
]
2 (] | 0 0 1| % (36b)
g’f and
i
3 X_=X_ sin A + Z_ cos A
& E H g - g
=
E Tp =Y
' =28 E H
3 = o ) P 17a)
ZE Xi cos *g + Z.ﬂ sin ag /a)
from which the fcllowing matrix is formed:
21
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By substituting equation (36b) into equation (37b)

-CcOS A

sin A
4

(T

0

sin )
4

-co0s A

-
cos A
g

0

sin A
g

and expanding equation (38),

-

From equation (39)

where

"

Xé (sin A sin AZ) - Y!
A

H

- ]
Xﬁ (cos

cos AZ

1

A

H

X! cos AZ + Y! sin AZ

H

sin AZ) + Y! (cos A cos AZ) + 2! sin 2
H g 3! g

0

0

(sin A cos AZ) + Z! cos XA
b4 g

t -
Xg = Ren

T
Yy = Ry

T o
ZH = R
22

COS A

sin A
g

sin AZ (-cos AZ) O

cos AZ

(sin A sin AZ) (-sin A cos AZ) cos A
g g g

sin AZ

(—cos A sin AZ) {cos A cos AZ) coSs i
g \ g g

sin AZ 0

-

0 -

-

H

(37p)

NI
ot e

o o)
4 »4
o3 e -3

-\

(38)

- ol

o of

o]

(39)

(402)

(40b)

{40c)

J N LT L
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RxH' RyH’ and RzH are defined by equation (26). Therefore, the instantaneous

geocentric latitude can be obtained from

ZE)
Ac = arcsin E_, (41)

where

R = [(RxH + x)2 + (Ryﬂ + Y)Z + (RZH + 2)2}1/2

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

instantaneous longitude may be defined as

YE
B = arctan i; (42)

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

negative when measured west.
d. Gravitational Equations

The potential functlon and equations used to obtain the gravitational
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 longitudinz. 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‘.

-G M 2
¢(R,1) = —2 [1 + 1(ﬁ) (1 - 3 sin? 1c)

. (R Y
+ %5-(—59) (3 - 30 sin c + 35 sin” r) + ...]

23
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where
GOMO = 1.4076427 x 10}® ft3/sec? gravitational constant of the
earth
R = radial distance to body CGC from earth's geocenter

REQ = earth's equatorial radius

>
1]

geocentric latitude

[g]

J = 1623.41 x 10”%, coefficieat of the second harmonic
H = 6.04 x 107%, coefficient of the third harmcnic

X = 6.37 x 10~°, coefficient of the fourth harmonic

The gravitationsl potential field is usually defined by spherical
harmonics. Each higher order term in equaticn {43) is dve tc a deviation of
the potential from that of a true sphere. Therefore, the potential is expressed
2s z series of Legendre polynomials ir the variable, 1c. Many analyses (Refs.
9, 11, 12) consider only the second-, third-, and fourth-order terms. The first
harmonic (REQ/R) is missing because of the choice of an equatorial ccordinate
system in which lc is measured relative to the center of the earth. The fifth
harmonic is not sufficiently well known to justify its inclusion in this

equation.

The gravitational acceleration of a vehicle alomg any line is the

partial derivative of the potential function, %, along that line. See figure 7.

N VEHICLE
]

Figure 7. Gravitational Direction

e ¥
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E is related to ¢(R, c) by

TSRO TRRER IR Y L

where V¢ is the gradient vector of #(R, )‘c)' From figure 7, the force along

the radius, R, is

Gr=mgr=-m IR
3 and in R, X direction
- 3sz,5 )
G, = o =-2 </
AT PR R 35X

vhere o = mass of vehicle in slugs. From equation {(43), Ca and G‘-C are

- obtained.
£
3 3¢ 1 33 fReq’ -
3 G=.§—"=-§mc‘\f ————&(1-35'1“")
3 R 3R oo 2 3 t c
3 R R
R ?
3 —éH(—E—CL)(3 sin 3 - 5 sin® 3 )
, >\ g® € €
3 _ R . A
_ 5K{EQ (3 - 30 sin? 3+ 35 sin® )
3 RS
on =G M R_ ?
f G =--';,:':_'—=—-2 2 (-6 sin ccs )
i N B R2 3\ w2 c
H Req N

1 +7‘—E—(L (3cos: - 15 sin- cos‘)

» > 3 c c

3 RJ -

3

3 ¢ {Reo

+ 35 . (—60 sin - cos + 140 sin’ cos )
. \ - c c

simplifying and dividing through by =,

to
w




T T PTG

>
<

AFWL-TR-68-61

R 4
%’x (3 - 30 sin? A_ + 35 sin® A ) (44a)
[od [

b

4
+ %—(REJ) (-3 sin L _ cos Ac + 7 sin? Ac cos ;c) (44b)

Since GR is along the radius R and Glc is perpendicular to ﬁ, they are in the
inertial reference frame. For them to be included in the equations of motion,
their components must be found with respect to the herizontal reference frame.

This can be accomplished by the us2 of direction cosines and transformation

matrices.

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

be written to transpose GR and GRC to the horizontal reference frame.

It is noted that GR and G are taken as positive in the directicn

shown in figures 7 and 8. Therefore, by definition

GR = + 2%
o
1 3¢
G =*rx®
G =0 (45)
26

v Rt

o T 0 o AT oan 2obol OTitenss antvioe, Bk doubos (R HAOIN K01D etbvneinpegbrtoanate 5 piss s

%';iﬁh\mﬁ'i‘i‘“ A0 N RO R AR Ut 21




B LA i

MMMMHMQMWMMNMWMW TN

iU el il g A n ®Y Lyl )

AFVL-TR-68-61

Figure 8. Cravitational Transfor=ations

GE. = —GR (cos »_ cos s) + G (sin 3 cos 5) + G: sin 2
GY; = —6R (cos %, sin s)+ G (sin 3 sin -) - €8 cos 5
GZE = GR sin 3 - G cos i {46)
-
GX.. = GE_ sin »_ - GZ_ cos %
=1 } A g = g
GY, = GY,_
GZ, = GX_ cos ¥_+ GZ_ sin -g {47)
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Equations (46) and (47) can be expressed in matrix form

e ——y -

GXH (-sin Ag cos Ac ccs B + cos Ag sin AC)
GYH = (~cos kc 3in B)
GZH (-cos A cos X cos 8 - sin A sin A )
g c g c
(sin A 0 A, cos 8 + cos A cos xc) (sin A sin a) GR
(sin A, sin s) (~cos 8) - | e
(cos A esin A cos B -sin A cos ) ) (cos X sin 8) G8 (49)
g c g c g J L .

This matrix may be written into

G11

fl

Gl2 =

G21 =

G22 =

G31 =

G32 =

+

the following equations for transformation:

sin A ces X cos B+ cos A sin A
g c g c

sin A sin
g

cos Ac sin

sin A sin
c

cos A cos
g

cos A_ sin
g

The final cransformation is

into equation (48).

v
GZH

+

+

GR (G11 -
Gy (612 -

GR (-G1l

A cos B+ cos A cos X
c g c
8
B
A cos B-sin A sin A
c g c
A cos B~-sin X cos X (50)
c g c

cbtained by substituting equation (49)

e
<

s

.

Gy (-G1l2 -

GZH = GR

¢

in AZ + G21 + cos AZ)
in AZ + G22 + cos AZ)

cos AZ + G21 + sin AZ)
cos AZ + G22 + sin AZ)

31) + G\ (G32) (51)

28
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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 mot.on.

Before the aerodynamic forces and moments can be resoived, 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 vpoint, 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 bedy forces and
moments as a result of its motion about the CG, the angular orientation of

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

The Euler angles describing the angular motion are ¢, &, and y, 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
and sideslip have a kinematic definition based on the components of the free-
stream velocity relative to the body axes of the vehicle. The anguiar displace-
ments, ¢, 6, and ¢, on the other hand, are used to measure thz vehicle attitude
with respect to a fixed set of axes (X, Y, and Z), and in nc way require motion

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

Consider a vehicle moving with respect to the inertial axes X, Y, and
Z which are also fixed in cpace. The following will 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 Y.

First, pitch the vehicle by an angular displacement ¢ sround OX so that
Z goes to Z, and Y goes to Y, (figure 9a). The relationship between the two

coordinate systems is then giver by the following transfer matrix:

X, 10 o | ixl
L
i i i
Y, =} 0 cos ¢ -sin : Pt Y i
i P
Z, l 0 sin ¢ cos ¢ | A (52)
29
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g. st Rotation b. 2nd Rotation

T T S PP TP N TR T

/
X3

¢. 3rd Rotation d Composite Diagram

Figure 9. System of Angular Displacements
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Next, yaw the vehicle by an angle 6 about the OYl axes so that X, goes
to X, and Z, to 7, (figure 9b). The naw relationship is given by the transfer

matrix
— - — - - -
X2 cos § 0 -sin 8 Xl
Y2 = 0 1 0 . Y,
Z2 sin 6 0 cos 8 Zl (53)

Finally, roll the vehicle by angle ¢ around the 0Z, axis so that X,

moves to X3, and Y2 to ¥, (figure 9c¢). The transfer matrix for this rotation

is
x| T cos U sin ¢ 0] ‘X_)—
y -sin ¢ cos ¥ O . Y2
z 0 0 1l 22 (54)
— - J— — . -
where
X = X3
y =Y,
z = 23

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 directioa 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).

- - - - -
X, cos & (-sin & sin ;) (-sin * cos :) | P X
oo !
Y, | = 0 ~0s ¢ -sin + Pty !
< i ? i
1 ] +

Z, sin 2  (sin ¢ cos %) (cos ¢ cos ) vz i (55)

31
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Then substitute equation (54) into equation (55)

X " (cos ¢ cos 6) (~sin & sin ¢ cos ¢ + sin ¥ cos §)
y | = {-sin ¢ cos 9) (sin 6 sin ¢ sin ¢ + cos ¥ cos @)
z sin © (cos 8 sin ¢)
(-sin 68 cos ¢ cos © - sin ¥ sin ¢)— _x.-
(sin ¢ sin 8 cos ¢ - sin ¢ cos ¥) Y
{(cos 8 cos ¢) Z (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 coclumns.

Ali = 0SS 6 cos V¥
A12 = -sin 8 sin ¢ cos v + sin ¥ cos €

A.. = -sin 0 cos ¢ cos ¥ ~ sin ¢ sgin

<

A, = -sin ¢ cos §
A = sin @ sin ¢ sin ¥ + cos ¥ cos $

A..= sin ¥ sin 8 cos ¢ - sin ¢ cos ¥

r
L

A = sin &
= cos 8 sin ¢

Y cos 9 cos ¢ (57

f. Transformation of Angular Velocities

It is now necessary to express the angular velocities . , g and w,

with respect to the vehjcle axes in terms of the Euler angles.
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X2

Figure 10. Angular Velocities of Euler Angles

The components of the angular velocities along the X, Y., and 23 axes

~
&

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

-dé d: .
3 = —— CcO0S 2 cos % + — sin
“x T dt cos ¥ ™ 3t

do . dg
w_ =S-cos € sin ¢ + - cos
..;y at (o] 1 L de C

-d¢ . dy -
w_ = =——sin & + - 58
Yz dt dt (58)

The equations in section II1-2e and equation (56) have been derived
with respect to the inertial axes X, Y, and Z. If the axes svster is allowed
to rotate, the angular velocity of the earth ~p must be included. Therefore,

the inertial angular rates of the vehicle are

33
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Qx=wx+wEXH

Qy = Yy + wEYH

=, tw (59)
2z Z EZH

where w. , w. , and w are defined by equation {19). These are the
E E E
xH yH zd

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

Since this program was written for a symmetriczl cone with uniform

weight distribution and further assumes symmetrical ablation, tnen the products

of inertia will be zexro regardless oi roll angle, ¥. (This will be shown in
section II-2g.) Therefore, the roll and transverse moment of inertia cam be
obtained independent of ¢. This will simplify the equations and allow the

->
angular momentum, ho, to be written in the second rotation.

Therefore, equation (58) can be simplified and written in the Xz, Yz,

and Z, axes as

w = - g-‘g’--cos
X2 dt ’
w = g—e-
y2 dt
3 . -d_i -4 gi
22 3¢ Sin 6 + at {60)

which are tne total rotation rates of the vehicle in the second rctated axes.

Now Wg s Wp and wp must also be written in the same axes systen

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

equation (55), which will result in

Up T g cos & - Wy, sin € sin § - @p cin € cos ¢
x, Xp Yy zy

wg = o+ wp COS © - wp sin ¢
Y2 Yn 2y

v = g sin & + w  sin ¢ cos & +u. cos ¢ cos § (61)
z, *H b4 2y
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i

§ Therefore, equation (59) can be written as
= 80 o= + w
= . x  “x, Ex,
= Q = @ + wE_
%, ¥y Y2 ¥2
B
5 o=y + o (62)
3 1o
§ z 2, Ee,
£
§ which are the inertial angular velocities of the vehicle in the X,, Y,, and Z,
3 g axes.
t E Since eauation (6Z) is written in the second rotated axes svstem, it is
¥
] g also necessary to have the angular velocity of that coordinate system. There-
i g fore
] ore,
£
- £
3 i
E a T & o4
E i = - JoCos % u
3 E x dt .
2 5,
2
3 dg
8 ==+
. vy, dt
4 . = EYZ
Q 4¢ sin 5 + (63
Q =-gsin s mEZ (63)

which completes the transformation of angular velocitiec.

g- Moment of Momentum

-
.

A particie of =mass, m, moving with velocity, R, figure 11, has a linear
momentum {(Ref. 13)
-
P=nkKk
The moment of this linear momentum about an arbitrary peinc, G, is

defined as

=t}
L}
o]
“<
3]
Xie y
~
[+l
£
~’

where

e}
"

absclute velocity of m

= radius drawn from O as shown in figure 1i

"
I

the angular momentum of the particle about the point 0

i
]
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Figure 11. ¥oment of Momentum about 0

The anguiar momentum of a rigid body, figure 12, about any axis perpen-
dicular to the plane of motion and passing through the point 0O fixed in a
moving body is the sum of the moments of the linear momenta of all its particies

about the axis. Therefore, equation (64) can be rewritten as
- -> -
=
o E s L, xm v,

where ;i = velocity of any point i om 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 m, with respect to 0.

i

- - - -
VvV, = Vv +wxr.
i c i

Therefore,

or is expanded from
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Figure 12. Components of Momentum

1f, by definition, O coincides with the center of mass, the term Zi . is

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

- - -+ - -

hc-grx(wxr)dm (65)
The relation between the angular momentun of a body and the applied

moments, Ho’ of the fcrces E T =R acting on m is obtained from rotational

equation of motion.

§ =% fxch
.10 z r X =R {66)
37
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Taking the second derivative of the expression

- -> -
R = +
Ro T

and substituting into equation (66)

- -.

T - - . -
‘Io erm(Ro+r)

or

<4

- >
d -3 - . - -
o=z:——dt(rxmr)—R°x Z or (67)

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

to

g:zﬁ—t(rxm;} (68)

-

but r is equal to the following:

-{tz -d;r‘-=d—;+?x:
dt dt wEe

where
d—b
9 s s : s .
(&?) = total derivative relative to irertial axis
dr | . . i e
-é:-J = derivative relative to rotating axis and, since bedy is
v rigid, is equal to zero
Therefore,

"

"
[}
<
"

and substituting into equation (67) the relationship between ‘\'io and hc is

established.

4 =

(1: xm ( x ;)) {69}

[~]
gl

38
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or
., dh
= — {7
4, dt {70
With this relationship established, the derivation of go can be continued. The
integral in equation (65) must be evaluated and this is done by first expanding

- R d
the cross product « x r

(%)
L
x4

()
"
LR
]
[»]
b
)
o
b}
N
]
ﬂ:‘?
4..
Y
[
0
N
v
ensseer®
b}
+
— ./.";"-
N.-.
B
I
"
N
[T

where Qx, ﬁv, and 2, is defined by equation (62}. Then expansion of the cross

- . -
product ¥ x (= x r) is

i 3 x
- - - H
rx (ux1)= x ¥ z H

o~
bl
b
‘e
[
‘dm
M
S

=ils 2 <y -1 v) - & =y é

1bx(y + z¢) -::(x,) z("")]‘:

+ } -ﬁx {x3) # g tx= - z<) - (v‘)} &

+k -2 (x2) +a_ (y2) + o (7 # ;.--’)} &= (72)

By definition, the —cments of inercia of 2 body abour the x, v, 2 axes are

Mt
[}

< j (- + z-) &
i = j (= + 2°) &=
i = j (x- = y:} 3=
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and the products of inertia are

pd
]

xy S xy dm

J Xz dm
X2z

= g ¥z dm

-

-
"

I
yz
If the x, y, = 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 =10 I+10 §+10 ¥ (73)
o X% vy 2z

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

h =10
x XX
h =10
y yy
hz = IzQz (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 momentum.

N d ho
Mo T

which in general form can be expressed as

- >
dhol) _ } dho > T
(dt)_[dt]+"Xho

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

)

g =QU_+
o 1

fel )

LT PR
z}.ho (l))

rt

=4 -
where QZ is the angular velocity of the second rotated axes svstem.
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Taking the cross product 59 X go in a manner similar to equation (71),

equation (75) becomes

+ _|dhx =+  dhy 2+  dhz p _ s
M= [—-dt 1+5L 7+ 57 k]+ (Qyzhz szhy) i

e

+(9h—$2 h)K (76)

-
+ (szhx "xzhz) X2y y2

and collecting terms yields

3 ——X 2
= —_— - N -
Mo <lt + Q ?hz G 2h ) i+ (1t + hzzh & 2hz) b

(77)

=~

+(§E+Q,h -Q h)
X2y y2x

\dt

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

principal -xes,

dhx .

dt Ix'x

dhy _ 1 ¢

dt Yy

dhz .

aiz _ 78
at Iyﬂy (78)

where Qx’ Q. Qz are the derivatives of equation (62)

¥y
. hid o e R R .
Q@ =-2cos § + ¢ & sin 2 + u.,
X e
L
Q@ = ¢+ w
Far
y Y,
O = -4sin 8 - ¢ § cos 8 + ¢ {79)
z X,

w " ® i iv i ). B kKing t}
and *Exg’ waz, ¢E22 are the derivatives of equation (61) Before taking the

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

where subscripts indicate row and columns:




AT §
N oton M o 1 e

TRILNOTOND

{f

ST

& psd

A A F R ) A,

The derivatives of equation

DB12 =

DB13 =

DB,, =

DB22 =

Dst =

DB,, =

DB32 =

DBy, =

Therefore,

= DBle

= DB3]wEx

Bll = cos B
B, = -sin 6 sin ¢

313 = -gsin 6 cos ¢

le =0

B?2 = cos ¢

B = -
23 sin ¢
B31 = gin 6

332 = ¢cos 6 s8in ¢

B33 = cos O cous ¢

(80) are defined here

-6 sin ©

-é cos 6 cos ¢ + é sin 6 sin ¢

0
-$ sin ¢
-& cos ¢

0 cos 6

-6 sin 6 sin ¢ + é cos 8 cos ¢

—ésinacos¢-écosesin¢

DBlinx + DElszy + DB13LL\',.:2

" + DBzzm + DB

E Ey 23%2

Ev Ez

-8 cos 6 sin ¢ - @ sin 6 cos ¢

(80)

(81)

(82)
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Substituting equations (74 (75}, and (79) into equation (77) and writing ﬁo

in component form with Ix = Iy’

M = -3 6 o + +Q al-a Q
Mx Ix ( & cos €+ ¢ 6 sin 8 wEx2> Pyz (Iz z) 922 (ngy)

1(e+¢L )+sv. (19)-9 (19)
X Ey2 z2 \XX x2 z'z,

M
y

M = - -4 8 b+ oo Q 0
M Iz ( ¢ sin €& $ 6 cos & + ¥ + uEzz) + %, (Ix"y)

%, (Ixax) (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.

d%x
dt2

===~ 24 - ) C+uw B - Gx
m EyH EzH

2 *
Q:ﬁl-zs-w A+w. C -Gy
dt? zH xH

d?z Fz .
=== -2C -~ w w
dt2 m EXH B + E A - Gz
yH
2 G I .
d<g = %z -0 0 + leg_i - &g
dt? X z2 x X Y2
X I& /
a?s  fax , ya'z gs ds .
+ £..8 — - sin ¢ + /Qos &
gt 2 <I Ix 227y dt dt Ex:
2 Lo.16 [ >
Ly bt % < a
d!j:%z___xslhv yrxx o 4
dt- z z ‘2 dt“
Ldeds o -
t 47 °° E
2:
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where all term are known from the initialization or from the previous time

step.

Although these equations have been written for a conical shapcd body
with weight chauge due only to ablation, it only a matter of modifying the
equations to include thrust and aaditional forces and moments associated with

a finned missile.

3. INTEGRATION TECHNIQLE

To integrate a set of n simultaneous second order differential equations

of the form

d%xi -

A
e fi (t, Xys Xy 0 - o xn), i-= (1, 2, + . . n)
t

\

The Runge~Kutta method of numerical integration is recoamended for this
type of application and especialiy where 2 high degree of accuracy iz desired.
Thus, the equations of motion in the preceding subsection are shown as six
second-order differential equations, which zre to be solved simultaneously.
This method consists of four sets of equations which invelve different substi-
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 for the expression

of the form

"
d-x

dt?

= f (¢, x, x*)

is described by the following generalized equations

x + x!
ntl n n

b
]

x! x'+9£(k +2k.+2k-+k7)
n 6 0 i 3 K3

where
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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 encugh, 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
user could modify the integration method te 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 toc layer and there is no limit -n the number of layers. This progranm
iz specific in that the equations have been =zpplied to a blunt-nosed, conical

vehicle.

Hypersonic vehicles may be categorized into two general types. The first
consisis of those vehicles which must be propellad 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 produce heat. The

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

[
w




2
Ven 50,000 (Btu/lb)

where Ven;s the reentry velocity in ft/sec. While only a fraction of this
energy 1s 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

Expceriments 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 tempersture is above or below TAW. The adiabatic =7all temperature can

conveniently be expressed in termms of a dynamic-temperature rise

TAW = TEMPE + RF T T (84)

where
TEMPE = boundary la er (8/L) edge temperature, °R
V. = B/L adge velocity, ft/sec
g_ = gravitational constaat, ft/sec?
J = Joule's constant = 778
C = specific hezt of air, Btu/lb-°R

pa
RF = recovery factor which is a measure of thie fraction of the
free~-stream dynamic temperature rise recovered at the wail

Reference 15 shows that for practical purposes

RF = Pr (852)

for laminar flow and

RF >~ J PR (85b)

for turdulent flow where
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PR* Prandtl number

C__ u*/K*

PR
pa

#* = viscosity of air in 1b/ft-sec evaluated at reference
temperature (TREF)

thermal conductivity of air in Btu/ft-sec-°R evaluated

aC TR.EF

K*

[

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

is
/A = hy (TAH - Tw) (86)
where
éc/A = heating rate in Btu/sec-fi?
he = convective heat transfer ccefficient in Btu/ft’-sec-°R

local wetted area in ft?

i

(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 bv Rubesin
and Johnson (Ref. 17) to account for the combined effects of the local Mach
number and the temperature ratio of the wall, Iw, toc the bcundary layer edge,
TEMPE. 1In this method, the conventional analysis of heat transfer by convection
can be used, but the reference temperature, TREF’ for evaluating the fluid
properties is expressed as a function of the iocal Mach number and of the ratio
TWITEHPE. The method has been extended to cover turbulert flow, angd has proved

to be both convenient and useful.

Therefore, for laminar flow the refereance temperature is

T,
- W - -
= E —_ - .032 MACHE
TREF TEMPE |1 + 0.38 (TEHPE 1) 4+ 0.032 MACHE (87)
and for turbulent flow
TK
TREF = TEMPE 1 + 0.455 TopE l. + 0.035 MACHE {838)
47
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Equations (87) and (88) can be expressed in the form for laminar flow as

Tepp = TEMPE + 0.58 (Tw - TmPE) + 0.19 (TAW - TEMPE) (89)

and for turbulent flow as

\
Tepp = TRIPE + 0.45 (Tw - TEHPE) +0.21 ( - TEMPE (20)

IAH

The heat transfer coefficient (Refs. 16, 18) is related to the
flow properties through the expression

1/3 a
Nu*(FR¥*) * = C (Re) (91)
where
N: = Nusselt number = hex/K*
h = effective heat transfer coefficient

= distance from nose, ft

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

Re = B/L edge Reynolds number = p Vexlue

o, = boundary layer edge density, 1lb-sec?/ft®

Ve = boundary layer edge velocity, ft/sec

(@]
"

0.575 for laminar flow on cone

C = 0.0296 for turbulent fiow on cone

C = 0.778 for laminar flow on blunt body

£ = 0.0348 for turbulent flow on blunt trody
a = 0,8 for turbulent flow

a = 0.5 for laminar flow

-~
]
£

5, = B/L edge viscosity, lb-sec/ft

The soluticns to these eguations for the hear transfer ccefficient is obtained
by the use of the Blasius incompressible flat plate skin friction coefficients
modified for compressitle flow by use cof Eckert's reference enthalpy. For
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laninar flow
C
E££ = (92a)
f
and for turbulent flow
0.2 0.8
Ctc Y [ex)
o =\ = (92b)
f e e

Good correlation with experimental data ic obtain:d if the gas
proverties are evaluated at the reference temperature and the velocity is taken
as the bcundary layver edge velocity. For the case of mass addition, the
properties of the injected gas are used to compute the Prandtl number and

Nusselt number.

I+ is ioportant in the selection of a suitable material for thermal
protection by the sblative process that the produc.s of decompositicn have 2
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 nusmber. Iz is
also 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 demsity is low, its emissivity is
nuch less than 1 percent. Therefore, tiie rate of radiation heat transfer is

negligible coapared with that of aerodynamic convection and can be ignored.
b. Unsteady Heat Conduction

A means of applying the Schmidt graphical =method for selving an tasteady
heat conduction problez is presented here. A thorough discussion of this
=ethod can be found in anv general text (Refs. 16, 19) and will not be attempted

here. This methed is quite flexible in that difficult boundary conditiors can

be bandled easily.

This method is widely used for solving unsteady heat conduction problems
<

because it gives an iterative profile of the temperature change. Because of

3

kes, he; occur, are easily f{ound, and relativeivw

[WH
"
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its simplicity, mista
untrained personnel can acco=plish the work. XNumerical metheds are especially

convenient when a high~speed digital cocputer is avzilable since the steps in

a nunerical solution can be programsmed relatively casiiv.
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The nuwmerical 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 initisl
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 the nurerical method, it is necessary to transform the
Fourier conduction equation (a partial differential equation that is second
order in space znd first order in time) for the unsteady temeprature distribu-
tion in a heat-conducting solid into a finite difference form.

8T aAiT
At =T (93)

The subscripts denote the differentiation variable. Letting n denote position

and t time, 4 T can be written as
.

8.1= Tn,t+1 - In,:
and in a similar manner
i";xai = Tn,t+1 - Tn,t
The expression éiT thus beccoes
éiT = Tn+l,t - zru,t + Tn-l,t

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

-7 =2 (s - + T
a,tel 1n,t ( 2T t ) {94}
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TEMPERATURE
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rigure 13. Schzidt Plot in an Infinitely Thick Wall

A constant wsll temperature is assu=ed in the graphical example, but a

varying wall temperature can be handled with equal ease. By letting the wall

tenperature vary with tize, the distridbution at each point within the body can

be cc=puted for each tize increzent.

c. Vehicle Therz=zl Mode:

ical =ethod {Ref. 19).

thickness, specific heat,

The wall is divided inte a nuzber of Iz=zina «ith known

and thermal conductivily and with a knewn initial

temperalure ¢istributieon. Figure 14 illustrates the model with its asscciated
nozenclature.
£
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™ (M) } ® } DEL
Figure 14, Model for Wall Temperature Profile and Ablation

Recession Calculations

The differeace equation for computing the temperature at position n at

time t + 1 is

aldt
odt_ (:r -y T ) (95)

T =T ntl, t n,t

n,t+l n,t (Ax)z

In this form, the material properties cznnot vary from layer to layer. If the

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

the form

a
. =T o _——n—l IT - T )

A, bl o, t (Ax )2 \ n-1,t n,t
n_1

(96)
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Where a is the thermal diffusivity and may be replaced by its defined equivalent,

o= 2 (o7
Dcp
where
K = thermal conductivity of material in Btu/ft-sec-°R
p = density of material in lbs/ft3
cp = specific heat of material in Btu/1b-°R

This step allows one to easily recognize certain groups of temms 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

28t
To-1,e41 = Ta-1,e Y o b (Taw - Too1,e)
P Jn-1

2At Kn 1
-—— T -T ) (98)
(pc AXZ) ( n-1,t n,t
P n-1

The backface boundary condition can be specified in several ways. If
intermal heating for cooling) is precent, 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 materizl.
d. Ablation

Advances in hypersonic atmospheric flight have resulted in enviromments
of ertremely high temperatures. Boundary layer temperatures in excess of
10,000°F avre characteristic of vehicles entering the atmosphere at hypersonic

spaeds.

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 hesat-sink limitations must be used. One convenient neans
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 a heat
sink; (2) when the critical or melting temperature of the ablator is re:ched,

a thin layer of the material at the surface will begin successively to melt,
vaporize, depoléﬁerize, or decompose chemically; and (3) as the material
vaporizes, the gaseous products of decomposition enter into the boundary layer.
Beirg relatively cool, as compared to the boundsry layer air, the injected gas
forms a thin, but effective film that reduces the heat transfer to the vehicle
skin. It is importaat 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 cf 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

SOLID PROTECTION MATERIAL
MOLTEN MATERIAL
GASECUS MATERIAL

Figure 15. Ablative Process
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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 P qcond - qrad - qblock (99)

where éc is heat transferred to the surface by convection, é is the heat

cond
conducted from the surface to the substrate material, % 10ck is the heat blockage

by transpiration in the boundary layer, and &rad is negligible and has been
ignored.

Ablation is assumed to occur when the temperature of the outermcst
laminz 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-zession

Two mechanisms are involved in the loss of ablation material: (1)

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

controiled by the diffusion of oxygen tec 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 tems of a quantity known as the effective heat of ablation,
Q*, in Btu/lb,

q
Q* = 2 (100)

m

where &o is the surface heating rate of a nonablating calorimeter at the

ablative temperature, and m is the mass abliation rate. The term “effective

heat of ablation" collectively axpresses the ability of a materisl 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 (190) as

cond qblock

q
o* =
(1 qrad o)

(103)
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or by substituting approximate equaticns for each gives

M M
air
Cp(‘l‘,ﬂ. - Tb) + 0.7( i )
}

= (!;h)o
v

(1 - &rad/&o)

Q (102)

vhere

Cp = heat capacity of material

-
L]

ablative surface temperature

o]
(]

tezperature of unheated material

0w
"

moiecular weight of air

¥ = molecular weight of injected gas

B
(]

rate of mass injection

fatky —

voasea g

.athaipy diffcrence across boundary layer without t-caspiration

If the radiation, P is insignificant, equation (162) can be reduced to the

form

&E=A+B (Ah)o (103)

where A is an expirical value cbtained from experimental investigations of

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

The surface recession rate is obtained br
{104)

where
s = recessior rate, ft/sec
o = ablaticn material demsity, 1b/7t3

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

equations:

(éh)o = hr - Cpa TN (105)

—— &

PN
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where
h = Cp_ =+ TEMPE + RF - v?/(zg 5
r a E c )

a

The following are analytical expressions used in this progra=m for determining
nass loss and recession rates of three co=—on ablators.
{a) Phenolic Refrasil (Silica)

The expression for obtaining the effective heat of sblation
for Phenolic Refrasil is

Q* = 4710 + 38 (ﬁh)o (106)
shere
. B = 0.58 for la=inar flow
B = 0,32 for turbulent flow
’ {b) ATJ Graphite
The effective heat of ablation for ATJ graphite is
P = 2000 + B (éh)o {107}
vhere

B = 2 for either turbulent or lanminar flow

{¢} Carbeca Phenolic

™

The expressions for carbon phenolic are more complicatec

than those used for the other materials due to reaction of carbon with atsos-

pheric oxygen. This material has a very high zelting temperature and a low

thermal conductivity which gives it excellent insulation properties. Alse, its

RPN et

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

3 For lazinar flow, the diffusion cmass loss ra.e is given by
. {(Refs. 20, 21}
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and for terbulent flow, the expression is
- q"
xd = = -
K1, + K2 (\hr - cpm_'ne)

s

{109;

where the constants Ki and X2 can be interpreted as the intercept ané slope,

respectively, on an effective heat of ablation versus enthalpy difference

(between recovery and wall conditions) plot.

&c = convective heat flux,Btu/fti-sec

hr = recovered enthaipy, Btu/ld

C?BL = specific heat in boundary iaver, Btu/l1b-°R
T* = wall tesperature, -°R

K1, = 5370

K2, = 5.37

KlI = 4240
KZI = 5.77

The total m=ass loss rate is given by

- - - ~-0.87 - &
W=, L + 2.64 x 10% (PBL) £xp (-il—f’iﬁ’iiq-)]
L

QT = total mass loss rate, 1lb/ftZ-sec
PBL = boundary layer edge presaure, ib/ft? (Ref. 20)

The surface recession rate is calculated by

wvhere

= recession rate, ft/sec

e

= ablation material density, 1b/ft°

(4]

(v,
(¢ )

{110)

(111)
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(2) Total Weight Loss Rate and Total 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
deter=ining the volume reduction of thc local segment and multiplying by the
=aterial density. But the prirary weight loss of interest is the total for the
vehicle. To compute the total vehicie =ass loss =ud —ass loss rate, the
following procedure is used. Using the local weight loss rate, the instantansous
and total recessions, and the initial radii and slanr length of the particular
segzent of interest (see figure 16), the mass loss rate per umit area is
nultipiied by the oppropriate surface atea to give a local integrated mass loss
rate. This is accomplished by the following equations:

1% = +
Ty = F

SOL . (112)

1{r BS vy ~ 2oamy ) $ec SObmy

(LEX)

where

ET(LER) = instantaneous mass loss rate of segrent {LEN), 1d/se.
{LEX) = nu==ber of particular segzent of cone
Rl. = larger segment radius, ft
RS = smaller segment radius, ft
C(Lsﬁ) = total recession of segment, ft
$ = instantaneous recession of seg=ent, ft/sec
o_ = surface material demsity, 1b/ft3

SOL = slant height of conical segcment, ft
K=¥+¥I (113;

will give total venhicle »>ss loss rate when the operations in eguation (113)
are accocplished in a prograz= "Do Loop.” Suzming these local rates will result

in the total venicle weight loss.

2. Stagnation Heating

To evaluate stagnation point convective heat transfer rates, this
progras explovs Lee's theory (Ref. 27), —odified by use of Eckert's reference

enthalpy techniques (Ref. 19}, in Lee's eguaticen
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(Y]

0.778 _
q = = fes S/ax b - c(xs, g 3,) (114}
Sstas  (eR) \i ¥SUES se

[

where
1A /s 1j<
- — I 4 -
o, v v )= [Z2Y [1+2_L -4
= = _ - 2 z
- Y 7 o x_ ¥ 3,
= »x =
Y =1.10 - 1.20 at high temparatures
B =viJ253
se -
¥_ = 1.5 rario of specific beats for air
S ™ censity evaluated az sizgzaticr reference conditions
o ™ viscosity evaluzted at stagmation reference conditi
&Vié&x = velocity component gradiear at the sIagoation poimt
{fre= Tay and Riddeil)
2.5
‘5_1:_ = i 2iz_ - >» Is
&x S5® s =F§7%s
Fg = stagoation pressure {cdligze sbock)
(1) Xose 3lmmting
In the Zetermiraticn of nose bimmting, it is assimed that the
inftial nose shape of particular interest was a sphere-cone, and after 2blati
the final stape was z sphere-come. Experimentzi evidence tas shown that the

final ercded shape couid B2 zpproxizzted Oy & sphere—comes havipg a2 s=all

ceviaticon frcz a sphere. The reference sphere-cooe configuraticn afzer ercsien
is obtaized by placizng 2 scherical surface tangent Ic 2 come parailel o
criginal surface but dispiaced by the ercsion con the cone znd is located
2t a pesitice on the vehicie center iine In accordance with the ercsion a1 ke

stagoaticn point {figure 17).

The experimental evidence of ncse-shape change of reenlry wehicies,
as previousiy noted, can be represented Oy a sphere-come which deviales from 2
spherical shape 5y an =zmount less than 10 percent of the final aose radius.
The final ercded nose radics <an de odtaired in l=tms of the stagmation polint

ercsicn and cone erasion as shoum in the folicwiny egraticonm:

o N
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ORIGINAL NOSE SHAPE —

™
2

FINAL NOSE SHAPE

Figure 17. Vehicle Nose-Shape Change

t
1 qc 9
R"Rq*(r::ﬁ‘a:j sin 0, j (;3;) de - J {‘q—)
S
0

The integral represents the erosion at a given time during the
£light 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

[ qc

SS = j (D_Q_*-) dt (115)
0 S
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and
t L]
L] qc
. C= SQ_* dt (116)
0 c
therefore
1 r . .
R=R +——— isin 6 S5 -C (117)
(1-stne ) L
c
where
Ro = original nose radius, ft
= instantaneous nose radius, ft
ec = cone half-angle
éS = stagnation point recussion rate, ft/sec

Cle
L]

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

f. Boundary Layer Transition

The problem of transition from laminar to turbulent boundary layer
fiow has always been a troublesome one for the aeronautical engineer. The
standard approach usually has been to design conservatively, that is, for
turbulent flow. 1In general, the tramsition Reynolds number has been found to
primarily depend upon the local Mach number, which has been observed in the
analysis of houndary 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 108, 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 uuatested
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 %o the local or ambient speed of
sourtd. 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
go that it may travel several thousand fzet between the onset of transition
and ifne 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 107
and the blunt body criterion is applied when either of the following two

Reynolds numbers are reached with conditions stated
Reroay = 1.5 % 10° on the spherical nose

ReTRAN = 5.0 x 105 on tha conical portion aft of the spherical

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 2 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-steady 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 cenvenient 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

D =~ J,f Pcos(n,V)dS
P =] m
S
m

where cos (n, Vw) is the cosine of the angle between V_ and the outward normal

to the vehicle surface. The area Sm comprises the total area of the vehicle
except base ares.

For a sharp cone at a = 0, the pressure Pc is constant over the entire
body, and the forebody drag is then only a function of the pressure ratio
PciP°° across the conical shock. Solutions for this pressure ratio as a function
E of Mach number and cone angle, ec, 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

2.5+ 8 M sin ec'}
= 4 sl 3 i 1
. Cpp ™ 2817 % 1 T3 16 M_sin ¢ J (118)
[of

ALY AN

e

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

Ty

The last term represenis 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 Lave 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 CDp'
This program do. . account for the drag due tc 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)

2
{ Ry
oo = Cpy * [0.58 - cw]kg (119)

cone

where (.58 is drag coefficient for a sphere obtained from refzrence 27
CDp is from equation (118)
RV/RB is the bluntness ratio of nose radius to cone base radius

b. Skin-Friction Drag

The skin-friction or viscous drag is defined as

where 7 is the local skin friction per unit area due to viscosity, and
cos (t, Vw) is the cosine of the angle between V_ and the tangent to the

vehicle surface in the 1 direction as shown in figure 18.

The skin-friction drag coefficinant can be defined as

L
C = 2= C cos * r dx (120)
Df AB £, - *=
c
66

A Bk A b b b




TR

i L AT
LA

AFWL-TR-68-61

— - é___ -

TOTAL- DRAG

Figure 18. Aerodynamic Body Subject to Normal
and Tangential Forces

where Cf is the local skin~friction coefficient defined as

-]

c,k = —F (121)
f - 2
w 1/Z2 0 V
o
(1) Local Skin~Friction Coefflcient
(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 V3 c*u% [Ce'e

£ ‘/Re Pele N o V2
x -

c (122)

vhere
s V
1S4
eex
Re =
x ¥
e

boundary laver edge Reynolds number

x = distance along sharp cone surface
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0, = density of air
v, = viscosity of air

Ve = velocity

The superscript ¥ and subscripts e and » signify the property is evaluated &t

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

stream, respectively.

Equation (121) can be simplified to

0.5
'}os *i, % *
_1.a5 Ve (%)
o & a3

c

Letting

From references 30 and 31, the quantity

p&uec

can be replaced by

-3.185

=¥ 1}
Yoo [
8 »
]

A.
'ﬁl "0
8 o
\..-/
3"9‘
8 »
N’

where

=
%
=3
*
Hl»—l
"

7
7

123

(124)
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It is assumed that cone pressure P. is equal to boundary laver e-dge pressure,
Pos the free-stream specific heat is equal to the boundary layer edge s;~cific
heat, the specific hLeat ratio iz v = 1.405, and the recovery factor, RF’ is

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

coefficient can be written as

(ﬁ) (125)
‘e

where

(i26)

The ratios,

[}
/-\
|
8|n
v

are obtained from conical flow results given by Bertram (Refs. 31 and 32)
which have been correlated as a function of the hypersonic sinilarity parazeter,

¥ _ sin ec = Kc. A curve-fit of these results produced the following relatioms:

<

- v 1.8 d.5
=-|1- 1.4 (k ) (127)
i o )!2 c
P 2.5+ 8 Kc
— = o< 12728Y
7 1+2.8X T+ 56 KC.J {128}
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-

= 1+0.096 K_+ 0.2267 (xc)‘ (129)

nl,m'-i

=

The local Mach nuz=ber can be computed frozm

w

e = W
Y -

t4
= 1"{31’ Ve
eee

From previous assu=ptions and reducing

o

w

ﬂe Ve Te
X—asi: z {130)

The 1lccal laz=inar skin-friction is now defined in terms of free-strea= conditions,

wall temperature, and core angle.
{b) Turbulent Filow, a = 0

Using the Blasius flat plate incozpressible solution =odified
ia a similar manner for conical flow and compressibility, the Blasius equation

for the iocal skin friction coefficient in turbulent flow is

0.8 S.2 , y2
C. = 0.0698 o* :f_ Ye' e (131)
f=° Rz;z e ¥, amvi

By substituting in a manner similar to laminar flow, and using the sace ratios
and rearranging, the following expression for the turbulent skin-friction
coefficient in terms of free-streaz conditions, wall texperature, and cone

angle is given by

where

¥ Yy RT b
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{(2) Average Skin-Friction Coefficient

To obtain the average skin-friction coefficieat for both laminar

and turbulent flow, the lecal value must be integratsd over the cone surface.

Therefore, substituting :R% for Ay 1n equation (120) and rearrangiag

2= . -
ch = ;-—2- j cf: cos & {r) dx {(133)
0
but
8.5
- L
() (%)
x=L
and

Substituting these relations into equation (133}, then

M

L
2 3.5 .
ch - — (Cf ) (i) cos & sin 2 {x) dx
L2 sin? & = < <
c =1L 4]

(

3%)

New, co=bining egquation (i34} with equations (125) and (133), che averaze

skin-friction coz2fficients for lazinar and turbulent {low are, respectively

£.5 $.3135 . as

b33 h+] L T
o ousaffY [(Z) (- (fg) leot - )
D =—\". } ?_ T, h* U7t e

and

Y

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

average temperature over the entire vehicle surface.

¢. Base Drag

The base pressure drag is determined by the mechanics of the wake, for
which there is as yet no cocplete theory. Values of the base pressure
coefficient CPB zust be obtained experimentally. Because of this, analytical
methods of treating base drag are usually rerlaced by a correlation of experi-
mental results. As the vehicle velocity increases, the base pressure, and
therefore, the base-drag coefficient ars affecte’ simiizrly to cther pressures.
Once the speed is well into the supersonfc regicn, mocst base pressures fer a
cone apgzoach about 70 percent cf a vacuu=. HRoerner (Ref. 33) has correiated
a wide variety of data for conical flow with the following result:

- 2
Cpp = 1.4312 (136)

for a vacuu=. Reducing this by 70 percent

Cpp = 1-001/2 asn

for M > Z.
d. Stabiiity Derivatives

The stabllity derivatives used in this progra= are for a sharp cose and
are easily derived fro= refesences 35 znd 35. These derivatives comsisted of
the da=ping coefficient per radian of pitch angle of attack, C¥], arnd the rate
of change of the nor=al force coeficient per degree of pitch angle of artack,

CRQ. ihese values zre for the following cone conditions:

4.0° <& < 10"

c
and
0 < R./R, < 0.3
25,23
The rate of change of pitching moment coefficient, OMA, can be cooputed
as

Qia = - () (C8a)/ 1A (138)

~d
(8
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where
S = static margin in feer
. DIA = reference dizmeter in feet
Beczuse of the symmetry of the conicsl vehicle used ir this pregrazm, the values

- produced by rvaw angle of attack zné vaw anguler velocities are eguail in nmagni-
tude to pitch {data). Therefore,

OoR = O {139)
. €SS = 43 {1%0)
CY3 = -Cx2 {1s1)

The derivatives are used te compute the zercdynaxic forces and mcmenls needed

ic restore the vehicle to zerco angie of attack in pitch and vaw.
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SECTION III

SUBROUTINES

1. ATMOSPHERIC PRGPERTIES )

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 1bs-sec?/ft".

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

T AL DL Bt h 4By DPLIHA ¢ i deh 3 ¢ 1 ST L b N i v 1

function of geometric altitude. The units are degrees R.

d. Subroutine VISCO

ORI Lma R

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 1b/ft2.

Ty T By R KT N DX

2. HOT AIR PROPERTIES

10tk Ml st nelo i Lk #nes P $11 s0dhon O

a. Subroutine VISCOT

s

ML

This subroutine calculates the viccosity of air as a function of

i

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

4
h:

layer. The units are 1lb/sec-ft.
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b. Subroutine TCAT

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

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

3. ABLATOR THEPMAL 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 VICPC

This subroutine computes the virgin thermal conductivity for carbon
phenolic or for phenolic refrasil as a function of wall temperature. The
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 Btu, 1b-°R.

¢. Subroutine CICPC

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/1b-°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 zas specific heat and gas

themmal conductivity. The values associated with phenolic refrasil and ATJ

graphite are inputted as single values.
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5. STABILITY DERIVATIVES SUBROUTINES

These subrcutines are incorporated into STRAB-6 for computation of the
necessary aerodynamics discussed in section II-5. The equations are general

for the following cone parameters:

4.0° < Bc < 10.0°

0 < RN/RB < 0.3

3.0 < M o< 30

a. Subroutine CDSF

This subroutine calculates the aerodynamic drag coefficients CP, CAN,
CPB, and CDF as a function of M_ or Reynolds mumber. 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 subrcutine CDSF. The boundary layer edge

properties are calculated in this subroutine.
b. Subroutine AMQ

The damping coefficient, CMQ, is calculated in this subroutine as a

function of free-~stream Mach number. QIQ is per radian.
c. Subroutine ACNA

This subroutine computes the normal force coefficient, CNA, as a

function of free-stream Mach number. {NA is per radian.
6. SUBROUTINE INITIAL (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 (SOL), smaller radius (RS), and larger radius (RL) for
each conical segment. It will also compute the appropriate cone base radius

and total siant 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 vechicle with respect to the

earth reference system. See section 1I-2c for derivation.

T
.
QUTLANEEL U h e MRS AT AT N

4

el ke

Al

B A b L RS B e e A e L e e T N e

%

~
~4




AFWL-TR-68-61

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
puached in any format except "I." Care should be taken to keep the symbol and

its corresponding value in the same sequence. For example:

DATA V, AZN, NOFX, NAL, GAMMA/22414., 123.003, 8, 4, -39.92/ .
Also,

DATA WE, REQ, ET/0.729E-04, 20,927491FE+G6, 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 cazds 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 egquations to obtain initial trajectory conditions as well as

initial dummy program starters.
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a. Multi-Case Run

This program readily iends itself for a multi-case run with a minimal
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 rum.
Read 1500, NCASE, (POS(J), J=1, 8) 1500 FORMAT (I2, 7A10, A8)
Print 1501, NCASE, (POS(J), J-1, 8) 1501 FORMAT (1H1l, 30X, 7a10, 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 ir these columns, the program will go to end with this

check statement.

If (NCASE.NE.O) go to 1700
END

where statement 1700 would be the return at the beginning of the program to

sta.t another case.

To update the vehicle configuraticn and trajectory parameters, the

following data input is used
Read 1300, (POS(I), 1I=1,NOFX)
Read 1300, THETIC, GAMMA, BI
Read 1300, V, AXN, GLAT, DLON
Read 1300, ALGTH, SNR 1300 Forwat (8F10.2)

All cther data input cards would remain the same. See appendix I1 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 are 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.

BIL

BT - H/6.

BTH = BT + H/6.

If (T .GT.BIL . AND. T. LT. BTH) go to (statement number)
BT = BT + .1

vhere H is the Runge-Kutta integration time step. This method will allow data

printout and also go intc the hLeating 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.
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APPENDIX I

STRAB-6 PROGRAM LISTING
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s XeNe]

PROGRAM STRARSZ (INPUT,OUTPUT)

6 DEGREE TRAJECTORY WITH ABLATION HEATYING AND ST2G
COMMON /A7 wE

COMMON /B8/ AREARADSLANTSNReTHETC,V

COMMON /C/ CPMoCPsCANsCPB,COF

COMMON /D/ Tw{50912) ¢IND(S0¢12)¢JIND(12)4VCP(50212)syTC(50+12)sVvRH
10(5n¢12)+DEL (500121 +DE(S50+12)oSDOT(12)9XI(12)eRS(12)RL(12)9S0L(12
2YeWT (121 eTM(12) ¢ THT (12) ¢ SACP (B0) +SATC(50) ¢ SARHO(50) sRN(12) +QSTR(12
3)4QDOTC(1Z2)+QTO0T(12) +QCOND (1)

COMMON /E/ NOFXMoNAL ¢ ALT o AMACH ) QD ¢ AMACHE « TEMPE ¢y RKOE 9 VE ¢ VISGoPBE s AN
1RE

COMMON /F/ NOFX,ALGTHRADIPOS(11)9AZN,GLAT

VEHICLE OATa

IF NOFX 1S CHANGED CHANGE FORMAT 123

IF CONZ ANGLE 1S CHANGED SUB CDSF MUST BE CHANGED

DATA SNReTHETCoRIvSM/,0208+407853+¢6,278369.,59718/

DATA PleEsAJGRAVG/3,16159920718397784¢32,174+32.1747
DATA REQePESETIWE/20,92TA91E«064,673852E-023,08.8123340,7292E-04/
DATA NOFXoNAL JNALCoNALS/8044910435/

DATA DELT DT HoATsAT/0050,00059,001¢60501,47

DATA AZN+sGLAToDLON,:GAMMA/154,933,996¢=107.59~22.39/
DATA VeZoALPHA/15167,02.80E¢03¢7,/

DATA (POS(1)e1%198)/6.607018,570030,533:42.896¢54:459966,422,78,38
15¢86,469/

A12=0,51

ATXe23,.08

CALL INITIAL (SNReTHETCoeSLANT)

ALGTHI=ALARTH

SNRT=sSNR

CLATISATAN({],=-ET®82)#TAN(GLAT))

CLAT=CLATI®lR0,/P]

ETA1=GLAT=CLATY

PHN= (90 ,=GAMMA=ALPHA)*P1 /180,

PPKr( .0

PH= (1, +PPH) ®PHN

CiL.GG=DLON

PH1aPH

VMAcaB]

RaDsRADY

NOFXPaNOFXe]l

NOF XMaNOF X=1

.KL]ISB’O.

AKT1z 4240,

‘KL?.S.37

AKT225,77

GVISx4 429E-5

TOL= 00854

TMEL T=6760,

TEM=aS44,

NAL TuNAL

NPlaNAL+]

NP2aNAL+2

NALC1sNALCel

NALC2=NALCe?

NP 1SaMALSel

NPZ2QaNALSe?2

RHOVeS0 .4

RMC(C=74,

ATJINO=12n,96

CPA=,2365

NN 1 U=} +NGFXP

92

R EEEPEEEEREEEERIEEERREEEEREEEEEEPEREREERPPLERPEREREREREREREERRPED

O ODNPNEWN

R NS U RIS

N2 1V DS e o

sultunat 3 4 00 e

=
=
K]
=
E]

3

ittt

!
3

B S A Ao A ki




Lt 8

W

i

LUy

&
£
£
-
E_:
£
£
E
é
5]
B
&8
B
g
j>3
E
=
g
ﬁé
2=
é%

JIND(J) =0

SO00T(J) =0,

DO 2 Jm1leNOFXH

VCP (NPl +J) 2,315

VCP (NP2,4J)=,208
VICINPl s J) = TAESDS
VIC(NP2+J)=.03694
VRHO (NP12J)=9],7

YRHO (NP20J) =169,

DO 2 I=mi NP2
TH(IsJ)STEM
IND(I+J)=0

DO 3 IsieNAL

DO 3 JUsm1 o NOFXM
NEL(T+,J)=sTOL
DE(1,J)=TOL

D0 & I=1.NOFXM
NEL(NPl+1)=e00333
DE(NP1+1)=,00333

DEL (NP2+1) =005

SR (NP2+1)=,005

00 S Is)JNALS

IND (14 NOFXP) =0

DEL (T NOFXP)=TOL
DE(1+NOFXP)}=sTOL
TEMP=298,2

TaNaTEMP

PHI=B0.967

STANSTEMP

STOL=TOL

SX®#,017459QS (NOFXP) #pPH]
RX=SNR

VCP(NALC] +NOFX)ne 315
VCP (NALCZ2+NOFX)=,208
VICINALC1 +NOFX)mo T4E=D4
VIC(NALCZ2sNOFX)n,03694
VRMO (NALC1NOFX) =9} ,7
YRHO (NALC2«NOFX) =169,
D0 6 IsloNALC2
TH(I+NOFX) nTEM
IND(1+NOFX) S0
NEL(1+NOFX)=TOL

DE {1 +NOFX}aTOL

DEL {(NALC1 «NOFX)=,00333
DE(NALC1 «NOFX)=,00333
DEL (NALC2+NOFX)=,005
DE (NALC2+NOFX) =, 005
NE (NP2S+NOFXP) =, 005
DEL (NP2S4+NOF xP) 2,005
DE(NP1SNOFXP)=,00333
DEL INP1SNFXP)=,.00333
SACP (NP1S)=, 313

SACP (NP2S) =, 26R
SATCINPIS)I=T4E=04
SATC(NP2S)=,03694
SARHO (NP1S)=0}1,7
SARNHD (NP2S) =169,

00 7 N=)NP2%
TU(NJNOFXP)STEM
PSI=p.

DAZ=0D,0
AZ=(1.,000+DAZ)®AZN
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SGLAT=sSIN(GLAT)
CGLAT=COS(GLAT)
SAZ=SIN(AZ)
Ca7ZaC0S(A2)
WEXa~WESCGLAT®SAZ
WEYaWESCGLATOSAY
WEZawEaSGLAT
REl-neo/(1.n0009£0tSIN(CLATI))0'2)'0.500
RE=RE]
R!N-REloSIN(E?AQ)osAz
RYHR~RE1SIN(ETA)) #CA2
RZHaRE1®COS(ETAY)
T=0,0

X20,.0

NDYed o

-d
Y:0.0
PPH=0,0
PHS(I.OOPPH).pHM
DZsVeSIN(GaMMA®RT/180,)
DY'V'COS(GANNA"I/ZGO.)
LiL=o
ALTw?
TH=O,0
DTHw0,0
DPHsn , 0
PSs(,0
DELPS=0,0
DPSNeo 0P
DPS=(]1.+DELPS) epPSN
Um0,1407639E417
Bim1£23,41E-08
BH=6,04E~06
BK=E ,37E-06
AREA=PIeRAD®e?
O1Aa}1,.781
DCD.OOOO
D2Xu,0
D?2Ys0,0
D2Zs0,0
D2PHs0 .0
DePSs0 .0
PRINT T}
PRINT 72, (JIND (1) +In]¢NOFXP)
PRINT 92, (SGOT (1) o 121 o NOFXP)
PRINT 723, (lIND(IoJ)oJIIaNOFX)vIIiONlLC2)
PRINT Ta. ((VCP (TeJ) : Jn1yNOFX) s In] oNALC2)
PRINT 7s, ((VTC(IOJ)oJ"vNﬂFX)vlﬁllNllcz)
PRINT 74, ((V“HO(IQJ)oJ‘loNQFX)of!loNILCZ)
PRINY 774 ((DEL(IOJ)lelcNO‘X)ollloﬁlLCZ)
PRINY 78, ((DE(I'J).J:lnNOFX)01:1|NALC2)
PRINT 79, ((YU(YQJ)QJ'l'NOFx)!IBIONAchl
PRINT 71
PRINT Bn
C&LL VSD (VS.ALT)
CALL RHOF (RHOALT;
AMACHaY/VS
CaLy visco {(VIS.ALT)
ANRaRHO®VeSLANT/VIS
CALL CODSF {CDyAMACH , ANR)
GDO.S.RHO.V.'?
41 PFTeABS (ALPuA)
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124
125
124
127
128
129
130
131
132
133
134
135
13¢
137
138
13%
1490
il
142
143
lés
145
146
147
148
149
150
151
182
153
154
188
156
187
158
159
16p
161
162
183
164
165
166
167
168
169
170
171
172
173
17e
175
176
177
178
179
180
18]
182
183
LTS
185

onnxx
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PRINT Ble ToXoeYoZoALToGAMMAGVMAS)PST sVQDoAMACHCDoANRIPH] s THE1ALP
13BET e PSeALPT ¢ XE(YE G 2ZEoFDFNoGFZoCLATDLONSABETAGCIR,AIZALIX

Lit=tiLel
G0 YO0 9

D2XaF X/VMAS=2 . 8NACaNEY+BOUEZ +GX

D2YSFY/VMAS=2,9NB=ASWEZ +CoWEY+GY

D2ZaFZ/ViiAS=2 . o4NCeBoWEXoASNEY G2
D2THaTY/AIX~WX280224A12%W2280X2/AIX=-DWEY2

D2PH= (~TX/AIXGAIZONZ200Y2/AIX=HY200Z2+DPHODTHOSIN(TH) ¢DWEX2) /COS (T

1H)

D2PSuTZ/AIZ=AIXONY280X2/A1Z+AIXOUX2e0Y2/A2+D2PHOSIN(TH) «DPHaDTHeC

105 (TR -DWEZ?

CALL COSF {(CD+1AMACKHANR)
PER=1,4,0375604L0T¢,001560ALPTEs2,

COsCDePER
XisXeDX®4,2,
DX1sDXef2X0H/2,
YisYeYSH/2,
DylsDYeD2Y®H/2,
21m2+DZ#%H/2.
DZ1sDZenD2Z8K/2,
THiaTHeDTHOH/2,
DTH1sDTHeD2THON /2,
PHluPHeNPHeK/2,
DPH1=DPHeD2PHON /2,
PSimPSe+pPSeN/2,
DPS1=DPS+D2PSOH /2,
XS=X1}

DxS5=0X1

YS=Y}

DYSsDY1

582}

DZ5sDZ1

THSeTH]

DTHS=DTH]

PH5aPH]

DPHSsDPK]

PSSaPS1

0PSS=DPS]

Ql=1,%00

GO T0 12

D2X18FX/VMAS=2 ,00A=COWEY+ROUEZeGX

D2Y1sFY/VHMAS=2 ,8DB=ASHEZ+COHZXeGY

D2Z1sFZ/VHASe?2 ,eDCaBoyEXAGWEY G2
D2TH1eTY/AIX=WX20022+2120W2290X2/AIX=D¥EY2
D2PHIB(«TX/AIXepA1Z8NHZ200Y2/ATX=¥Y28022+DPHEODTHESSTHE ¢ DWEX2} /CTHE
D2PS1aT2/A]2-A1XOUY260X2/A1ZeAIXOWX280Y2/A1Z+D2PH1SSTHSDPHESDTHES

1CTHS-DWEZ?
X2=sXeDX18M/2,
DX2sDXeD2X1%K/2,
Y2uYesDY1®H/2,
DY2sDYeD2Y1I®H/2,
I2nZeNZY%%/2,
0Z2=DZ+D2Z1%KH/2,
THZ2sTHeDTHI®H/2,
DIN2aDTReD2THION/2,
PHZ2aPNenPrl®x/2,
DPH2alFHeD2PKH]®N/2,
PS2aPSeNPSI1EN/2,
DPS2aDPSeN2PS18K/2,
XS=X?
DXS5=DX2
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186
187
188
189
190
L}
192
193
194
195
196
197
198

TN
Ay

200

201

202
203

206

205
206
207
208
209
210
211

212
213
214
215
2:6
217
218
219
220
221

g22
223
224
225
226
227
228
229
230
231
232
233
23
23s
236
237
238
239
2460
241
242
243
2468
245
246
247




11

Y5xY2

DYSaDY?2

15=22

pZ5=DZ2

THS=THZ

DTHE=DTH>

PHSapH?

DPHEaNPKH>

P658pS2

0PSS=DPS2

Ql=2,000

GO TO 12
D2X28FX/VMAS=2,0DA=COWEY+BONEL ¢ GX
D2Y2=FY/VMAS=2 ., oDB=ASNETZ+CONEXeGY
02Z228FZ/VMAS=2 ,8DCEO5EXACNHEY¢5Z
DPTH2sTY/ZAIX=NA2®0Z2+A1Z0W22080X2/AIX-DUEY2

D2PH2a («TA/AIXeA1Z0W2200Y2/AIX=UY2S0Z2+NPHESDTHSSSTHSeDWEX2) /CTHS
DPPSPaTZ/ATZ~ATXONYPS0X2 /AT Z+AIXSUX2#0Y2/A1Z+D2PH295THS +DPHESDTHES

1CTHS=DWEZZ

X3=XeDX2®KH/2,
NX3aDXeD2X2%H/2,
YImYsDY2OH/2,
DY3=DYeD2Y2®M/2,
23nZeNZ2%KW/2,
D73xDZ+0D222%H/2,
TH3InTHeDTHZ2®H/2,
DTHIaCTHeD2TH2eH/2,
PHIZPHeDPH28KH/2,
DPHIDPHD2PHREN/2,
PS3sPSenNPS2%M/2,
DPS3sDPS«D2PS2eH/2,

X5=X3

DXS=DX3

YSnY3

DYSaDY

25223

DZ5sL23

THS=YH3

DTHSw ) TK3

PHSePH3

DPHSaDPH3

PSSePS3

pDPSSsDPS3

01=3,000

TaTeDT

ReSART{ (RXK*X5) 8824 (RYHeYE) 8824 (RZH4Z5) #02]
ZES (RZH+25) *SGLAT=CGLAT® { (RXHOXS) #SAZ~ (RYHeY5]} ®CAZ)
AL=ASIN(ZE/R)

CaL=COS{AL)

SAL=SIN(AL)

CLAT=AL®180./P1

RERREQ/ (1,000ePEeSAL®82) 80,500
AL TaReRE

YE= {RXHeXK) ®CAZ+ (RYHeYS) #SAT
XE= (RZHeZ5} ®*CGLATCSGLAT® { (RXH+X5) ®SAZ= {RYHcY5) ©CAZ)
CALL LONG (DLG+XE YEPI)
CLG=COS(DLG)

SLGaSINIDLG!
DLONSDLGGeDLG® IR0, /P]

GCIRR ({RESRE]) /7,1 ®ACOS(SAL®SIN(CLATI) ¢CAL®COSICLATI)®COS(AL-CLAT]

111}
Gl113-SGLATeCALSCLG+CGLATSSAL
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248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
2758
276
277
2718
279
2R0
281
2ag
2R3
28s
285
286
287
285
289
290
291
292
293
29s
295
296
297
298
299
3np
301
302
383
3ns
308
308
307
308
neg
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G12eSGLATOSAL S L GCOLATOCAL
G21m«CALSSLE

G22sSAL®SLG

Glie=CGLATeCALOCL G-SGLATOSAL
6328¢CGLATOSAL o LE-SGLATOCAL
P123]l.=3.0SALea3

Pllaj, ociL=5,354 %2
9!"3.-30‘.S‘L-'Z.BSO‘SAL"‘
PlSeSINIZ.®AL)
PEXCALO (] oS 85AL002)
PISCALSCALS (=3, 07 . 085A L 002
GARU/ROS2% (] , oIS (REQ/R) 00281244, /8, 98K (REQ/R) #8536 13087 /6 . #(RE
19/7Ryeesep14)

SLeU/R®82¢ (ad 8 (REQ/R} 020D 563, /5, oRMS (REQ/R)I ®E3I3P662, /3. *BX® (RED
1/R)eeiepT)

GXSER® (G119SAZeG210CAZ)sGLO(6120547+822°CA2)
SYRRRS (G218Sa7-6119CAZ) +6L ® {BZ20SA2-5]129CA2)
GIs6GReGI1«6L8532

PS50 (PSS

SPSE=SINI{PSS;

STHSaSIN(THS)

CTHS=COS (TS}

SPHSaSIN(FNS}

CPHS=COS (PKRS)

Alls{PSSOTTHS
A12aS0S58CPHS.STHESSPHS PSS
4138=CPSSeSTHESLPHE-SPSSeSPHS
A219=SPSSOLTHS
A22uSPSS5STHESSDHS o CPSSOCPNHS
423uSPSESSTHESCDHS-SPHEOLDSS
A3laSTHS

A32alTHSeSPNME

A33ILTHSELPNS

ASHEYS (Q2MHeZ8 )« (RYHaYS)SyET

BeUFZS (AXHeXK) = (RIHeZ5) SNEX

CoVEXS (RYHeTS) = (RIMeXS) SYTY
DAsDZSo Ut Y-DYSeyE?
ORsNXSeWEZ-DZ7SeWEX

nCeNYSeuE XeDX50,TY

B8llslTHg

“12s-STHSeSPNS

R21sd.

B822eCPKHS

3238-SPuS

831eSTHE

B32:CTHE eSS

BIIcCTHSSLPNS

DRl 1m=-DTKRESTT

031280750l THEsSPOMRDPHSILPHSISTHS
DRI 30D THS L THISLPUSDPHSSSPHNESS TS
Di\Zl .9 L

D3228-DPMEeSIHS ~
CA23a-0PuSeldns

D3318DTHS LTS

D332e 0PN LPANSOLTHSDTHS S TMEOSPNS
DA IeDTRSSSTHNS L PNEDPHGOSPNEICTHE
WEX2aBl 1 0WEXLBi2oWEYeR1I0yE]
WEY2aB210WEXRZPCUEVRIISNET
WEZ2ea3319WEXEIPNEYBIVONED
DWEX22TR11o¥EX+DBIZONEYODRIIONET
DNEY28DR219WEXenB22oEYeDR2IonE?

g7
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310
211
312
313
31s
ais
315
317
31n
319
32¢
321
322
323
324
328
326
327
328

33¢
kX
332
333

338
338
337
33s
339
3a8
351
342
343
3ss
3a5
3a8
3a7
348
39
3s¢
353
382
353
3%s
355
3%s
387
358
359
380
381
382
363
3%s
385
358
3a?
iss
389
37¢
37




DWE72aDR319WEX+DSIP2%WEY+DR3IIeNWEZ
WX2uWFX2=DPH5#CTHS
WYZuWEY?+DTHSY
WZ22aWFZ2+4NPSS=DORS#STHS
OX2sWX2

0YZ2myY2

0228WEZ2~DPHSESTHS

VRXsDX5

VRY=aDYS

VRZ=N25

VRRSORT (VRX##24VRY# 24 VRZ##2)
VaSORT(DX5#42.0Y5402,07Z50#2)
CALL RHOF (RHO.4LT)Y

CALL VISCO (VIS,aLT)

AN, RERHON Y2

CALL VSD (VS.aLT)

AMACH=V/VS
ANRuRMHO®VeSLANT/VIS
VRAX42A]19VRX+Al2%VRYeA]13#VYRZ
VRY4wL21*VRX+AZ2*VRY+A2I#VRZ
VRZ4xA31#VRX+A32%VRYeA338VYRZ
WX3InaDPKE®CTHS#CPSS+DTHS#SPSS
WY3zDPH5#CTHES#SPSS4HTHE2CPSS
WZ33DPS5=-NPHS#STKHS

CALL ATTK (VRZ4&VRY44ALP,PI)
CALL SSLP (VRZ4.VRX49BET,PI)
ALPT=ALS(LLP)Y
ALPTsALPT#180,/91
ALPsALP®180,./P1
8ETuBET#104/P1

ALP1=ABSF (ALP)

BET1=ABSF (BET)

CALL ACMQ (CMQyAMACH)

CALL ACNA (CNAJAMACH)

CNA PER DEGREE

CMQ PER RADIAN

CNRaCMQ

CMBn~SMeCNA/DIA
CMuCMA®ALP+CMQSWX3SDIA/ (2,0Y)
TMaCMSQD®*AREASDTA
FNRCNA®QDsAREASALP

CNB=~CMA

CYBI-CNA
CNECNB*BET+CNROWYIHDIA/ (2,%V)
TN=CN*QD®AREASDTIA
FYi1sCYB*QD®AREASBET

TLs=n,

FNeCD#QD#AREA

FX3mFY!

FYy3s«FN

FZimaeFD

GFX=F X3/ (VMAS®GRAV)

GF Y= (FY3=VMASHGRAV#SIN(PH) )/ (VMASSGRAV)
GFZ={FZI+YMASOGRAVELOS(PH)) /(VMATOGRAV)
ARETA=VMASOGRAV/ (CO®AREA)
FXxA]]1#FX34AZ214FY3+A3]14F23
FY2A120FX3eAP24FY36A324F 23
FZ3A130FX3+A° 3J0FY3¢A33#F23
TX3=TM

TY3aTN

T23=TL

TXsTX3#CPGS~TY3IaSPSS
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372
373
374
375
376
37
378
379
380
381
3R2
383
3846
385
3R8¢
387
3R8
389
320
391
392
393
394
395
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398
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400
401
402
403
404
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ki)

ATREAY R A

i

AN I

el

ANPLINT AR AT

T A AR T

14
15
16
17

18

TY=TX3#SPSS+TYIaCPSS

T2=T723

IF '4,000=Ql) 15418414

IF (1.000=01) 16410415

G0 TO 69

IF (2.000-G1) 1741115

D2X38FX/VMASA2 ,8DA«COWEY o HOWEZ +GX
D2Y3aFY/VHAS=2 #DBuAWEZ +COWEXSGY
02Z3=FZ/VMAS=2,8DC-BOWEXsA®WEYeGZ
D2TH3IaTY/AIXeWX200224A120%Z2200X2/A1X~DWEY2

D2PH33 (~TX/AIXGAIZOWZ240Y2/AIX=WY2#022¢DPHS*DTHS#STHE+DWEX2) /CTHS
D2PSAaT2/ulZ=AIXOHY2O0X2/AIZ+AIXOWX240Y2/A1Z+D2PH3I®STHS +DPHSSDTHE

1CTHS=DWEZ2

DELX=H/6:% (DX*2,%DX]1+2,%DX2¢0K2)
DELOXmH/6,% (D2XeZ2+%D2X102,202X24D2X)
DELYaH/6:# (DYe2,90Y1¢2,%DY24DY3)
DELDYRH/6,2(D2Y+2.%D2Y1+2,202Y2¢D2Y3)
DELZ=KH/6.%#(D2+2,002142,%D22+D73
DELDZ=H/6,8(D22+2.%D221¢2,%0222+D223)
DELTHSH/6,%(DTHe2,%DTH]+2,8DTHR+DTH]I)
DELDTHEH/6,% (D2TH¢2,%D02TH]¢2.%D2TH24D2TH3)
DELPHEF /6,8 {DPHe2,%0PH] ¢2 ,#DPH2¢[PHI)
DELDPH=K/6,% (D2PHe2 ,#D2PH] +2,2D2PH2+D2PH3)
DELFSEH/6,%(DPS+2.2D0PS1¢2,20PS2¢DPSTI)
NELDPSEH/6,% (DEPSe2,4D2PS1+2,%D2PS2+D2PS3I)
XuXeDELX

0).=DX+DELNX

YaYeDELY

OYnDYSDELDY

ImZeDELZ

0Z=DZ+0ELOZ

THeTHDELTH

DTHeDTHDELDTH

PHaPHeDELPH

DPHaDPHDELDPH

PSePSeDELPS

OPSaDPS+DELDPS

XS=sX

DXSueDX

YSmY

Dy SsDY

ra.1 44

025=D7

THSeTH

DTH&E=DTH

PHS=PH

DPHS=DPH

PS5xPS

DPS&=DPS

ni=e 000

GO TO 13

THE=TH®180,/P1

PHlePK®18C,/P1

GAMMARATAN (D25/DYS5)1#180,./P1
PSIuATAN(DXS/DYS)*180,/P1

BTLeRT=H/4,

BTHuBTeH/A,

IF (ALT.LE.0.0) GO TO 20

IF (TST+RTL,ANNT,LT,BTH) GO TO 19
GO 70 8

BT=RTe (05

(2222222212342 2224 2T AL LIS A YIRS YR YRR YT Y YRS
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434
435
436
437
438
439
440
481
482
443
444
445
446
Ve
448
449
450
451
452
453
a5e
45%
€56
457
458
489
460
a6l
462
463
ahe
465
466
457
468
469
470
471
472
473
4Th
475
&76
477
a8
479
480
481
482
483
PeYs
ARS
4RS
4R7
488
aR9
490
49)
682
493
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rataborlrdd be b b, eviond

LD

ey

QTR

21

22

’3

24
25

3n

31

BENBRCDABBIVRVONDBRER00200RB032000PRCRLRRNBBBROABRVBRVQVPNB00200
Wi.s0,9

DO 49 LEN=]sNOFX

WieWl ¢SCL (LEN)

IF (LEN.LT,NOFX) GO YO 2%

Wi=,25

NalLaNALC

DO 22 NalNAL

ANEN

IF (AN®DEL (1+1)=SDOT(LEN:) 22422423

CONTINUE

PRINT 84

GO TO 6%

KaN

IF (LEN,GENOFX) TMELT=6400.

TRETEMPE+ 588 (TW(KyLEN) «TEMPE) ¢ ,19® (TAW~TEMPE)

CALL TEMPA (TEMPWALT)

CALL TCAT (TC2.TR)

CALL VvISCOT (VISE!.TEMPE)

CALL VISCOT (VISG.TR)

CalLL PRESS (PRE.ALTY

AMSAMACH

PRLRPRE® (] ,+2,80AM#2¢ (SINITHETC) 1 %020 (2 548, *AMSSIN(THETC}) 7 (1,01
16, 2AMOSIN{THETC)Y )}

PaP3iL/2116.2

IF (JINDILEN) EQ40; GO TO 24

Y Y Y Y TR Y YR Y Y Y Y Y Y Py Y Y AT Y Y Y Y Y T YY VT YY Y Y PYY Y YT TYY XY XYY
CALL GCPRB (uCPeP)

IF (LEN,GE.NOFX) 3CP= 4

BB00 FONBRNVBNNRNBRSERBELABBERTVRRNIBRONLRSSNLENBRER OSBRI RD
CalL GASTC (GTC.GCP)

PReGCPOGV]IS/GTC

GO YO 2%

PR=CPA®VISG/TCA

HNRFsRHOESVESNL /VISEeG

RHOSePBE/(1716,9TR)

ANRR=RHOS*VE®WL /VISGeG

IF (HNREJGToRN(LEN)) GO TO 26

RF=PRes 5

HE= ,57SeTCA/WLo*PRO® [ JIOHNRESS 58 (VISG/VISE®RHOS/RHOE) ##,5
GG Y0 27

RFapRee 33

HE= , 0296 TCA/NLoPRe® IIMNNRES® E# (VISG/VISE) ¢®,28 (RHOS/RHOE) ®#e,8
DTRavE®#2/(2,0GeAJ8CPA)

TAwsTEMPE+RFeDTR

ODOTC(LEN) mHE® (TAW=-TW (KoLEN))

IF (IND(K.LEN),EQ.17 60 7O 32

IF (TH(KsLEN)TMELT) 29433433

TWK=TH (Xs LEN)

IF (LEN.GE.NOFX) GO TO 30

CALL VTCPC (VT,yTWK)

CALL VCPPC (VCoTWK)

VRHO (K+LEN) =RHOV

GO To 31

Call TCATJY (VT.TWX)

CALL CPATJY (VL TWK)

VRHO (K LEN)SATJIRHO

VIC(K+LEN)=aVT

VCP (K LEN)mVC

IF (K.EGQ,1) GC YO 36

PI1eVTC (K1 oLEN) ® (TW{Ke] sLEN)=TW(K+LEN) I/ {VRHO (K 1oLEN)PVCP (X=]lsLFN
1)ODE (K=} ¢+ LEN) 882}
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502
sn3
Sne
505
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50¢
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S14
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526
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528
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530
531
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: P28VTC(KILEN)® (TW (K LEN) aTW(K¢1:LEN) )/ (VRKO (K+sLEN) #*VCP (K+LEN)®DE(K A 558
1eLEN) 882) A 559
TW(KsLEN) aTK (KyLEN) +DELT# (P1-P2) A 560
IF (TW(KsLEN)=TMELT) 48432432 A 561
. 32 TW(KoLEN)aTMELT=1, A 562
GO TO 48 A 563
. 33 TWKsTH (KsLEN) A Ses
IF (LENJ.GE.NOFX) GO TO 34 A 565
CALL CTCPC (CToTWK) A 566
CALL CCPP (CCoTwWK) A 567
] VRKO (K+LEN) =RHOC A 568
: GO TO 35 A 569
: 34 CALL TCATJ (CT+TWK) A 570
CALL CPATJ (CC,TWK) A 571
VRHO (K9 LEN) =ATJRHO A 572
35 VCP7 (K4 LEN) =CC A 573
VYIC(K,LEN)=CT A 574
IND(KJLEN} =] A 5§75
: 36 232DELT/ (VCP (Ko LEN) ®VRHO (Ko LEN) ®DE (Ko LEN) ) #2, A 576
3 PasHES (TAWTW (X,LEN)) A 577
5 PSaYTCIKILEN) ® (TH (KsLEN) »TW (Ke] 4LEN) ) /DE (Ko LEN) A 578
£ - HRuCPASTMPELRFIVESS2/ (2,9G%AJ) ASTO
3 QCOND (LEN) ==V TC (KyLEN) ® (TW (Ko LEN) =TwW (Ke14LEN) ) /DE (Ko LEN) A SRO
3 TW(KoLEN) = TW (KsLEN) +P3® (P4=P5) A s81
3 IF (TW(XK'LEN)=TMELT} 37+38.38 A 5R2
. 37 JIND (LEN) =0 A 533
WT(LEN) =0, A 584
GO TO 48 A 585
38 TW(KoLEN) mTMELT A 585
IND (K+LEN) &1 A 587
JIND (LEN) =} A 588
CALL GCPB (GCP¢P) A 589
QDOTR=0, A 591
QTYOT(LEN)=QDOTC(LEN) «QCOND{LEN) A 592
3 IF {QTOT(LEN),LE«0.0) GO T.: 48 A 593
; IF (LENJ.LT.NOFX) GO TO 39 A 594
1 DELHYHR=-CPA®TNKELT A 595
: QSTAR=2000,%2.®nELH A 596
E COOT=QTOT(LEN) / (QSTAR®AT.'RHO) A 597
GO TO &2 A 598
39 IF (MNRE=RN(LEN)) 40¢40081 A 599
40 DMD= (QTOT(LEN) ) 7 (AKL1 +AKL2® (HR=CPA®TMELT)) A 600
GO TO 42 A 601
41 DMD= (QTOT(LEN) ) 7 (AKT 1 ¢ AKT2® (HR=CPA®TMELT)) A 602
42 PXEs}l1,05E«04/TMELY A 503
TMDOTaDMD® (1,42,64E409/ (PBL*® ,6T*E#epXE)) A 604
CNOT=TMNOT/RHOV A 605
%3 SNCT (LEN) =SDOT (LEN) «CDOT®DELT A 606
JIND (LEN) =] A 607
‘ DO 46 N=m]oNAL A 608
BNaN A 609
; IF (BN®DEL(14+1)=SDOT(LEN)) #4+44,45 A 610
: 48 CONTINUF A 611
§ PRINT 84 A 612
E GO TO 69 A 613
g &S NE (NyLEN) #0EL (NsLEN) = (SDOT(LEN) = (BN«1+) *DEL (1+LEN)) A 614
£ PCMaVCP {NyLEN) ®VRHO (NsLEN) ®DE (NyLEN) @82/ (DELTO®VTC(NsLEN) j A 615
&= 1F (PCMe2,) 46447047 A 616
= &8 DFE (NJLEN)=0,. A 17
&= CN=N A 618
= SDOT (LEN) =CNeTOL A 619
&= 101
=




&7

43

56

51

52

53

S5

56

IND(N+1oLEN) =]

IND(NyLEN) =l

WT{LEN)sPTI®(RL (LEN) ¢RS(LEN)=2,%#SDOT (LEN))®*CDOT®*RHOC®*SOL (LEN)

IF (N.EG.1) GO TO 48

DE (N=lyLEN)=p,

KaKe}

IF (K<LEJNAL) GO TO 28

TWIKeLEN) =TW (K+LEN) «DELT® (VIC (Kl oLEN) / (VRHO (K=1 4 LEN) #VCP (K=} o LEN)
10DE (K= o LEN) @#2) ® (T (K] o LEN) =TW (KoLEN) ) =VTC(KsLEN)/ (VRHO(K:LEN)} OV
2CP(KLENIODEL (KoLEN) #82) 8 (TW(KILEN) =TW(Ke19{EN)))

IF (TW(KJLEN),BT7.,1060,) TW(KsLEN)=1060,

KaKe}

TW(KILEN)STW (Ko LEN) +DELT®(VTC (K= oLEN)/ (VRHO (K=]1LEN) *VCP (K=]1¢LEN)
19DEL (K=1oLEN) ##2) 8 (T (K] 4 LEN) =TW(K,LEN) )}

IF (TH(KsLFEN) ,GT«860.) TW(K+LEN)=B6C,

NAL=NALT

CONTINUE
SROBRVBRNIBORNLROB0000GGREBCRBBRBBRGNBLABRONOVBEERSVLIOINABINRRRED
LEN=NOF XP

DO 50 Nsml.NALS

ANsN

IF (ANSDEL (1 +NOFXP)=SDOT (LEN}) S50+50.51

CONTINUE

PRINT 85

GO 10 69

KS=N

TMELT=6400,

STRATEMP+ , S8 (TW(KSILEN) «TEMP) ¢,19® (STANTEMP)

CALL TCaT (STCA.STR)

CaLl VISCOT (SVISG+STR)

IF (JIND(LEN) .EQ.0) GO TO 52
.000000009000000900000000000000000000000.0.00000;000.0.000000,00o
CALL GCPB (GCP+P) *

IF (LENLGE.NOFX) GCP=,4
.00.0C.Q.00'....000.l.ﬁ.....l.l.0.0.0.0...0'.9..0.....000..00000
CaLL GASTZ (GTC,.GCP)

SPReGLPeGVIS/GTC

GO 1O 53

SPReCPASSVISG/STCA

SRFuSPRes 5

CALL PRESS(PRE.ALT)

PTSEPRE® (1. 22AUACH®#2) 083,518 ((£,0/(7,00ARACH®82=]1,0))%e2,5)
RHOWS=PTS 14,*STR)

DV®1,./5N' -7 112,98 (PTS=PRE)/RHONS}

GTABS ((Te.+5.0/ (AMACH®®92) )18 (1,021,0/(1,4AMACH®®2]}))0a(,25
SADOTCEO ¢~ 2330GTABSSQRY {RHOWS®SVISGHDVeG jo (Vo) /12.,2GeA))
SDTR=Ve#2/(2,0GeAJaCPA)

STAWsSTEMP+SRFeSNTR

STGaTEMP+SDTR

STREC®1EMP+SRF® (STG-TEMP)

SHE=SQDOTC/(STC-TH (KSsLEN))

IF (IND(KSsLEN) .EQ,1) GO TO S§7

IF (TW({KS+LENJ ,GE.TMELT) GO TO 57

STUK=TW (KS¢LEN)

CALL TCATJY (SYT.STuK)

CALL CPATJU (SVC,STwK}

SARND (KS) =AT JRHO

SATC (KS)aSvT

SACP (KS)=SVC

IF IKS.EQ.1) GO TO S8

TWI(KS'LEN) sTW(KSsLEN) ¢ DELT® (SATC{KS=1)/ (SARHO(KS~]1)®SACP (KS=1)®DE (
1K<-1oLEN)'02)'(TH(kS-XoLEN)-TN(KSoLEN))-SATC(KS)/(SARHOtKS)°SlCP(K
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2SI SNE (KSeLEN)®®2) ® (TW (KSoLEN} = TW(KSe19LEN}))
IF (TW{KS+LEN) ,LE.TMELT) GO YO 6S
TW{(KSsLEN)2TMELT=1,
GO TIC 65
s7 STUKeTW(XSLEN)
CALL TCATJ (SCT,STWK)
CALL CPATJ (SCC,STWK}
SARHO (KS) sATJURHO
SATC(KS)sSCT
SACP (KS)aSCC
IND(KS LEN)=]
5n TW(KS+LEN)aTE (KSoLEN) ¢DELT/ (SAZP(KS! ®SARKO (KS) ®DE (KSLEN) ) # (SHE*!(S
1T6 =TW(KSILEN) ) =SATC(KS) /DE(KSLEN) & (TH(KSILEN) =TW (KSe1,LEN)})®2,
IF (TH{KS.LEN) (GE.TMELT) GO TO 59
JIND(LEN) =D
GO YO 65
89 TW (xS LEN)sTMELT
HRECPASTEL?+RF #0822/ (2.80Q8AJ)
SQCONDmSATC(KS) S {TW(KSoLEN) =TW(KSe1 oLEN)) /DE (KSyLEN)
SQTOTaSODOTCeSQCOND
IF (SCTOT,LE.0.9) GO TO 6%
IND(KSsLEN)=]
JIND(LEN) =]
DELHsHR=-CPA®TMELT
GSTARS=20000¢2,90ELH
CDOTSsSQTOT/ (QSTARS®ATJRHO}
SNOT(LEN) =SDOT (LEN) «CDOTSODELT
SSesCDOTS
RXBRX41.7(1eeSIN{THETC)I Y& !SIN({THETL}) ¢SS=CDOT)
SX2, 01 T4SORXePHT
IF (SXeLEeDe0) SX=,01943
IF (RX.LEeNo0) HX!.01387
SNR=aRX
DO &0 N=m]1+NALS
8NaN
IF (BN®DEL{1+NOFXP)=SDOT(LEN)) 60¢50+6]}
60 CONTINUE
PRINT 84
GO TOHO 69
61 OC (NJLEN) mDEL (N+LEN) = (SDOT(LENR} = (BN=1.}®DEL {1 +NOFXP))
PCHaSACP (N) 2SARHO (N SDE {(NoLEN) ®#2/ (DELT®SATC(N)}
IF (PCMe2,} 62+63+¢63
62 DE(N¢LEN) =0,
SDOT (LEN) aB8NeSTOL
IND(N+LEN)s]
IND(Ne] LEN) =}
63 IF (N.EO.1) GO TO 6%
N"-N-l
DO A& I=m]NM
~4 DE(1.LEN)=O.
65 KSaKSe]l
IF (KS.LE.NALS) GO TO 56
TWIKSILEN) uTW (KGoLEN) e DELT® (SATC(KS=1)/ (SARHO (KS=})®*SACP (KS=1) *DF (
1KS=] s LEN) 0210 (TR IKSa] oLEN) «THW(KS¢LEN) ) =SATC (KS) / {SARKO (KS} ®SACP (K
2SI ONE (KSLEN)®62) & (TW (KS,LEN)=TW{KSe1+LEN)))
IF (TWIKSHLEN) «GT+1060,) TWI(KS+LEN)=]060,
KSuKSe}l
TWIKSILEN)sTW (KQoLEN) +DELT®(SATC(AS=1) /7 {SARHO(KS=1)*SACP (KS=]1)*DE(
1KS=1oLEN])®0218(TH (KSe] ¢ LENITH(XKSLEN)))
IF (TW(KSLEN) .GT+860.) TW(KS:LENI=B60,

[of G000 BORTBBVCRRVRDTRBBRVNNRNBUBVBB00900002805042000000000000

TMELT=6760,
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713
Tle
718
716
n7e
718
719
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121
722
123
774
728
726
127
728
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732
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66

67

68
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TGTH?IO)

wWDOT=0,0

00 66 LL=1+NOFX

TOTWT=TOTWTePI® (RS{LL)SRL(LL)Y=SD0T(LL))®SOOT (LL)*RHOVESOL (LL)
WO0OTaWDOTewT (LL)

SHTLE,0698%PH]*SNRI##28SD0T (NOFXP) ® ATJRMO
WT(NOFXP)3Z2.%P]eSNRe®#28(DOTS®ATURNKD

TOTwTaTOTwT STy

WDNOTaWDOT+WT (NOFXP)

VMAS=RI=-TOTWT/G

RADsRADI=SDOT (NOFXM)

ALGTHBALGTHI=SOOT (NOFXP)

AREA=PI®RAD®e2

SLANT=ALGTH/ (COS(THETC) =SNR/RAD® (1 ,-SIN(THETC)))
ATLeAT=DELT/6,

ATHRATNELT/&,

IF (ALT.LE,O0.0) GO TO 68

IF (T.GTATL.ANDGT.LT.ATH} GO TO 67

GO Tn 8

IF (LLL.LT,8) GO TO 68

LLLs=0

PRINT 80

PRINT Bls ToXeYeZoALTsGAMMASVMAS PST yVoQDoAMACH'CDoANRsPH] ¢ THE+ALP
1eBEToePSAALPT ¢ XEYE s ZE s FDFNeCFZoCLATDLONIABETAGCIR,AIZoAIX
PRINT 82+ CPsCAN+CPB,COF ¢ ANRE

PRINT 83¢ RHOWVISIAMACHE  TEMPE 4RHOE.VE V1ISG+PBE

LilsLLbLe}

ATusTel,0

PRINT 87+ (SDOT([)+1=1+NOFXP)

PRINT 70¢ {((TW(TeJ)eJsleNOFX)eIm]oNP2)

PRINT 8R¢ TH(NALCLoNOFX) ¢ THINALC2¢NOFX)

PRINT 89y WDOT.TOTHT RX

PRINT 90¢ QSTAR

PRINT 91,y (TW(I.NOFXP)s1lm]l4NP2S)

IF (ALT) 69:694R

COANTINUE

FORMAT (30X+8F8,0)

FORMAT (1M1)

FOPMAT (®JINDe®l0ls)

FORMAT (®IND®BI4/(10X¢814))

FORMAT (*VCFe8E12.3/(11X,8E12.,3))

FORMAT (®*VTCeRE12,3/7(11X,ARF12,3))

FORMAT (®VRHO®8F12.3/7(11Xe8E12.3))

FORMAT (*DEL*BE 2.37(11XeBE12.3))

FORMAT (®*DE®RE12,3/(11XeRE12.3))

FORMAT (#Tw®B8E17.3/(11Xe8E12,3))

FORMAT ()12XeoHTIME s 14Xe1HXol8Xe1HY o15Xe1HZ916X93HALT 413X eSHGAMMA,]
11Xe4HVMAS /30X ¢ 4HPST 915X e3HVEL 0 13N e 2HQD ¢ 1SX ¢ SHAMACH» 11X 2MHCD,4 14X, 3H
2REN/30X¢3HPHT g 16X ¢SHTHETA 11 XoSHALPHA ¢ 12X e3HBET 9 13X 2HPS 14X 4HALP
3T/30X e 2HXE s 17X ¢ PHYE ¢ 16X e 2HZE s 15X s 2KFD o 14X e 2HF N9 14X 93HGFZ/30X ¢ SHLAT
416X AHLONGe 12X ¢ OHBETA2 13N o #HGCTIR412Xe2HIZ e 14X e2HIX)

FTORMAT (1HO0&XeTELT.T7/(22X¢6E17,7))

FORMAT (10Xe5210,3)

FORMAT (SX.RE}0,3)

FORMAT (104 OVFERNEAT/)

FORMAT (®OVERHEATSTAGL1®/)

FORMAT (®OVERHFATSTAG2%/)

FORMAT (10X®SDOT*9E12.3)

FORMAT (BAX+FR,n)
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8ns

WW&WWWWMWWW%WMMMmmmeMMMMMM‘

e e e Ry Sviesd kb senubens an win s b




E
£
:

Ltk o

osiine i Lt

89

Se
91
92
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FORMAT (10x®WTLOSSRATEIS®E]L]l 4*LBS/SECANDTOTALWTLOSSISOE 13, 4oL BSAN
I1ONOSERADISYE11,4%FTe)

FORMAT (10X®QSTARISeE]1]l.40BTU/LBS)

FORMAT (30X¢13FR,.0)

10F8.5)

FORMAT (& SD0Te
END

A 806
A 807
A 808
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SUBROUTINE ATTK (VRZ4+VRY&ALPP])
COMPUTES ANGLE ofF & TACK ALF
IF (VRZ4) 945}

IF (VRY4) 4¢3,2
ALPSATAN(VRY&/VRZ4)
RETURN

ALP=O,

RETURN
ALPuATAN(VAY&4/VRZS)
RETURN

IF (VRY&) 647,48
ALPseP]/2,

RETURN

A P=g,

RETURNM

ALP=P />,

RETURN

IF (VYRY4) 10,11,12
AL?:-FI.AT!N!VRY‘/VQZ‘)
RETURN

At Papl

RETURN
ALPSPI+ATAN(VRY4/VRZ4)
RETURN

END
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SUBROUTINE CDSF (CD,AM«ANR)
Lo COMPUTES INVISCID DRAG
. COMNON /B/ AREA.RAD+SLANTsSNRsTHETC,V
COMMON /7C/ CPM.CPCANICPB,COF
PI=l,14159
G=32.174
ANOSE=PI® (SNRes))
WAREASPI®RADOSLANT
AMACHzAM
PR= 89
CPHHI.42857/(AH0.Z).((6.'(‘""2)/5.)"3.5‘(6./(7.’(‘H.'?)-1.))..?.
15-10,
CP“.'(SIN(THETC))..2.(2.5‘8."N1CH'SXN(YHETC))fiio’lbo.AHACH'SIN(
1TRETC))
CANx (., 55«CP) ®ANOSE/AREA
CPBal,.001/aMee?
CALL COFM (COF)
COaCP+CANSCPRICOF
RETURN
. END
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SUBROUTINE LONG (DLGeXEsYESPT)
THIS SUR COMPUTES LONBITUDE
IF (YE) 1+6+4

IF (XE) 24943
DLGm=Pl+ATAN(YE /XE)
RETURN
DLGeATAN(YE/XE)
RETURN

IF (XE) S, 10.3
DLGePIeATAN(YE/XE)
RETURN

IF (XE) 74748
DLG=P?

RETURN

OLG.0.0

RETURN

OLE=-Pl/2,

RETURN

OLGsP1/2,

RETuRN

EnND
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SUBRDUTINE INITIAL (SNRJTHETC,SLANT)

THIS SUBROUTINE PRCYIDES THE NECESSARY GEOMETRY CALCULATIONS AND
CHMANSES IN UNITe FOR PRORRAM STRARS

+
(e N NaXNal

COMMON /D/ TH{S0¢12 o IND(S0012)sJIND112)VEP(50412)+VTT(60212:2VRK
10(50¢12) ¢ 0EL (50+12)+DE1504121¢SO0T (121 +XI{12)RS112)4RLI12: 4S54 112
2IoMTLI25 o TM{12) s THT{12) o+ SACP{50)+SATC(5D) +SARNDIS53) +RAN([]12}

COMNON /F! NOFXALGTHoRADIWPOS{11) oATIN,GLAT

AINSAZN/ST 296

GLATeSLAT/ST,.29¢

ALETHSPOSINCFX) 712,

IdeNlFXe])

STHaSIK(THETD)

CTReCOSITIRETL)

00 1 Isleln

RN(I1m8,6E07

SOL{T18(P0S{1]1)=P0S{113/7112.CoCTH}

1 ARSI INSNROCTHe (POS{]) /12, 0-SNRO{],0=-STH) ;OSTH/CTH
. RNINDFX185, 08408

RNINCFXells] SEL06

RS IROFX; =aSNR

RS INOFX+118SKR

- SOLINOF X1 (POS{11/12,0=5NR®{] Lt TH} )} /CTH

RLDIaSKI*LTHe (ALSTMSNR® [] ,D-STHI I SSTH/CTM

IMRKDF Xe2

0 2 Imi«iN

2 RL{I)sRS {11}

RL (NOFX-1)aRADY

Ri_ INDFX)sRS(}]1}

QLAXNT=D .0

00 3 IsleNOFX

3 SLANTeSLANTSSOLtID

RETURN

END
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SUBROUTINE CODFM (COF)

THIS SUR COMPUTES SKIN FRICTION DRAG

COMMON /B, AREA.RAD.SLANT.sNR.THETC.V

COMMON /D/ TH(50912)0!ND(50912)oJIND(l?)oVCP(SOch)QVTC(SOOIZ)'VPH
10(50012)ODEL(50012)ODE(SOQIE)OSDOT(IQ)OXI:IZ)ORS(IZ)QRL(IE)OSDL(IZ
a)owT(IZ)cTM(lZ).THT'lz)oSACP(SG)oSATC(SO)oSARHO(SO),Ru(lz)

COMMON /E/ NOFXH.NALvALT.AMACHgOD.AMACHE.TENPEoRHOEoVEoVISG.PBE.AN
1RE

T"nUOO

COF=0,0

SRESNR/RAD

Pi=3,14159

CALL RHOF (RHOsALT)

CaLL vIsco (VIS.ALT)

CALL VSD (VSyALT)

CALL PRFESS (PRE.ALT)

CALL TEMPA (TEMP.ALT)

AMACHay/VS
TEMPE:TEMPO(I.0.09660AMACH'SIN(THETC)0.2267‘(AMACHGSIN(THETC))"2)
VEnV'(1.-l.‘/AMACHOGZ”(AMACHOSIN(THETC))0'1.9)".5
AMACHE:AMACHO(VE/V)'(TENP/TENPE)"oS

Rlll?lﬁ.

AMRAMACH

AM=AMACH
FeE-PREO(?.02.80AM0'2'lSIN(THETC))"2'(Z.SOB.CAMOSIN(THETC))/(1.01
164 ®AM®SIN(TKETE)))

RHOE=PBE/ (R]1 #TEMPE)

CALL VISCOT (VISGsTENMF.)

AREASPIeRAD®#2

ANRE-RHOE'VE'SLANT'32.17A/VXSG

COTT=] . /TAN(THETC)

N0 2 Ke) ¢NOFXM

DO 1 Ke] o NAL

IF (DE(MsK)oLEone) GO TO 1

TWARTWACTW (M,K) /8,

CONTINUE

CONTINUE

RE=RHO®VSS| ANT/VIS

IF [ANRE«2,0F+07) 34444

HSH-.SO.S'(THA/TEMPE)0.0374’(AMACHE)*°2
CDFIU(I.SSIRE'°¢5)'(VE/V)"1.5'(PBE/PRE)".S'(TEMP/TEHP‘)‘“.IBS’(1
1¢/HSH) ®3 ,1856C0OTT
coFucoF1-¢(1,‘9.sabzosn-t4.ozas»sn-az¢7o.3aaosnc~3)ocsaoo(.69‘2.10
1SR)®ALOGIN(RE) 1)

GO TO &

ﬁsH:.so.SO(THA/TEMPE)0.0388'(3HACHE)"2
CDFI-(.n776/RE’0,2)'(VE/V)"I.BG{PBE/PRE)OO.B'(TEMP/TEMPE)’O.SB*(X
10/“5“).'053.\077

CDFICDFI’(IOO((,8‘.052“HACH).SR))

COFaCDF

RETURN

END
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SUBROUTINE VISCOT (VISGsTEMP) 6 1
c THIS SUB COMPUTES VISCOSITY OF 41% y§ TEMP G 2
¢ UNITS ARE LB/FTaSC% 6 3
IF (TEMP=2460,) 241.) G &
1 VISGR4]1.0E-10#TEMP+2,44)4E~05 6 5
RETURN 6 6
2 IF (TEMP=1160,) 443,3 6 7
3 VISGR100.789E=109TEMP+,971585=05 6 ¢
RETURN G ¢
4 IF (TEMP=T60,) 645,85 6 10
5 VISG=132,5E~10%TEMP¢ 603805 G 11
RETURN 6 12
6 VISG166.666E=1n*TEMP+,34334E=05 G 13
RETURN 6 1é
END G 15-
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SUBROUTINE PRESS (PEJALT)
COMPUTES PRESSURE PER ALTITUDE
LBS/FT2

PER2]116,2%EXP (=4,25509E=05%ALT)
RETURN

END
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SUBROUTINE VSD (VYS+ALT)
THIS SUR COMPUTES SPEFD OF SOUND
UNITS ARE FT/SEC

IF (ALT=36000,) 19142
VS21116,9=,412E-024ALT
RETURN

IF (ALT=B82000s) 3+2+4
VE2968,.5

RETURN

IF (ALT=1540004) 5¢5+6
VS8814,4,191E=020ALT
RETURN

IF (ALT«172000.) 74748
VS=1106,

RETURN

IF (ALT-262000.) 9,910
VSB1527 4= 245E~023ALT
RETURN

\SmRé6,

RETURN

END
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SUBROUTINE GCPB (GCP4PBL)

THIS SUB COMPUTES ABLATIVE GAS SPECIFIC HEAT

UNITS ARE BTU/LR=DEG R

IF (PBL=10,) 241}
GCPI-QZZG.ALOG(DBL)‘3¢22
RETURN

IF (PBL=4009) #4343
GCPs=,30882%AL0G(PBL) 3.4
RETURN

IF (PBL=¢G001) 61545
GCPs,T3744AL0G{PBL) «8,37
RETURN

IF (PBLe1.0E=05) 84747
GCP=,12333#AL0G(PBL) 2,709
RETURN

GCPs1 234

RFETURN

END
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SUBROUTINE TEMPA (TEMPLALT)
TEIS SUB COMPUTES TEMP OF AIR VS ALY
TEMP IS IN DEGREES RANKINE
IF (ALT=261000,) 29101
TEMP=298.2

RETURN

IF (ALT=175500.) 443,23
TEMPR«2,463E<030ALY+941,064
RETURN

IF (ALT=154000.) 6+5,5
TEMPaS5(8,.79

RETURN

IF (ALT=850004) Be7:7
TEMPR] ,62TE=N384L T¢256,08
RETURN

IF (ALT=35700s) 10949
TEMP2389,39

RETURN
TERPR=3E6 . TTE=040ALTe518,7
RETURN

END

T0 300.000
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SUBROUTINE TCAT (TCA,TEMP)

THIS SUB COMPUTES THERMAL COND. OF AIR V3, TEMP
UNITS ARE BTU/SEC~FT=DEGREE RANKINE
IF (TEMP=2960,) 2+141
TCA=6,0E-06*TEMP ,03324

G0 TO 9

IF (TEMP«2460,) 44¢3,3
TCAs7.,8E~06*TEMP+,028

GO 10 9

IF (TEMP=1960,) 8+5,5
TCAm)4,2E=N60TEMP+,01217

GO 10 9

IF (TEMP=1160,) B8¢7,7
TCAB16.,5E~068TEMP+, 00766

GO T0 9

TCAR19,28E«068TEMPe, 00444
TCAsTCA/3400,

RETRN

END
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SUBRIOUTINE VCPFLC (VCP.TENMP)
THIS SUB COMPUTES VIRGIN SPECIFIC MEAT vS, TEWMP
UNITS ARE BTU/LR-DEG R
If (TEMP=4000G.) 2¢14}
V(P= ,S55E=042TEMPe1,23
RETURN

IF (TEMP=20004+) #+3+3
VCP=,19E=030TEMP+,69
RETURN

IF (TEMP=1060,) 6455
VCPe S54AE=036TEMP=,0423
RETURN

IF (TEMP«B60,) 8¢7¢7
V(P2 ,975E=-03eTEMP= 4845
RZTURN

IF (TEMP=£60,) 10:9.9
VCP2 ,21C=03TEMP+ 1714
RETURN
VCP.Q37SE‘G3.YE“P’59625
RETURN

END
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SUBROUTINE RHOF (RHO.ALTY

THIS SUB COMPUTES DENSITY OF AIR VS, ALTITUDE
COMMON /A7 RE

GALTSRE®ALT/ (RESALT)

RHOO=,0023769

R=53,1352

Ex2,7183

IF (GALT=36089,) 1,1,2
T2518.,688=3,56616°GALT/1000,
RHOsRHO0®*(T/518,668) 984,256

RETURN

1F (GALT=82021,) 3:3,4
€P22(36089,~GALT)/(Re389,988)
RHOaRHOO®,297069°E0eEp?

RETURN

IF (GALT=154199,) 5.:5+¢6

12254 ,988¢)1.645929GALT/1000.
RHO=RHO0®,0326657*(T/389,988)%¢.12,388
RETURN

IF (GALT=173885,) 7.7.8
EP4=(154199.~GALT)/ (R*508,788)
REOsRHOD®,001211798EeeEPy

RETURN

IF (GALT-259186,) 9¢9:10
T=938.088-2.468889%GALT/1000.
RHOsRH00®S ,86784E~D4e (T/508,TRB) 886 592
RETURN

If (GALT=295276,) 11.11¢12
EP62(259188.=-GALT) 7{Re298,186}
RHO=RHO0®] ,TI274E~0SeE®eEPS

RETURN

12349 ,58122,1564560GALT/1000,
RHOaRHO0®] ,792653E=-06(T/298,188) 009,84}
RETURN

END
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SUBRCUTINE VISCO (V]S.ALT)
THIS SUB COMPUTES VISCOSITY OF AIR vS. ALTITUDE
UNITS ARE IN LB-SEC/FTee2

IF {(ALT=270003+) 2¢14}
V1S82.35E=07

RETURN

IF (ALT=175500,) 4,3,3
VISse]l,500E~12041LT¢6,333F-07
RETURN

IF {ALT=156000.) 6455
YISe3,68E=57

RETURAN

IF (ALT«83250.) Be747
VISe,S73E=120AL Te2,172E~07
RETUAN

1F (&L 7«34500,) 10:9.%
ViSa2,969E=07

RETURN

VISuaZ 124E-1204L Te3,737E-97
RETURN
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SUBROUTINE CCPP (CCP,TEMD) P 1

c THIS SuR COXPUTES CHAR SPECIFIC HEAT VS, TEMP P 2

c UNITS &3EF B8Tu/LA-DEG R 3

iF (TEMP=K0CC.) 291} -] & -

1 CCPa, 4 P S 3

RETURN P 6

2 IF (TEMP=4000.) 443,33 4 7

3 CCPz,.125L-048TEMP+,3215 L 8

RETHURN P 9

. 1IF (TEHP=3000.) 6+5.:5 ? 10

| CCP=2,308E-040TEMP D495 P 11
RETURN P 12 E
) IF (TEMP=2000,) Be747 £ 13 E
? CCP3 ATE=O0A®TEMNDe Y 4 P 14& E
- RETuRN P 15 E
3 R IF {TENP=1060.) 10:9,9 P 16 z
3 9 CCP=,207Z2-030TEUP=, 14 P 17 :
2 RETuaN P 1R =
10 CCP=z . 96FE=04°TEMND~, (2236 P 19 i
1 RETURN P 20 z
3 END P 21~ -2
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SUBROUTINE SSLP (VRZ&VRX4«BETPY)

CCMPUTES ANGLE nF SIDESLIP

IF {(VRZa) 95,1}

IF (VRX&4} 40342
BETuATANIYRXS,/VRZS)
RETURN

8ETan,

RETURN
BETsATAN{VRXA7VOZA)
RETURN

IF (VRXal 8§¢7.8
35:"’1;2 .

]F TURN

85730.

RETURN

RETURN

IF (VRX4) 30.11,12
SETn-Pl¢ATAN(VRXA/VRZS)Y
RETURN

BETaPY

RETURN
BETaPI«ATAN(YRXA/VRTS)
RETURN

ExD
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SUBROUTINE VYCPC (VTC.TEMP)
UNITS ARE BTU/FT~SEC-DEG R
1F (TEMP=4D00¢) 20l0e:
VTCa70SE~07oTEMP+,58E~04
RETURN

1F (TEMF=«2000.) #+43+3

VTCR 698E~0T#TEMPS ,62E~04
RETURN

VICR,7376E=~0T#TENP¢ S3ATE=04
RETURN

END
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SUBROUTINE ACMO (C,A)
COMPUTES DAMPING COEFFICIENT
IF (A.GT417¢) GO TO )
IF tA.GTe9¢) G0 TC 2
IF (3.GT+7,) GO YO 3
IF (A.GT+5,! G0 TO &
IF (A,GT.,4,) GO TO &
IF (A,GT.3,) GO TO 6
COZ.50A-10.

RETURN

C.'Z.‘

RETURN

C=,0504.3,25

RETURN

Co,leA+3,7

RETURN

Cu,384-5,3

RETURN

Cl Y 7.‘-? .3

RETURN

CSA-B.S

RETURN

END
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SUBROUTINE GASTC (GTC.GCP)

c COMPUTES ABLATIVE GAS THERMAL

c CONDUCTIVITY, B8TU/SEC-FT<DEGR.
GTCm44429E=-05% (GCP¢,297)
RETURN
END
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SUBROUTINE ACNA (CyA)}
CGMPUTES NORMAL FOR&‘E COEFF.
CNA PER DEGREE

Cuq,034

RETURN

END
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SUBROUTINE CTCPC (CTC,TENP)

THIS SUR COMPUTES CHAR THERMAL CONDUCTIVITY ve
UNITS ARE BTU/FT-SEC-DEG R

IF (TEMP=6000,) 1+2,2
CYC=,S6E=072TEND+,053E-03

RETURN

C7Cx=,389E=03

RETURN

END
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SUBROUTINE CPATY (S.T)
COMPUTES SPEC HEAT GF ATJ GRAPHITE vS. TEMNP
UNITS BTU/LB=DEG=R
IF (T=2000.) 14242

IF (T=1000.) 44343
S23 AB82E~-0%50T¢,35536
RETURN
S3),25E<040T4,17%
RETURN
S83,409E=04°T-,0409
RETURN

END
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SUBROUTINE TCATY (CeT)
COMPUTES THER, COND, OF ATJ GRAPHITE VS, TEMP
IF (T=3460,) 1933
IF (1-2460,) 2+4+4
IF (T=1460,) §¢5:5
Cu(2.E=059T+,2808) /60,
RETURN
Cm, 35/60 .
RETURN
Cum{e] B4E-080T+ B80264)/50.
RETURN
6 Ca{=3.82E-04¢T¢1,091)/50,
RETURN
END
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