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by
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of Science.

ABSTRACT

A nuclear rocket power plant system consisting of a solid
core reactor, pressure shell, turbopump, and nozzle in which
hydrogen is used as. the propellant was investigated analytically
over a wide range of conditions. The reactors considered were
cylindrical graphite cores impregnated with U-235 reflected both .
radially and on the inlet end. Temperature and stress limita- : X
tions were defined and possible ranges of operating conditions
within these limitations were determined. Complete rocket
systems with corresponding payload weights were determined for
a sample earth orbit mission. The range of parameters consid-
ered included:

(1) Hydrogen temperatures at the reactor exit up to

4800°R

(2) Hydrogen pressures at the reactor exit up to
1000 psia

(3) Reactor void fractions for hydrogen flow from
0.2 to 0.4

(4) Reactor power levels up to 30,000 megawatts
The major results of this study are:

(1) A range of maximum possible reactor operating
conditions limited by stresses and surface temperatures
is determined. This results in a plot of maximum
possible propellant exit temperature vs. hydrogen flow
through the reactor which is independent of the fluid
pressure as long as the pressure never exceeds a
specific value determined from the stress limitation.
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(2) A simplified analysis which permits rapid hand
calculations of the maximum possible ranges of
operation to within 10% of the results from de-
tailed machine calculations.

(3) A method for optimizing the payload or ratio of

payload to gross weight for a particular nuclear
rocket mission. ’

Additional results possibly of more general interest are:

(1) A procedure and Fortran coded program for calcu-
lating heat transfer and pressure drop character-
istics for the subsonic flow of a compressible
chemically reacting gas in a heated tube with
friction.

(2) A procedure and Fortran coded program for calcu-
lating the thermodynamic and transport properties
of hydrogen over a temperature range from 1500 to
4000° Kelvin and for pressures from 0.0l to 100.0
atmospheres. The effects of compressibility fact-
or unequal to one and of dissociation are taken
into account where necessary.

Thesis Supervisor: Professor George A. Brown

Title: Associate Professor of Mechanical Engineering




ACKNOWLEDGEMENTS

The author acknowledges the advice and help of hislThesis
Committee which consists of Professor George A. Brown,
Kent Hansen, and Warren M. Rohsenow. He is particularly’grate-
ful for the encouragement and support of GeorgeAA. Brown, his

thesis supervisor.

Informative discussions with Dr. Arthur C. Herrington and
his encouragement at different stages of the investigation were

quite valuable to the author in the preparation of this thesis.

Additional knowledge of value for the investigation was

obtained by working and talking with Richard K. Plebuch.

The financial support of the Applied Science Division of
the Operations Evaluation Group and the Institute of'Naval

Studies of the Center of Naval Analyses is gratefully acknowledged,:

This work was done in part at the M.I.T. Computation Center
and the time made available by them is appreciated.

For the many hours of assistance in the preparation of
the final document, the author is indebted to Miss Elaine Audet,

Mr. Waldron Cluett, Jr., and Miss Deborah Pike.

~iv=-




TABLE OF CONTENTS

Page

ABSTRACT-....-ao--oooooo-ooooo-ooo-o.-a.ooo-oco.oo-.ooooo.. ii

ACKNOWLEDGEMENTS ¢ ¢ « ¢+« + ¢ e e vesennnnrnnneesessnssseessnnennen Qv |
TABLE OF CONTENTS.oeeevesnnnnecensssesnnannnsessnnnnnnnnnes v i
LIST OF FIGURES. .« «uueseevnnneceeeseasannnseneronnnsneenenes  Vidd
LIST OF TABLES. s« ueeesesessnsnnnnnnnnnnnnnonsesesssssneeece XV

NOMENCLATURE s« « « + e e e e enennnnsenasassansnnnsernnnnnnnnnees XV

Chapter I: INTRODUCTION....c.evcecoscosasccccsossssscccccns
A. Advantages of Nuclear Rocket SystemS..ceesss
B. Possible Types of Nuclear Rocket Systéms...
C. Status of Nuclear Rocket Program..s..ceee..

N oW M e

D. Description of Systemesescocsssesncesansees

Chapter II: OBJECTIVES AND LIMITATIONS...eevevrececconceees 12
A. ObjectivesS..ciesesecscscssscscosvcsososnsscesee 12
B. LAMitationS.....seeeecesesescesssscsooceces 1k -
C. ASSUMDLIONS.eseeeesveseesscasesssosssonnaes 15 E”

Chapter TIT:OVERALL APPROACH...eesscveecsereecnesnesennnees 1T
A, GenNerdl.csccacossesscscscssscsscssscssssnsascnes 17‘
B. Powerplant.....ececeecccesscesccsscccccccee 17
C. Total Rocket System.eccscscsesscscssasccsess 19
D. Choice of Independent VariableS...sceeecesee 20

C}Iapter Iv: REACTOR CALC(}I’ATIONS. ® 0 5 50 00000000 PILIOSTBEDPOOEBOOSES 25 -
A. Critical SizeS...Ol.‘...'.......'.I......OO 25
B. Heat Transfer and Pressure Drop Characteris-.

tics.o.‘o.‘.00Q'.00.0lo...caof..o..oooloono 35

Co StI‘eSS Amlysis;-oonoooonﬁnoona-oo-noo.oocov 5’+
D. Limiting Performance Of ReaCtOI‘. s s s OGS 69




Chapter V:

Chapter VI:

SIMPLIFIED REACTOR ANALYSIS. LN ) .... ® 5 008800 Po e

A.
B.
C.

e —————————————
T T R o e R e R

ObjeCtive......0..C..'OO....'.....I....I..
Wall Temperature LimitatioN.essecccececscses
Stress Limitation. ® 5 & 0O OSSP OB OO OOV *E eSS

PWERPLANT PERPORMANCE'.I......."l...........
A. Calculation of Component Characteristics..

B.

Powerplant CharacteristiCSeceseceeccscccsss

Chapter VII: SAMPLE MISSION.O...l0...l...-...."...l..'....

aA.
B.
C.

Mission CalculationS.ssecesesssossecsscsse
Rocket System CharacteristicCS,sesceesceces
Mission Resultst..l..‘.l......'ﬂ.."'l.-..

Chapter VIIT:SUMMARY OF RESULTS AND CONCIUSIONS...cceveeese

Chapter IX:

A.
B.

Results.o.noooooo-..o.n.o..'colioo;.ootooo

ConCluSionS.-..-o.....o-ooo--;u-ooo.r.....»

RECOMMENDATIONS o.o.n...o-n.-;.oo;.o;.....o...

BIBLIOGRAPHY.‘....0...DQ‘...i.ﬂ.l............'..'...?.....l

Appendix A:

Appendix B:

HYDROGEN PROPERTIES...........0.0.-of.-.gjnoo

1.
2.
3.
L,
5.

6.
T

SUMMATY.0ssssesscccscsssscsessrscsssssssse
General MethOQ.ceeseoeasesccsssoscscesncns
Thermodynamic PropertiesS.c.cececceccccecce
Thermodynamic Property Derivatives.......
Transport PropertieS.cscecccsssessscscscca
a. Transport Properties Below 1000%. ...
b. Transport Properties Above 1000%K....
Hydrogen Property ResultS...cescecccccces
Description of Computer Subroutine.....e..

HEAT TRANSFER AND PRESSURE-DROP CHARACTERIS-
' TICS FOR THE FLOW OF A COMPRESSIBLE GAS IN A

CO}JSTANT AREA CI’IANNEL.-:..-e..t.oaoo‘o-o.cp-..g

~vi-

Pagé
79

79
80
85 .
93
93 -
96
106

106

108
109

115
115
119

120
122 °

A-1 .-
A-1

“A-1

A-2

A-16 )
A-28 .

A-28.
A-34
A-38

A-73




s———— m—
T T e AR pa T

Page

) l. Summary'0n.'toa¢.ton‘0.0--...‘0-.0;0...00'001

2. Development of Fluid Flow EquationS.eeseee

3. . Choice of Initial Independent Variables...
b, Starting Procedure...c.ceescscerscnvoncsnss
5. Stepwise Trial and Error Procedure€....eeee
6. Calculation of Fluid Stagnation Properties
from the Static Properties and Fluid Velo-
city...;..................................
7. Pressure and Temperature Corrections for..
the Stepwise Trial and Error Procedure....

Appendix c: STRESS CAI'C‘(J-IJATIONS....CO'........'..O...O....'
la Generaloiula-o..o0000......0.’o..ot---o.o.’.‘v

2. Stress Equations when o, = 0 at r= T, e

3. Stress Equations when (dcr/dr) = 0 at ?: r,

l"c Pailure Criteria..oo--.;-.Q'...oc.....ollto.

Appendix D: COMPUTER PROGRAM AND SAMPLE SOLUTION...ccecese.

1. Description of Program....................'

2. Description of Input and Output Variables.
3. Fortran Listing of the Computer Program...
1". Sample Problem..v.‘....;...................

BIOGRAPHICAL NOTEO....'O.l'...'.l"..‘.."l...'...“....‘....'

-vii-

B-1

B-1 .
B-13
B-14

B-18

B-19

B-20

c-1

c-1

C-7T

c-10 .

D-1

D-1

D-8

D-17
D-53
E-1 -




LIST OF FIGURES S

FIG. NO. | - TITLE PAGE
1-1. Nuclear Rocket Schematic | ‘ 8
1-2 - Powerplant Schematic : : 0
4-1 Reactor. Weight vs. Flow Area : . 27
h-2 Reactor Radius vs. Flow Area : . - 28
-3 Reactor Length vs. Flow Area . _ 29'
L} Reactor Core Radius and Length vs. Void Fraction

for Minimum Reactor Weight per Unit Flow Area 30-_
h-5 Effect of Radial Reflector Thickness on Reactor -

Weight per Unit Flow Area for C/U-235 = 500 | 32
4-6 Effect of Beryllium Reflector fhidkness on |

Radial Power Peaking for C/U-235 = 500 >. ' 3% |
b7 Effect of Beryllium Axial Reflector Thickness

on Axial Power Profile 36 -
4L-8 Hydrogen Stagnation Temperature énd Relative »

Power Density vs. Non-Dimensional Length for a

Constant Coolant Channel Surface Temperature o
4-9 Hydrogen Stagnation Temperature, Static Temperature

Stagnation Pressure, Static Pressure, and Mach Num-

ber vs. Non-Dimensional Reactor Length for Chopped




L-10

4-11

%-13

h-1h

4-15

- PAGE

Sine Power Distribution

Relative Power Density vs. Non-Dimensional Reac-
tor Length for Chopped Sine Power Distributionsv
and Actual Power Distribution in a Reflected

Reactor

Distribution of Principal Stresses in an Annular

Element with Uniform Heat Generation .

50

51

61

Distribution of Principal Stresses in an Annular -

Element with Uniform Heat Generation

Hydrogen Temperature, Coolant Channel Surface

Temperature, Solid Centerline Temperature, Shear -

62 ~_‘ -

Stress at Coolant Channel Surfaée, and. Local Power':

Density in Reactor vs. Non-Dimensional Reactor

Length for Chopped Sine Power Distribution

Hydrogen Stagnation Temperature, Static Tempera-

ture, Stagnation Pressure, Static Pressure, and

Mach Number vs. Non-Dimensional Reactor Length for

Constant Wall Temperature
Hydrcgen Temperature, Coolant Channel Surface
Temperature, Solid Centerline Temperature, Shear

Stress at Coolant Channel Surface, and Local.

~ix~

¥ e

65

67 e




R B A R R L T T S R R e R R

PAGE = .~

4-16

1-17

4-18

419

Power Density in Reactor vs. Non-Dimensional
Reactor Length for Constént Wall Temperature
Maximum Shear Stress vs. Hydrogen Flow per Unit
Area in Reactor Core with Chopped Sine Power
Distribution

Maximum Hydrogen Temperatﬁre at Reactor Exit vs.

Flow per Unit Area as Determined by Different

' Material Limitations
Maximum Hydrogen Temperature at Reactor Exit vs. =

Flow Rate per Unit Area Through Core with Chopped

Sine Power Distribution as Determined by Material
Limitations

Maximum Hydrogen Temperature at-Reactor Exit vs.

Flow Rate per Unit Area Through Core with Chopped.

Sine Power Distribution as Determined by Material

Limitations
Maximum Hydrogen Temperature at Reactor Exit vs.

Flow Rate per Unit Area Through Core with Chopped

Sine Power Distribution as Determined by Material

B

Limitations »
Power Plant Component Weights and Power Plant

System Weight vs. Hydrogen Flow per Unit Aréa

68

73. J

76 -

7

YT




~ PAGE

§-2

6-3

in Reactor for Systems on Limiting Performance
Envelope Shown in Fig. 4-17 B 198
Maximum Power Developed and Ratio of Maximum ' |
Power to Powerplant System Weight vs. Hydrogén Pﬁ

Flow per Unit Area in Reactor for Systems on

Limiting Performance Envelope . A 99 -

Ratio of Maximum Possible Power Deveioped

to Powerplant System Weight vs. Hydrogen Flow

per Unit Area in Reactor for Systems on Limit-

ing Performance Envelopes : 101
Ratio of Maximum Possible Power Developed to -
Powerplant System Weight vs. Hydrogen Flow Rate

in Reactor for Systems on Limiting Performance
Envelopes ; ) ‘-193
Ratio of Maximum Possible Power Developed to |
Powerplant System Weight vs. Hydrogen Flow per

UInit Area in Reactor for Systems on Limiting

Performance Envelopes: v = 0.3 ok

Maximum Payload Weight vs. Hydrogen Flow per
Unit Area in Reactor for Earth Orbital Mission

Using Powerplant Systems on Limiting Performance

Envelopes | _ 110 -

-Xi=-




SRS SR A

PAGE

T-2

A-7

Maximum Ratio of Payioad to Gross Weight VS.

' Hydrogen Flow par Unit Afea in Reactor for
Earth Orbital Mission Using Powerplant Systems

@n Limitirg Performance Envelopes

Rétio of Payload to Gross Weight vs. Hydrogen

. Pressure at Reactor Exit for Earth Orbital Mis-

sion

Compressibility Factor for Normal Hydrocgen for
Temperatures from 150° ts 4000°k
Moleculaereight of Normal Hydrogen Assuming
Equilibrium Composition for Temperatures from
150° to 2000°K '

Density of Normal Hydrogen Assuming Equilibrium
Composition ror TEmperaturés trom 150° to 4000°K

Enthalpy of Normal Eydrogen Assuming Equilibfium

"Composition for Temperatures trom 150° to %000°K

Entropy of Normal Hydrogen Assuming Equilibrium

Composition for Temperatures from 150° to 1000°K

Specific Heat of Normal Hydrogen Assuming Equili-

brium Composition for Temperatures from 150° to
4000°K

(BH/Bp)T for Normal Hydrogsn Assuming Equilibrium
Composition for Temperatﬁres from 150° to uodo°x

-xii-

111

11k

A-54

A-55

A-56

A-5T7

A-58.

A-59°

A-60




o e Y e e e S R RN A N

PAGE

A-8 (BS/BT)P for Normal Hydrogen Assuming Equili-

brium Composition for Temperatures from 150°

to 4000°K | Ca-61
A-9 (BS/Bp)T for Normal Hydrogen Assuming Equili-,

brium Composition for Temperatures from 1560 |

~ to %000°K

A-10 W for Normal Hydrogen Assuming Equilibrium

Composition for Temperatures from 150° to 4000°K A-63
A-11 wp for Normal Hydrogen Assuming Equilibrium

Composition for Tempefatures from 150° to 4000°K |
A-1z Op for Normal Hydrogen Assuming Equilib:ium Com-
u position for Temperatures from 1_50o ro 4000°K A-65
A-13 °p for Normal Hydrogen Assuming Equilibrium}:

Composition for Temperatures from 150° to 4000°k
A-1k gT for Normal Hydrogen Assuming Equilibrium

Composition for Temperatures from 150° to 4000°K A-67
A-15 §p for Normal Hydrogen Assuming Equilibrium A N

Composition for Temperatures from 150° to 1000°K A-68
A-16 y for Normal Hydrogen Assuming Equilibrium .

Composition for Temperatures from 150° to 4000°k  A-69 .
A-17 Viscosity of Normal Hydrogen Assuming Equilibrium

Composition for Temperatures from 150° to 4000°k

-xiii-

-6z

A-64 .

A-66 o

A-T0




PAGE
A-18 Thermal Conductivity of Normal Hydrogen Assum-
ing Equilibrium Composition for Temperatures _
from 150° to 4000°K : | A-71
A-19 Prandtl Number for Normal Hydrogen Assuming :

Equilibrium Composition for Temperatures from

150° to %000°K A-72

-xiv-




Table No.

' LIST OF TABLES

Title ~ Page -

3-1

Independent Variables and Fixed Quantities Re-
quired to Determine Nuclear Rocket -Characteris-

tiCSoo.-oco.noooo.ooooOol-90000.0.00000000000000 21}.

Hydrogen Properties - Equilibrium Composition

p = .100 atm...........-..-.-.-....-............. A-39 |

Hydrogen Properties - Equilibrium Composition

P=lo.o atm-oo.co--o.oootoolu'loco'ono..'o.o'.l. A-hu

Hydrogen Properties - Equilibrium Composition ,
P=loo.oam.‘......I0.0...CC.II.OI...I.‘.Q..I; A-hg

- XV~

<+ e ——




T I SE TR TN S
N - A

NOMENCLATURE
matrix of coefficients for atomic hydrogen
property equations
area for choked compressible flow
collisibn integral function
cross sectional area at nozzle exit pléhe
cross sectional area for flow
surface area

cross sectional area of nozzle throat

matrix of coefficients for molecular hydrogen
property equations ’

first modified verial coefficient
collision integral functioﬁ

local speed of sound

second modified verial coefficient

specific heat at constant pressure
average specific heat at constant pressure

constant for chopped sine power distribution
diffusion coefficient
diameter of coolant channel
bdiémeter of pressure shell
diameter of nozzle throat

Young's modulus

- xvi..

e AN T s S s 3 S e




Fh

.U:J' =3 ..PI: o O'Q Q
. H
8

5
o

[
o

B R " H
gl

n]

free energy

| friction factor

acceleration of gravity

acceleration given to unit mass by unit force
enthalpy per unit mass

enthalpy chenge per unit mass across turbine
heat transfer coefficient

height at the end of bﬁrning'

horsepower required by pump -

specific impulse

thermal conduetivity

equilibrium constant for chemical reactidn
reactor length | :
Mach number

molar density.

Nuselt number

power developedlﬁy powerplant

pressure

partial pressure of speciee,i

stagnation pressure at exit of reactor
stegnation pressure at ihlet of reactor
pressure in hydrogen storage tank

pump discharge pressure N

power density

-xvii-




Pr

H 3
0

12}
i

o3
A

§H ii-i

md‘

o ot
v B v

B e e R DD s (T A T £ TR S v N L O R B P T R ST

Prandtl number

heat addition per unit mass

total heat addition per unit mass
heat flux per unit time
normalized axial power distribution in reactor -
reactor radius

Universal gas constant

radius

Reynolds number

entropy per unit mass

solid fraction of end reflector

solid fraction of radial reflector

"~ Stanton number

. temperature

reduced temperature

temperature at centerline between coélant channels
stagnation temperéture at reactor exit ”
stagnation temperature at reactor inlet

surface (wall) temperature of coolant channelv:.
maximum wall temperature along coolant channel':_
thickness of end reflector |

oﬁerating (burning) time of rocket powerplant

thickness of radial reflector

~-xviii-




<

a\")

<

=

02 £

=
3]

mil

=
]
=3

QEI

mi!
(X

=
e
(@]

zi:
o

=
‘g
[

£ £ =
m?dg

=

SYS

=

structure weight

web thickness between coolant channelé
velocify

velocity increment required for mission
specific volume |

void fraction

molecular wéight

mass flow rate

weight of reactor core

weight of end reflector

empty weight of rocket

total weight of reflected reactor
gross weight of rocket

weight of hydrogen propellant’

heat generation rate pér.unit volume
total nozzle weight

weight of convergent section of nozzle
weight of divergent section of nozzle
payload weight

weight of preséure shell

weight of radial reflector

weight of powerplant system

weight of propellant tank

~XixX-

<errmzp s e —




D

=8 Y e
¥ 9

weight of turbopump
shaft work

axial distance

WM
mole fraction of atomic species

location of T

mole fraction of molecular species

axial distance

‘bleed rate for turbopump

compressibility factor

collision integral function

GREEX v
coefficient ofAthermalnexpansion'v‘
isentropic exponent (defined by Eq-?Ath):
finite increment S
(p/7)(37/3p)
(T/7) (87/_BT)P

R/Wep

. pump efficiency

turbine efficiency
temperature difference-(T—Tw)
thermal conductivity |

ratio of gross to empty weight of rocket

-XX~




ON
op
ops
OSH

viscosity

Poisson's ratio

mass density

density of core material

density of end reflector matefial |
density of liquid hydrogen in propellant tank
density of nozzle material | )
density of pressure shell ﬁaterial
density of radial reflector material
stress |

design stress for nozzle material

(p/z) (32/3p),, |

design stress for bressure shell material
shear stress

(T/2) (BZ/BT)p

yield point stress

wall shear stress

(p/w) (3w/3p),,

(T/w) (BW/BT)p

collision integral

coilision integral

SUBSCRIPTS
average

bulk properties

~xxi-




int

max

N o

R

film pfoperties

chemical species.

inside radius of annulus

internal porfion of transport property
chemical species

maximum '

outside radius of annulus

portion of transport property due to chemical reactionr
radial direction

real gas

stagnation conditions

axial direction

atomic species'

molecular species

tangential direction: ‘

SUPERSCRIPTS
standard state
translational portion of transport property

molar property

-xxii-




CHAPTER I
INTRODUCTION

~ A. Advantages of Nuclear Rocket Systems
| As‘rodkets move by virtue of the principle of conserVa-'
tion of momentum,.it is desirable to exhaust the propellant -
from the vehicle at as high a velocity as is possible. This :
exhaust velocity depends upon the propellant temperature and ,
molecular weight. The iﬁterest in nuclear rocket systems stems‘
froﬁ the vast amount of energy évailable from the fission reac-
tions in a nucleér reactor of relatively small mass and volume.
This energy can be used in a nuclear rocket system to heat a
propellant with a low molecular weight to a high temperature.
Very large propellant exhaust velocities can be obtained in
this manner. | |

A commonly used heasure of performance of rocket systems
is the specific impulse that they cah develop. Specific_im-
pulse is defined as the ratio of the thrust déVeloped 56 the»r
mass rate of flow of propellant exhausted from the rocket. |
Por ideal operating conditions when the nozzle exhaust pressure
is the same as the ambient preSSure, the specific impulse’is
equal fo the exhaust velocity divided by gy > the acceleration'. 5
given to a unit mass by a unit force. This éxhaust veldcity{
and consequently the specific impulse are directly proportional : $'
to the square root of the prépellant stagnation temperature at.:
the nozzle entrance and inversely proportional to the sQuare' |

root of the molecular weight.

-1-
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In chemicél systems the molecular weight of the exhaust
gases is determined by the'fuel and oxidizer employed. The
average molecular weight of exhauét‘gases in chemical systems
is around 18 while diatomic hydrogén with a molecular weight
of 2 can be used in nuclear systems. For the same stagnation
temperature the use of hydrogen would provide a factor of three
inérease'in specific impulse bver a chemical system.

In reality the propallant stagnation’temperatureS'that can
be obtained in nuclear systems are presently lower than those
that can be reached in chemical systems. In chemical system$'
the exhaust gases are generated by combustion, and fhe gases
can be at a considerably higher temperature’than the combustion
chamber walls which are regéneratively cooled in a liquid pro-
pellant system. Exhaust gas stagnation temperaturesAiq the vi-
cinity of 6000°F can be obtained in this manner. In é nuclear
system with a solid reactor core the energy must be transferred
from the éore material to the'propellant. Consequently the pro-
pellant stagnation temperature cannot exceed the maximum possi-
ble temperature in the core which is determined by structural
or chemical limits of the core material. This temperéture is

"'less than 6000°F because suitable core materials have little or
no strength at this temperature. Fof solid cores which are |
heat transfer'limited,_the maximum pfopellant sfagnation temper-

atures attainable are nearer to hSOOoP.

.
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As a result of this tempefature limitation, values of
"specific impulse for solid core nuclear systems are iﬁ the
range of 700 to 800 lbf - sec/lbm. This is a factor of two :
over the maximum specific impulse for chemical systems which

is about 350 1b. - sec/l1b for liquid oxygen - liquid hydrogen (l)*.:
Buséard and Delauer (2) have made a comparison of ﬁérform-
- ance conditions for nuclear and chemical iocket.systems. For
a set of assumed propellant conditions they show that the nu-
clear rocket systems are superior to chemical systems for mis-
sions requiring high vehicle burnout velocities. Tﬁis type of
study indicates the region of intefest for nuclear rockets

where further study and work should be profitable.

B. Possible Types of Nuclear Rockéﬁ Syétems

4 A number of different types of propulsioh'systems.fdf nu-
clear rockets have been proposed. They range from different
core concepts as solid and gaseous cores to other more indirect
systems involving shock tubes or electric arc heaters. The most
highly developed type of system is the solid core reactor emplo&é
ing conventional convective heat transfer tonincrease the enefgy
of the propellént. The other more advanced or exotic systems
have heen proposed as methods of inéreasing performaﬁce primar-
’iiy by circum§enting the inherent temperature limitations of thé

solid core heat transfer reactors.

*¥Numbers in parentheses refer to items in the bibliogpaphy.
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In a gaseous cofe reactor, where the fissionable fﬁel,'
would be mixed with the ﬁrobellant the exhaust géses couid
be heated to a hlgher temperature than the contalnlng walls of
the reactor. Consequently, specific impulses greater than
those obtainable in a solid core heaf tfansfer device could bei
obtained. The difficulty with this type of system lies in con-
taihing fhe fissionable fuel, or at least a large fraction of it
in the reéctor and not exhausting it ﬁith the propellant.

Systems employing shock tubes or electric arc heaters can
in principle obtain propellant témperatures as high as
lO5 °r (2). They are generally considefed for low écceleration,
low thrust missions as the welght of the powerplant is large
relative to the thrust it can produce.

Another exotic proposal is a nuclear pulse system in
which energy is generated in a series of short pulses by small
nuclear explosions. Effective exhaust velocities corresponding
to exceedingly high tempérétufes are possiﬁle in principle as
there is no‘fundamental temperature limitation (3).> If the ad-
verse effects of the eXplosions can be tolerated, the system
coula be used to propel large payloads in space. ‘
| Although the solid core heat transfer reactor is tempéra—
ture limited it is the most highly developed nuclear propulsion
system and the only 6ne that is being tested at the présent time.

There are three basic types of solid core reactors that can be

b




considered: the homdgeneous thermal or intermediate reactor,
.the heterogeneous thermal or intermediate reactor, and the
fast reactor. In the homogeneous reactor the fuel is intimate-
ly mixed with a moderator which slows down the neutrons and prc—'
vides a heat transfer surface for the propellant. This type
of system requires a moderator that can withstand high temper-
atures. In the heterogeneous reactor the fuel is separated
from the moderator and the moderator does not have to provide
the heat transfer surface. Consequently, moderator materials that
cannot withstand high temperatures can be used if they are .
cooled independently of the fuel elements. This adds to the
complexity of the system but gives more freedom in the choice .
of materials. 1In a fast reactor no moderator ie used to slow
down the neutrons. The reactor can be made very small in size -
and the best high-temperature materials can be used to bontaih
the fuel. The neutron economy of fast peactors is less than
that of moderated systems and.more fissionable material is re-
quired. This leads to difficult material problemé as fission-
able materials are not good structural materials (4). The smail
size-of fast reactors is not necessarily an advantage becaﬁse
the solid core feactors are heat transfer limited and a reason-
ably large ameunt of heat transfer surface area is required to
obtain high propellant exhaust temperatures. |

The most promieing reactor designs to date are the homo-

geneous solid core reactors. The choice of suitable moderator
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materials for the core is quite limited because of the hOOQOR‘
or greater operating temperature réquired. In addition to |
having mechanical strength at high temperature.the material
must not be a neutron absorber and must not react with the pro-
pellant. Ceramics have the necessary temperature stability

but are poor mechanically and have low thermal conductivities.
Reffactofy metals that havé reasonable strength at high tempera?“
tures are not good moderators for thermal neutrons. The best
material that is presently available is graphite although it
reacts with hydrogen at high temperatures. This deficiency can
be cofrected by coating the heat transfer surfaces df the graph—
ite with a material which is resistant to chemical reactions

with hydrbgen. Some carbides have been suggested for this use.

C. Status of Nuclear Rocket Program |
The United States effort in the nuclear rocket field began' '.

in 1955 with "Project Rover."( This program is a joint effort‘

of the Atomic Energy Commission and the National Aeronautics ;'

and Space Administration. The purpose of this prbgram is toA‘a

prove the feasibility of solid-core nuclear reacfors for heat-

ing hydrogen'to the temperatures required for rocket propulsion

and to develop a flyable nuclear rocket propulsion system. |
The initial stages of the program involved the testing‘of

three KIWI-A reactors to learn about the practical limitafions

of high temperature reactor operation. The KIWI-B reactor

-6-




SR

A AT R I b Y T O L T S A ST TR S TR R SR TR R AT I Ay ST fpt Ay 8 e

tests began in 1961 and are still in progress. The objectives .
of these tests are to demonstrate start-up and full power o
operation using liquid hydfogen aé a coolant and to select a
basic core design to be used in the NERVA (Nuclear Engine for
Rocket Vehicle Application) system (5). The final stage of the
Rover Prograh is RIFT (Reactor in Flight Test) and work has
coﬁhence& into the development of this system.

The Rover Program includes all of the nuclear rocket reactor
and propulsion system hardware development done to date in the
United States. A number of analytical studies and designs for.a
specific missions have been completed. A partial 1ist of some .

of the earlier studies, both unclassified and classified, is

given in reference (6),

D. Description of System

A nuclear rocket system is similar to é liquid fueled
chemical rocket system.in most respects. The principle diffef— _
ence between the two is that the nuclear rocket has a nuclear
reactor rather than a combustion chamber to energize the exhaustv'
gases, and it only requires a single propellant rather than é”’
fuel and an oxidizer. A schematic diagram of a nuclear rodket*_f'
is syown in Fig. 1-1. The power piant is defined to consist of
the nuclear reactor and reflector, the pressure shell, turbopump,

and the nozzle. The complete rocket then consists of the power- V
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FIG.1-1: NUCLEAR ROCKET SCHEMATIC
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plant, propellant? propellant tank, structure, contrdls,‘and
payload. . ‘ |

The hydrogen propellant is stored in liquid form. It
first flows through the pump where ité pressure is increased
to a value considerably above the critical pressure which is
12.77 atmosphefes (7). This avoids any possible problems
that might arise with two-phase flow. The hydrogen is then .
used to regeneratively cool the nozzle and reflector before~
it is heated to its maximum temperature in the reactor and
exhausted through the convergent—divergént noizle; A small
fraction of the hot hydrogen is removed from the main £low
before it is exhausted'through the nozzle to drive the tur- |
bine which is connected to‘the pump. Fig. 1-2 is a schematic'
diagram of the powerplant showing the path of the propellant" :
flow through the system. P : |

An alternate way of driving the pump would be to use a
topping turbine in which all of the hydrogen flows through
the turbine before entering thé reactor. In this system onli
a small amount of work is derived from each pouhd of a largé
mass flow while in the bleed system ten to tﬁenty times as
much work per pound is taken from thé hotter and smaller mass
flow. The topping system can be more efficient as all of the =

propellant is used to generate thrust but the controi problems
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associated with it make it less favorable than the bleed system.

In Fig. 1-2 the control rods are located in the reflector

rather than in the core. This type of control system will per-

turb the shape of the power distribution in the core less
radically than control rods in the core. Control rods in the

core would not be able to withstand the high temperatures

developed and would have to be cooled separately. The position—'

ing of the control rods in the reflector avoids this cooling

problem.




CHAPTER IT

OBJECTIVES AND LIMITATIONS

A. Objectives

The objectives of this study are to obtain a method of
characterizing the nuclear rocket system with a minimum amount
of complexity, determine limiting values of performance, and
obtain a method for optimizing the total rocket for a given mis-.
sion.

To characterize the system with a minimum amoﬁht of com-
plexity requires the use of the minimum numbef of independent
variables that is possible. It is also desirable to Break up
the system where possible so that the differeht parts or sub-
systems that are independent of the wholelcan be investigated '
separately. The anal&sis used to describe the systeﬁ is less
detailed than a final design study for a particular rocket WOuld
be, yet it is detailed enough to make geﬁeralizations about
desirable characteristics and choice of‘indepéndent variables.

The characteristics to be determined‘include those for
the complete system and for the powerplant albne where possible.

The important chafacteristics of the powerplant include the
size and weight of the individual components, the power, thrust,
and specific impulse developed,.énd the amount of propellant

flow required to obtain this power. The powerplant was defined
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previously to consist of the reactor and reflector, pressure
shell, nozzle, and turbopump. The weights of the components
including the powerplant, the total system weight, and the pay-
load are among the most important characteristics of the com-
plete rocket system.

In order to determine limiting values of performanée, the
causes of component failure or restrictions on the manufactur-
ing of items must be determined and then related by the analy-
sis to the performance characteristics of the system. Values
of system characteristics can then be determined for conditions
that reach but do not exceed these limitations.

Once a method and analytical procedure are developed to
characterize the nuclear rocket it is desirable to find a
method to optimize the system for a particular mission. For most
rocket systems the best conflguratlon for a given iSéion is
con81dered to be the one which has the minimum weight. This
implies that the payload weight or the ratio of payload to gross
weight should be maximized at a fixed gross weight. An altérna-
tive would be to minimize the gross weight for a fixed payload
weight. |

For all the above objectives a particular detailed model
of the nuclear rodket'is used in the analysis. A further object-

ive of this study is to find more rapid simplified methods to
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get approximate answers to the above problems where possible.
This isbonly possible after the detailed calculations are com-

pleted to give a basis for comparison.

B. Limitations

A number of limitations are setvon the range of variables
in this study. The reéctors considered.afe limited to cores of
graphite impregnated with U-235 with a carbon to uranium atom
ratio of 500, which means that the reactor is intermediate. For
larger carbon to uranium ratios the average neutron energy would
approach the thermal range and the reactor sizes would increase.
Carbon to uranium ratioé less than 500 may not be obtainable with-
in present technology. The core geometry for all cases is a
right circular cylinder with uniformly spaced coolant channel
holes. The core is reflected radially and on the inlet end
where the hydrogen propellant enters the core.

The radial reflectdr.is 8 centimeters of beryllium for'ail
reactors. This value is close to the optimum for minimum re-
actor weight per unit flow area for the range of_reactors consid-
ered (8). The variation of reactor size and the local power
peaking caused by changing the radiél reflector thickness is also
shown in referénce 8. The end reflector for all reactors is
3 centimeters of beryllium. This thickness was used on the bas-

is of its effect on the axial power profile. It shapes the power

i '




distribution in a desirable way and does not cause e*cessive
local power peaking at the core reflector interface.

The propellant is restricted to hydrogen although some con- .
sideration has been given to other fluids as émmonia and water
- (9, 10). The hydrogen is considered to be stored in liquid
form in the propellent tank. Only one tank pressure of 20
psia is used in the study. The value of 20 psia was considered
to be high enough to avoid cavitation problems at the pump inlet
but not so high as to add considerable additional weight to the
tankage,‘

The turbopump system is limited to a bleed turbine rather
than a topping turbine as it is presently the type being used
in the first nuclear rocket engines and does not involve addition-
al control problems. tThe nozzles are restricted to the converg-
ent-divergent regeneratively cooled type with an area fatio of

50 to one.

c. Assumptions

The following assumptions are made throughout the analysis
unless it is specifically statedvotherwise for a particular
case.

1. The feactor is considered to be homogeneous so that
all solid parts of the core are generating power. This is equiv-
alent to assuming that any structural elements which are not

loaded with fuel and may be present in a particular core design
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have a negligiﬁle effect on the average core power density -
and do not cause local power peaking problems.

2. The radial power profile in the reactor core is flat
so the ratio of the maximum to average power is one at any ax-
"~ ial position in the core.

3. The coolant channel holes are uniformly spaced in the
cofe. Together with the above two assumptions this implies |
that an equal amount of heat is removed from each coolant chan-
nel. |

4. The thermal conductivity and structural properties
of graphite are independent of temperature over the. range of
reactor core temperatures considered. In the analysis average
properties of graphite taken from design curves are used.

5. The temperature of the hydrogen propellent at the en-
trance to the reactor core is ﬁOOOR. This implies that there
is sufficient heating of the hydrogen in the regeneratively
cooled nozzle and reflector to raise its temperatufe from be;ow
the critical temperature of 60°R to 400°R which is an increase

in enthalpy of approximately 1300 BTU/1b.
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CHAPTER III

OVERALL APPROACH

A, General

In order to chafacterize the nuclear rocket system with
a minimum amount of complexity, it is desirable to éeparate the
different independent parts where possible. Thé characteristics
of the powerplant as defined to include the reactor, reflectors,
pressure shell, turbopump, and nozzle can be determined inde-
pendently of any mission. Cbnsequently, the powerplant is in-
vestigated first and then tied into the complete system when
additioﬁal parameters are required.
B. Powerplant

The reactor is the one component in a nuclear rocket that
differentiates it from liquid chemical sysfems and is limiting
in the sense that it is the power producing element. 'The re-
strictions on the reactor arise from nuclear physics ahd from'
mechanical and chemical considerations.

The primary requirement that determines the reactor size

is that it be just critical. For a'given set of reactor mater-

ials any nuﬁber of critical right circular cylinders could be
constructed. These would range‘ffom long thin cylirders to short
ones resembling a pancake shape. The critiéal dimensions of the
core also depend on the reflector material, reflector thickness,
and on‘the core and reflector void fracti&ns. ‘Thé void fraction

is the ratio of the core cross sectional area which is free for
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coolant flow to the total area. The effect of these parameters
~on the critical dimenéions of reactor cores has been studied

in some detail by Plebuch (8). His results for critical sizes
of rocket reactors are used in this study.

The further possible restrictions that may limit the reac-
tor performance are mechanical strength, erosion, and/or a chem-
ical reaction between the core material and the propellant. To
determine which if any of these factors is limiting pérformance
the heat transfer and pressure drop characteristics of the cool-
ant and the temperature and stress distributions in the core
must be calculated. Maximum permissible values of temperatures
and stresses must be set for the reactor materials and compared
with the maximum values calculated for given coolant conditions
in a particular reactor. If any of the iimitations are ex-
ceeded, the coolant conditions which are independent_variables
must be changed and the process repeated until no limitationé
are exceeded. In this manner a fange of allowable coolant con-
ditions can be obtained for a given reactor. The whole process
can be repeated for a numbef of different reactors. |

The characteristics of the whole powerplant can be deter-

mined after the heat transfer and pressure drop characteristics

in the core are determined. The pressure shell size and weight
can be obtained after the maximum pressure in the reactor core

is calculated. This pressure and the reactor size are sufficient
to determine the dimensions of the pressure shell.

The nozzle size and weight are caluclated for a given ratio
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of the exit area to thrqat area of 50; The nozzle size also
depends upon the mass flow raterof‘propellant throughvit and the
stagnation conditions of this propellant. The stagnation prdper-
ties of the fluid are known independent variébles and the mass
rate of flow of propellant is determined from the reactor size
and the fluid conditions at the reactor exit.

The turbopump size and weight dependlon the volﬁme flow |
rafe of ﬁropellant and the preésure rise required across the
pump. The hydrogen storage pressure is fixed at 20 psia, and
the pump outlet pressuie can be related to the pressuré of the
propellant at the inlet to the reactor. The volume rate of flow
is simply related to the mass flow rate as the hydroéen is liquid
at the inlet to the pump. The bleed flow rate of hydrogen re-
quired to run the turbine ié determined by the pump wbrk.- The
amount of work developed pér pound of hydrogen flowing thfough
the turbine is fixed so the bleed rate is just the pump work de-

vided by this value.

C. Total Rocket System

The complete poWerplant characteristics can 5e determined
aé outlined above without considering a mission or an operating
time for the rocket.v To determine the characteristics of the
whole rocket the "burning™ or operating time must be known;

Once the burning time is assumed or calculated for a particu-
lar mission the propellant weight is easily determined. Xnowing
the weight and volume of propellant the amount of tankage required
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can be determined. The thickness of the tank walls is calcu-
lated such that the stresses are below a specified value for _:
the material.

The weighf of the struétural members td‘tie the different
components.together and make a solid frame is assumed to be pro-
portional to the gross weigﬁt of the rocket. The mission cal-
culations yield the ratio of the gross to empty weight as well
as the bﬁrning_time. With these values and the flow rate of
propellant through the powerplant the gross weight is easily
determined.

The payload weight for the mission is then the difference
between the gross weight and the weights of all the other com-
ponents. Using this method of calculatién it is possible to
obtain negative numerical values for the payload weight. When
this occurs, it implies that the particular configurétion contains
a powerplant that does not develop enough power per unit weiéht

to do the mission.

D. Choice of Independent Vafiables
The foregoing method implies a choice of certain independent
variables yet leaves the choice'of others quite free. A number
of quantities which could be varied but would only have a shall
effect on the éystem are fixed for all calculations in the study.
The critical size of a reactor can be determined if the
void fraction v and the length L are specified because the
core and reflector haterials are fixed and tﬁe reflector thick- .

\ co )
nesses are not varied. It will be shown in the next chapter that
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only the void fraction need be independent to determine the

critical length L and radius R if in addition it is speci- -

- fied that the reactor is to have the minimum possible weight

for a given flow area. The flow area is defined as the part
of the reactor cross sectional area which is free for coolant
flow.

| In order to calculate the heat transfer and pressure drop
cﬁaracteristics of the coolant in the core it is necessary to
specify the shape of the axial power distribution in the core;
the diameter of a coolant channel or the magnitude of the power
distribution as a function of axial position,vthe inlet and out-
let temperatures of the cdolant, tﬁe pressure of thé coolant at
one end of the core, and either the flow per unit area or the
Mach number of the coolantAat the same end of the core where
the pressure is specified. The cohditions at the exit of thg'
reactor were chosen as independent variables where possible as
it is easier to anticipate the effects of their changes and ap-
proach the desirable range oonperation than it is when using
the conditions at the inlet end of the reactor. The éoolant
flow rate per unit area w/Af was chosen as independent.rather
than the Mach number at the reactor exit because it turned out
to be more sighificant to the overall performance. It is rela-
tively easy to insure that the Mach number is not limiting
when w/Afr is indeﬁendent but the inverse is not true. The
other independentcbolant conditions are the temperature and
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- pressure at the reactor exit, TSE'
and the temperature at the reactor inlet aTSRI

otherwise specified for a particular case, the diameter of a

and Psp respectively,v

Unless it is

coolant channel is specified and not the magnitude of the power
distribution.

To determine the interior temperatures and the stressés
in the core, it is neceésary to know the coolant channel dia-
meter and the local pressure and power density. If the coolant
channel diameter is not specified as independent, it can be
determined before any stress calculations are started as the
magnitude of the power distribution would then be known. Sim-
ilarly if the channel diameter is independent, the iocal power
density is determined before the interior temperatures and
stresses are calculated. -

The parameters which are necessary for the calculgtibn of
the other powerplant components are either fixed or determinéd
from the above variables. The fixed'quantitieé-as mentioned in‘
Chapter II are the nozzle area ratio and the type of turbopump.
The amount of work obtained from each pound of hot hydrogen
in the turbine is also fixed rathef than vafied with pressure
level or other flow conditions. The propellant pressure requifed
ét the pump outlet is calculated back from the pressure at thé
réactor inlet. The inlet pressure to the pump or tank storage
pressure is fixed at 20 psia.

The additionai independent variables;required for the cal-
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culation of the compléte rocket system involve the mission
characteristics. The sample hission used in this study is for
a single stage rocket which lifts off a stationary earth and
takes a payload into a 300 mile high earth orbit. The two in;
dependent quantities which are specified are the aititude of
the orbit hp and the velocity increment required AVP. With
these quantities and the characteristics of the powerplant all
the component sizes and weights can be calculated. The ability
of the rocket to carry a payload on the given mission and the
magnitude of the payload is then determined.

Table 3-1 is a summary of thé independent variables and of
the other fixed quantities required to determine the character-
istics of the nuclear rocket system as described here and in the

previous chapter.
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TABLE 3-1

INDEPENDENT VARIABLES USED TO DETERMINE
NUCLEAR ROCKET CHARACTERISTICS

reactor void fraction

diameter of coolant channel in reactor
temperature of propellant at reactor exit
temperature of propellant at reactor entrance
pressure of propellant at reactor exit
propellant flow rate per unit area in reactor
normalized axial power distribution in reactor
velocity increment required for mission |

change in altitude required in gravity field

FIXED QUANTITIES REQUIRED TO DETERMINE
NUCLEAR ROCKET CHARACTERISTICS

thickness of radial reflector around reactor
thickness of end reflector on reactor

ratio of exit to throat area of convergent
devergent nozzle

pressure of hydrogen propellant in storage tank
enthalpy drop per pound of hydrogen in turbine for
bleed turbopump system |
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CHAPTER IV
REACTOR CALCULATIONS
A. Critical Sizes
The reactors considered in this thesis are limited to
solid graphite moderated cores impregnated with U-235 with a
carbon to uranium‘atom ratio of 500. The cores are right cir-
cular cylinders reflected radially and on one end where the
coolant enters the reactor.

This type of reactor has been studied in considerable de-
tail by Plebuch (8). His study of the nuclear physics of
rocket reactors was undertaken in conjunction with this study
to tie toegther the reactor physics with the overall system
analysis. The numerical results from his study are‘used in
this thesis rather than using less sophisticated and less ac-
curate analy;ical_calculations.

Plebuch has considered the effect of different vépiatiohs
in core and reflector proﬁ;ptieé on the critical sizes and
weights of the reactors and on the power distributions which
they generate. The variables taken into account in his study
include fuel to moderator ratid, solid fraction of the core,
reflector material, reflector thidknegs, reflector solid frac-
tion, and reflector position. The solid fracfion s 1is just
1 minus the void fraction v . Results are presented for
both analytical "modified"™ three group and numerical two dimen-

sional multigroup calculations.
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For a given fuel to moderator ratio, reflector material,

and reflector thicknesses a series of reactor sizes can be
determined for a given core void fraction. Fig. 4-1 is a plot
of reactor weights versus the cross sectional area free for
coolant flow. Four different curves are shown for cors void
fractions from 0.1 to O0.4. The radial reflector is 8 centi-
meters thick and the end reflector 3 centimeters, the material
being beryllium in both cases. The curve which is tangent

to the constant void fraction curves defines the locus of
minimum reactor weights for given flow areas. It is interest-
ing to note that the minimum reactor weight for a given void
fraction does not coincide with the minimum reactor weight for
a given flow area.

The corresponding plots of the reactor radius and length
versus flow area are shown in Figs. 4-2 and L4-3 respecfively:b
The dashed lines show how the radius and length vary along the
minimum weight per unit flow area curve. By cross plotting,
the reactor radius and height corresponding to the minimum
weight curve are obtéined versus the reactor void fraction.
This is shown in Fig. 4-4k. The core length to diameter ratio
decreases along the minimum weight curve as the void fragtion
and flow area increase. This can be seen from Fig. 4-% or
from Figs. 4-2 and 4-3 in combination. For a void fraction of
0.1 the reactor length to diameter ratio is l,lh while for
v = 0.4 the ratio is reduced to 0.725.

-26-




( POUNDS )

REACTOR WEIGHT

v wETt

14 000

12 000

10 000

8 000
6 000 |

4 000

~——MINIMUM WEIGHT CURVE

Ta * 3.15 IN. Be
Te 5 1.18 IN. Be
C/U RATI02 500

2000 {—

FIG. 4-1: REACTOR WEIGHT VS FLOW AREA

5 10 5
Ags, FLOW AREA (SQUARE FEET)

-27-

20




VNV MO1d SA SNIOVY HOLOVIY :2-b '9ld

0°Si

( 1334 3”vnDS) VUV MOTd
00l oS

‘ jy

©0S = Ool1vd n/d
g NI 811 = 'L
29 ‘NI SI'E€ = Y.

v3dv
MONd 1IN ¥3d LHOI3M
RANINIR H04 3A¥ND

0=

€0:=4A

ool

002

00§

oo

0°0Ss

|

(SHONI) SNIGVY HOLOVIY

-28-




oSt

el W i S e L R S P

V3YVY MOT4 SA HION3T HOLOV3IY :¢-H'Old

(,1333)v3dv moTd *Hv

00!

oS

N(um‘ Mod

1IN ¥2d LHOI3M

. RONININ Y04 3ANND

S

g ‘Nl SiI'E =

00S = OllvY n/2
a8 ‘NI 81y = ¥

LT »0O=A

€0zA

20s=A

00

o'ov

0’06

0'09

0oL

008

(SBHQNl) HLON37 ¥010V3Yy '

-29-



60 T * 315 IN.Bg
Tg * 1.18 IN.By _
C/U RATIO s 80O LENGTH
50
» 40
g RADIUS
2
= ,
O 30 /
z .
w
-3
": .
2
Z /
o 200
=2
(=]
<
o
10
(o]

0 0. 0.2 03 o4 05
| V, VOID FRACTION

F1G.4-4 ! REACTOR CORE RADIUS AND LENGTH VS
VOID FRACTION FOR MINIMUM REACTOR
WEIGHT PER UNIT FLOW AREA




The use of the reactor with the minimum weight for a
given flow area was suggested earlier by Herrington and this
author (11, 12) and the idea has also been used independently
for reactor weight studies of different types of reactors (13).
This makes it possible to determine the critical size and weight
of the reactor with only one independent vafiable rather than
two. The independent variable chosen for this study is the core
void fraction. Both the critical radius and height can be
determined from Fig. 4-4 and then the area and weight are easily
calculated.

The radial reflector thickness of 8 centimeters is used
for all reactors rather than including the reflector thickness
as a variable. The variation of reactor weight per unit floﬁ
area with radial reflector thickness has been determined by
Plebuch and‘is shown in Fig. 4-5 (reproduced from reference 8).
The core radii of interest at void fractions of 0.2 érlgreatér
are greater than 25 inches or 63;5 centimeters as is shown'ih
Fig. 4-4. Fig. 4-5 shows that the 8 centimeter reflector gives
close to the minimum weight per unit flow area for core radii
greater than 75 centimeters and that it is a reasonaﬁle comprom-
ise if one value is to be chosen for all radii from 63.5 to lQO
centimeters.

The second reason for using the 8 centimeter reflector
thickness is to avoid extreme local power peaking problems at

the core reflector interface. For uniform uranium loading in
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the radial direction there is a local power peak at the core

reflector interface due to relatively slow neutrons being re-

e e g ———TE,
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flected back into the core. The power peaking is defined to
be the ratio of the power at the core reflector interface to
the power at the center of the core. The dependence of this
power peaking on the radial reflector thickness is shown in
Fig. 4-6 (reproduced from reference 8). For a reflector thick-
ness of 8 centimeters thé peaking goes from 1.6 at a radius of
60 centimeters down to slightly less than 1.0 at a radius of
100 centimeters. This is quite reasonable compared to the .
peaking problems associated with the thicker reflectors. The
power peaking associated with the 8 centimeter radiél reflector
can be reduced and the radial power profile flattened with
nonuniform fuel loading and possibly by distributiﬁg absorbing
materials in the reactor. The amount of nonuniform loading re-
quired is discussed by Plebuch (8). | ‘
The 3 centimeter end reflector was chosen for its power
shaping capabilities. It is desirable to increase the power
density of rocket reactors as much as possible so that either
more power is transferred to the propellant for a given reactor
or a smaller reactor can be used to get the same propellant coh—
ditions at the'reactor‘exit. A reflector on fhe inlet end of
the reactor increases the average power density in the reactor

by increasing the power level near the inlet. To the first ap-
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proximation the axial power profile in an‘unreflected reactor
is a sine wave whereas in a reactor réflected on one end it is

a chopped sine wave. 1In reality there is a local power peaking
at the core reflector interface which is caused by the absorp-
tion of neutrons which have been slowed down and reflected

back into the core. The power shaping and power peaking effects
of the reflector are shown in Fig. 4-7. It can be seen that

an 8 centimeter reflector causes a powér peak almost twice

as large as the 3 centimeter reflector. High power peaking

at the inlet end of the reactor could cause extremely high -
temperatures to occur in the core material which would be un-
desirable. The 3 centimeter end reflector is used for all re-
actors in this study unless otherwise specified as it shapes

the power profile in a desirable way but does not cause exces-

sive peaking.

B. Heaf Transfer and Pressure Drop Characteristics

In order to determine when conditions iﬁ the reactor are:
such that temperatures or stresses will limit the performance
the local values of these parameters must be caléulated. The
local fluid properties, surface tempeféture of the coolant chan-
nel, and power density can be determined before the interior
temperatures and strésses in the core are calculatéd. The in-
dependent variables requiredlfér these heat transfer calculatiohs
are the coolant stagnation temperature and pressure at the reac-.

tor exit, TéE and Psg respectively, the coolant temperature
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at the reactor inlet TSRI’ the éoolant flow rate per unit area
w/Af, the channel diameter d and length L, and the shape

of the power distribution. An alternative is to specify the
magnitude of the power distribution at each position and cal-
culate the diameter of coolant channel required. In addition
to these variébles it is also necessary to have relations for
the heat transfer coefficient and friction factor in terms

of the properties of the flow. The most simple relations in-
volve assuming average values for these coefficients which are
good over the length of the coolant channel, ‘This would bé
correct only if the fluid properties did not change with tempera-
ture which is not true for a compress;ble gas. Empirical cor-
relations fo: heat transfer coefficients that are functions of
the heat transfer surface temperature as well as the fluid
properties have been developed for flow conditions similar to .
those occurring in nuclear reactors (1k, 15).. These conditions‘
include the effects of large temperaturé differences between
the heat transfer surface and the fluid-which occur near the’
inlet end of rocket reactors. The correlationsvare in general
complex in the sense that they employ an artificial film
temperature at which the fluid properties should be evaluated.
This film temperature is usually defined as the arithmetic
average of the local fluid temperature and the surface tempera-

ture of the coolant channel wall. Sbme of the correlations also-
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are functions of the distance traversed along the tube measured
from the inlet end. The correlation used in most of this work
is one by Taylor and Kirchgessner (14) developed. for heat trans-

" fer to helium flowing in a tube. Teété have been made that in-
dicate that hydrogen heat transfer results are correlated equal-
ly well with the Same expression (14). The corfelation is pre-
sented and discussed fﬁrther in Appendix B where all the heat
transfer and pressure drop equations are developed.

The friction factor correlation used in the calculations

is : .
£ = 0.046/(Rey)"" - (4-1)
rather than the more complicated Karman-Nikuradse relation which
must be solved by trial and error. Over the range of Reynolds
numbers from 5000 to 200,000 Eq. L4-1 fits the data quite well
(14,16). This range of Reynolds numbers includes the values
occurring in the coolant channels of nuclear rocket reactors.

To do the necessary detailed calculations the thermodynam-
ic and transport properties of hydrogen gas are required. The
"equations for these properties have been obtained or developed
and translated into Fortran language for use in machine computa-
tions. The subroutine will produce the properties of normal
hydrogen for témperatures between 1500 and %000° Kelvin and over
a range of pressures from 0.0l to 100.0 atmospheres. The effects
of dissociation and compfessibility factor unequal to one are
taken into accbunt.where necessary.
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The enthalpy, entropy, énd specific heat of the ideal gas
are calculated using empirical equations taken from reference
17. The compressibility factor is calculated using an empirical
equation obtained from curve fitting published data (18) and
ffom second virial coefficient calculations. The equations for
calculating the thermodynamié properties and their partial deriv-
atives including dissociation and compressibility effects were
derived from basic thermodynamic relations.

The transport properties are calculated using a modified
Buckingham potential for temperatures up to 1000°K (19). Above
1000°K these properties are calculated using equations and col—l
lisidn integrals developed by Vanderslice et al (20). High pres-
sure corrections for the transport properties are determined us-
ing equations from NBS RP 1932 (21).

The development of these relations aﬁd the Fortran subrbu-
tine is presented in Appendix A. Sihce this spbroutiné.was de-
veloped other programs for calculating hydrogen properties have
becomé available in the literature (22, 23).

The actual heat transfer and pressure drép characteristics
can be calculated with different degrees of accuracy and sophis-
tication. The first calculations were done using an average
heat transfer coefficient ahd averaged properties for hydrogen.
Other calculations done uéing a local heat transfer coefficient
dependent on the locél hydrogen properties and the solid surface
temperéture show the inadequacy of the.first calculations. An
example of the errors that can be caused by using an average
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heat transfer coefficient is shown in Fig. 4-8. The curves are
for a run where the wall temperature was specified as constant
rather than specifying the shape of the power distribution. The
shape of the power profile required to give the constant wall
temperature is then calculated along with the distribution of
the coolant temperature. The power density curve which looks
like a negative exponential was calculated using an average heat
transfer coefficient, while the second curve was obtained using
the heat transfer coefficient based on film properties andrde-
pendent on the local surface temperature as well as the fluid
properties. The secdnd more accurate pbwer profile does not
rise sharply at the inlet because the heat transfer'at high
ratios of surface to bulk fluid temperature is not simply pro-
portional to the temperatube differences as one might expéét.
These results clearly show the necessity of detailed calculations
rather than simple aﬁalyticél solutions for the determinatioﬁ of
the local properties in the reacfor.

The detailed calculations for the temperature, pressure,
and power density distributions involve trial and error solufions
at each iteration along the channel length. The calculation pro-
cedure was developed for digital machine calculations as a large
number of these solutions are required to find the limiting per-
formance characteristics of tﬁe reactor. The analysis used for
this flow is similar to the generalized one-dimensional confinu—
ous flow analysis using influence coefficients as developed by
Shapiro (24). |
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The analysis is restricted to the simultaneous external
effects of heat transfer and wall friction, buf it is general-
ized in that it includes the internal effects of chemical re-
actions and changes in molecular weight and specific heat due
to dissociation. The basic(assumptions are as follows:

(1) The flow is one-dimensional and steady.

(2) Chaﬁges in stream properties are continuous.

(3) The cross sectional area for flow is constant.

(4) The mass flow rate is constant.

(5) The gas'mixture is in thermodynamic equilib-
rium. |

The five basic equations governing the flow and the con-
dition of the fluid are expressed for a differential length
of the coolant channel as the control volume. The equatidn of

state of the fluid can be expressed as

P = ZpRI/W 7 (4-2)
The continuity equation is
w = pVA, : | (¥-3)

The Mach number is the ratio of the local velocity to the speed
of sound. Employing the relation between the temperature and

the speed of sound the expression for Mach number is

2 - 2 ’
M° = V' / (YRT/W). (4-4)
The energy equation for a differential element is
_ 2 _ . _
A
wdQ -»wdwx = w(dH + dz ) (4-5)

~h2a




The momentum equation is

—Afdp -7, . dA, = wdV | (4-6)

WS
The wall shear stress can be expresséd in terms of the friction
factor as
pvz .
Tw = f - (4-7)

The cross sectional area Af and the heat transfer area dAS

are related to the hydraulic diameter so that
hAf
A = a7y | (4-8)

Using Eqs. 4-3, 4-7 and 4-8 the momentum equation can

be written as

, |
4 4d
ap - £ 8- & o pvay (4-9)

Noting with the use of Eqs. 4-2 and k-3 that

2 2 . .
pV- = pyM :
) 7 : : (-10)

Eg. 4-9 can be rewritten as

2 / 2 e
dp M dx M av:
Pt Mot @ O (4-11)

The enthalpy change in the energy equation can be expressed in

terms of pressure and temperature changes as

OH

dH =(3T ar +(%%)po _ (4-12)

)
P .
The partial derivative with respect to temperature is just the

specific heat, and the derivative with respect to pressure, as

shown in Appendix A, is
OH © ZRT T ,ov
('55)1‘: Sl [l-;- (57) ] , (4-13)

_uj_
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Using these expressions for the enthalpy derivatives and noting
that the work term dWx is zero for the case under considera-

tion the energy equation can be written

. |
dQ = dT + ZR 1-7T v p + V av? |
cPT T cPW [ v (B'T)p] ‘% ZCPT ve (h'_lh)

Taking logarithms of the equation of state (4-2) giVes
In p = InZ + Inp + In R + In T - 1In W(415)
Then taking the differential of each side of Eq. 4-15

dp . 4 , d dr _ W |
-52"-2-'*"68'*'?"70- (¥-16)

Similar operations on Eqs. (4-3) and (%-%) result in

dp dav '
0= - t 5 . _(’-I»-l'?)
and
2 2 : .
dM av dw d dT
T A YW Sy T B w (5-28)

Considering W, 7, and Z as functions of temperature and pressure

it can be shown that

daw T oT .dT oW d

% = @ (a-w)P 5 + % (EB)T —g (ll--l9)

&7 . T @ 4 ,p dp o

> y (ﬁ)p T + y (B%)T P (4-20)
and

dz T oZ dT oZ d

% =z (aT’P Ttk S, 3 (4-21)
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The value of % (%%) and the other partial derivatives with

respect to temperature and pressure can be determined in the
hydrogen properties subroutine.
Eqs. 4-11, 4-1% and k-16 through‘heZl are eight algebraic

equations with ten variables which are differentials. They are

dp , dp , dT , dW , d% , aM® , &v° , dy , dQ , and 4f dx . Eight
P p T W Z MZ v2 7 cPT d

of the variables can be taken as dependent and two as independent.

The variables taken as being independent are %QT and Lf %5 )

After a considerable amount of algebra, the following expression

am®

can be obtained for —z
. M

s .

aM® - d 1 2 dx

—Mé- = JF%T +-2_5—[-B+ (L + n4yM'D) J] bf 3 (4-22)
where the quantities B, D, J, and n, presented in Appendix B,
involve the derivatives of the fluidAproperties.

The two quantities %QT and hf%§ can be related to each

other through the correlations for the heat transfer coefficient

and the friction factor. The heat transfer correlation is

o.Va 0.8 | , 0.k |
']}-(‘9 = 0.021 e (—Rf-—ﬁ) ' (4-23)
£ Bg ke |

The correlation for the friction factor, Eq. 4-1, can be written
: 0‘2

Hp ,
f = o0.046 vd (4-24)
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The local heat transfer rate divided by the cross sectional area

is
dA |
dq _ p_ 2 - - v -
xoChgs (G- - F @ - (4-25)

Eqs. 4-23 through L4-25 can be combined and with the use of Egs.

-3 and 4-8 the following expression result5°

o *
Tay (pAV
- TB

hfdx _ 0.046

d 0.021 Tw

p AV
where the subscript AV implies evaluation at the static tempera-
ture averaged along the direction of flow. For a differential
element TAv would equal T, but for a finite element as used in
the calculations the temperature is averaged. Then the dx and
dQ Dbecome finite differences Ax and AQ. |

W1th the relation between hf—a and d% it is now possible
to find the change in Mach number and the other fluid properfies
with the specification of only ohe independent variable if the
wall temperature is epecified in Eq. 4-26. For the case of a
constant wall temperature along the channel this is the procedure
which is used. In the program as it was developed a temperature

change is specified to fix the value of dQ. The value of L4f —a

is then computed and the change in Mach number determined from
Eq. h4-22.
If the local wall temperature is not speeified the shape of

the power distribution must be and the value of hfgé is deter-
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mined in another manner. Eq. 4-26 is then used to determine
the local wall temperaturé. When the shape of the power dis-
tribution is specified, either in analytical or tabular form,
the ratio of the heat transferred to the propellant from the
end of the reactor to a given point along the length to the
total heat transferred Q/QT. is solely a function.of the
nondimensional length x/L. The total amount of heat trans-
ferred to the propellant is determined from the fluid tempera-
tures at the reactor inlet and exit. The heat transferred up
to any local value is determined from that local fluid tempera-
ture and the temperature at the end of the reactor. The ratio
: Q/QT is then used to find the local value of x/L. The differ-
ence between this value of x/L and that of the last step is then
Ax/L. The local friction factor f can be determined from Eq.
4-24, The channel diameter d and length L are specified so

the value of hf%z is then the product of these known quantities.

b g = () v (3] | (-27)
With this value and the AQ calculated from the specified tempera-
ture change the change of Mach number is calculated using Eq. L-22,
As soon as gﬁ; is determined less complicated expréssions can

be obtained for the changes in pressure and temperature.

2

dM B dx
L |
o o _w F T (4-28)
P -A-B-2
| 7M

~L7-
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The quantities A and F are similar to B and D din
Eq. 4-22 in that they contain thermodynamic property deriva-
tives. These coefficients are therefore dependent on the fluid
temperature and pressure. The method of solution involves a
trial and error procedure because estimates of the local temper-
ature must be made to calculate the coefficients. When the
pressure and temperature changes are calculated from Eqs. 4-28
and h;29 the initial estimates must be checked and corrected
if they were in error.

The local coolant chaﬁnel surface temperature is determined
Aby trial and error from Eq. 4-26 when the power distribution is
specified. The solution is a trial and erfor proceduré because
the fluid properties are functions of the film temperature
which depends on the wall temperature. The entire procedure_is
presented in detail in Appendix D. Thevdescription given above
presents the main ideas but does not include all the trial and
error loops which are necessary. The fluid enthalpy is depend-
ent on the static pressure as well as the temperature which
mean; the amount of heat transferred is a function of the pres-
sure. This results in a trial and error calculation for the cal--

culation of AQ for each step. Another trial and error solution
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is necessary for the calculation of the static fluid properties.

The results of these caluclations are tabular values of
the axial distributions of the fluid static and stagnation
temperatures, fluid static and stagnation pressures, Mach num-
ber, coolant channel surface temperature, and other conditions
of the flow which may be of interest. The complete list is
given in Appendix D with the sample solution. A typical plot
of the most significant parameters is shown in Fig. 4-9. The
hydrogen stagnation temperature at the reactor exit is 4668°R
and the stagnation pressure is 800 psia while the temperature
at the reactor inlet is 400°R. The mass flow rate per unit
area is 0.858 1b/sec-in2. These results are for a chopped sine

power distribution where the local heat flux is of the form:

$ = sin [ a-D] | . (4:30)
and CQl is equal to 2.5.

The value of the constant CQl determines where the sine.
wave is chopped off at the inlet end of the reactor. If OQi~
is equal tovn the sine wave would not be chopped at all while
if CQl is equal to n/2 the maximum heat flux would occur at
the reactor inlet. Fig. 4-10 shows power distribution for two
values of CQl along with the power distribution determined
from reactor physics calculations for a core reflected on one

end with 3 centimeters of beryllium. Values of CQl in the range
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~of 2.5 to 2.75 produce chopped sine profiles which are reasona-
ble approximations to the real distributions.

The results in Fig. 4-9 were calculated using the program
presented in Appendix D. The number of steps between the reac-
tor inlet and exit where calculations are performed was varied
for a typical set of data. The effect on the results in going
from 50 to 200 calculational steps was less than one par cent.
A run was also made using 100 steps and a plot of any result
versus the number of steps does not produce an asymptotic value
that one would reach by going to an infinite number of steps.
This is because the accuracy demanded of the trial aﬁd error
loops in the program allows a small random variation in the
results that is as large as‘the difference,that is obtained in
going from 50 to 200 steps. The conclusion reached from this
is that 50 calculation éteps are suffiqiént and that ﬁsingbmofé
would be a waste of time as the time required for a run is al-
most directly proportional to the number of steps.

It is also possible to use different hydrogen’prbperties
with the program. The hydrogen properties can be calculated
excluding the effects of dissociation and/or compressibility
factor unequal to one. This is explained‘in detail in Appendix A
‘where the equations are developed. If bofh the effects of dis-

sociation and compressibility factor unequal to one are excluded
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the difference in the heat transfer and pressure drop results
may be a few per cent. The change in the calculated stagnation
pressure at the reactor inlet for a sample run was 25 psia out
of 1100 or a change of 2.3°/o . The use of the more accurate
hydrogen properties does not require a noticeable increase in
the length of time required for a run, consequentlynfhése |
properties were used for all further runs.

Along with the above results for the heat flux and temper-
ature distributions the specification of the void fraction of
the reactor and the geometry of the coolant channel distribu-
tion is sufficient to make the calculation of the local power
density and maximum temperature in reactor core possible. At
any axial position the power generation is assumed to be uni-
form in the sblid fraction of the core. The local power density
is then the local heat flux per unit length divided by'fhe area
over which it is generated:

d 1 o
PD = oo - | - _ (:-31)

Expressed in terms of known quantities this is
V. WA | '
LR vl = | (4-32)
The geometry'used to calculate the maximum core temperature
is a spacing of coolant channels on the vertices of equilateral

triangles. Anrapproximate solution for this shape with uniform

heat generation has been found and is available in the literature
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v(zs). No exact solution can be found as the boundary conditions
cannot be simultanecusly satisfied in both circular and rectangu-
lar coordinates. The temperature difference between the maximum
in the solid and that at the surface of the coolant channel is
proportional to the local power density and the square of the
coolant channel diameter. The exact form of the equation show-
ing the'dependenoe on the reactor void fraction is presented -

in Appendix D.

C. Stress Analysis

The actuai design of fuel elements for the reactor core
should be related to temperature and stress considerations,
the method of supporting the core, possible vibration problems,
and to manufacturing tolerances. It is impossible to determine
analytically the best design taking all the above considerationé
into effect. As it is not the purpose of this work to“design
fuel elements or reactor cores, a fairly simple model was used
to make stress calculations. If if becomes desirable a differ-
ent model or models could be used. This wduld Oﬁly affect the
numerical values used in the rest of the analysis énd not the
general method. | |

'The'model used to make stress caléﬁlations is an annulér ,
element with uniform heat generation in the solid. The cbmbin;

ation of thermal stresses and stresses due to applied loads
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can be solved analytically for this case. Some work has been
donebon the calculation of stressesvdue to applied‘loads’in
plates or cylinders with a number of circular holes (26,.27).'1ﬁ
The temperature distribution has beén obtained for a heat gen-
erating cylindér with a ring of holes for coolant flow (28).‘.
The extension of the stress calculations to include the thermal
stresseé for these geometries is a formidable task which should
be accomplished but is not undertaken in this study.

"In the annular element used as a model for stress calcu-
lations the inside diameter is the same as the coolant channel
diametef in the core. The void fraction free for coolant flow‘~
is also the same fof the annulué as it is for the core. If the
actual geometry in the coré is a spacing of coolant channel
holes on the vertices of equilateral triangles, the distance
between holes or the web thickness is of the same order 6f még-
nitude as the hole diameter. For a vdid ffaétion of 0.3 and a
channel diameter of 0.1 inches the web thickness is 0.0T4 inches.
The outside diameter of an annulus with a void fraction of 0;3
and an inside diameter of 0.1 inches is 0.183 inches. This
meéns the distance between holes fofAstackéd énnuli is 0.083
inches which is about 1096 greater than it is for the holes;
spaced on the vertices of equilateriql triangles..

In order to determine when the reactor or the model used
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is stress limited a failure criterioﬁ must be empioyed and a
limiting condition set for the material.’ Graphite is a brit-
tle material and ideally the failure criterion applied ehould
be valid for brittle fracture. Unfortunately, the understand-
ing of the fundamentals of brittle fracture is not so highly
developed that the theory is easily applicable to engineering
problems; There are two theories for the propagation of cracks
causing failure in brittle materials. One theory-first formu-
lated by Griffith is deterministic while the second proposed
by Weibull is probabilistic in nature (29). Both theories cah
account for some but not all of the aspects of brittle fractﬁre.
They both involve arbitrary constants which must be determined
empirically for the materiai under considerstion. The probabi—
listic theory has been applied to some engineerihg problems ‘
and related to a factor of safety with regérd to é siﬁgle stress
value like a yield stress (30, 31).

The failure criterion used in this analysis is the maximum
shear criterion. The maximum principal stress would be the '
failure criterion for an ideal brittle'material (32). ?or the
model used in this analysis the maximum shear criterion is ueed'.
‘Abeceuse it is more conservative than fhe maximum principal
stress criterion.

For the annular model the stresses were ealculated for two

different sets of beundary conditions. In both cases the radial
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stress at the inner radius was assumed to be equal to the nega¥
tive value of the local coolant pressure, and the whole elemént
is considered to be free to expand in the axial direction so
the problem is one of plain straiﬁ. The principal stresses
are then in the radial, tangential, and axiél directions. The
two different boundary conditions considered are those on the
outer raaius of the annulus. If the annulus is considered as
a unit cell in the core So that it is like.allrother cells at
the same axial position, the outer boundary must be considered
adiabatic to insure that the temperature gradient be zéro at |
the outside radius. Similarly there is no reason to have a dis-
continuity in the gradient of the radial stress at this positioh,
in which case the second bdundary éondition on the stress should
be that the derivative of the radial stress with respect to
radius is zero at the outer Eoundary. The other possibility’is
that the radial stress be set equal to zero or the negative of
the fluid pressufe at this boundary. The latter condition
would result in a discontinuity in the gradient of the radial ‘
stress if two annuli were placed side by side. |

The basic equations for the stresses in a circular cylinder

with a nonuniform temperature distribution and no axial displace-

-ment are (33)

r . . . °
érdr + E Cl - EZ_ (4-33)
‘ T+v | T2 2

QE 1
0 I-v 2

r.
1
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r ‘ c Cy
) oE 1 _ CES " E ’ 1 -2 _
% T T-v 2 ordr - 15 + 133 T * 7 (34
r; T
Qo ZVECl .
O'Z = .— 1 - v + (l + V) (l _ ZV) o ’ . 7 ‘ (,‘l’-35)
If a uniform axial stress o, = C3 is superposed, C3 can be

chosen such that the resultant force on the ends is zero.
This means that the axial displacement will be uniform but un-

equal to zero. The equations for the radial and tangential

‘stresses remain unchanged.

The temperature distribution in an annular element with

uniform heat generation and an adiabatic outside: surface is

- ,
W. T - .

- - . i 2 . _ 3 (h-36)
=T - T =& (%o " - z .

W
rate. This expression is developed in Appendix B along with

where T., is the temperature at ri and wi is the heat generation' :

all the expressions for the stresses. With this temperature
distribution and a set of boundary conditions'for'the,redial
étrese, the constants in Eqs. 4-33 through hj35 can be evaluated"
and the eqﬁations for the stresses obtained in terms of known
quantities.
- For the boundary conditions

% = P Atro= T e

and |
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the results are

H

1 i 1 1n
(r/r 1-v pt l - v Ik v YI-v 2 ‘VQ;

e
Ty |
2
_v[l; i-o ] . @B Wi I'iz (—)+V ln—-l—-
e {§‘ A - v) 1-v Tk v 1-v ( f
-3 A ‘5(-) -V+(—C)2J3(*)2-V} (1-10)
ro.\/;' : h(r) l I‘o )
ol .
(4-11)

5)° -

In the above expressions the void fraction v has been inserted
for (ri/ro)' . The value of UZ was determiﬁed using C3 such .
that the resultant force on the ends of the element is zero.

Similar equations result for the other set of boundary conditions 

where
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 °-. = =p at , r = D, ,(u__hz)

r = ’ = '
-I= 0 at B .r. Ty (4-43)

T
W, r.° | ETJ -V A
o = -p+—E!L Tfl% - -ln[£ _\—/—_J-'-_]+ 071 1 o]V (s-uy)
v v :

<

To

B ]
2z 2] ]

O0g = P - %_{; Ik v ?5-\/;—:' hv(§0)2
= )? v ; | (1-15)
5

T
Q 2-3(2_.)_\;

b .

is given by Eq. 4-41 as it is for the other

To

The value of o,
set of boundary conditions.

The radial distribution of the three principal stresses is
shown in Figs. 4-11 and 4-12 fér the two different sets of bound--
ary conditions. The power density is 100 megawatfs per cubic
foot, and the coolant preséure is 500 psia for both cases.. The
inner diameter is 0.100 inches and the outer diameter is 0.182
inches correspoﬁding to a void fractioﬁ of 0.3. The shapes of
these curves areAtypical for the range of pressures and power

densities of interest although the absolute values of the stresses

will change.
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It can reaily be seen that the worst stress conditions oc-
cur at the inside radius of the eiement. This is true for the_'
maximum shear stress, maximum stress,'or any other common fail-
ure criterion. It is also true for different values of power
density and pressure. This simplifies the determination of
the maximum stress in an element as the stresses need only to
be calcuiated at the inside radius rather than at a number of
different radii. It also.means that the equations for calculat-
ing the stresses can be simplified as is shown in Appendix C
where they are developed. For the case where the gradient of
the radial stress is zero at the outer boundary the'equations

for the stresses at the inner radius are

op = P L (4-k6)
2 - . '

. ‘ 2 :
% = Pt To% W v ,[(l = ] (4-47)

W. i
_ : i 1 3 -v
% ° 1-vmz—v—[rr—r, 1“.\,-;;—--—_-5——](1;-1;8)

The equations for dr and 9 with the other set of boundary

conditions can be reduced in a similar fashion. The expression"
for o, is given by Eq. 4-48. The heat generation rate is
equal to the local power density PD divided by the solid frac-

3
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tion of the core and appropriate conversion factors.

In all further caleulations the stresses are calculated
for the case where the gradient of the radial stress is equal to
zero at the outer boundary of the eﬁnuius. This set of boundary :
conditions is considered tebbe more realistic for the model as
it is considered a unit'cell‘of the reactor core. The form of
the equations used in the computer progfam is presented in ‘
Appendix D. The stresses are calculeted at eéch step along the
core along with the temperatures and other fluid properties.
The difference between the maximum and minimum principle stres-
ses yields the maximum shear stress at that point. .-

The distribution of the maximum shear stress.is shown in
Fig 4-13 along with the distributions of the wall temperature,
maximum core temperature, coolant stagnation temperature, and
power density. The independent parameters used to caieulate'
these results are the same as theselused to obtain the coolant
property distributions presenfed in.Pig. ﬁ—9. For the case
shown the maximum shear stress occurs where the local power densi-
ty is maximum. This will be true as long as the maximum shear
stress is obtained from the tangential and radial stresses. The
difference-between these two stressee is independent of the o
fluid pressure and proportional.to the loeal heat generation rate

as can be seen from Eqs. 4-46 and L4-47.
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It was initiaily thought that a power density‘distribution
corresponding to a constant wall temperature wouid be desirable.
This would be particularly true if the reactor was surfacé
temperature limited. A number of constant wall tempepéture runs
were calculated and the distributions of maximum solid tempera- -
ture and stress determined.‘ An example of the results is shown
in Figs. 4-1L4 and 4-15. The coolant properties are shown in
the first figure while the maximum solid temperature and the
stress distributions are shown in the second. The hydrogen
stagnation temperature at the reactor exit is h600°R and the
stagﬁation pressure is 800 psia. The flow rate per ﬁnit area
is 0.800 lb/sec-in2 and the wall temperature is constant at
4611°R. The maximum shear stress for these conditions is Higher
than the graphite material can tolerate. If the results in |
Fig. h;ls are compared with those in Fig. 4%-13 one cah see th;t
both the maiimum stress and the maximum solid temperature aré
higher for the constant wall temperature case even though the ‘
hydrogen stagnation temperature at the exit and the fldw’rate.
per unit area are less than they are for the case with a chopped
sine power distribution. This occurs primarily because the shape
of the power distribution required to obtain a canstant wall
temperature is such that a higher local power density exists
even’though the totélipower represented by the area‘under the .

curve is less than for‘the other case. The coolant channel
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diameter for the constant wall temperéture case is 0.106 inches
rather than 0.100 incheé as for the chopped sine power distri-
bution case but this has a relatively minor effect on the stress
compared to the local power density'effect mentioned above.
These results show that the power distribution corresponding to
a constant wall temperature is not as desirable as the chopped
sine power distribution. This was found to be true for any of

a large number of constant wall temperature cases that were run.
It may be desirable to shape the power distribution in some other
way so that a higher exit gas temperature of higher flow rate
per unit area can be obtained without increasing the'maximum
temperatures or stresses in the core. This has not been done

in this study but could be the subject of some futher work.

D. Limiting Performance of Reactor

The procedure outlined in the last two sections of this .
éhapter permits the determination of the coolant properties,
reactor surface and maximum solid temperatures, power density;
and maximum stress distributions along the axis of the core.
The rate of local power generation in the core may be fixed by
one of a number of possible factors. These include:

1. A surface temperature above which excessive

chemical reaction between the coolant and the channel surface

material may take place.
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2, A temparature in the solid pért of thé core
above which the reactor material does not have satisfactory
mechanical strength. |

3. Stresses in the core material that may cause
fracture or excessive strains and dimensional changes. .
Gfaphite will react with‘hydrogen at high temperétures, but
this deficiency can be overcome by coating the coolant channels
(34,35). The mechanical strength of graphite increases with
temperéture up to values near 5000°R and then drops off rapidly
(36). The actual values of the tensile strength for graphite
have some variation because it is a brittle materialland does
not have a well defined yield point as ductile materials do.
The maximum alloWable stresé for graphite that is used in this
study is taken from a curve developed at Los Alémos for design
purposes (36). The other graphite properties required for the
stress calculations are taken from this same source. The lim-
iting values used for the three factors mentioned above are:

1. Coolant channel surface temperature no_greafer-'
than 4800°R. - |

2. Temperature in the solid ffaction of the reactor
core no greater‘than 50009R.

3. Maximum shear stress no greéter than 1200 psi.

With these limitations set on the core material and the

0o




~ procedure developed to calculate the conditions in the reactor

for a given set of independent parameters, it is possible to
determine the upper bounds on reactor performance. For each}
run with a given set of variables it is possible to determine
the distributions of wall temperafure, maximum solid temperature,
and stress as was shown in Fig. 4-13. If any one of the three
limitations is exceeded at any point in the reactor the operat-
ing conditions are unsatisfactory and at least one of the inde-
pendent parameters must be changed to obtain a workable systém,
The procedure used to determine the upper performance bounds
is as follows. |

1. A particular void fraction is chosen to set
the reactor length and radius.

2. A particular coolant channel diameter is chosen.

3. The shape of the_power distribution is fixed
for the reactor. |

4. The hydrogen stagnation pressure at the reactof
exit is chosen. -

5. The hydrogen stagnation temperature at the re-
actor exit is set at a specific value. |

6. The flow rate per unit area through.the reactor
is varied in finite steps and the reactor characteristics de-

termined for each different condition.
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T. The hydrogen stagnation temperature is changed

and step 6 is repeated.

When these results are obtained the maximum stress, wall
temperature, and solid temperature are plotted versus the flow
rate per unit area for given hydrogen temperatures. A typical
plot for the maximum stress is shown in Fig. 4-16. Only the
highest stress at the worst axial location is used to make this
plot. Using Fig. 4-16 it is possible to determine the highest
possible flow rate per unit area that can be passed through the
reactor and still obtain a specific hydrogen stagnation tempera-
ture without exce€éiding a specified stress value: If at the
points where the ZOSH = 2400 psi the hydrogen stagnation temper-
ature is plotted'versus thé corresponding flow per unit area,
the solid line in Fig. 4-17 is-obtained. The same procedure
using plots of maximum wall temperature and maximum centerline
temperature similar to Fig. 4-16 yields the other tw0‘cﬁrves
in Fig. b4-17. ‘

For the gréphite material considered and the'limitations
imposed the maximum solid temperature is not an important
limitation because either of the other two limitations is reached
first. The limiting pefformance of the reactor occurs along the -
envelope defined by the wall temperature limitation and the stress

limitation. The envelope in Fig. 4-17 is for one reactor size
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with one coolant channel size and one shape of theApower distri-
bution. The position of the envelope is insensitive to pres-
sure in that its position does not change when the hydrogen
pressure at the reactor exit is changed to either 600 or 1000
psia. |

The effect of a variation in coolant channel diaﬁeter with
other conditions held constant can be seen in Fig. 4-18. For
an increase in coolant channel diameter from 0.100 inches to
0.125 inches the most significant change is in the location of
the stress limiting curve. The flow rate per unit area must
be reduced by 30% 6r more in order to obtain the same hydro-
gen stagnation temperature at the reactor exit. The effect of
changing the reactor power-distribution is also shown in Fig.
h;18. The change in the shape of the chopped sine profile when
cQ, is changed from 2.5 to 2.75 was shown in Fig. 4-16. Tt can
be seen that this change in the power profile has only a small
effect on the position of the»limiting performance envelope for
the reactor. The small shift of the point of maximum_power to-
ward the exit of the reactor causes the stress limitation to
occur at slightly lower flow rates.

The effecf of a change in the reactor void fraction and
consequent;y the reactor size is shown in Fig. 4-19. A reduc-
tion in the void fraction from 0.3 to 0.2 has approximately the

same effect as increasing the coolant channel diameter from
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0.100 to 0.125 while holding the void fraction constant at 0.3.
Increasing the reactor void fraction to 0.4, which is probably
near the upper limit from a structural point of view, increases.
the possible flow rate per unit area that can be passed through
a reactor and consequently increases the maximum power level.

As the reactor void fraction is increased the reactor radius
and flow area increase as was shown in Figs. 4-1 and 4-L4. Con-
sequently if the hydrogen stagnation temperature was plotted
versus the actual mass flow rate rather than the flow per unit
area, the envelopes would be spread further apart exaggerating
this effect. As a rough approximation the reactor power is

the product of the mass flow rate, the hydrogen stagnation
temperature at the exit and some average specific heat, if the
inlet temperature is neglected with respect to the exit tempera-
ture. Consequently any increase in mass flow rate or flowApér
unit area for a given reactor at'a given exit temperature

causes a proportiénal increase in the power develpped by the

reactor.
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CHAPTER V
SIMPLIFIED REACTOR ANALYSIS

A. Objective

The detailed machine calculations presented in the last
section of Chapter IV show that over a certain range bf flow
rates the wall temperatufe is the limiting condition. At high-
er flow rates the stresses in the graphite restrict the range
of possible operation. In order to obtain a limiting envelope
of hydrogen exit temperature versus fiow per unit area a large
number of runs must be calculated and the results cross plotted
to find the independent conditions where the limiting perform-
ance line is. It is then desirable to calculate a number of
runs for conditions along this line to check the accuracy of
the cross plotting procedures. Making calculations for. the can-
ditions on the envelope also eliminates the requirement'bf cross
plotting other results of inte:est té determine théir values.

It is desirable to obtain a simple approximate analytic
method for predicting the conditions wherelthe reaétor.isAwall
temperature or stress limited. This procedure can serve two
purposes. For the initial calculations on a particular system
the accuracy required on limiting performance calculations may
be'such that approximate analytic calculations will be sufficient.s

In the event that more accurate calculations are required the
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approximate results can be used to define the region where fur-
ther calculations are to be carried out. This can cut down the

amount of work and machine calculations by a considerable amount.

The amount of cross plotting required to determine the conditions -

of limiting performance can be reduced significantly and in some
cases none will be necessary. The analysis developed here was
used for this latter purpose in completing the results of the
detailed machine calculations presentea in the last chapter.
More specifically the objective of the simplified analysis is

to obtain two analytic expressions, one to relate the wall
temperature to the independent variables (Tg and W/Af) and

the second to relate the maximum stress to the same variables.

B. Wall Temperéture Limitation
For a power distribution which is a chopped sine wave the

local heat flux per unit length is given by Eq.  4-30 which is

_ repeated here

g% = A sin [CQ1 (1 - %)] B (5;1)

By integrating over the coolant channel length and noting that

0

where QT is the total enthalpy rise of the hydrogen, the constant

Al can be evaluated. The resulting expression for the local heat

~-80-
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flux is

wQ o ' ' .
d T 1 . X _
3% = - T = Gos CO; sin [ cQ, (1 - f)] (5-3)

The local heat flux can also be'expmessed in terms of the wall

temperature and a heat transfer coefficient.

da ‘ ’ ,
gg(. = h= (T, -T) =hnd (T, - T) | (5-4)

Egqs. 5-3 and 5-4% could be combined to obtain an expression for
the wall temperature if the local fluid temperature T was
known. This temperature can be evaluated approximately by ig-

noring the dependence of the enthalpy on pressure and assuming

an average specific heat for the fluid. Then

Qp =% (Tgg = Tgge) - : e (5-5)
and
— dT7 | o
E-ve g | | . (5-6)

Combining this with Eq. 5-3 and integrating results in the fol-

lowing expression:

- T _-T
SE___SRT X
T=Torr * T-cos aq; |°°° [CQl (1 - f)] - o8 O (5-7)
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Eqs. 5-3, 5-4%, and 5-7 can now be combined to produce the follow-

ing expression for the wall temperature.

Top - Tarp

- - .ob  oORL ' - Xy
Ty = Tsrr = T-cos oq, | °°° [CQl ( L)] cos CQ, +

Q : S
= T Si“[ch - %)] (5-8)

The Stanton number

h

, (5-9)
chP

St =

is an average value incorporating an averaged heat transfer co-
efficient. . ' | »

If Eq. 5-8 is differentiated with respect to # and the
differential set equal to zero, the following relation is ob-.
tained for the position where the wall temperathre is a.haximum.

Q, (1-2%) ~ tan ;%l gﬁ) o (5710
When this is inserted back into Eq. 5-8 and the inverse tangent
is related to the correspbnding inverse sine and cosine functions,
an equation reléting the maximum wall temperature to the exit
coolant temperature and the average Stanton number results.

After some simplification it can be reduced to the fbllowing

expression:
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. m -
1+ 1 - cos Q :
Tt = TsRr =\/ 5 it i o (5-11)
TSE - TsRT 1 - cos CQ, | - )

If the Reynoids analogy is used to relate the Sténton number
to the friction factor and Eq. 4-1 is employed to relate the
friction factor to the fiow per unit area, the desired relation
between the maximum wall temperature,‘the hydrogen exit tempef—

ature, and the flow per unit area is obtained.

Tsp - Torr | 170 %Y - .
T~ Tsrr \/ Q (w d\0.2 1 2 (5-12)
G -

1 *+2%. 01+6)L/d T cos Q |

For a particular reactor and a given shape of the poWer distri-
bution numerical values can be inserted for L,'d, and Céi. A
representative value can be used for the viscosity of the hydro-
gen coolant. For the results shown in this chapter a Qalue of
375 micropoise corresponding to a hydrogen temperéture of hSOOOR
was used. The hydrogen temperature at the reactor inlet is
fixed at hOOoR, |

The results of the calculations for three different void
fractions are shown by the dashed lines in Fig. 5-1. As with
the more detailed calculations shown by the solid lines, only

the parts of the curves which are nearly horizontal are for the -
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wall temperature limitation. The éecond part of the curve after
the discontinuity in slope defines the stress limited region. |
The analysis for this is shown in the next section of this chap-
ter. The simplified analysis for the wall temperature limitation
predicts the hydrogen exit temperature at a given flow rate per
unit area within loOOR of the more accurate machine calculations.
It is on the conservative side in that it predicts lower values

of T

SE
these simple calculations before doing detailed machine calcula-

at a given flow per unit area than it should. If one does

tions, the range of-hydrogen exit temperatures can be limited-
to the region between these answers and the maximum allowable
wall temperature. In this way the number of calculations re-
quired to obtain the detailéd solution can. be reduced signifi-

cantly.

C. Stress Limitation \ | : .

Por the annular streés model énd the boundary'conditions
used in fhe detailed calculations the three prinéipal stresseé f
at the inner radius are giveﬁ by Eqs; h-46, L-47, and 4-148.

These can be rewritten using the local power density as follows.

o= -D | (5-13)
, o , B
PDoEr,
1

- Q- Vi. L . | ~1h
TP Ya- vk 2t , - (-
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2
PDaEri

X 2 | o]
% T FIT - VK V(I -V) [(1,- 57 (VW) - 25— V] (5-15)

The maximum shear stress is determined from the difference of‘
the maximum and minimum principal stresses. The minimum prin-
cipal stress at the inner radius is always the radial stress
which is compressive. The maximum stress can be either fhe
tangential or the axial stress. |

First consider the case where the maximum principal stress

2
i 1l -vw

20 - i PD ‘ . :
- -16
SH .  HI-Vk "2 : (5-16)

and it is independent of the fluid preséure. To find fhe>max;
imum stress in the element the maximum local power density mﬁst.
be obtained. |

From the expressioﬁ for the local heat flux -dq/dx givéh
by Eq. 5-3, it can be determined that thelmaximdm heat flux oc-

curs at

_)&_l- ’ ’ . o .
L™~z | o ()
and its value is
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[d w0 :
(Eﬁ)max © LT T-cos 0Q | ' - (5-18)

The ratio of the maximum power density to the average is also

the ratio of the maximum to average heat flux which is

d
(3% max -y FDnax - |
(%%) avg = 1-cosQ; = PDavg ' (5-19)

The average power density is |

Wp W - |
PDan’ = X;E = i—;i’- v | (5-20)
and
PDpax = A Q T T—os Qq, | (5‘21)'

Using the approximate expression for QT given by Eq. 5-5 and
inserting Eq. 5-21 into 5-16 an expression relating the maximum
shear stress, the hydrogen temperature at the reactor exit, and

the flow rate per unit area is obtained.

2
oEr, Q.
o0 i (1L - v) 1 w

SHmax 8(1 - v)k vL 1l ~ cos CQ1 Af

e, (Tgp - TSRI) (5-22)

| Solving for TQE
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B ;»E-;:a&"‘"“*"l‘-i— s z) éi:ﬁ?“’ ﬂ,.& _,,:,—

Top = Tepp + 2%y 32(1-v)k gy  1-cos CQ;
max B (1-v)de CQ_l

1

wi; (5-23)

Ol'l—‘

p

By inserting the known variables and a limiting stress in this

equation, one obtains limiting values of T

SE fo? given values

of w/Af.

If the axial stress is greater than the tangential stress
the maximum shear stress is determined from the difference be-

tween o, and ar.

2 .
CET, Y Vo
o _ i 1 -2 InVv 3 -V
s~ FIVIE V() [ i-v - Tz ] D+ (5-2)

2

This expression is not independent of the fluid pressuré and

the maximum value of the stress does not hecessarily occur where
fhe»power density is a maximum. However, to obtain é chserva-'
tive estimate the maximumn power can be used; The resulting ex-

pression is of the form

v .
SH . z A °p ''SE = "SRI’ o )

where

s L BTy QY 1 [-2a0%  3-v

zZ TFEIVK T-eosoy W[ T-v Z (5-26)
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For the case when ae;> oy, the equation for the maximum stress

can be put in a similar form

26 = B-¥Y T (T. - T..) | ]
SHpy,x  ©hy P ~SE  TSKI (5-27)
where
2
oEr; o 1-v
BG = T(T V)X I-cos CQl 2 L v) (5-28)

Numerical calculations show that B9 is always greater
than B, for void fractions between 0.2 and 0.4. Consequently,
as long as the fluid pressure in the reactor is such that

B

SHmax BG' ‘ ' . ( )

The maximum shear stress is determined from'o'e and °r and is

independent of the pressure. For example, with a void fraction -
of 0.4, T SH -

. "SE hax
pressure is approximately 1200 psia.

= 4600°R and 20 = 2400 psi this limiting

The maximum hydrogen temperature ﬁhat can Be achieved in
a given reactor with a given flow rate when it is stress limited
is then giveh by Eq. 5-23. Thié same equatidn éould be rear-
ranged to determine the maximum allowable flow rate if the hy-
drogen temperature is the specified quantity. If the fluid

pressure at any point in the reactor does not satisfy Eq. 5-29
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a lower exit temperature or a lower flow rate hust be used and
the maximum performance will not be aehieved;

The stress limited portions of the dashed curves shown in
Fig. 5-1 were calculated using Eq. 5-23. For void fractions of
0.2 andA0.3 the agreement with the detailed calculations is
quite good. At a given Qalue of Tgp the maximum flow rate
per unit area is predicted within 7% for all temperatures down
to 3000°R. The curve for a void fraction 6f 0.4 does not |
agree with the detailed calculations because'Eq. 5-29 is not sat-
isfied when the hydrogen pressure at the reactor exit is 800
psia. The detailed calculations show that the pressure near
the inlet_end of the reactor is near 1500 psia for the speci-
fied conditions. The results also show that the maximum prin-
101pal stress is in the axial and not in the tangential dlrectlon.
This is expected because Eq. 5-29 is not satisfied. If the
pressures in the reactor could be reduced sufficiently by chang-
ing the value of Psg the solid curve in Fig. 5-1 would be
shifted to the right of the dashed curve.

There is a lower limit on the value of the exit preesure
that can be obtained for a given flow rate pef unit area and
exit temperature. This limit is reached when the Mach’number
at the exit of the reactor is 1. An approximate value for V
this lower limit can be obtaiﬁed.by using relationships whidhA

are valid for the one-dimensional flow of a perfect gas. When
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the Mach number is unity (24):

.\/‘T—- ‘ o+l »
w Vs \[H (—2—)7‘-1 - (5-30)
Af PSE R 7 +1 o
If a value of 1.32 is inserted for 7y, being represéntative for

hydrogen at high temperatures; and the right hand side of the

equation evaluated, the following relation is obtained:

T
SE

f SE

il B
U

= 0.137 | ' (5-31)

where w/Af is in lb/sec.- in? » Tgg is in °R, and Pgg is in
psia. If the flow per unit area and the temperature are fixed,
Eq. 5-31 can be solived for the pressure. -The value of pressure
would be the minimum possible exit pressure as a lower value
would imply that the flow was supersonic and.that is impOSgibiéi
in a constant area channel. For an exit temperature of 4680°R
and a flow rate per unit area of 1.5 1b/sec - in2 s this mini-
mum exit pressure is approximately T4O psia. This value is not
sufficient to reduce the maximum pressure in thé reactor to a
.value of 1200 psia which would satisfy Eq. 5-29. Consequently
the maximum performance for the reactor with a void fraction of
0.4 is less that that predictéd by Eq. 5-23. To get a closer
approximation to the limiting value 6f flow per unit area in.

this case Eq. 5-25 would have to be used. This would involve -
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obtaining a value for the maximum pressure in the reactor. This
can only be done by calculating the pressure drop in the coolant
channel. To do this the detailed machine calculations must be
carried out of an addifional approximate analysis must be de-
valoped. |

The effect of changes in the coolant channel diameter énd
changes in the chopped sine power profile on the stress limiting
curve can be seen by examining Eq. 5-23. The flow rate per unit
area and the teﬁperature rise across the reactor are inversely
proportional to the square of the coolant channél diameter.
This explains the relatively large shift of the curvevin Fig.
4-18 for a change in diameter from 0.100 inches to 04125 inches.
The approximate curve for a diameter of 0.125 inches, which
is not shown, has.a deviation of 835 or less from the accurate -
results for all temperatures down to_3000°R. The devia%ion for
all runs that are not pressure limited is within this same

range.




CHAPTER VI
POWERPLANT PERFORMANCE

A. Calculation of Component Characteristics

The powerplant was defined to consist of four components;
the reactor including the reflector, the preésure shell, the
turbopump, and the nozzle. The performance characteristics of
the reactor have been covered in detail in the last two chépters
The sizes and Weights of the other components can now be deter-
mined and combined to get fhe.dharacteriStics of the whole
powerplant.

The reactor size is determined from the void fraction as
shown in Chapter IV. The weight of the reactor core is fhen

2 .
Wo = pe*R L (1 - v) | | | . (6-1)

where the density of the core material Pe is l.659,gm/cm3.

The weight of the end reflector is

o -
Wp = Pg 7R te (1 -.VE) (6-2)
The radial reflector weightbis
2 2 '
W = ppt [(R_+ tR) - R ] (L + tE) (1 - vR) (6-3)




—

The density of both the radial and end reflectors is‘that fdr'
beryllium, 1.85 gm/cm3. The weight of the reflected reactor is
just the sum of the above three weights. |

The pressure shell which cohtains the reactor and reflecfor
consists of a cylindrical portion and a hémispherical end. It
must wifhstand the maximum pressure in it which is the hydrogen
pressure at the reactor inlet. The wall thickness is based on
the hoop stress so that

- S . (6-4)

PS _

where DR is the diameter of the pressure shell. The weight of
the pressure shell is then

2 X
Ppa ® D_ "L P D
_ Ppg ™ D SRT {4 _ 6-5
Wps = T (1 w| (6-5)

A material with an allowable stress of 60,000 psi and a density-
of 484 1b/ft3 was assumed for the pressure'shell. ‘

The turbopump system is a bleed system where a small frac-
tion of'the hot hydrogen is removed from the main flow to drive

the turbine. The power required for the pump is
w(pTP - PT).
p P

= 6-6
HPy, ( )‘
where Dpp = 1.33 Pgpy 1S the pump discharge pressure, np is

the pump efficiency, and Py, is the density of the liquid hydrogen.

The pump discharge pressure is greater than the reactor inlet

pressure to take care of pressure losses in the nozzle, reflector,
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and piping. The amount of work done pér pouhd of hydrogen in
the turbine is fixed at 1775 Btu/lb. This corresponds to a tur-
bine inlet temperature of approximately 1860°R and a preséure
ratio of 3.1 across the turbine. The bleed rate is the fraction
of the propellant flow which must be removed to run the turbine )

HPp

Y = wﬁEjZﬁE; | | : (6-7)
The efficiency of the pump and turbine are both 0.707 so that
the overall efficiency of the turbopump system is 0.5. The
weight of the turbopump is assumed to be proﬁortional to the
flow rate»through the pump and the pump'discharge pressure (42,
43). The equation for the turbopump wéight (44) is

wT‘P = 0.00251 pgp W ) o (6-8)

where p., is in psia and w‘.is in 1b/sec..

The regeneratively cooled nozzle is assumed to have a ratio
of exit area to throat area of 50. The half—angle is 300 for the
convergent section and 15° for the divergent section, The nozzie‘_
wall is assumed to consist of longitudinal tubes for regenerative
cooling surrounded by an outer shell to sustain the hoop stress.'
 The nozzle weight is based on equations in references 43 and hh.:

The weight of the convergent section is

1.5 x p\Dp Pgp (.2 2y

w 0
8 N sin 30v

Ne T (6-9)
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where oN and 'UN

material, 484 lb/ft3 and 60,000 psi respectively, and DT is

'the diameter of the nozzle throat. The diameter of the nozzle

are the density and strength of the nozzle

throat is obtained by considering an isentropic expansion of
the hydrogen from the conditions at the exit of the reactor to
a Mach number of unity. This process which is shownyin detail in

Appendix D yields the throat area A,, from which the diameter

T
is easily obtained. The weight of the divergent section is
_ 1/6
P N VC N - B I D3ﬁ§.-/ 1
ND = 1t Psg A . 2Psg’r By -
+ C.parDd
3PSE"T | (6-10)
where c, = 0.1k47, c, = 0.000268, 03 = 0.0000117, and"AE

is the exit area of the nozzle. The pressure must be in pounds’
per square foot absolute and the throat diametér in feéﬁ for
Eq. 6-10. The lengths of fhe convergent and divérgent sections
and the design exit pressure for, the nozzle are a;So calculated
using equatidhs presented in Appendix D. The total nozzle
weight is just the sum of the two weights determined from Egs.

6—9 and 6-10.

B. Powerplant Characteristics
The total weight of the powerplant system is just the sum

of the component weights developed in the previous section.
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W = W + W + W W

PS ™ * N (6-11)

where WET is the total weight of the end reflected reéctor

and wN is the total weight of the nozzle. Fig. 6-1 shows how

the weights of the components and the powerplant vary for a

particular system with a fixed reactor size. The weights at

any given flow per unit area are calculated for the conditions

defined by the limiting performance envelope shown in Fig. L4-17.
The net bower developed by the powerplant is the power

tfansferred to the hydrogen in the reactor minus the power re-

quired by the turbopump. This net power is

Poys = ¥ Qo (1 -y) , (6-12)

This power and the power per unit weight of the systeﬁ are
shown in Fig. 6-2 for the same conditions as cufves in Figs.
4-17 and 6-1. The discontinuities in the slopes of the curves
occur where the limitation on the reactor performance’changeé'
from wall teﬁperature to stress. The reactor power increases
almost linearly with flow rate when the reactor is wall temper-
ature limited because there is only a small decrease in the
exit gas temperature. When the reactor is stress limited, the

power remains approximately constant independent of the flow

rate. This occurs because any increase in flow rate is accomp-
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anied by a corresponding decrease in the exit gas temperature.
From Eq. 5-16 it can be seen that the maximum power density in -
! tﬁe reactof is fixed once the reactor is stress limited. For
a given reactor the shape of the power distribution is a con-
stant. Consequently the total powér is fixed at a specific
value along with the maximum power density. The slight decrease
in net power accompanying an increase in flow rate in Fig. 652
is due to the larger amount of power that is required to run
the turbopump. The actual power developed by the reactor does
vremain constant for this sytem when it is stress limited.

The net power per unit weight of the power—plaht decreases
once the reactor is stress limited because the system wéight
continues to increase even though the power does not. There
are no discontinuities in the slopes of the curves for the
component weights as can be seen in Fig. 6-1. - |

The effect of changes in void fraction and consequently

- reactor size on the power per unit weight can be seen in Fig.
6-3. All three curves are for the conditions determined by the
limiting performance curves shown in Fig. 4-19. The maximum

- possible power per unit weight increases as the reactor void

fraction and size increase. It appears at first that it would
always be advantageous to use a reactor with the maximum void
fraction. However, the reactor with a void fraction of 0.2 has

a flow area of 2.72 ft 2 while the reactor with a void fraction

-100-~




T Tt e S R e R e e e AR T e eyl AT S TS S e T A ey G SR S R TR T e
R R A R R S S e N R S R N IS T e R I RN R N T S

c°| 2.5
Per =800 PSIA
1.0 4 = 01N,

/ v=0.4
0.8 \

ﬁ vz0.3
0.6 _

0.4

Psys/ Wsys, POWER PER UNIT WEIGHT (MW/LB)

0.5 . 1.0 1.5 2.0
W/A¢, FLOW RATE PER UNIT AREA (LB/SEC-IN2)

TO POWER PLANT SYSTEM WEIGHT VS HYDROGEN
FLOW PER UNIT AREA IN REACTOR FOR SYSTEMS
ON LIMITING PERFORMANCE ENVELOPES

-101-

FIG.6-3: RATIO OF MAXIMUM POSSIBLE POWER DEVELOPED

- e iy




of 0.4 has a flow area -of 12.87 ft 2. Consequently,'if the ratio
of power to weight is plotted versus the hydrogen flow rate
rather than the flow per unit area the relative position of the
curves is changed. This is shown in Fig. 6-4. For a particﬁlar
mass flow rate of hydrogen the maximum power per unit system
weight can be obtained when the reactor which would be both
wall temperature and stress limited at that flow rate is used.
For example, at a flow rate of 790 1b/sec a reactor with a void’
fraction of 0.3 should be used to obtain the maximum power per
unit weight. The curves in.Fig. 6-4 or a similar set with the
net power plotted versus the hydrogen flow rate could also be
used to determine what reactor and what flow rate should be used
to obtain a specific amount of power.

The effect of a change in the shape of the power profile
on the power per unit system weight is shown in Fig, 6—5. Psr ‘
a change in CQl from 2.5 to 2.75 there is only a slight decrease
in the maximum power per unit weight that can be developed. An
increase in the hydrogen pressure at the reactor exit causes.a
small decrease in the power per unit weight. This is primarily
due to an increase in the system weight and not a decrease in
the reactor pbwer as the limiting performance of the reactdr is -
insensitive to changes in pressure as was stated in Chapter IV.

The effect of a change in the coolant channel diameter is also
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shown in Fig. 6-5. An increase in diameter results in a decrease
in the power per unit weight that can be achieved. This effecf:~
is more significant when the reactor is stress limited and the
reactor becomes stress limited at lower flow rates per unit area

as the coolant channel diameter is increased.:
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CHAPTER VII
SAMPLE MISSION

A. Mission Calculations

To determine the characteristics of the complete rocket
system an operating or "burning" time must be known. This per-
mits the calculation of the total amount of propellant and tank-
age that is required. In order to compare different rocket
systems a particular mission was chosen. The payload weights
that can be carried on the mission by the different systems
then provide a good basis for comparison.

In order to show the method of calculation and comparison
a sample 300 mile earth orbital mission was chosen. The veloci-
ty increment required for this mission is‘éé,ooovft/sec (43).
This value is based on a vertical flight in a consfanf gra§ity
field with no atmospheric drag. The burnout velbcity for a
single stage vehicle stafting from rest (1) is

VP = ISP 9% In A - gtP E (7_1)

‘where A is the ratio of the initial gross weight to the empty

weight at the end of burning.

G | -
A= oS - . (1-2)
Wg |
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This burnout velocity is equal to the velocity increment AVP
required for the mission as the initial velocity of the vehicle

is zero. The altitude at the end of burning (1) is

_ 1 1 1 2
hp = ISp 9 tp[l + 57 1n K] -3 9 tp (7-3)

The burnout velocity and altitﬁde are specified by the mission
and the specific impulse is a known quantity for a particular
powerplant. Consequently, Eqs. 7~1 and 7-3 are two equations
'in two unknowns. Due to the nature of the equations the easiest
way to obtain a solution is by using a trial and error method.
Eq. 7-1 solved for A is
V. + gt )

ISP g'O

A = exp (7-4)

Eq. 7-3 can be solved for tP to give

p p

sp o

If tp is initially set to zero, Eq. TQH solveq for A, and this
value of N is used in Eq. 7-5, a positive value of tp is obtained.
If this value of tp is inserted in Eq. 7-4 and the process is
repeated, anothef value of tP is obtained. Each successive

value of tp is‘closer to the preceeding one. When the desired
accuracy, on tP is obtained, the process is stopped and the final

values are used for further computations.
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B. Rocket System Characteristics
Once the burning time is determined the total mass of

hydrogen required for the mission is

w_=wt . | |
H2 P | | (7-6)

The propéllant tank is assumed to be cylindrical with hemispher-
ical ends. The equations for the length to diameter ratio of
the tank and the tank weight are taken from reference Lk.

The tank weight is .

y - 6.88 x 107 11
T P— 2z
T

( 1.131 x 107 Wy, VpT3 + 0.00k07) (7-7)

where the tank pressure is in psia and the weight of propellant
is in pounds. _
The empty weight is determined from A and the weight of

the hydrogen.
= 3 - (7-8)

The gross weight is just the sum of the empty weight and the
weight of the hydrogen. The weight of the controls and structure
required to tie the components together is assumed to be equal

to two percent of the gross weight of the system. This value
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is representative for large rockets (4%). To obtain more accur-
ate estimates specific design studies would be required. |

The payload weight that can be carried on the-miséion'is
the gross weight minus the weights of all the other components

and the propellant,

W =W, = Wooo = W = Wy = Wy | (7-9)

C. Mission Results

The payloéd weights for the sample mission are shown in Fig.
7-1 for the powerplant systems containing reactors with void
fractions of 0.3 and 0.4%. The independent parameters are those
determined by the limiting pérformance enveldpes shown in Fig.
4-19. The powerplant system with a reactor Whosé void fraction
is 0.2 is incapable of getting into aA3OO mile earth orbit with
no payload. The same payloads divided by the corresponding gross
weights of the rocket systems are shown in Fig. 7-2. Both sets
of curves have sharp maxima that correspond to the transition
from a wall témperature to a stress limitation in the reactor.
Using both figures it is possible to determine which rocket
system has the minimum gross weight for a given payload. For
example, for a payload of 10,000 pounds it can be seen in Fig. 7-1

that the system with a reactor void fraction of 0.4 requires a
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flow rafe per unit area of 0.34 1b/sec-inz while the system
with a reactor void fraction of 0.3 requires a w/Af of 0.56
lb/sec—inz. From Fig. T7-2 the former system is seen to have
a ratio of payload to gross weight of 0.071 while the same ratio
for the latter system is 0.089., The result is that the system
with a reactor having a void fraction of 0.3 is better on a
weight basis because its gross weight is less than that of the
system with v=0.4. . Further inspection of the curves shows that
the system with v=0.3 is superior on a weight basis for values
of payload up to 20,500 pounds. For larger payloads another
system must be used. The comparison was made here for only two
systems. For a payload of 10,000 pounds there is probably a
better system, which has a péactor with a void fraction less
than 0.3 but obviously greatef than 0.2. In order to determinq
the best rocket configuration the charaéteristics of mbré'systemsr
with different intermediate reactor sizes would have to be cal-
culated. |

The pressure of the hydrogen in the reactor was shown to
have little effect of the performance characterisﬁigs of the
powerplant as long as it is less than the limiting valué speci-
fied for stress éurposes by Eq. 5-29. The effect of the operat-

ing pressure on the complete system and particularly on its pay-

load carrying capacity is also small. The ratio of the payload
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to gross weight of a system is plotted versus the hydrogen
pressure at the reactor exit in Fig. 7-3. The hydrogen temper-
ature at the reactor exit and the flow rate per unit area are
fixed at 4668°R and 0.858 lb/sec-in2 respectively so the reactor
is both wall temperature and stress limited for all cases. The
reactor has a void fraction of 0.3 and coolant channels with a
diameter of 0.100 inches. There is a fairiy flat maximum in
the ratio of payload to gross weight even as shown on the ex-
panded scale. The gross weight of the system increases with
pressure for values of Pop up. to 1000 psia while the payload
weight alone also has a relatively flaf maximum. Fof five

runs calculated at equal intervals of 100 psi the minimum pay-
load is 20,150 pounds when ?SE = 1000 psia and the maximum is
20,460 pounds when Pgg = 860 psia. This is a variation»in pay-
load weight of only 2%k . However, these calculations do show
the desirable range of operating pressures and indicate the

penalty incurred for operating'off of the optimum point.
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CHAPTER VIII
SUMMARY OF RESULTS AND CONCLUSIONS

Aa. ‘Results

For a given set of temperature and stress limits on the

reactor core material the maximum possible operating conditions
of the reactor have been determined. These maximum operating
conditions are expressed in terms the hydrogen propellant temp-
erature at the reagtor exit and the flow rate per unit area
through the reactor. At low values of flow rate per unit area
the reactors are wall temperature limited while at higher values
stresses are limiting. These limiting values are'shown on plots
of maximum hydrogen temperature at the reactor exit versus pro-
pellant flow rate per unit area through the reactor. Séparate
curves for different reacfors show the effect of changgs in
reactor power distribution, void fractiqn, and the diameter
of the coolant channels. A decrease in the reactor void fraction
or an increase in the diamefer of the coolant channels causes
the reactor to become stress limited at lower values of flow
per unit area. The limiting performance curves of hydrogen
exit temperature versus flow per unit area are insensitive to
changes in the operating pressure as long as it is below a specif;
ic value determined from the stress limitation.

The amount of power that can be removed from the reactor

increases with the flow rate of propellaht through it as long as
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the reactor is wall temperature limited. At higher values of
flow when the stresses are 1imiting,.any increase in flow rate
must be accompanied by a decrease in the hydrogen temperaturé

at the reactor exit. The result is that the power cannot be in-
creased above the vaiue which is obfained when both the wall
temperéture and stress limits occur at the same time. TFor the
complete powerplant which includes the pumping equipment reqﬁired
for its operation, the net powér produced decreases as the flowb
rate of propellant is increased once the reactor is stress limit-
ed. However, the weight of the powerplant always increases with
the flow rate of propellant'through it. Consequently, there is
a sharp maximum in the power per unit’weight of the powerplant
that occurs at the point where the reactor is both wall tempera-
ture and stress limited.

If the power per unit weight is plotted versus the mass.flow
rate of hydrogen rather than flow per unit area, the c&rves for
different reactor sizes intersect. For a given flow rate of hydrof
gen it is then possible to determiné which reactor will provide
the maximum power per unit weight. For larger fl@w rates and
larger power requirements it is desirable to use reactors with
larger void fractions. The limiting performance conditions of
hydrogen tempefafﬁre at the reactor exit and flow rate per unit
area can be determined within lO%;by a simplified analysis.' Two

anaiytic expressions were developed to predict the position’of
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the limiting performance envelope for the reactor. One expres-
sion covers the wall temperature limitation while the second
covers the stress limited region. This simplified analysis can
be used to obtain initial approximate answeré and to reduce the
amount of computation time required to get detailed results.
These analytic expressiqns also show the effect of changes in
reactor void fraction, coolant ¢hanne1 diameter, and reactor
power distribution on the limiting performance envelopes. It is
also possible to obtain a value for the operating pressure in a
reactor bélow which the stress limit is independent of pressure.
Only when the pressure is above this specified value is the max-
mum shear stress dependent on pressure. When this occurs, the
reactor must operate at less than its maximum possible power
level.

After the limiting performance envelopes are obtained for a -
number of different reactors, they can be used to detefﬁiﬁe_the
optimum system configuration forva particular mission. The re-
sults obtained in this study are based on the assumption that
the minimum'gross system weight to do a given job is the best
measure of perforhance for determining an optimum system. Values
of payload weight and the ratio of payload to gross weight for a
given mission are calculated for all the powerplant systems on
the limiting performance envelopes. Plots of these parameters
versus the flow rate per unit area through the reactors show

that maxima do exist. For the particular sample mission chosen
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for this analysis, a 300 mile earth orbital mission, these
maxima occur at the same values of flow per unit area that the
maxima in power per unit powerplant weight occur. This same
method can be used to find the optimum system configuration for
any similar miésion. To make any generalization with regard to
the position of the maxima in payload and in the power per unit
powerplant weight more missions would have to be investigated or-
some approximate analytical analysis would have to be developed.

The above results are restricted to powerplants with solid
core gas cooled reactors and to nuclear rocket systems. In
addition, some further results which may be of more general in-
terest were obtained. A procedure for calculating the heat
transfer and pressure drop éharacteristics for the subsonic flow
of a compressible chemicaliy reacting gés in a tube with heat
addition and wall friction was developed. This procedure is -
presented in detail in the appendices along with a Fortran coded
program for machine calculations.

Equations for calculating the thermodynamic and transporf
propertiés of normal hydrogen over a temperature range from.
150o to 2000° Kelvin and for pressures from 0.0l to 100.0 atmos-
pheres were compiled and developed where necessary. The effects
of dissociation and of compressibility factor unequal to one are
taken into account where necessary. A Fcrtran coded ﬁrogram of

these equations is évailable and is presented in Appendix A.
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B. Conclusions

The results that were obtained in this study can be used
to reach a number of conclusions. For a given set of limitations
on the'core material the maximum power that can be developed by
the powerplant is obtained when the reactor is both wall temper-
ature and stress limited. | |

The maximum power that can be developed by the powerplant
is independent of the fluid operating pressure as long as the
pressure in the reactor is less than a specified value determined
by stress limitations.

The significance of the amount of coolant flow per unit area
through the reactor on the powerplant performance indicates the
desirability of using the reactor configuration which provides
maximum flow area per unit.weight of the reflected reactor.

The operating pressure of the coolant in the reaéfor shoﬁld
be determined from mission caluclétions as the powerplant per-
formance is not sensitive to the fluid‘pressure.

Shaping the axial power profile in the reactor such that}
the coolant channel surface temperatufevwould be constant is hot,-
desirable. This particular form of ﬁower profile would cause
a reduction in the maximum possible power obtainable from the
reactor. Other variations on shaping the axial power profile

may be advantageous.
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CHAPTER IX
- RECOMMENDATIONS

A. As result of this investigation it has become’evident that‘
a number of areas could be studied further to obtain a better
insight and better answers in the field of nuclear rocket pro-
pulsion; Specific recommendations are listed below.

1. Stress calculétions for actual fuel element geometries
should be completed. The results of these calculations could
then be compared to those from the simpler model used here and
the probable error determined. The degree of complexity re-
quired for a stress model could then be determined.

2. The use of the maximum shear failure criterion should
be checked with the other failure criteria against experimental
tests on fuel element geometries where possible. In this man-
ner the best failure criterion for use in design calculations.
could be determined. Even if experimental data are una;ailable
the different failure criteria should be épplied to the accurate
stress calculations on more realistic fuel element geometries.

3. The simplified analysis for determining.the limitations
on reactor performance should be extended if possible to include
the determination of the pressure drop across the reactor. It |
would then be possible to predict the maximum stresses in the
reactor for any operating pressure rather than just the maximum

possible performance for the reactor system.

-120-~




4, If the work in the above paragraph is carried out it
should be possible to extend the approximate analytic analyéis
so that numerical results could be obtained for payléads and
gross weights of systems for different missions.

5. The possible gains that can be obtained in powerblant
performance by shaping the axial power distribution should be
determined. With nonuniform fuel loading and possibly the in-
sertion of a neutron absorbing material it might be possible to
obtain an ideal power diétribution that would cause the core ma-
terial to be either wall temperature or stress limited at every
axial position. The effect of sﬁch an axial powef distribution

on the powerplant performance should be determined.

-121-




lo.

11.

BIBLIOGRAPHY

Sutton, G. P., "Rocket Propulsion Elements," John Wiley
and Sons, Inc., New York, 1956.

Bussard, R. W. and Delauer, R. D.,, "Nuclear Rocket Pro-
pu151on," McGraw Hill Book Co., Inc., New York, 1958.

Rom, F. E., Lietzke, A. F., and Johnson, P. G., "Nuclear
Rockets for Unmanned Missions,"™ Nucleonics, Vol. 20, No. 11,.
53-57, November, 1962.

Taylor, T. B., "Advanced Propulsion Concepts,? Proceedings
of the International Sympsoium on Aerospace Nuclear Pro-
pulsion, IRE Transactions on Nuclear Sc1ence, Vol. NS-9,
No. 1, 21-26. October 23-27, 1961.

Schreiber, R. E., "A Review of Project Rover," Proceedings
of the International Symposium on Aerospace Nuclear Propul-
51on, IRE Transactions on Nuclear Science, Vol. NS-9,

No. 1, 16-20, October 23-27, 1961.

Wang, C.J., "Nuclear Propulsion,™ Astronautics, 42, Novem-
ber, 1959. '

Roder, H. M. and Goodwin, R.D., "Provisional Thermodynamic
Functions for Para-Hydrogen,™ NBS TN - 130, United States
Department of Commerce, National Bureau of Standards,
December, 1961. :

Plebuch, R.XK., "Reactor Physics of Nuclear Rocket Reactors,"
Sc.D. Thesis, Department of Nuclear Engineering, Massachu-
setts Institute of Technology, September, 1963.

Krieger, F. J., "A Parametric Study of Certain Low—Molecular-
Weight-Compounds as Nuclear Rocket Propellants II. Ammonia,"
RM-2401, The Rand Corporatlon, Santa Monica, California,
July, 1959

Krieger, F. J., "A Parametric Study of Certain Low-Molecular-
Weight-Compounds as Nuclear Rocket Propellants III. Water,"
RM-2402, The'Rand Corporation, Santa Monica, Callfornla,

July, 1959.

Christie, J. D. and Herrington, A.C., "Nuclear Rockets for
Large-Payload Booster Application I. Preliminary Reactor
Studies," ASD Technical Memorandum 1, Applied Science Div.
Operations Evaluation Group, Office of the Chief of Naval
Operations, Cambridge, Massachusetts, September, 1961.

-1l22-




1z.

13.

1k,

15.

16.

17.

18.

19.

20.

21.

Herrington, A. C., "Nuclear Rockets for Large-Payload Boost-
er Application II. Reactor Caluclations,™ ASD Technical
Memorandum 5, Applied Science Div., Operations Evaluation
Group, Office of the Chief of Naval Operations, Cambridge,
Massachusetts, March, 1962.

Hyland, R. E., "Reactor-Weight Study of Beryllium Oxide,
Beryllium, Lithium-7 Hydride, and Water as Moderators with
Tungsten 184 Structural Material and Uranium Dioxide Fuel,"
NASA TN D-1407, September, 1962.

Taylor, M.F. and Kirchgessner, T. A., "Measurements of Heat
Transfer and Friction Coefficients for gelium Flowing in a
Tube at Surface Temperatures up to 5900°R," NASA TN D-133,
October, 1959.

Hendricks, R.C., Graham, R. W., Hsu, Y.Y., and Mederios, A.A.,
"Correlation of Hydrogen Heat Transfer in Boiling and Super-
critical Pressure States,™ ARS 1710-61, presented at American
Rocket Society Propellants, Combustion, and Liquid Rockets
Conference; Palm Beach, Florida, April 26-28, 1961.

McAdams, W. H., "Heat Transmission,™ McGraw Hill Book Co.,
Inc., New York, 195L..

Gordon, 8., Zeleznik, F. J., and Huff, V. N., "A General
Method for Automatic Computation of Equilibrium Compositions
and Theoretical Rocket Performance of Propellants,™ NASA

TN D-132, October, 1959. : g

Hilsenrath, J. et. al., nTables of Thermal Properties of
Gases," NBS Circular 564, United States Department of Com-
merce, National Bureau of Standards, November, 1955.

Mason, E. A., and Rice, W. E., "The Intermolecular Potentials
of Helium and Hydrogen," Journal of Chemical Physics, Vol. 22,
No. 3, 522-535, March, 195k. '

Vanderslice, J. T., Weissman, S., Mason, E. A., and Fallon,
R. J., "High Temperature Transport Properties of Dissociat-
ing Hydrogen," The Physics of Fluids, Vol. 5. No. 2, 155-16k,
February, 1962. :

Woolley, H. W., Scott, R. B., and Brickwedde, F. G., "Compil-
ation of Thermal Properties of Hydrogen in Its Various Iso-
topic and Ortho-Para Modifications,™ United States Depart--
ment of Commerce, National Bureau of Standards Journal of |
Research, Vol. 41, 379-475, November, 1948.

-123-




22,

23.

2k,

a25.

26.

27.

28.

29.

30.

31.

320

33.

3k,

Farmer, O. A., "Digital Programs for Para Hydrogen Proper-
ties," LAMS-2762, November, 1962,

Harry, D. P, III, "Formulation and Digital Coding of Ap-
proximate Hydrogen Properties for Application to Heat-
Transfer and Fluid-Flow Computations," NASA TN D-166L,
May, 1963

Shapiro, A. H., "The Dynamics and Thermodynamics of Compres-
sible Fluid Flow," The Ronald Press Company, New York, 1953.

Schneider, P. J., "Conduction Heat Transfer,™ Addison-Wesley
Publishing Company, Inc. Reading, Massachusetts, 1955.

Hulbert, L. E., "The Numerical Solution of Two-Dimensional
Problems of the Theory of Elasticity,”™ Ph.D. The31s, Ohio
State University, 1963.

White, S. N. Jr., "Difference Equations for Plane Thermal
Elasticity, LAMS-2745, October, 1962.

Rowley, J. C. and Payne, J. B., "Steady-State Temperature
Solution for a Heat-Generating Circular Cylinder Cooled
by a Ring of Equal Holes," LA-2486, April, 1961.

Weil, N. A., "Studies of the Brittle Behavior of Ceramics
Materials," Technical Documentary Report Nq. ASD-TR-61-628
prepared by Armour Research Foundation of IllanIS Insti-
tute of Technology, April, 1962 .

Anthony, F. M. and Mistretta, A. L., "Leading Edge Design
with Brittle Materials," IAS Paper No. 61-151-1845 pre- .

- sented at the National IAS-ARS Joint Meeting, Los Angeles,

California, June 13-16, 1961.

Anthony, F. M. and Pearl, H. A., "Selection of Materials
for Hypersonic Leading Edge Applications," IAS Paper No.

59-111, 1959.

Seeley, F. B. and Smith, J. 0., "Resistance of Materials, "
John W1ley and Sons, Inc., London, 1956.

Tlmoshenko, S.. and Goodier, J. N., "Theory of Elasticity,"
McGraw Hill Book Company, Inc., New York, 1951.

Finger, H. B., "The Case for Nuclear Energy," Nucleonlcs,
Vol. 19, No. 4, 58-63, Aprll, 1961.

-124-




ho.

43,

Lz,

43.

Lk,

Yasui, G., "Reactor Heat Removal Limitations of Nuclear
Rockets," ARS 1211-60 presented at ARS Semi-Annual Meeting,
Los Angeles, California, May 9-12, 1960.

Merryman, R. G., Wagner, P., and MacMillan, D. P., "H4LIM
Graphite," LAMS-2725, September, 1962.

Rice, W. E., and Hirschfelder, J. 0., "Second Virial Co~
efficients of Gases Obeying a Modified Buckingham (Exp-Six)
Potential,"™ Journal of Chemical Physics, Vol. 22, No. 2,
187-192, February, 195.L. :

Hougen, O. A., Watson, K. M., and Ragatz, R. A., "Chemical
Process Principles Part II: Thermodynamics,”" John Wiley
and Sons, Inc., New York, 1959.

Mason, E. A., "Transport Properties of Gases Obeying a
Modified Buckingham (Exp-Six) Potential," Journal of Chem-
ical Physics, Vol. 22, No. 2, 169-186, February, 195k.

Hirschfelder, J. O., Curtiss, C. F., and Byrd, R. B.,
"Molecular Theory of Gases and Liquids,™ John Wiley and
Sons, Inc., New York, 1954.

Hirschfelder, J. O., "Heat Conductivity in Polyatomic,
Electronically Excited, or Chemically Reacting Mixtures
ITI," Sixth Symposium on Combustion, 351-366, Reinbold

Publishing Corporation, New York, 1957.

Rohlik, H. E. and'Crouse, J. E., "Analytical Investigation
of the Effect.of Turbopump Design on Gross Weight Charac-
teristics of a Hydrogen-Propelled Nuclear Rocket," NASA

. MEMO 5-12-59E, June, 1959.

Sams, E. W., "Performance of Nuclear Rocket for Large
Payload, Earth Satellite Booster," IAS Paper No. 59-94%
presented at IAS National Summer Meeting, Los Angeles,
California, June 16-19, 1959. .

Johnson, P. G. and Smith, R. L., "An Optimization of Pow-

erplant Parameters for Orbital Launch Nuclear Rockets,"
NASA TN D-675, February, 1961. :

;125-




APPENDIX A
HYDROGEN PROPERTIES . .

yl.- Suﬁmary

One Fortran.subroutine has been written to produce the
thermodynamic and tr&hspdrt properties of normal hydrogen. The
' fange of témberaturéS'is ffom 150° to 4000° Kelvin and the range
of pressurés iévffbm 0401 to 100.0 atmospheres.

The equations ﬁsed in the subroutine are a combination of
empirical and theoretical equations. The effects of dissocia-
tion and compressibility factor being unequal to unity can be
included or excluded in the calculation of the properties. A
number of thermodynamic property derivatives may also be deter-

mined using this subroutine.

2. General Method

The equations for célculating thé hydrogen properéies are
developed in such a manner that either the properties of the
molecular species or of an equilibrium mixture'ofsthe molecular
and atomic species can be computed. When dissociation occurs, °
both the molecular and atomic species are considered as semi-
perféct éases so that the equation for chemical equilibrium
can be written in terms of the partial pressures of the two com-
ponents. .At relatively lower temperatures and higher pressures

" when the dissociation is not important, the effect of the compres-
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sibility factor being unequal to one is taken into account for
the molecular species. In the intermediate range of temperature
and pressure when the effects of both compressibility factor
unequal to one and dissociation are small but not zero, the
properties of the mixture are calculated including both effects .
to insure that no discontinuities occur in the calculated proper-

ties.

3. Thermodynamic Properties

The enthalpies, entropies, éﬁd specific heats of the com-
ponents considered as ideal gases in the standard state‘aré
calculated from empirical equations which are functions of

temperature only (17).

=0 2 3

a = Al + EEE + A3T + AMT + 52 (Aél)
RT 2 3 ‘ s T ,
=0 A

2 3

2 = A ln T A3T + AT oA

-0 2 3 | ‘

R

A similar set of equations exists for the atomic species with

the A; coefficients replaced with Bi's. The coefficients A4

and B4 listed in reference 17 were obtained from a least squapés'
fit of tabulated values of the thermodynamic functions for select-

ed tempefature intervals with continuity from one interval to .
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the next. For machine computations the coefficients are read
in as data and stored as elements of two matrices A éndAB.

The equatioﬁ for equilibrium between the molecular and
atomic species can be written as follows.

2
P =0 -0 -0
B _ _ _AFT) _ AH NS
Py, Xp(T) = exP( RT )‘ eXP( gr- Y ® | (B-4)

=0

where A?o, AH”, and £8° are the changes in free énergy, enthal-

py, and entropy for the dissociation reaction

H, - 2H | ‘ (2-5)

with both components in their standard states. In terms of the
quantities in Eqs. A-1 and A-2 and the corresponding values for

atomic hydrogen

T 70 Fe) go
A?":zfg._ﬁ-z?ﬁ-ﬁ (2-6)
RT RT RT R R ' -
The mole fraction of the atomic species xB in terms of the
partial pressures is '
P, P
. B _B
X, = o = (a-7)
B 31+ PB P
Similarly
P . ,
o : A
% = 7 = 1-% | - (a-8)




Inserting Eqs. A-7 and A-8 into Eq. A-h'and solving for x

B

-1 A/l + 4 pexp (ggﬁ : o

X YL (2-9)

- AF : .

P 2 p exp ("R-T—

The molecular weight of the mixture is
nWw + W

W o= 2 BB XMW+ X W -(A-10)
n p B

Noting that Wy is just twice w‘3 and using Eq. A-8 the expres-

sion for W reduces to

W = WB (2 - XB) (A-ll)-

In order to take into account the effect of the compressi-
bility factor being unequal to one for molecular hydrogen,
it is necessary to know how Za varies with tempenaturefand pres-
sure. For the purpose of these calculations the functibnal re-
lationship for Za is approximated as the first two terms of the

modifed wvirial form of the equation of state. The virial equa-

tion in standard form is

s B g, BE @ _ b

RT = +.a.o.

v v A v3 (a-12)
The modified form is é series in p rather vV such that
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7 = %T. =1+ B (T) p + CcYT) p° +.... (A-13)

Where
F'N(T) = %ﬂ (A-14)
and
_¢(1) <>2
Ct (T - C(T - B{(T _
) (RT)Z (A 15)

The approximation .
Z = 1+B'(T) p, (r-16)

used in these calculations is quite accurate above 300°K but
obviously is in considerable error as the temperature‘épproaches
the critical temperature.

vThe value of B'(T) is calculated from an émpirical equation
of the form .

B = 0.0l exp[-— (B, + BT + B,7° + 33T3 + Bu.Tb)] (a-17)

‘where the coefficien’cs‘BO through Bh were obtained by a least

squares polynomial‘fit to the log of tabulated and calculated

values of B'. The values of B' for temperatures less than 600°K
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were calculated from values of % tabulated for a pressure of
100 .atmospheres (18). The values of B' for temperatures above
600°K were calculated using Eq. A-1k4 where the values of B(T)
were calculated from tabulated values of the integral for the
second virial coefficient using the Buckingham potential>(37).
Eq. A-h‘governing chemical equilibrium for the dissociation
reaction was written for the two components being considered
ideal gases. The equatibn fof Z,, does not necessarily give

Zy = 1.00 when equation A-L4 gives Xg = 0. In the interest
of preventing any discontinuities in the properties the equa-

tion of state for the mixture is written of the following form:

PV = ZRT | - (A-18)
or
Pv =2 % T (A-19)
where
7 = o i |
X a2 i:?;TZ;:IT o (A-20)

This equation for Z results from the assumption that the
molar densities are additive as they are for a Gibbs Dalton mix-
ture even though %a may be unequal to 1.0. From Eq. A-20 it

can be seen that when XB = 0 and the effect of the compres-
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sibility factor becomes significant, 2 = Zy and the equation
of state (A-19) reduces to that for pure molecular hydrogen. .
When 2, = 1, Z = 1 and the equation of state for the mix-
ture reduces to that for a mixture of ideal gases.

The calculation of the deviations of the thermodynamic
properties of molecular hydrogen from the ideal gas properties
at the same temperature requires the integration of compressi-
bility factor derivatives from zero pressure to the pressure

level p (38). The enthalpy departure is

. P BZa dp
T - 0 . - - o
;4 A RT[ (ﬁ) =
p Py

(o}

Using Eq. A-16 and carrying out the integration yields

— - 2 dB!
Be = K - R g7 o
or
3| 2
ar _ o dB! :
R - RF -~ Ty af | (r-21)

The entropy of the ideal molecular hydrogen gas at its partial

pressure is

- in Pa) (aA-22)
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The departure of the entropy of the real gas from that of

the ideal gas at the same pressure is

_ | _ Rz l-Za - _
- % - R = %t B H

a,
0 | T
Again using equation A-16 and carrying out the integration

_ Lt dB'
5= 5 -R[B Dy *+ T g pa]

or
3 3 :
or . o dB
R =R - P (B +Tgr) -~ (a-23)

The departure of the molar heat capacity is obtained by tak-

ing the derivative of the molal enthalpy departure. From Eq. A-22

2
- -~ dB" a"B"
Char = Spa - RT Py (2gp+ T T2 ) (a-24)
or
T T 4B’ @Bt .
ERI‘ = _% - T Pa ( 2 H—T-— + T H-_T_z ) (A-ZS)

The enthalpy and entropy per unit mass of the mixture of

the two species is just




RT ar B ‘ ' -
H%w X, gr * xﬁ.ﬁ,) | n | (a-26)
" and
[ 8
R ar B
s= 5 (%% * %g) (A-27)

The specific heat of the mixture can be obtained by differ-

entiating the expression for enthalpy.

' OH o RT Hor FIB -2
p = (B'T)p= 35 [W‘("am—*"s rF [, (a-28)
N 1 & ox
- - o
=@ ( T ) + 7 [.ar (ET—)p +

ox
I B8 7 i -1 [owW)
H5 (B—,f—)P ] + (XaHar + XB HB) [ ";é' ETIP ] (A"Zg)

Using Eq. A-11 and noting that Xy + Xg = 1 Eq. A-29 can

B
be simplified to

C e % 2R, - H .
R Ccar Cop 1 B B~ Far| (a:
B w (TR rX B+ o) | —a =, | A
. X
The value of ¢( B

3——)~can be determined by rewriting Eq. A-k4
D ,

“and differentiating. Eq. A?h in terms of mole fractions is

2
X =0 , 4 . '
I@':';; P=exp (5 ) 5 (a-31)
or
=0 =0 ) . o
g2 e xy o0 (- 22 - (22 LG o
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Then

' BxB ' ox
2p Xg (ET_)p + exp ( --——-) (BT—) * Xg exp(-

=0 | .
3 (- A5 -exp(- )a( ahl -0
T p , BES (a-33)

To get the:last'term

> (-5 [ : :
- &7 -3 ( f° goﬂp cpo ﬁo cpo =0
- + ==)| =-=i + + = A-3L
[a'r oT RT * R RI "2 "R T Rfe (r-34)
Therefore
[a e ] ARO (a-35)
ST__-—"_ p_ ;Ef'
' o : 3
Using Eq.s A-31 and A-35, Eq. A-33 can be solved for (ETE)
\ o P
to give
g (1-x ) =0
- (&) A-36
( 2 = xB RTZ (a-3 )
From Eq. A-11 it can be seen'thgt
Ox
( ) =Wy (ET—) (a-37)

A-10




Defining

“p =%‘@%p ~ (a-38)
results in

®r = (é?ng (2TB)P =-?(g'(_}:;z‘;2 (ﬁi';) (A-39)

Using Eq. A-32 in Eq. A-30 the expression for cp can be written

2H

R b apB
cP = 4| *a —%gz * Xg g - Op (—=—%) (a-40).

In order to calculate the speed of sound in the hydiogen

it is necessary to calculate the value of (%g)s. For a per-

fect gas:
d
@ = & | | (A-41)

where 7 is the ratio of specific heats. For the purposes of

these calculations y is defined as

T @ | (a-4z)
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For an equilibrium mixture of the atomic and molecular species
of a gas 7, as defined by Eq. A-42, is not the ratio of .
speéific heats but is related to this ratio in a fairly simple
manner as will be shown later.

Starting with Eq. A-42 an expression for y will be developed

which will permit its calculation from other known quantities.

As V = 2
. P
2
y- (R, --E (), (a-43)

An expression for (%%) in terms of the partial derivatives
S

( ) and ( ) can be derived from basic thermodynamic re-
latlons. The result from a table'compiled by Bridgeman is (38)

C

. /T
( ) ) 1 : v ' '
T [cp S, * TGP ] | (a-ky)
Then in Eq. A-43
oGP
7 = —s . ~ .
T (3-45)
RT [(%%)T L (g%) ]

P

The two derivatives of the specific volume must be evalu-

ated "to obtain 7. From Eq. A-19

A-12




ZRT 4 :

Taking the partial derivative with respect to pressure

_ ZRT

v RT ,02 ZRT oW P
(L) = + = (=) - (52) -
dp P ’p?"; W '5'15,1, 'pVZ op (A-47)
Define
o - P oZ
P Z (EB)T (n-48)
P ,OW, . _
% =5 (5, | (8-49)
Using these definitions and Eq. A-46
v v -
(ga)T = -3 (1+ @ ap) - | | (2-50)
In a similar fashidn it can be shown that_
) = % (1-a,+9) =
o, T T ®r* | . (2-51)
where
a (A-52)

T (32
T Z (B'T')P
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and wp was defined by Eq. A-38,
From Eq. A-1l

ox A
W ) _
bt = - W A-
(EP)T B (59 )T‘ . (a-53)
Then
_ D 0 - - _0P &8y
® = W (BB)T (z_xﬁ) ap )T (A-5k)
Bx

The value of (3——) can be determined in the same manner that
Bx

(3 ) was startlng with Eq. A-32 In this case the derivative
of the change in free energy (=== RT) is zero because the free
energy is a function of temperature only. '

The result is

d;x_ x4 (1-x_)

(&), -3-(2—;;7?— o - (a-55)

Then in Eq. A-54

mé=i§£}-—):g—)- ‘ ' (n-56)
(Z-XB).

Comparing Eqs. A-56 and Aé3§ one can see that
"°T="‘°( ) | | (2-57)
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The other two quatities that must be evaluated to deter-

mine ¥ are ¢, and Differentiation of Eq. A-20 re-

P o1
sults in
(%%)P = g-; [( 1 - 2xg) (S—CZ[,—"‘-)P - Z (Z,~1) (:-;-g)p ] (a-58)
Then
oT; %& [( 1-2x,) <§§ﬁ>P - Z (gy;l) (22—9)1)} (2-59)
Similarly

0Zy A%
- B () G, -2 g @B ] e

The values of the derivatives of Xg have been determined as
expressed by Eqs. A-36 and A-55. The values of the derivatives
of %y, can be determined by differentiating Eq. A-16. Eq. A-16

can be rewritten

N
1]

o =1+ F (D (1-%) | (A-61)

Then differentiation gives

3z . X,
) = p (%) g - B p (5 (a-62)

)
2 P
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.and

ox

( = B' (1- xﬁ) - B! p (gp—B)T ' (a-63)

Eb T
' - dB' . .
The value of I 1is easily determined from Eq. A-17
and will not be worked out here. '
Tt was mentioned previously that y as defined here is not

just the ratio of specific heats. In terms of quantities

defined above the relationship between % and this ratio is

v . .
y -Z p Z
- -'3-3- - - -4

From fhis relation the effects dissociation and compreséibility
can easily be determined. It is obvious that if the gas is
considered a perfect gas thé'ratio.goes to unity and 7 is then
equal to the ratio of specific heats.

The above equations are sufficient to calculate W, Z, p, H,
S, cp, and y. In the next section expressions for derivatives of

these properties will be developed.

4. Thermodynamic Property Derivatives
As well as the property derivatives claculated above to get

7, expressions for ( ) o ( ) , (3~) ’ (%%) , and 2 ( ) will:
p

be developed in this section.
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From the basic relation
Tds = dH - v dp ' | (A-GS)
3s S | ‘
T (35) ( ) -V : | | v .(A—66)

From Maxwells' relations

( ) = ( ) N | (A-57j
Therefore
( ) =-T ( 7+ (A-68)

Using Eq. A-51 in Eq. A-68 and simplifying results in

()=v(wT-o) |  (a-69)
The value of (5-) can be determined from either Eq. A-66 or
A- 67 Using Eq. A-65 to get ( )

T ( ) =‘(§E)p -0=c | ' (a-70)
or
o | ‘ |
()=T‘3‘: | - (a-T1)

To obtain the two partial derivatives of y requires the evalu-
ation of a number of second derivatives. ‘The dimensionless

variables QT and ;p are defined

A-17




tr = 2 () (a-72)
P
and
_ P (%2 - (n-73)
CP = 3 ( 35 )T'
Using Eq. A-45 to obtain the derivatives one gets
r
S S /f_wV2 1
T 7 |oT ST RT . P (A-T4)
l (%‘ tes 3‘)
P P
or
T Yy y (oW 2y (Sv 7
=S¢ Ttw @@ * T G "
F &) L&
3p p C oT p
o 1(5V>2T(><>2T(>
T T ¢, W, T 7 T c
>
( )] _ | - (a-75)

Then simplifying and using the definition of mT’

A-18
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- P B e T T VI U N T VA S WL

s t e
2 p
<5V> N SE
P
Oy (BV) [l T | (Bc ) s ZIT (azv) ] (A‘
- L -76)
(ET)P oT D °5 T b o1z D
In a similaf fashion
‘ azv T Sv
_ 2 Q) . T+ L (%
oot gt (5, &) il | ¥ % T

S G

LT
C
[( %) - - a") (—52) } (8-77)
p

In these expressions for QT and §P the five quantities which
have not yet been determined are the three second derivatives
of the specific volume and the two partial derivétives of thé_
specific heat. |

oe '
To obtain an expression for (ETB) starting with Eq. A-k0O
P

Bcp SE oW R | a?EZE : 8622

(ST—)p = -7 (ET)p+ 7| % TR é + xB TR +

¢ c ¢ c 28 _-R
PR _ ox pB . _B ar

= - ) &GP - R ORC T o )
2h_-R
o e (a-78)
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or simplifying and using the definition of W

| | 3¢ e
dc c_w T 8
(3TE) = = —%I + 1W2 Xy ( %—) + xB ( %) +
P _ oT P oT P
c c ox w 2¢ c =
DB By . T P8 _ _LHy A
(% - ‘1122) (ET‘)p ( ' "ﬁ& RT ) RT
Swp (A-79)
(57)
p
From equation A-25 and noting that py, = x a'p
1 3¢ dc
() T 3% '
( . = ar- %P - PT (P eE -
2.1 C 2t 2.1 : 3.1 .
d”B d"B d”B d B
T - Tx,p |2 4= + T —= (1-80)
dTe J ¢ [ o ar ar3 ]
Then in more compact form
e de | |
r = -
( %_ ) -1%1- (cpozr i CRZ.) (-BxB) 1 p
BT'P"“d'T" R R ﬁ-p’b‘ o
aB' - d% 2 a3p' A-81
[2 a-T—- + LT ai‘-z— + T d—TS— ( )
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The values of the deriviatives of ﬁ&’ —R-PE’ and the deriva-
tives of B' are obtained by straightforward differentiation
a v
of Eq. A-3, the corresponding equation for —%E , and Eq. A-1T7.
The only term in Eq. A-79 which has not been evaluated is

3 , .
a)r) Starting with Eqs. A-56 and A-57 expressions for the

two deriviatives of wp and ofa)T are developed as foll'ows.v

From Eq. A-56.

dw 2x_ (1-x_ )]
= -, —E——B—- A"8
(BER)T (5—_) ['IE—E_)Z (z-x )2 ' (2-xﬁ)3] (2-e2)

Noting from Eqs. A-55 and A-56 that

% ~(2-x.) o |
B - BT . (n-83)
(gp—)T = D .wp.
Then ‘
o —(2-x,) ® (1-2x.)(2-x.) + 2x,(1-x,)
(D) - 8’ D B B B\ % )
Fr o p(ex,)? [ TN | (a-84)
which simplifies to
(;»E) @ (2-3x ) D s
Plp p(2-x,) & | | i
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In a similar fashion but using Eq. A-39 rather than A-83 one

obtains
dw w 2-3x
(grfg) = - —%" (. B) (nr-86)
P (2-><‘3 )
or using Eq. A-85
dw @, dw , -
(3_'1‘2) = = (%— -5 (gpl) (n-87)
P P T -

-0
From Eq. A-57 and noting that %%— is independent of pressure

dw, o oW S _

(315-2).1. - - &2 (352)1: | (2-88)
o |

5, - 5 (EEP)T (2-89)

Using Eq. A-89 in combination with A-87 results in
o é aéT ; . N o
) = 1 &Y, - - (a-90)

Starting with Eq. A-57

| ow, =0 0w 232 =0
AH AH -
Gr) = - ® (ETE)p' % & - o2 (A1)
A-22




or using Eq. A-57 again

o - -0 B(D ‘ - o AEO ) ) ‘- . .
(2;2) - - & o) T xR (o)
P : g '

Expressions for the second derivatives of the specific
volume can be determined by differentiating Eqs. A-50 and A-51.
' From Eq. A-51 |
oo 1 @y .
e’ v ‘oTf
P P P

Hl -

)+ g [5"T> - (?%)P] (-93)

Differentiation of Eq. A-52 gives

d0, g o 2 .
' 9°Z .
=) = —= - —= ( ) ) _
T p T Z Z Tz.p (a 9&)
or
oo o o T 822 _ ) ‘
( TT) _ __% (L-°7) + Z (B_TE) | (a-95)

P | P

Insérting Eq. A-95 into A-93 and simplifying yiélds }

] ] g .
( D - G |F 6P -3 3w OMeg
P P P
( 2 - (52D)
' P P

(A-96)




Similar differentiation of Eqs A-48 and A-50 with respect to

2
pressure results in a similar expression for (é—%) which is

) o | | R
°3%) - [é (&) -%],+_% [15 (1-%) +
P T - T . .
3%z, Lo | o - -
% (‘é?) = ('gi,z) ] ' - ; (a-97)
T K , |

Differentiating Eq. A-51 with respect to pressure ohe obtains
- 1 v oy v T T '
Spof -, op_ G t T [ 550, (B‘ﬁ')T] (2-98)

Using the definition of O

do, ‘ o 2 '

G, = "2 &y vz el e
or o

BUT UTGE. | T 3%z - - - -

" Then Eq. A-98 cépn, be Wr_itten as
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X : X: 0.0 awT'
dp%T - ( ) (5‘) *% [% aTgp]‘ ?- (dp )T] (a-101)

In developing the expressions for the second derivatives of the
specific volume the yet undetermined quantities are the second
derivatives of the compressibility factor Z. The first derivative
of Z with respect to temperature is given by Eq. A-58. Further
differentiation gives - i
327 1 azz o
&2 2 (&% ( ) @y I | (amy) ) -2
BTZ oT %z T
P p p. P .
3, ¥ 3%x s |
(ET") (ET_) " X (3-) ( ) z (z, 1)( ) - (2,-1)

(ST_) ( ) -2 (BTE) (3—') ] " _ (Afloz)

" Using Eqs. A-52 and A-58 in A-102 and simplifying results in

2 . 270, o2 ax. | . "v:
(Ef§§§ (BZ“> (ax5> ( ‘> (Eigﬁ) . PRI
-z |2 + (Z_-1 -103) .

In exactly the same manner, the second derlvatlve w1th respect

to pressure can be found and 1t is equlvalent to Eq. A-103 W1th

T replaced by p.

32 -2zo_ [ 3z, dx ’ o Zy\
-1, 5 ["a G- oo 6B e (]

aPT T T .-,p
. YL Y | G
-7 12 + (2 -1) | o (A S
A e R e R Y | SR 5]




Differentiating Eq. A-58 with respect to pressure gives

(NI

2 oZ -
% - 3 B ( 2 - 3 (& (D + 3 [(1-Zxﬁ>
P T ¢ P T *

3%z Y 3x .
(1) - 2 (39 D) - % B G -2 (gD
p T T P
3%x ox BZ
‘3?5%) - (Z1) (D) (5~) -z (Y (_BT) } - (a-105)
- >

p T ‘ T

Using the definition of UT and 6P‘ and rearranging Eq. A-105 -

results in the following expression

P

327 Zo_ Joo 9 é%x . o
5 - P \T T % [XB ) - %D G -
' B » P
%, 2 BxB 7 . azza aza"‘f:
(Ep_) [E;E + Z (B—T—)P} + 7&- (l-Zxﬁ) (BTB—P-) -9 (FT__)P
T g :

BXB . azxs' . . o : . L o
(35—)T + (Z,-1) (gfgﬁ) IR o (Ar;oé)__'

The expressions for the second derivatives of 43 can bebobtained
from Eqs. A-62 and A-63. Differentiating Eq. A-62 with respect

to T -

- A-26




BZZ . 2.1 t ox agx

o d“B dB B ' B
9 - | ) -G P 3 P -
T dr T

P - | P

x |
3B’ B - |
3T (a—T")P] (A-10m)
or
3%z 2.1 st X 3%x

d°B dB

(ST—ZQ) =P [Xa e - 2 ar G - aTz'g) ](A—loB)

5 P P
From Eq. A-63
3%z : Bxs- . BxB . 52)%
3z = B () -P (G -Be () (-109)

T . T T P
or

2 |

2%z ox o
Clay = 3 |2 D) - (D) (A-110)
502 op ,

T T T

Differentiating Eq. A-63 with respect to T.

2 : '
0°Z ' X ox
e - Q) $ -3 (D -» [ ()
P P o
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or using Eq. A-62 <

o B 2 .

37y, 1 9%y dx ' (a X ) -
B B dB 1 B N

s "5 Gr), T Pl ar t P lemel| 0 e

5. Transport Properties

The transport properties are caicuiated using a modified
Buckingham potential for tempefatures up to 1000°K (19,39).
In this region dissociation is not taken into coﬁsidefation.
For pressures above 0.0l atmospheres and temperatures less

than 1000°K the gas is essentially pure molecular hydrogen and

this is a good assumption. Above 1000°K the transport proper-  .

ties are for an equilibrium mixture of dissociating hydrogen -

(20). High pressure corrections are calculated from a theoreti-

~ cal formula due to Enskog (21).

a. Transport Properties Below lOQOoK
Tabulated values of the collision integrals based‘on the
modified Buckingham or "exp-six" potential used to calculate

the transport properties below 1000°%K are available in the

literature (39,40), For these calculations the values of suita~ 

ble functions of the collision integrals were fitted in the

A-28
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. least squares sense to empirical equations which are fourth
order polynomials in a reduced temperature."The'réducéd

temperature is

where T is the absQiute temperature, k is Boltzmann's'con-‘
stant, and € is one of the potential_parameters. The three
parameters in the»eXp—six potehtial‘A; '

D) -

exp [ (1- i‘I_;__) ] - (;\[_TI_) , (a-113)

, :l :
1{m .
l
Qlon

are €, the depth of the poténtial energy minimum;'rm; the position
of the minimum; and @, a measure of the steepness of the repulsion ‘

energy. For hydrogen the values of the poteﬁtial parameters are

k 1
o= 37.3 7/, (A-11%)
s | X o
@= o o @aens)
r, = 3,337 OA S L : : :  >7 '  | B  13 | v(A—116) 

The actual functions fitted to the empirical equations are - '




2 W) L gt L §) o @ B |  (a-117)

e * .
rather than the more rapidly varying §} (13) collision in-
tegrals. |

The coefficient of viscosity of a pure gas is

vz £
N.T,Z fl(zz)?T*) | -~ (A-118)

po= -:Sg (ER,{E)

where W is the molecular weight, R is the gas constant per
mole, Nd is Avogadros' number, fu is an infinite series which
is nearly unity and its deviations from unity are corrections

for the viscosity above the first approximation, and

(22)*, *
f} (T ) is the appropriate collision integral. .

For calculations

f‘.
7 \V WT H

px 10" = 266.93 _ ¥
rmz g}(zz) (T*)

-(a-119)

where u dis in poise, T is in degrees kelvin, and T, is
angstroms.
The third approximation for- fu was used in calculating

the viscosity of molecular hydrogen. The tabulated values were -
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fitted to an equation in the same manner as the coilisioh_in— .
tegrals were fittea. | o

The formula for Qiscosity as given by Eq. A—il9 is»correct'Atv
if'the gas is at 1§w pressure and simultanébus encounters of |
three or more molecules can be neglected. At high pressures.]if‘:
the deviation due to the departure from an ideal gas.can be ac-
counted for by an equation of the form (20) |
;E = 1+ 0.175 (bpx) + 0.7557 (bpx)? - 0.405 (bpx)3 | (a-120)
where u is the value for an ideal gas.as calculated using Eq.
A-119 and p, 1is the corrected value. The quantity bpx can

be shown to be given by
box =Z =1+ T g%;) ' (A-121)
where Z is the compressibility factor. The value of ( )

can be determined as follows. Starting with

3% o
dz = (<2)  dT + ( ) dp
oy - (A'l??)
‘and dividing by dT
: - : o
N (5 ) * (5'15)T & ) ' (A-123)
p N i '
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Then as the two derivatives of Z with respect to T and p are

known and only (%%) must be determined. Noting that only the
p .

molecular species is present the equation of state is

Then
o R o
B = z2p 5 + R T () (a-125) -
o < P

- B+ (g%) B (A-126)
o . p . -

Combining Eqs. A-123 and A-126 and simplifying results in the

following expression

¥

y SRR 2N |
P = bz - (A-127)
p l-3 (55)

Using Eqs. A-62 and A-63 to evaluate the derivatives of 2
and remembering that for the case being considered the mole
fraction of the atomic species and its derivatives are zero the

expression for (g%) can be reduced to
P
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Y ' ' ’ :
(s7) = 72 dB '
ﬁp Z T T ar + B | (A-128)
Then Eq. A-121 can be simplified using Eqs. A-61 and A-128

1 -dB' 1
box = p(B +12 [T I f B ] ' (A-129)

The thermal conductivity of a pure gas can be written as
the sum of the two parts, A° the translational portion and
xint the internal portion, representing the contibutions from
translational motion and rdtationai and vibrational motions of

the molecules respectively. The first approximation to the

translational portion can be written as

1 :
o< 2§ ow (a-130)
Consequently for higher approximations
o} 15 'fh |
No- 2 B ow oo (B-131)
. B

where fx is a series similar to fu but for the thermal
conductivity rather than the viscosity.

The internal conductivity can be written as (20,41)

4 o _ D ] | '
Mpe = MM o= gg (G -gR)  (a-132)




where D the self-diffusion coefficient, is given to the third
approximation by

2.628 1‘3T~3/2' e ’
p . 2:628 x 10 . 5 _ (A-133)

20 (ll)*(T*) w 1/2

Py

The thermal conductivity of the pure gas is then the sum of

the translational and internal portions.
A= A% & A, | (A-134)

A high pressure correction for the thermal conductivity similar

to the one for viscosity is

= 1+ 0.575 (bpx) + 0.5017 (bpx.)2 - 0.20% (bpx)3 (n-135).
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b. Transport Properties Above 1000°K

The transport properties of dissociating hydrogen gas
above 1000°K have been calculated and tabulated by vanderslice;  
et al (20). The development of the equations and the calcula-
tional procedufe is explained in considerable detail in the re-
port. Consequently very little explanation will be presented

here.
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As for the properties below lOOOOK, the collision inte-
grals for the properties here have been fitted to fourth order
polynomials: The only difference is that in this case the inde-
pendent parameter is T/1000 rather than T*.

The viscosity of the pure gas component is given by an
equation similar to A-119 where f“ is assumed to be unity

and the collision integral <Qii> includes the r 2 of Eq. A-

) m
119 where
2.66.93 x 10‘7'\/wiT ‘
. = = A-1
My < 5 (22)> (A-136)
' , ii
The viscosity of the binary mixture is
g %g Byl | 132 X137
Ho= + - 1- (A-137)
oo " fep T halles oo BB
where
2 *
B, - Yo, Zp om |, T (e ) (a-138)
Ry WC‘+WB p% 8 SWa
Z%ZX
- - B RT -3 *
Hoza - | x&+wﬁ : P%B 1 5 <A12 > (ar-139)

The value of Hst is found by interchanging subscripts in

Eq. A-138. The diffusion coefficient is given by
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| 1/2
(2.628 x 1073) p3/2 [Wi+W;

15 = = A-140)
| p(Qij (1L, | 2w, | ( ?)

If 41 and j are different species than Diﬁ is the mu-
tual diffusion coefficient, but if j = i then Dii is called
the self diffusion coefficient and Eq. A-140 reduces to an ex-

pression like that in Eq. A-133.

The thermal conductivity of the mixture can be written as
the sum of three parts. As for a single component polyatomic
gas or non-reacting mixture, there are the internal and the
translational conductivities and there is an additional portion
due to the chemical reaction. |

The translational thermal conductivity of a pure gés to
the first approximation is given by Eq. A-130,

The translational conductivity of a binary mixture is

-1
2 2 2
° _ ’;a + 2’3 - zzo‘x‘i ]| PR —_-LO‘B_L (A-141)
= o BB oo BB Lolep
where o
. L
lx X T 2
B o 16 bXp = | 15 .2 25 W
Ic'xa - N (o] - 25 2 P]?J 2 wa + T B
o (V&+WB)
2 % - %
-3w.“ (B R A ,
T { 12> . by (B (A-142)
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16 )(C‘Xﬁ‘/\’(:l"\’-B : T

B 55:;‘ v s '
g = 25 Al <B 1z> -k <A12 > (A-143)
(wb+ws) ,‘B L. ' .

The value of LBB is obtained by interchanging subscripts in

Eq. A-142. The internal thermal conductivity of thé mixture is

o]
(o} ) SR N
?"a- Na [ B

+ — '
1+ (B /By ) (x/% ) 1+ (DBB/%_B)(’&/Xa)

kint

where for the individual species

pD..
o _ _ i1 .2
o S N CEES I

is expressed in Eq. A-132. It should be noted that for the
atomic hydrogen species kﬁ - XBO is equal to zero.
The portion of the thermal conductivity due to chemical

reaction is

pDa' 2 .
_ B. (aH) B
R = | R — =" 32

The thermal conductivity of the chemically reacting mix-
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ture is then

(A-147)

6. Hydrogen Property Results

Tabulated values of the properties assuming eQUilibrium
composition are presented in Tables.A—l, A-2, and A-3 for three
different pressure levels. The same propertiés are plottéd
versus temperature in Figs. A-1 through A-19.

The property values were checked with tabulated values in
reference 18 and with other data in the references in regions
where it is available. Except for the thermal conductivity and
Prandtl number the differences in the property values célculated
with the subroutine and the values tabulated in reference 18
are less than 5 o/o . For temperatures above 300%K the agree-
ment is within 1 o/o. The thermal conductivity and cdnsequent-_
1y the Prandtl number agree within 6 o/o for valuesof temperatures
up to 700°%K as tabulated in reference 18. The values
as tabulated there were computed from an empirical formula '
about which the experimental daté deviates by plus or minus
about 50/0. Consequently the values calculated using this

subroutine are within a reasonable accuracy.
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TABLE A~}

 HYDROGEN PROPERTIES~-EQUILIBRIUM COMPOSITION
P= 1,00 ATM

T 4 - XB S W 10000 RHO
DEG K ' - GM/GM-~MOLE GM/CM3
150,0 1.,0008 “ Qe 2401626 1.6366
200,40 1.,0008 . 0e - . 2401626 1,2276
30060 10006 a Oe ' 2001626>" 0.8185
40040 1.0005 " Qe 201626 06140
500,40 1.0004 De 201626 - 064912
60040 1,0003 Oe 2.01626 -  0.4094
70040 10003 0.0000 2401626 03509
800,40 1,0003 00000 201626 . 03070
900,0 1,0002 0.0000 2.01626 042729
100040 140002 0.0000 2.01626 . De2457
110040 1,0002 0.0000 2401626 0.2233
1200,0 1,0002 00000 2.01626 042047
130040 1,0001 0.0000 2401626 0.1890
1400,0 1,0001 0.0000 2401626 061755
1500,0 1.,0001 00000 2001624 _ 0.1638
160040 1.,0001 0.0001 2001621 001535
1700,0 1.0001 0.0001 2401611 0.1445
1800,0 1,0001 0.0004 201590 0.1365
1900,0 1,0001 0.0008 2001546 0.1293
2000,0 10001 0.0016 - 2401463 0.1227
210040 1.,0001 00031 2001314 0.1168
2200,0 1.0001 00056 2401062 Oellls
2300,0 1,0001 00096 2400659 - 01063
240040 1.,0001 00157 2400042 0.1016
2500,0 1,0001 00247 le¢99134 00971
260040 10001 00375 197846 00927
2700,0 1.,0001 00550 1496082 0.0885
2800,0 1.0001 00782 le93741 " 040843
290040 1,0000 0.1081 l¢90731 0.0801
3000,.,0 1.0000 001453 1,86975 0+0759
310040 1.,0000 0.1904 1.82430 0.0717 .
320040 1.0000 02433 1.77096 00674
3300.0 - 1.0000 03035 l1,71032 0.0632
340040 140000 03696 1.64363 0.0589
350040 1,0000 0¢4399 1.57279 0.0548
360040 140000 05119 1450021 . 040508 .
3700,0 1,0000 05829 1,42859 " 060471
380040 1.0000 06504 1,36058 00438
390040 1,0000 T 067121 le29838 060406

400040 1.0000 007665 1424350 00379
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TABLE A-1 CONT.
HYDROGEN PROPERTIES=-EQUILIBRIUM COMPOSITION
P= 1,00 ATM
T o " H s - CP DH/DP

DEG K CAL/GM CAL/GM-K CAL /GM-K CAL/GM-PS1

150,0 3393346 13,237 34037 0e3202E-02

200,40 34089,9 . 14,4135 3¢214 044807E-02

30040 3442446 15,489 34417 0e7834E=-Q2
400,0 3476867 16,479 36460 . - 0e1029E-01

500,40 35115,1 174252 34460 0.1209E~-01
600,0 3546260 17,884 3.47@ . 0.1332E-01

700,0 35810,1 18,421 34485 0+41409E-01

800,0 36159,8 18,888 34511 - 0e1452E~01
900,0 3651244 19.303 3542 0el1469E-01
100040 3686843 19,678 3577 0.1469E=-01
110040 3722842 20,021 34622 0¢1455E-01
1200,0 3759248 204,338 34671 0e1423E-01
1300,0 3796245 204634 3723 0+1321E-01
1400,0 3833745 204,912 36777 0e9622E=Q2
1500,0 3871769 214174 34832 =0+ 2054E~-02
1600,0 3910440 214423 34892 =~0e3545E~01
170040 3949646 214661 34962 ~0¢1198E-00
1800,0 3989761 214890 44053 ~0e¢3113E-00
1900,0 40308e¢3 220113 46179 =-07076E 00
2000,0 4073446 224331 44359 ~0+1467E 01
2100,0 4118269 224550 44621 ~0+2827E 01
220040 4166267 224773 40998 ~065129E 01
2300,0 4218766 23,006 5529 ~0+8836E 01
240040 4277561 234256 60258 ~0e1455E 02
2500,0 4344744 234530 Te233 ~-042303E 02
260040 4423145 23,838 84503 ~043520E 02
270040 4515944 24,188 100118 -0e5214F 02
280040 46268.1 244591 12,125 ~0e7508E 02
290040 4759848 25.057 144562 -041053E 03
300040 49195,7 254599 174453 -0e1442E 03
310040 5110444 266224 20795 “0019295;03
3200,0 5336864 260943 244547 ~0es2521E 03
330040 5602441 . 274760 284606 ~063216E 03
340060 59093,6 . 284676 320783 =0¢3997E 03
350040 62575,1 29.684 364789 ~-0+4828E 03
360040 664329 30,771 406239 ~0+5645E 03
370040 7059060 31,910 424703 ~0s6366E 03
3800,.,0 74927¢4 33,067 434791 ~0+6896E 03
390040 79294, 8 34,201 43,285 ~0e7160E 03

400040 8353243 35,274 414223 = ~047118E 03
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TABLE A-1 CONT.

HYDROGEN PROPERTIES~EQUILIBRIUM COMPOSITION

‘pa

T
DEG K

150,40

200,0

300.,0

400,40

500,0

600,0

700,0

800,0

90040
1000,0
110040
1200,0
1300,0
1400,0
1500,0
1600,0
170060
1800,0
1900,0
2000,0
2100,0
2200,0
2300,0
240040
2500,0
260040
2700.0
2800490
2900,0
300060
310040
320040
3300,0
3400,0
3500,0
3600,0
3700,0
3800,0
390040
400040

1,00 ATM

DS/DT
CAL/GM-K2

042025E-01
0¢1607E-01
0.1139E~01
0.8650E-02
0¢6920E~02
045794E-02
0+4978E=~02
0e4389E~02
043935E~02
0e3577E-02
043293E-02
0¢3059E~02
042864E=02
042698E~02
0¢2555E-02
0e2432E=02
002330E~02
042251E=02
042199E-02
042180E~02
002201E~02
0e2272E=02
042404E=02
042608E-02
0.2893E-02
0¢3270E=~02
0e3747E=02
044330E=02
045021E-02
045818E-02
0+6708E=02
0e7671E~02
0e8669E-02
049642E=02
0+1051E=~01
0e1118E~01
0s1154E=01
0e1152E~01
0.1110E=01
0.1031E=-01

DS/DP

CAL/GM-K-PSI

=046706E-01
~046705E-01
~0.6704E~01
~046703E~01
~0+6702E-01
~0+s6702E-01
=0e6702E~01
~0¢6702E-01
=06702E-01
~0e6702E-01
~0+6702E-01
-06702E-01
=046702E-01
-06702E-01
~0+6703E-01
~0+6705E~-01
=0+46710E-01
~046721E-01
=0s6743E-01
~046782E-01
-0+6848E-01
~0¢6955€-01
=047119E-01
-047362E-01
~0+7708E~01
=048185E-01
~-0+8823E-01
-049657E-01
~041072E-00
-041203E~-00
-041363E-00
=-01551E~00
~0e1765E~-00
=0¢1998E-00
~042239E-00
~0+2469E-00
-062666E~00
~0+2808E-00
~0¢2877E-00
=042866E-00

A-41

- OMEGT

—0s

=-0e

-0s

=0 '

=0 .
~0e1014E~-14
~0e4765E~12
-0e4791E~-10
-0,1723E~08
—~0e3018E~07
—0e3134E~06
~0+2198E~05
-0e61140E-04
~0e4665E-04
-0e1579E-03
—0+4582E~03
~0e1171E~02
-0e2693E~02
-0e5662E~02
-0+1104E~01
~0e2016E-01
-0e3479E~01
-0e5715E-01
~0+8985E~01
-041359E~00
—-0+1983E-00
-0¢2804E~-00
-0e3846E~-00
-0e5128E 00
~0e6653E 00
~0+8402E 00
-0e¢1032E 01
-041233E 01
-0e¢1430E 01
~0e¢1606E 01
-0e1741E 01
-0.1819E 01
-01827E 01
-0elT64E 01
~0+1638E 01

i

OMEGP -

Oe
Oe
Oe

 0s

Oe ,
0+.1150E~-16 -
06290E-14
0.7207€-12
0.2908E-10 "
0«5646E-09
0.6432E-08
0e4910E-07

- 0e2752E-06

0.1210E~05
0+4380E~05
0¢1353E-04
0e3667E-04
0.8910E-04
0.,1975€-03
0.4045E-03
Qe 7T744E-0Q3
0.1398E-02
0+2398E-02
0¢3928E-~02
0.6180E-02
0.9370E-02
0e1374E-01
061952E-01
0.2693E-01
0+3611E-01
0«4708E-01
05966E-01
0e7344E~01

0e8T66E~-01

0.1012E-00
0.1128E-~00

0.1211E-00

0¢1248E-00

- 0e1236E-00

0¢1176E-00
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HYDROGEN PROPERTIES=~EQUILIBRIUM COMPOSITION

P=

T
DEG K

150,0

200,0

30040

400,0

50040

600,40

700,40

800,0

900,0
1000,0
1100,0
120040
1300,0
1400.,0
150040
1600,0
1700,0
180040
1900,0
200040
2100.0
220040
2300,0
2400,0
2500,0
260060
270040
280040
2900,0
3000,0
310040
320040
3300,0
340040
3500,0
3600,0
3700,0
380060
390040
400040

1,00 ATM

SI1GT

-0.3182E-03
-0,3583E-03
~043894E~03
-043836E-03
-043608E-03
-043312E-03
~043003E-03
~042707E~03
-042434E~03
~042191E~03
~0.1977E-03
-061791E-03
~041630E~03
-001492E-03
~041375E-03
-0,1277E=03
-0.1196E~03
~0e1132E-03
-041084E=03
~041054E-03
~0e1042E-03
-041049E=03
-04,1078E~03
-041131E-03
~041206E~03
-0.1303E~03
-041417E-03

"=0,1539E-~-03

-0e1657E-03
-0e¢1757E~03
~0e1822E-03
~0e1834E~-03
~0¢1784E-~03
-041666E~03
-041489E-03
—-0e1267E~03
-0.1026E-03
~047901E-04
—0e5799E~04
—=044078E-04

. SIGP . -

048483E-03
0.7508E-03
0.5980E-03
0+4863E~03
0.4030E~03
043398E-03
0¢2911E-03
042529€-03
042227€-03
0+1983E-03
0.1784E-03
0.1621E-03
0¢1484E~03
041368E-03
0.1270E-03
041184E-03
0.1109E-03
0.1043E-03
0+9836E~04
049295E=04
0.8797E-04
0.8331E~04
0+7888E-04
047459E~04
0+7039E-04
0.6619E~04
0¢6195E=04
045759E~04
0.5309E~04
0e4841E~04
0+4355E~04
0+3851E-04
0e3336E-04
0.2820E-04
0.2317E-04
0+1844E~04
0.1418E-04
0¢1053E-04
0+7556E~05
0¢5261E~05

A-k2

ZETAT

~0e8244E-0Q1
—0e9599E~01
-042031E-01
-0e1314E~01
-041189E~01
—0«9716E-02
~0«1960E~01
—~0+2588E-01
~0e3284E-01
‘004608E-01
—0e5370E~01
—0e6117E-01
—046587E-01
—0e7033E~-01
—0e7579E-01
~0e8439E~-01
-0+1007E~00
~041282E-00
~041680E~00
-042195E~00
—0e2766E-00
-043338E-00
~0+3737E=-00
-03867E-00
—-0e¢3711E-00
—-0e3329E~00
—0+2808E-00
~0e2227E-00
~041651E-00
-041115E-00
-0+6320E~01
~042080E-~-01

0+1817€E-01

0e5399E-01

0.8792E-01

0.1213E-00

0«1557E~00

061924E-00

0¢2342E-00

0¢2833E-00

ZETAP

0+2132E-02
0.1784E-02
0«1317E-02
0.1018E-02
08140E-03
0e6699E-03

0e5651E=03

0s4873E-03
0.4280E-03
0+3818E~-03

0e3453E-03 -

0+3185E~-03
0¢3076E-03
0e3343E-03
044491E-03
0e7484E~03
0.1387E-02
0e2569E-02
0+4503E-02
0e7296E~02
0+1083E-01
0+1466E-01
0.1809E-01
0+2048E~-01
0¢2145E-01
0.2105E-01
0«1960E-01
0¢1751E-01
0¢1514E-01
0¢1276E-01

0.1048E-01 .

0.8351E-02
0+6367E-02
0+4500E-02
042693E-02
0e8T761E-03
~0e¢1044E-02
~0e3186E-02
-0e¢5712E-02
-0.8803E-02
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HYDROGEN PROPERTIESfEQUILIBRIUM COMPOSITION

P=

T
DEG K

15040

20040

30040

400,0

50049

600,0

700,60

800,0

90040
100040
110040
120040
130040
140040
1500460
160040
1700460
180040
190040
200040
2100.,0
220040
230040
2400,0
250040
260040
270040
280040
2900,0
300040
3100,.0
320040
330040
3400460
3500,0
3600.0
3700,0
3800,.0
390040
400040

1.00 ATM

GAMMA

1,483
letttts
1,407
1.399
14399
14396
14395
1391
1,386
1,381
1374

‘14367

14360
1353
14346
l1.340
1.332
le324
1.313
1,300
1,285
14266
1.247
1,226
1,207
1,191
1177
1.166
1,158
1,153
16150
1.148
1,148

- 16149

1.152
1155
1,160
14165
14171
1,179

TABLE A-1 CONT.

1000 MU 1000 LAMBDA

GM/CM=SEC - CAL/CM-SEC~K
00553 02470
-0}0679'# 03197
0.,0898 " - 0e4486
01090 - 0e5518
001265 0e6411
0e1428 07277
0.1583 048089
001731 048915
01874 049735
001999 1,0467
002126 141293
02250 102138
02373 143007
02493 143891
002613 1,4804
0.2731 1.,5764
02849 146815
062965 1.8042
03082 - 19573
03198 261597
03315 204379
0+3432 248273
063551 3.3723
0+3672 441246
03795 501417
03922 644845
04054 842131
04190 10.3782
Oe4331 13,0124
0ebt77 1641186
04624 19,6556
04771 23,5222
04911 27,5446
005039 . 3144639
05148 3449496
05233 3746331
05291 39,1728
065323 39,3401
045333 3840984

045329 35,6270

A-43

PR

06800
06826
046843
0.6836
046827
0.6823
0+6819
06817
046817

046833 .
046819 .

006805
06792
06779
06763
06743
06712
06661
06579
De6456
06284
046067
05822
05571
05339
0e5143 -
04994
0+4895
04847
004847
044892
04978
045100

05250

05419
05595
045768
065925
06060
06166




TABLE A=2

HYDROGEN PROPERTIES~EQUILIBRIUM COMPO5ITION

= 10,00 ATM
T Z
DEG K
150,0 1,0085
20060 1,0075
30040 140060
400,0 1.0049
50,0 1,0040
600.0 10034
70040 10029
800.0 1,0025
90060 140022
1000,0 1.0020
110040 10018
1200,0 1.0016
1300,0 1.0015
1400,0 10014
150040 1,0013
1600,0 1,0012
170040 1,0011
180040 1,0010
190040 1,0010
2000,0 10009
2100,40 1,0009
220040 1,0008
230040 1,0008
2400,0 1.0008
250040 1.0007
260040 1,0007
270040 1,0006
2800,0 140006
2900,0 1.0006
300040 1,0005
310C.0 1,0005
3200,0 1.0004
330040 1,0004
3400,0 140004
350040 1.0003
3600,0 1,0003
3700,0 1,0003
380040 1,0002
3900,0 1.,0002
400040

140002

X8

Oe

Oe

Oe

Oe

O

Oe
00000
00000
00000
00000
00000
0.00C0O
00000
00000
0.0000
0.0000
00000
0.0001
0.0002
00005
0.0010
0.0018
0.0030
0.0050
00079
00120
00177
00254
0+0355
00485
00647
0.0846
01086
01368
01694
02064
062476
02926
03408
03914

A-Lk

{"

GM/GM=MOLE

2401626
2401626
2401626
201626
2401626
2401626
2.01626
2401626
2.01626
2601626
2401626

2401626

2,01626
2,01626
2,01625
2401624
2401621
201615
2.01601
2401574
2401527
2,01447
2.01319
2401122
2400831
2400415
1.99839
1,99062
1.98043
1496738
195101
1.93094
1.90681
1,87837
1.84548
l1.80818
1676666
1,72131
le67274
162171

10000 RHO

GM/CM3

16,2421
12,1934
841413
601128
508943
440811
344998
340635
247239 .
204521
202297
240442
1.8872
1,7526
1.6359
1.5338
164437
13635
12917
1.2270
1.1684
1,1149
1.0658
1.0204
09782
0.9387
09014
0.8658
08317
07987

. 0e7666

047350
0.7038
046730
046423
046119
045817
045519
045226
044940




TABLE A-2 CONT.

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

Pz 10,00 ATM

T
DEG K

150,0

200.0

300,0

40060

5000

60060

70040

800,0

90040
100060
110040
120040
1300,0
1400.0
1500.0
1600.,0
170040
180040
1900.,0
200040
210040
220040
230040
240040
2500,0
260040
270040
280040
290040
300040
310040
3200,0
3300.,0
340040
350040
360040
370040
380040
390040
400040

H
CAL/GM

33934,1
3409066
34425,6
3477040
3511647
35463,7
3581240
36161,.8
3651444
3687043
372301
3759447
3796444
38339,3
3871944
39104,9
39495,7
3989244
4029546
4070647
4112746
41561,2
4201145
4248442
4298660
4352543
4411243
4475847
45477,8
4628445
4719446
48225,2
4939442
5071947
5221943
5390944
5580440
57913,5
60243,2
6279145

S

CAL/GM-K .

104964
11,864
134219
144210
14,983
15.616
16,153
164620
17.035
174410
17.753
184070
18.366
18.644
18,906
194155
194392
194619
194837
20,047
20,253
20,454
204655
20,856
21,060
21,272
21.493
21,728
21.981
22,254
224552
22.880
23,239
23,635
24,069
244545
25.064
25,627
264232
264877

A-45

cP
CAL/GM-K

34042
3,219
30421
34463
34462

34478 -

34485
34511
36542
34577
34622
364670
34723
3,775
3+828
3.881
34936
3.998
44069

40156

44267
4e412
44605
44860
5191
5:614
6el1l46
64805
76603
84556
94675
104968
124444
144098
154923
17903
204008
224193
244400
264548

DH/DP
CAL/GM=PS1

0+3202E-02
0+4807E~02
007834E=02
041029E-01
041209E=-01
0.1332E-01
0¢1409E-01
0e1452E-01
0+1469E-01 -
041469E~01
0¢1458E-01
0¢1440E=01
0.1417E~01
001386E-01

 0e1332E-01

0e1212E-01

009368E'02

0+3289E~02
~09200E-02
-043308E=-01
~0+7589E-01
-~0e1484E-00
~0¢2652E-00
~0e4454E-00
-07131E 00
-0.1098E 01
~0s1634E 01
-~0+2361E 01
~0e3326E 01
~0+4578E 01
~0+6171E 01
-0+8159E 01
=0+1060E 02
~-0e41355E 02
~0e1704E 02
~-0+2111E 02
~0e2576E 02
-0+3097E 02
~0e3666E 02
~0e4268E 02




HYDROGEN PROPERTIES~-EQUILIBRIUM COMPOSITION

TABLE A-2 CONT.

P= 10,00 ATM

T
DEG K

150,40

20040

300,0

40040

500.,0

60Ca0

70040

800,0

900,40
1000,0
110040
1200.,0
130C,0
1400,0
1500,0
160C.0
1700.0
180040
1900,0
2000,.0
210040
220040
2300,0
240C.0
250040
260040
270040
280040
29000
3000,0
310C.0
3200,0
330040
340040
350040
360040
370040
3800.0
3900.0
4000,0

DS/DT
CAL/GM=~K2

02028E=-01
0¢1609E~-01
0e¢1140E-01
0e8657E-02
046924E~02
0e5796E~02
0e4979E~02
0e4389E~02
0e3935E-02
0e3577E=02
0e3292E~02
0e3059E~02
0e2864E-02
062697E-02
042552E~02
0.2426E—02
0e2316E-02
0e2221E-02
0e2142E-02
0.2078E~02
0¢2032E-02
0+2005E=02
0.2002E~02
0¢2025E=~02
042076E~02
0¢2159E~02
0e2276E~02
0e¢2430E~02
0e2622E-02
062852E~02
0e3121E-02
0e3428E=-02
0e3771E~02
Oe4146E~-02
0e4550E=02
0e4973E-02
0e5407E~02
0e5840E~02
06257E-02
0e6637E-02

0S/DP
CAL/GM-K~-PS1

~046738E-02
=0e6728E-02
=0e6716E~02
~0e6709E-02
~0+6705€~02
~0e6703E-02
-066702E-02
=0e6701E-02
~0e6701E-02
=0e6701E~02
-0«6701E~-02
=06701E~-02
-046701E-02
~0e6701E=-02
=0e6702E-02
=0e¢6703E-02
~06704E-02
~0+6708E=02
~0e6714E-02
~0e6727E~02
=0e6747E~-02
=~0+6781E-02
~0e6833E-02
~046910E-02
~047019E-02
~0e7169E-02
~0e7371E-02
—0e7636E-02
=0e7974E~02
~0+8398E=02
~0.8920£-02
~0e9551E-02
-01030E-01
~-0e1118E-01
~061219E~01
~0e1334E-01
~0e1461E-01
-0.1600E~01
-0e¢1748E~-01
-0¢1901E~01

A-46

BRI N S e s e i e i,

OMEGT

-0

=0

=0

=0

=-Qe .
~0e3206E-15
=-041507E~12
-0.1515€E-10
~0e5449E~09
~0e9545E~08
—~0¢9910E-07
—~0+6951E~0Q6
~043605E=05
—0e¢1475E-04
—0e4994E~04
~0e1449E-03
~043704E~03
~0+«8516E-03
~0e61791E-02
~0e3492E=-02
~0¢6381E-02
-0¢1102E~01
-0+1813E=~01
~062857E-01
-0e4334E-01
-06357E-01
~0.9045E-01
=0¢1252E-00
~0¢1691E=00
—0e2232E-00
—~0+2884E~00
—0e3654E~00
‘0045435‘00
—0¢5549E 00
~0+.6659E 00
—~0.7857E 0O
=-049114E 00
-0+1039E 01
-0+1164E 01
-041282E 01

R e T R

OMEGP

"0

0o
Oe

0 |
0e
043637€-17-
0.1989E-14
062279E-12
0.9197e-11
041785E-09
042034E-08
041553E-07
0.8704E-07
0.3827€-06
0.1385E-05
0e4279E~05
0.1160E-04
0.2818E~04
0.06246E-04
01280€-03

- 0e2452E-03

0¢4430E~03
04 7607E~-03
001249E~02
0e1971E~02
03003E~02
0444326202
0¢6357E-02
0+8882E~02
0+1211E-01
0¢1616E-01
042112E-01
042705E-01

- 0e3401E-01
 0.4199E-01

0¢5092E-01
0.6066E-01
0+7099E-01
0+8160E~01
0+9205E-01




HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

TABLE A-2 CONT.

P= 10,00 ATM

T
DEG K

15040

20040

30040

400,40

50040

60040

700,0

80040

90040
100040
1100,0
120040
130040
140040
150040
160040
170040
180040
190040
20C040
210040
220040
230040
240040
25000
260040
2700.0
280040
290040
300040
310040
320040
330040
340040
3500,0
360040
370040
380040
390040
400040

SIGT

~0e3158E-02

-0e3559E-02

~043873E~02
~043819E=02
~063594E-02
~043302E=~02
~042995E=02
-042700E=02
~042430E-02
~042187E~02
~0e1974E=02
-0.1788E=02
~0e1627E=02
~041490E-02
~041373E-02
~0e1274E=02
~0e1192E=02
~0e1124E=02
-041069E~02
~0e1027E=02
~0e9965E-03
~049768E~03
~049677E=03
~009690E=-03
~049802E-03
-041001E=02
~041030E=02
~0e1067E=02
~041109E=~02
~0e1155E~02
-0¢1201E-02
~0e1243E=02
~0e1279E=02
~041304E~02
-041315E~02
~041309E~02
~001284E=02
-0s1239E~02
~0e1175E=02
~041093E~02

SIGP

0+8419E-02
0e7458E~-02
0¢5948E-02
0+4842E~02
044015E~02
0+3387E~02
0.2903E-02
0e2524E~02
0e2222E-02
0¢1979E-02
0.1782E~02
0.1618E-02
0el482E-02
0s1367E-02
0e¢1268E-02
0+1183E~02
01108E-02
0.1042E-02
0.9832E-03
049298E~03
0+8809E-03
0«8357E-03
0.7934E-03
0¢7536E~03
0«7158E-03
0«6795E~03
0e6444E-03
C«6103E~03
0+5770E-03
0e5443E-03
0¢51205~03
0.4801E~-03
0e4485E-03
0e4171E-03
0+3860E~03
0e3552E~03
0¢3247E~-03
0¢2947€E~03
062654E~03
0+2369E~03

A-47

ZETAT

~0e9323E-01

-0+1068E~00
-0+3007E-01
-0+2189E~-01
-0.1951E-01
-0¢1628E£-01
-0¢2522E-01
-043072E-01
-043705E-01
-044977E~01
~05697E-01
-0e6403E=-01
-046813E-01
~0s7134E~01
~0e7397E-01
~0¢7666E~01
-048196E-01
-0e9117E~01
-0.1044E-00
—0e1227E~-00
-0e1456E~00
-0.1783E-00
=0+2132E-00
~0e2461E-00
—-0e2723E-00
-0+2889E-00
—0e2937E=-00
—0+2847E~-00
—002639E-00
—0e2344E-00
~0e¢1995E~00
-0e¢1641E~00
-041264E-00
~0+8973E~01
~0e5491E-01
=042213E~-01

048684E-02

0+3685E-01

0+6419E~01

0e9065E=~01

ZETAP

002123E-01
0017756-01
0e1311E-01
0¢1014E~01
0.8113E-02
006679E=02
0+5637E-02
0¢4863E~02
0.4272E-02
043811E-02
0e3442E-02
0+3142E-02
0+2894E~02
002694E-02
002549E-02
0e2483E-02
0e2544E~02
0+2803E-02
0.3351E-02
0+4286E=02
0+5690E~02
0e7585E-02
0+9895E-02
0.1244E-01
01495E-01
0.1713E-01
0.1873E-01
0.1959E-01
041970E~01
0.1917€-01
041813E-01
0+1675E~01
0.1515-01
0e1345E-01
0.1173E-01
0+1004E-01
0¢8381E-02
0¢6769E-02
0¢5182E~02
0+43612E-02




w4

HYDROGEN PROPERTIES—EQUIL&BRIUM COMPOSITION

P= 10,00 ATM

T
DEG K

15040

20060

300,0

400.0

50060

600,40

70040

80040

90040
100040
110060
120040
130040
140040
150060
160040
170040
180040
190040
200040
210040
22000
230040
240040
250040
260040
2700.0
280040
290040
300040
310040
320040
330040
34000
350040
360040
370060
3800.0
390040
4000.0

GAMMA

14512
14468
leb24%
le412
1,409
14405
1,402
14397
1,391
1,385
1378

1,364
1,357
1,350
1,343
1,337
14330
1,323
1e316
14307
1,297
1,286
le274
1,260
14246
1.233
1,220
1,208
1198
1,189
1,182
16177

- 14173

1,171
1.170
14169
1.170
l1e172
1174

TABLE A-2 CONT.

1000 MU
GM/CM~5EC

00554
0.0680
0.0900
0.1091
0.12656
01429
0.1584
0.1732
0.1874
0.2000
02127
02251
02373
02494
02613
002732
02849
042966
03082
03198
03314
03430
043547
03665
03784
043905
04027
0¢4153
04281
0e4413
044548
0.4687
04830
064976
05123
05270
Qe5415
05555
05687
05808

A-18

1000 LAMBDA
CAL/CM=-SEC-K

0.2488
063216
044505
065535
046426
07290
0.8101
0.8925
069745
140476
11302
12147
143014
13894
1,4790
165707
1,6656
167668
1,8781
240052
241563
203428
245795
248832
342734
347718
444025
541897
641565
743240
847093
10,3238
1241727
1442463
1645231
18,9655
2145175
2441033
2646302
2849857

PR

0.6776
06807
0.6831
0.6828

046820

06817
0.6813
0.6812
06812
0.6828
06814
06801
06789
06776
046764
066750
06733
06710
066677
06628
06558
06460
06332
06177
06000
0+5811
0.5622
0e5445
05287
0e5155
05053
004980
04938
0e4924
004937
04975
05035
05115
045211
05319




TABLE A-3

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P=100,00 ATM

T
DEG K

150,0

200,0

300,60

400,0

50040

00,0

70040

80040

900,40
100040
1100.,0
1200,.,0
1300,0
1400,0
150040
16004,0
170060
1800,0
1900,0
2000,0
2100,0
2200,0
2300,0
240040
2500,.,0
2600,0
2700,.,0
2800.0
2900,0
3000,0
3100.,0
320040
3300.0
340040
3500.0
3600,0
3700.0
3800,0
390040
4000,0

2

1.0849

1.0751
1.0598
1,0487
10403

10340

140291
10253
10223
10198
10178
1640162
1,0148
140137
1.0127
10118

140111
140104

10098
1.0093
1.0088
1.0084
1.0079
10076
1,0072
1.0068
140065

le0062 -

1.0059
1,0056
1.0053
1.0050
140047
1.,0044
10042
1.0040
10037
1,0035
10033
1,0031

X8

Oe
0
Oe
Oe
0
Oe
040000
00000
0.0000
00000
040000
040000
0.0000
0.0000
040000
00000
040000
00000
0.0001
0.0002
0.0003
0.0006
0.0010
040016
00025
00038
0.0056
0.0081
0.0114
0.0156
040209
040276
040357
040455
040571
0.0706
000863
01041
0e1242
001466

A-49

W

GM/GM-MOLE

2001626

2,01626

2401626
2401626
201626
2001626
2001626
2401626
2401626
2001626
201626
2401626

201626

2001626
2401626
2401625
2401625
2401622

2.01618

2401610
2401595
2401569
2401529
2401466
2.,01374
201241
2401057
2.00808
2400479
2.00054

1499515

1.98845
1.98026
1,97041
1495872

1,94505

1092928
1,91130
1,89105
1.86852

10000 RHO
GM/CM3

150.9813
114,2643
772759
585753
4742358 -
39.6039

34.1070

2949547
2647053
2440922 -
219447

2041484

18.6236
17.3131
161746
151765 .
14,2942
13.5088
12.8050
121707 .
1145959 -

11,0724
1045933.

101527
947457
9+3680
940158

846858 .

843752
8.0813
Te8018

765347

7.2783
7.0309

647912
605580
643304
641077
5,8892
5.6746




TABLE A-3 CONT.

"HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P=100,00 ATM

. T
DEG K

15040
20040
30040
400.0
500,0
600.0
70000
80040
90040
1000.0
110040
1200.0
130040
140040
1500.0
160040
170040
180040
1900.0
200040
2100,0
2200,0

230040

240060
250040
2600,0
270040
280040
2900,0
3C00,0
3100.0
320040
330040
1340040
3500,0
3600,0
3700.0
3800.0
390040
4000,0

H
CAL/GM

33938,3
3409649
3443640
3478346
3513267
3548144
3583046
36181,0
36533,8
3688947
3724944
37613,8
37983,1
3835747
3873746
3912246
3951248
3990842
40308,.9
4071543
4112747
41546,9

41973.9 -

4241045
4285847
4332049
43800,1
4430041
4482449
4537942
4596840
4659646
4727069
47997,0
4878161
4962942
5054747
5154246
5261949
5378541

S
CAL/GM-K

8.650
94561
10,933
11,933
12,712
134347
13,886
14,354
14,769
156144
15,487
15,804
16,099
166377
16,639
16.888
17.124
17.350
17.567
17.775
17.976
18,171
18.361
18,547
18,730
18.911
19,092
19.274
19.458
19,646
19.839
20,039
204246
© 20,463
204690
20,929
21.181
21le446
21726
22,021

- A-50

cpP
CAL /GM=-K
34084
30261
34458
34491
34482
34491
3¢493
34515
36543
34576
3,620
3.668
34720
3,772
30824
3.876
3,928
3980
44035
44093
46157
44229
44315
46420
44547
4e702
44890
5118
54389
54708
64080
6506
66995
Te543
84154
84827

9560

10353
11.206
12,111

- DH/DP
CAL/GM~PST -

0¢3202E-02
0+44807E-02
0e7834E=~02
001029E'01
0.1209E-01
0.1332E~01
0¢1409E~-01
0e1452E~01
0e¢1469E=-01
0e1469E-01
0e1458E-01
0e¢l440E-01
0¢1420E-01
0.1399E=-01
0+1380E=-01
"0e1362E-01
0e1345E-01
0e1322€-01
0.1285E~01
0.1218E~-01
0.1098E-01
0.8895E~02
0+5468E-02
08654E-04
-0.8020E~02
-01979E-01
-043633E~01
~0e5894E~01
-0+8908E~01
~0e¢1284E~00
=0+1786E~-00
~0e2415E~00
~0e3193E-~00
=0e4140E~00
-0e5276E 00
~0e6624E 00
-08202E 00
=-0.1003E 01
-001213E 01
-041450E 01




TABLE A-3 CONT.

HYDROGEN PROPERTIES~EQUILIBRIUM COMPOSITION

P=100,00 ATM

T DS/DT DS/DP OMEGT OMEGP

DEG K CAL/GM-K2 CAL/GM-K-PSI

15060 0¢2056E=01 =047058E-03 =0» O

20040 0el631E=01 =06965E=~03 =0» Oe

30040 0e1153E~01 =046842E~03 -0 O

40040 0¢8727E=02 =0e6771E=03 0o Oe

50040 0e6963E~02 =046730E~-03 -—0. Oe

60040 0e5818E=02 =046708E-03 -0,1014E-15 0+1150E-17
70C.0 0e4990E~02 =06696E-03 -0+4765E~13 0+6290E-15
80C .0 0e4394E~02 ~066690E-03 —044791E-11 0e7207E-13
90040 063936E~02 =-046688E-03 ~041723E~-07 042908E~-11
100040 0e3576E=02 =0.6688E-03 -0.3018E-08 0¢5646E~-10
1100,0 0e3291E~02 =0e6689E-03 ~043134E-07 0+6432E-09
120040 043057E=02 =046691E-03 -0.2198E-06 0¢4910E-08
130040 0e2862E~02 =046692E-03 -0.1140E=~05 0¢2752E-07
140040 0e2694E~02 =046694E=03 -0.4665E~05 0.1210E-06
15000 0e2550E=02 =0e6695E~03 ~0.1579E-04 0.4380E-06
160040 0e2423E=02 =~0¢6696E-03 -0.4583E-04 0+1353E-05
170040 0e2310E~02 =0e6697E-03 =-061171E-03 0+3667E-05
180040 0e2211E-02 ~046699E-03 ~042693E=-03 0.8912E-05
190040 062124E=02 =046701E=03 -0.5664E=03 001975E~04
200040 0¢2047E=C2 =046704E-03 -0.1105E-02 0+4048E-04
210040 0e1979E-02 =-0.6710E-03 -042019E~02 0.7755E-04
220040 06e1922E=02 ~0e6720E-03 -0.3488E-02 0¢1402E-03
230040 0e1876E=02 =0.6735E-03 -05740E=02 0+2408E-03
240040 0el1842E~02 ~0e6758E~03 -—09050E-02 0¢3957E-03
250040 0¢1819E=02 =046791E=-03 -041374E-01 0¢6251E-03
260040 0e1808E~02 =046837E-03 -0.2019E-01 0¢9536E-03
270040 0e1811E-C2 =~0+6899E-03 -0+2878E~01 0.1410E-02
280040 001828E~02 =~0+6981E-03 -043996E-01 042028E-02
290040 0e1858E~02 =-047087E-03 -0.5416E-01 0.2844E-02
300040 0s1903E=02 =-047220E-03 =-0.7184E~01 0+3899E-02
310040 0e1961E-02 =-0e7385E~03 -0e9342E-01 0e5234E-02
320040 062033E~02 -0.7585E-03 -041193E-00 0.6895E-02
330040 0e2120E-02 =0e7824E-03 -0.1499E-00 048924E-02
340040 0e2219E-02 =0.8106E-03 -0.1854E~00 0.1136E~01
350040 0e2330E~02 ~0e8436E-03 =-0.2261E-00 0¢1426E-01
360040 0e2452E=02 —-048815E-03 ~0.2721E-00 0.1763E~01
370040 0e2584E=02 =-049247E-03 =043234E-00- 0.2153E~01
380040 0e2725E=02 =0e9735E-03 =-043799E-00 0.2595E-01
390040 0e2873E-02 =0.1028E-02 =-0.4412E-00 0+3091E-01
4000,0 0+3028E-02 =-0.1088E-02 ~045069E 00 0+3641E-01

A-51




TABLE A-3 CONT.

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITIOﬂ
P=100,00 ATM

T SI1GT SIGP ZETAT ZETAP
DEG K |
15040 =0e2936E=01  0+7826E~01 =-0.2008E-00 0+2035E-00
200,0 =043335E~01 0e6989E-01 =042129E-00 0¢1694E-00
30040 =043676E=01 0+5646E-01 =-0.1243E-00 0.1252E-00
40040 =043660E=01  0e4639E~01 =-041063E-00 0.9739E-01
50040 =043469E=01  0+3875E-01 =-0.9329E-01 0.7833E-01
60040 =043204E=01  0e3287E-01 =0¢7994E-01 . 0+6479E-01
70040 ~042919E-01  02829E=01 =-0o7997E=01 045490E-01
80040 =042640E-01  0e2468E~01 . =047801E~01 0+4752E-01
90040 =042382E~01 042179E-01 =-0.7822E~01 0.4186E-01
100040 =-042149E~01  0e1945E~01 =-048598E-01 0.3742E-01
110040 =041943E~01  0s1753E-01 =-0¢8924E-01 0,3386E-01
120040 ~Cel762E~01 041595E~01 =—0+9318E=01 043094E-01
130040 =041606E-01  0+1462E~01 =049475E=01 02850E-01
140040 =001472E-01 041350E~01 =0e9575E-01 0e2640E-01
150040 =041357E-01  0s1254E~01 -049609E-01 042459E=01
160040 =041260E=01 0+1170E-01 =0.9583E=-01 0.,2300E-01
170040 =041179E~01  041097E-01 =-0.9674E=01 0.2160E-01
180040 =-041111E-01 0,1033E-01 =09918E-01 0.2039E-01
190040 =041056E-01 0e9748E-02 =-0¢1023E=00 0¢1937E-01
200040 =041011E~01  0¢9224E=02 ~-0+1066E-00 0+1857E-01
210040 =04974BE=02  0¢8745E=02 =-0+1113E-00 0.1802E-01
220040 ~049469E~02  0¢8304E=02 -0+1233E-00 0.1775E-01
230040 =049257E=02 047894E~02 =-041372E-00 0.1778E-01
240040 -049104E=02  007511E-02 =0.1524E-00 0.1812E-01
250040 ~048997E-02  0+7151E-02 =-041682E-00 0+1874E—=01
260040 ~048928E=~02 0¢6810E-02 =-0¢1845E~00 0.1960E-01
270040 -0.8888E-02 046486E-02 =-042007E~00 0+2060E-01
280040 =~0¢8866E-02 0.6179E-02 =-0e2132E~00 0e2163E-01
290040 =-048855E-02 0¢5886E-02 =-0¢2206E-00 0+2259E—01
300000 =048844E=02 0e5608E~02 =042224E-00 0+2337E-01
310040 =-048825E-02  045344E~02 =0+2183E~00 0+2391E-01
320040 =~048790E~02 0¢5094E~02 -0+2123E-=00 0+2417E-01
330040 =~048731E~02 0.4857E-02 =-0+1979E-00 0.2411E-01
340040 =048640E~-02 0e4634E~02 - —041794E~-00 0+2378E-01
350040 -048511E~02 044426E~02 =-041579E-00 0.2322E-01
360040 =-0e8339E~02  044233E~02 =0+1344E-00 0.2247E-01
370040 =-048120E=02  044055E-02 =-0.1096E-00 0.2158E-01
380040 —~047850E~02 0¢3892E-02 =-048611E-01 0.2062E-01
390040 =-0e7527E~02 0¢3746E=02 =046131E~01 0.1959E-01
400040 =-0¢7148E-02 043616E-02 -0+3635E-01
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TABLE A-3 CONT.

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION
P=100,00 ATM

T GAMMA 1000 MU 1000 LAMBDA PR
DEG K GM/CM-SEC CAL/CM-SEC-K
15060 1,823 00574 042694 046575
20060 16716 00699 063432 06646
30040 14598 00915 0e¢4710 046721
40040 1544 0e1104 0.5714 066747
50040 16514 01277 0.6581 046755
600,0 14490 0e1438 047426 046760
70040 1474 0.1592 0.8222 046761
80040 14458 01739 009036 06764
90040 l.445 0.1881 09849 06766
1000.0 14433 02006 10574 06784
110040 le421 002132 1641396 066773
120040 14410 042256 1.2239 06762
130040 1,399 042379 1.3105 06752
140060 1,389 002499 1.3982 0.6742
150040 1.380 0.2618 144872 06733
160040 : 14372 02737 1,5776 06724
170040 1364 002854 146692 06715
180040 1356 02970 147635 046704
190040 1.349 03086 1,8614 06690
200040 1e342 03202 19645 06672
210040 1335 0.3318 200752 Ceb6646
220040 14327 03434 241970 046610
230040 1320 03550 23351 046560
2400,0 l1e312 03666 244950 06495
250040 1303 063784 26826 ~ Qebl4l4
260040 16294 03902 249049 046315
270040 14285 0.4021 341709 046202
280040 16275 Oe4l42 34888 06076
290040 1e265 - 064264 3.8672 05942
300060 14256 0+4389 443147 05806
3100.0 14247 064515 448394 0.5672
320040 1.238 04643 504492 0.5544
330040 1,231 0et774 6¢1531 05427
340040 . 1le224 044908 69547 0e5323
350040 1218 05044 78580 0e5234
360040 1,213 0.5182 BeB8648 . 065159
370040 1,209 - 05322 99746 0.5101
380040 14205 05464 11,1840 0.5058
390040 14203 05606 124890 05030
4000,0 1.202 05749 13,8783 05017
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7. Description of Computer Subroutine

The equations listed in previous sections have been written
in Fortran language and included in a subroutine which was writ-
ten for use on an IBM 709 or 7090; The Fortran listing of this
subprogram is presented in this section. A description of the

input, output and method of calling is given below.

Hydrogen Properties Subroutine
Purpose: To calculate the thermodynamic properties, the partial
derivatives of the thermodynamic properties with res-
pect to temperature and pressure, and the transport
properties of normal hydrogen in egs units.
Input: Temperature (T) -- (9K)~-—- Range -- 156 - 4000
Pressure (P) -~ (PSIA) - Range -- 0.1 - 1469
A - 6 x 40 matrix of coefficients for molecular hydro-
gen equations
B - 6 x 40 matrix of coefficients for atomic hydro-
gen equations | |
MARTE - integer variable determining which propertiés_
are to be calculated
JULIE - integer variable determining.which type of
properties are to be calculated
Output:

1. For (MARIE) negative - thermodynamic properties only
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Molecular weight (W) - gm/gm-mole
Compressibility factor (Z) - dimensionless
Density (RHO) - gm/cm3 |
Enthalpy ( H) - cal/gm
Entropy ( S) - cal/gm-OK
Specific heat (CP) - cal/gm-°k 5
Isentropic exponent (GAM) - dimensionless |
2. For (MARIE) positive one (+1) - thermodynamic proper-
ties listed in case 1 (MARIE negative) plus the
following thermodynamic property derivatives:
(BH/BP)T - (DHP) - cal/gm-psia
(3s/3T)y, - (DST) - ca1/gm-°1<2
(3s/3P)y - (DSP) ;.cal/gh—oK-psia

(T/W)(BW/BT)P - (OMEGT) - dimensionless
(P/W)(BW/BP)T - (OMEGP) - dimensionless
(T/Z)(BZ/BT)P - (SIGT) - dimensionless
(P/Z)(BZ/BP)T - (SIGP) - dimensionless
(T/y)(By/BT)P - (ZETAT) - dimensionless
(P/y)(a7/aP)T - (ZETAP) - dimensionless

3. For (MARIE) zero (0) - thermodynamic properties listed
in case 1 (MARIE negative) plus the following
transport properties:

Viscosity - (EMU) - gm/cm-seé
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Thermal conductivity - (CLAM) - cal/cm-sec-°X

Prandtl number - (PR) - dimensionless

4., For (MARIE) positive two (+2) - all the properties

listed in cases 1, 2, and 3.

5. Effect of the value of JULIE

a.

ENTRANCE:

For (JULIE) positive two (+2) - properties
include effects of compressibility (Z # 1.0) |
and effects of dissociation.

For (JULIE) positive one (+1) - properties inclﬁde
effects of compressibility (Z # 1.0) but do not
include effects of dissociation (molecular hydro-
gen only). |

For (JULIE) negative one (-1) - properties

do not include effects of compressibility

(Z = 1.0) or of dissociation (molecular

hydrogen only).

For (JULIE) negative two (-2) - properties

do not include effects of compressibility

(Z = 1.0) but do include effects of dissociation.

CALL PROPS (T, P, A, B, MARIE, JULIE, W, Z, RHO,
H, S, CP, GAM, DHP, DST, DSP, OMEGT, OMEGP, SIGT,
SIGP, ZETAT, ZETAP, EMU, CLAM, PR)
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Following the progrém listing is a listing of the matrices
A and B. The elements of the matrices are arranged such.that
each row of the matrix takes up two lines of print. The elements
of the first three columns being in the first line and the

elements of the last three columns being in the second line.
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LISTING OF HYDROGEN PROPERTIES SURROUTINE

LIST

LABEL

1

[aNaNal

390
400

410
440

442

444
448

HYDROGEN PROPERTIES ‘

SUBROUTINE PROPS(T.PvoB,MAR!E.JULIE;WoZpRHOOHoSnCPnGAMoDHPoDSToDS
P’OMEGTeOMEGP,SIGToSIGP:ZETAToZETAP;EMU'CLAM'PR)

DIMENSION Al6940)9B(6440)

THERMODYNAMIC PROPERTIES

R=1+9859

RBAR=82,0618
PSI=14,6959

PA=zP/PSE

RRP=R/(RBAR*PSI)

J=2T/100,
HAL=((A(#sJ)*T/4.+A(3’J)/3o)*T+A(20J)/2.)*T+A(1-JJ+A(5.J)IT
HBET=((B(éoJ)*T/6-+B(3:J)/3.)*T+B(2.J!/Z.)*T+Bl1nJ)+B(5oJ)IT
SAL'((A(#oJ)*T/B-+A(3oJ)/2.)*T+A(2:J))*T+A(6tJ)+A(loJ)*LOGF(T)
SBET=((B(#,J)*T/3a+5(39JJ/Zo)*T+B(2oJ))*T+B(60J)+B(19J)*LOGFlT)
CPAL=?(A(40J)*T+A(39J))*T+A(20J))*T+A(19J)
CPBET:((B(#oJ)*T+B(3.J)l*T+B(2vJ)}*T+B(1cJ)
5H=2.0*HBET-HAL

SCP22,0%CPBET~CPAL

FE=5H=-240%#SBET+SAL

IF (XABSF(JULIE)~1) 56044009390

IF (824,0~FE) 40094005410

XB=040 .

GO TO 440 B o
XB-(-1.0+SQRTF(1.0+A.0*PA*EXPF(FE)))/(2-0*PA*EXPF(FE!!
XA=]40~XB :
W=1-00813*(2.0-X8’

RW=aR/w

B0=2,06374158

B1=20428729449

B22-0,13125412E=01

BB=O.327811665-03

84:-0.315878385-05

TR=T/100,40

YP:(((Ba*TR+Ba)*TR+82)*TR+BI7*7R+Bo : -
DYPT=0.01*(((Bb*TR*k.O+B3*3.0)*TR+BZ*2»0)*TR+BI)
DZYPT=0.0001*((84*7R*12.0+83*6-0)*TR+BZ*2.0)
DBYPT=0-000001*(BQ*TR*24.0+83*6-0)

IF (JULIE) 44295400444

BP=040 .

GO TGO 448

BP=0,01%#(EXPF{-YP))

DBPT=~BP*DYPT .

DZBPT=BP*((DYPT**Z)-DZYPT)
DaBPT=BP*(-(DYPT**B)+3.0*DYPT*DZYPT-D3YPT)

PAA=PA®XA . ) "

ZA=100+BP¥PAA

Z22A/ (XA+ZA#XB)

RHO=PA*W/(RBAR*T*Z)
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HALR=HAL-T#PAA#DBPT
HzRW#T# (XA*HALR+XB#HBET)
SWRA=SAL~LOGF (PAA)
SWRAR=SWRA-PAA#(BP+T#DBPT)
IF (XB) 45094509460

459 S=RW*XA*SWRAR
GO TO 490

460 SWRB=SBET-LOGF(PA#*XB)

' S=RW* ( XA#SWRAR+XB*SWRB)

490 OMEGP=XB#*XA/(2,0-XB)#%2,
OMEGT=2~SH*OMEGP
CPALR=CPAL~T#PAA* (2,0*DBPT+T#D2BPT) o ' .
CP=RW* ( XA*CPALR+XB#CPBET~OMEGT*SH) , . ‘
V=140/RHO
DXBTr=(2,0-XB)*OMEGT/T
OXBP==(240~XB ) *OMEGP/P :
DZAT=PA* (XA*DBPT~BP#DXBT)
DZAP=PA*BP*(XA/P~DXBP)
SIGT=TH((1,0-Z%XB)I*DZAT=2Z#(ZA-=1+0)*DXBT)/2ZA
SIGP=P*#{(1,0~2*XB)#D2ZAP~Z#(ZA~1+0)%DXBP)/ZA
OVT=V#(14C-OMEGT+SIGT}/T
DVP==V#(140+OMEGP=~SIGP) /P ]
GAMz=(V*%#2,0)/(RW*T#{DVP/RRP+T*(DVT#%#2,0)/CP}) - ' :

1F (MARIE) 54095109500
THERMODYNAMIC PROPERTY DER!VATIVES

(a¥a¥a) (2}

500 DCPAL®(34%#A(49J)%T+2,0%A(39J) ) *#T+A(24J)"
DCPBET=(3.*8(4;J)*T+2.0*8(3.J))*T+B(20J)
DCPARTsDCPAL~ DXBT*(CPALR-CPAL)/XA-PAA*(Z.O*DBPT+4.0*T'DZBPT+(T"Zo
10)Y=D3BPT)
DHP‘V*(OMEGT-SIGT)*RRP
DSTaCP/T _
DSP= (DHP=V#RRP)/T )
PXAXB=21,0/XB=- 1.0/XA+1.0/(2.0-XBI ’
D2XBTeDXBTH#{SCP/(T#SH)=240/T+DXBT*PXAXB)
D2XBPaDXBP#({~140/P+DXBP#PXAXB) -
D2XBTP=DXBP#DXBT*#PXAXB
DZZAT=PA* (XA*¥D2BPT-2.0#DBPT*DXBT~ BP*DZXBT)
D2ZAP==PA#BP* (2 4,0%DXBP/P+D2XBP)
D2ZATP=DZAT/P=-PA* (DBPT*DXBP+BP*D2XBTP)
D2ZT=2%(~2,0%2%#S1GT#(XB#DZAT+(ZA~1+0)*#DXBT)/T+(1le0~ Z*XB)*DZZAT-Z*(
12 0%DZATHDXBT+(ZA=1,0)%#D2XBT) )/ 2ZA
D2zP= Z*(—Z.O*Z*SIGP*(XE*DZAP+(ZA—1.0)*DXBP)/P+(I-O-Z*XB)*DZZAP-Z*(
12.,0%DZAP*DXBP+{2A~1,0)%D2XBP))/2ZA
D22TP=2%#3GP*(SIGT/T~2*(XB*DZAT+(ZA- 1-0)*DXBT)/ZA)/P-DZAP*(Z*SIGTI
ITHIZ%%2 4,0 ) #DXBT)/ZA+Z#((1e0=-2#XE)*D2ZATP~ Z*(DZAT*DXBD+(ZA-100)*02X
2BTP)Y/2A
DOMPP=-0OMEGP*( 240~ 3.0*XB)/(P*(2.0—XB)**2-0)
DOMTP=DOMPP*OMEGT/OMES :
DOMP T=DOMTP*P /T
DOMTT=~SH*DOMPT= (OMEGT+OMEGP*SCP) /T
D2VT=DVT*#(DVT/V-1e0/T)+VH(SIGT*(1le O-SIGT)/T+T*DZZT/Z-DOMTT)/T
D2VP=+DVP*# (DVP/V=140/P)+V%(SIGP*({1,0-SIGP)/P+P*02ZP/2~DOMPP)/P
D2VTP=DVT*DVP/V+V*(T*D22TP/2-SIGT*SIGP/P=DOMTP)/T
DCPT-—CP*OMEGT/T+RW*(xA*DCPART+xB*DCPBET+(CPBET—CPALRI*DXBT-OMEGY*
1(2.0%CPBET-CPAL=SH)/T~SH*DOMTT)
DCPP=~T*D2VT*#RRP -
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510

520

GZET=DVP+T#(DVT##240) *RRP/CP :
ZETAT--I-0+0MEGT+2-0*T’DVT/V—T*(DZVTP+DVT*(DVT*(loO‘T*DCPT/CP)+200
l#T#D2VT)#*RRP/CP) /GZET

ZETAP-OMEGP+200*P'DVP/V P*(D2VP+T#DVT*(2.,0%D2VTP-DVT#DCPP/CP) #RRPY/
1CP)/GZET

IF (MARIE=1) 5409540510
TRANSPORT PROPERTIES

BROX=PAA* (BP+ZA* (T*DBPT+8P))
REMU=( (~04405%#BROX+0+75571#BROX+0e175)#BROX+140
RCLAM=( (=04204#BROX+045017)#BROX+04575) #*BROX+140

IF (T=100040) 530»520,520
FOR T GREATER THAN 1000 K

TB=2T7/1000.0

OM11AA={((0,14623574E~ Ol*TB-0o18489490)*TB+Oo91980880)*75~2.557394
19)*#TB+7,0094541
OM22AA=(({0495071874E-02#TB~0,10429573)%#TB+0+45828106)#TB~1,480823
11)#TB+7.1123388 :
OM22BB=(((0616937599E~01%#TB~=0,23119789)%TB+1+2626982)%#TB~3,6380257
1)#TB+8.5409494

OM11AB=(((0s11138559E~ OI*TB-Oo15841870)*TB+O.88615205)*TB-20606318
16)#TB+640232023

ASTAR=(((=0419584008E~03%#TB+0+27802096E-02)%*TB~ Oo154006045-01)*T5+

10,48876025E~01)#TB+1,1989301

BSTAR={ ({~0410633974E=03%TB+0416747451E=02)#TB~ 0-108181405‘01)'TB+
10,44253705E=-01)#TB+1+16649620 ‘
GMU=0,026693%SQRTF(1,00813#T)

EMUAZ1,414214*GMU/OM22AA

EMUBsGMU/OM2288B

CLAMOA=3,69353#EMUA

CLAMOB=7,38706#EMUB

EMUA=EMUA®REMU

DAAPA!0.00ZGZB*T*SQRTF(T/2¢01626)/OMllAA
DABPAZ0,001314#T#SQRTF(3,0%7/1,00813)/0M11AB
GH=16441236%XA%XB*T/(3.02439%DABPA)

HAA=1000+0#XA%%2 /EMUA+GH*(140+0¢3%ASTAR)
HBB=1000+0#XB##2/EMUB+GH*{1+0+1+2%ASTAR)

HAB==GH¥*(140-0s6*ASTAR)
EMU=(XA**Z/HAA+XB**2/HBB-(ZoO*XA*XB*HAB)/(HAA*HBB))I(loO-HAB**Z/(
1HAA#HBB) )

CLAMOA=CLAMOA#RCLAM

GL=32.93846%XAXXB*T/DABPA

GLAA==4000, 0*XA**2/CLAMOA~GL*(36-25-3-0*BSTAR+8-O*ASTAR)
GLBB=~4000,0#XB#%2/CLAMOB~GL*(32¢5~12+0#BSTAR+8s0*ASTAR)
GLAB=240%GL*(13,75-3,0#BSTAR=440*ASTAR) - . )
CLAMO:-#.O*(XA**Z/GLAA+XB**2/GLBB~(ZoO*XA*XB*GLAB)/(GLAA*GLBB))l
1(1.0=-GLAB*#®2/ (GLAA*GL.BB))

CLAMIA={0,0242%DAAPA/T)*(CPAL=-245)

CLAMIA=CLAMIA*RCLAM

CLAMI=CLAMIA/{1.0+(XB%*DAAPA) /I XA*DABPA))
CLAMR‘(0.0ZQZ*DABPA*SH**ZIT)*(XA*XB/(ZoO'XB)**Z)
CLAM=CLAMO+CLAM]+CLAMR

PR=CP2EMU/CLAM ’

GO TO 540

A-T9




530

549

FOR T LESS THAN 1000 K

TSTAR=T /37,3 ' - :
leAA:lltl-0.12178327E~06)*TSTAR+O-16290869E—04)*TSTAR-O.87840901E
1=03)1%TSTAR+0427400643E~01 ) #TSTAR+0480725122
ZZZAA=((((-Oolalzgl]7E~06)*TSTAR+0.23528693E~04)*TSTAR-0-122432255
1=02)*TSTAR+0426848743E~01)#TSTAR+0, 86982568
ZMU3=((((-O.36862452E-05*TSTAR+O.35797475E-03}*T5TAR—0.12028333E-o
L) A TSTAR+0416174087) ¥ TSTAR=0430542749E-01 1 #0014 1 40 ,
ZLAM3=(ll(-O.57255974E-05*TSTAR+0.55820177E-03)*TSTAR-O.18850735E°
1011 X TSTAR+0425493221) ¥ TSTAR=0462684613E-01)%0s01+140 '
ZD3=((((—0.29190797E-OS*TSTAR+O.289960695-03)*TSTAR-0.10050974£-01
1)%TSTAR+0014094140) #TSTAR+00 1778B263E-01)#%0001+1 40 o
GOMU=( (04571428574 TSTAR) #%(1.0/340)1/110135569
EMUA=04026693#SQRTF (2401626%T ) GDMU*ZMU3/222AA
CLAMO=04369353E=02#EMUA%ZLAM3/ ZMU3

EMUA=EMUA¥REMU

CLAMO=CLAMO*RCLAM ,

OAAPA=04002628%T#SARTF(T/2,01626) ¥GOMU*ZD3/211AA
CLAMI=(04602425DAAPA/T)*ICPAL=245) -

CLAMI=CLAMI#RCLAM

CLAM=CLAMO+CLAM]

EMU=EMUA/100040

PR=CP*EMU/CLAM

RETUSN

END

A-80 .
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APPENDIX B
HEAT TRANSFER AND PRESSURE - DROP CHARACTERISTICS

FOR THE FLOW OF A COMPRESSIBLE GAS IN A CONSTANT AREA
CHANNEL

1. Summary

A procedure and computer program for calculating the heét
transfer and pressure-drop characteristics for the flow of a
real compressible gas in a constant area channel are developed.
The particular problem for which the program was develéped is
that of determining the heat transfer characteristics of a gas
cooled solid-éore reactor such as would be used in a nuclear
rocket. Consequently the prescribed conditions on the calcula-
tions are oriented to this particular_case,

The mefhod used to caiculate the heat-transfer and friction
characteristics for the flow is patterned after the method  of
influence coefficients developed by Shapiro and Hawthorne (zh)b_
for generalized compressible flow. The equations are developed
here for a fluid which is not a perfect gas and reduced so that
only one variable is used for the stepwise calculation along

the axis of the channel.

2. Development of Fluid Flow Equations
The phenomena taken into consideration in the development

of the fluid flow equations are:

B-1




Heat addition to the gas

Wall shear stress (friction)
Gas dissociation and its effects on molecular

weight and thermodynamic properties '

The following assumptions are made:

l.

The basic

changes in the

The flow is one-dimensional and steady

Changes in stream properties are continuous .
Cross sectional area for flow is constant
Mass flow rate is constant

The fluid obeys the equation of state given in
Eq. B-1.

relations needed to develop the equations for

stream properties along the axis of the channel

are listed below.

The equation of state is:

- W

ZpRT

(B-1)

The continuity equation is:

(B-2)

The definition of the Mach number is:

M= 2

" (B-3)




bThe expression for the speed of sound is:

3 yRT
? = ( Eg )s = W
The energy equation is
2
wdQ - wdW = = W (dH + dg )

The momentum equation .is:

-Ag dp ~ Ty dAs = wdV

(B-4)

(B-5)

(B-6)

Three other equations for the total differentials of three

fluid properties are also used.

Considering the molecular

weight W, the compressibility factor Z, and the isentropic ex-

ponent 7 as functions of temperaturs and pressure then:

daw = ( ) dT + ( ) dp
az = (az) ar
= (3F + ( ) dp

dy = ( ) dT + ( ) dp
p

(B-7)

(B-8)

(3-9)

The logarithms of the terms of Eq. B-1 are:

Inp=InZ+ 1np + InR +

Then taking differentials:

In T - 1n
! (-10)




e}

€ -
p.

NI&

st T T | (B-11)

Similar operations on Eq. B-2 result in:

d dv | |
0== + | (B-12)
or
. 2
dp 1 4v
S T Tz gz (B-13)

Combining Eqs. B-3 and B-L and performing the above operations

yields

Defining:
op =% @gé (B-15)
o, =2 (S%% (B-16)
o =% (%%1)) b(B-l7)
°p =%‘%% ',' | | (-18)
B —
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Eqs. B-7 through B-9 can then be written:

dw dT d
w < % T Y% 3 (5-21)
daz dT dp '
Z-%7F t % (5-22)
dy _ dT dp -
The total differential of the enthalpy can be written as:
am = () ar ( ) dp -
= BTP + (B-zh)_
By definition:
e, = c ) | | | | . | (B-25)

and from thermodynamic relations and the equation of state,

Eq. B-1l, it can be shown that:

( ) = v[l—-g ( )] | (B-26)
or
(3") - B (og - o) - | (8-27)

Using Eqs. B-24, B-25, and B-27 and noting that the shaft work

WX is zero the energy equation can be written:

B-5




e R Rt s S

ZRT v2

dQ = ° dT + ) (wT - Op) dp + dz— | (3-28)'

Dividing by cpT gives:

2 2
dqQ aT ZR dp \% dav -
et R ch (& - o) Tt ZcpT vl (B-29)

The coefficient of de/V2 can be rewritten as:

2 2
v 1 M%(RT/W) 1 .2 R o
26T T T T =7 Mg (B-30)
P b . p
Definings:
_ R . v |
1= ch (B-31)

The-energy equation can now be written:

S R E T ¥ S
P

The wall shear Stress in the momentum equation can be written

in terms of the friction factor:
_ 2 . o
\' _ _
TW - f--z-- . : : : . (B'33)

The hydraulic diameter of the coolant channel is:

B-6




Uéing Egs. B-33 and B-34 the momentum equation can be written:

2
pV®  lLdx
_dp_f..é.__.a_

pVav | (B-35)

Noting that:

pW  MZ9RT _ poM?

) |
PV ZRT W T % ~ (B-36) .

Then Eq. B-35 can be put in the following form:

2 : 2 2
dp M b fdx M av- B-
D T T twm TgZ T 0 (8-37)

' Eqs. B-11, B-13, B-1%, B-21, B-22, B-23, B-32 ard B-37 are eight

_ 2
relations between ten variables, namely 92 Qg’ ar -du g%, Qﬂg,

P’ P
2
922, Q%, %ET, , and &fgﬁ Eight of the variables can be takepA

v .
as dependent and two as independent. For the case at hand the

two variables taken as being independent are QQT an Efgf

The eight equations are linear algebraic relatlons and can
be solved simply in principél although the amount of manipulation
is large. -As the Mach number is included in the coefficients of
the variables it is desirable to solve for the change in Mz_first.

The result is:

2
d 2 Lt
i:.:.?= J E%"I" + -21-5[-B+(1+n7MD)J]—gi (B-38)A

(l-(DT) (l+§ ) + gT (1+(D ) - U (Cl) - ; ) - 0' (l"ﬂ) + CT)

- (B-39)

TS ——




B=1-ap -yt 2o, | (B-4o)

D=1-ay+ a . o (B-b1)
'B=1+wp-op o ~ (B-k2)
F=24+ @, + §P - 205 : ' - (B-43)
C-1- (_g__ nD? ) '(B-hh).
g =B éMz A - (3-&5)

The expressions for the changes in the other variables are less

complex. For the static pressure and temperature they are

p @ B kfdx
dp _ M2 2 d _
P BZ o | (B-46)
-A- =5 ,
M
and
2 .
QEE + F dp :
9,—1‘- _ M _p | . .
T B , : N (B-47)
s . R dqQ
By obtaining another independent relation between o
hfd P
and Hidx the number of independent variables can be reduced

d
to one and consequently all the other changes in the stream.
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properties will be dependent variables. The heat transfer
correlation and the correlation for the friction factor pro-

vide a basis for relating ggT and &fgﬁ,

For these calculations the local heat transfer coefficient
is calculated from an empirical correlation due to Taylor and
Kirchgessner (1%). This particular correlation was obtained
for high ratios of the wall temperature to bulk fluid tempefa-

ture. It is based on a film temperature which is defined as

Ty + TW : , : ' :
B A
Tf = ) , o : (B-48)

The correlation itseif is of the form

- l 0-8 Ooh’ | . -
Ngf = 0.921 Reg Pry . (B-19)
where
hd * | e
Nufl = E; ‘ (B 50)
pVd ; ' :
I . | | (B-51)
£ = M _ '
Cc_.u : s
£f , . , _

*

The correlation for friction factor is




f = 0.01}6 ReB | (B_53)
where
P..,vd ‘
B £ B

The heat transfer rate per unit cross sectional area is

Yy (B-55)

dg _ hdAg - - hdx -
A, T R (Ty- Ty ) = h=g= (T - Ty

In this expression TAw us the adiabatic wall temperature which

is related to the static temperature by

T ) - 1 2 . . i . N
. 1.r oM | - (B-56)

For turbulent flow the recovery factor is approximately
= | ~ (B-5T7)

R = \/Pr

énd for hydrogen the Prandtl number is 0.6 or larger. For a

Mach number of 0.5 the ratio of Thw to TS is (assuming y = 1.3)

- 2 : :
Taw 1+R F L u (B-58)
T = y-1 2 = - 0.995
S 1+ —2— M . .
BflO




For these calculations representing a reactor core channel
the above numbers are representative of the worst case as the
gas is hydrogen and the flow is always subsonic with the exit
Mach number generally less than 0.5. Consequently, the approx-
imation made by substituting Té for ?NN in the expression
for the heat flux causes very little error in this case.

The heat transfer rate in Eq. B-55 must be equal to the
amount of heat added to the fluid which can be written

wdq - (B-59)

= 499
Be Re

Combining Eqs. B-49, B-55 and B-56 with the use of the defini-
tions of Egs. B-50, B-51, and B-52 results in:

08'

(—E-—f) (B-60)

hax  (W-Taw) K | Df"d
Q= T ;& 0.021

By noting that

= PayY o . - (B-61)

:D'Is

£

where Pav is evaluated at the average static temperature TAV

along the element of length in question and using Eq. B-53 for

B-11




f, it can be shown that

- 0.8
dQ_ _ M4fdx 0.021 (S = Tow) [ ¢ ) ke
plav d = 0.086 Ty Pav Mt °pavtp
0.4 ' ‘ ’
c K
pf "f :
f o
or
0.2
Lfdx _ ©0.046 ( Tav ) ( 2l ( ) ( ) (Pr )
. d 0.021 Tw TAW
d _
) (B-63)
P AV '
. hfdax s
To determine 3 from the above expression the wall

'temperature must be known. In the event that the wall tempera-
ture is not spécified as constant along the channel then some
additional quantity must be specifiéd. If either the wall

temperature or the heat flux distribution is given as a func-
L f1,

tion of non-dimensional length along with a value of 5 °r
Lhfdx . o

—If— then the value of g~ can be determined. - The latter

case is stralghtforward for the calculatian of hfgx although

the calculation of Tw is a trial and error process. The other

case with Ty, given as a functlon of x/L results in a trial

and error calcUlation for hfgx. To date only the cases of

B-12
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constant wall temperature}and known heat flux distribution have
been formulated and solved. The third case has been of no
interest and consequently his not been set up.

The simplest case is obviously that when the wall tempera-
ture is constant. Then no trial and error calculation is .in-

velved for the determination of hfgx .

When the heat flux distribution is given, the non-dimension-

al length % and consequently 9% » ‘the change from the last

position, are obtained for a given value of Q/QTOT :

-Then

, 0.2 ’
e - e D@ oo B () @) e

P dl'

The wall temperature is then determined by assuming a trial
value, calculating the film temperature and all the film proper-
ties and then solving Eq. B-63 for ?N If the calculated value
of T_W does not agree with the assumed value a correction is

made and the process is repeated.

3. Choice of Initial Independent Variables
To determine all the fluid properties at a particular'lo- '

cation it is necessary to know two independent thermodynamic

properties and one broperty describing the fldw,‘such as veloci- -

ty, Mach number, or flow per unit area. Consequently, - three

B-13
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| pieces of data must be given at the channei end where the cal-
culations are sfarted. The calculations can be performed go-
ing either in the same direction as the flow or in the opposite
direction. Some condition must be imposed on the channel
length and diameter or on the fluid properties at the channel
end where the calculations are to be stopped.

The present program has been written so that the stagna-

tion temperature, stagnation pressure, and flow rate per unit
area are to be specified at the channel end where calculations
are started. The stagnation temperature is used as the index
in the stepwise procedure and is also used as the quantity to

determine where the calculations are to be stopped.

4y, Starting Procedure
For a given initial stagnation temperature, stagnation

pressure, and flow rate per unit area it is necessary to calcu-
late the initial Mach number and static fluid properties. . This
is done in a trial and error calculation in the following man-
ner. Initial estimafes of the static temperature and pressure
are made, the flow rate per unit area and entropy corresponding
to these values are calculated. The differences between theée
calculated quantities and the given flow rate per unit area and
stagnation entropy are determined and corrections are made to

the values of static temperature and pressure. This process

B-14




is repeated until the corrections in static temperature and
pressure are less than some preséribed limit. The initial
estimates for static temperature and pressure are obtained from
relationships for a perfect gas or empirical approximations.
For a perfect gas the flow rate per unit area can be expressed

as follows .

D, - |
X - \/%ﬂ T FTTrT T Il (B-65)
f Vis [ ZE— M ] 2(7-1) P-65

If the flow rate per unit area, stagnation temperature, and ‘
stagnation pressure are known the Mach number is the only un-
known quantity in the above equation.

By. plotting

TR 1 * '
W / S 1 y+1| 2+ A
—— i — —l1 2 7..1 = (B"66)
Af Al Pg ‘ 2 ) o B

versus Mach number where a value of 1.3 is assumed for y and

o

then approximating the curve by two straight lines, the follow-

ing expressions were obtained

*
‘A
. M = 0.625 1

:ﬂt;

fo? < 0.8 o (B-67)

_—

M=-1.5+ 2.5% for 3> 0.8' (B-68)
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The approximations for static temperature and pressure are then

obtained from the perfect gas relations

T |

T§ = 1+ 2L MP : (B-69)
P IR

3§ = (1 Y M2) 7- (B-70)

The flow rate per unit area is then calculated from

f

w_ o - BPW_
= V= IRT \/z(Ho - H) | (B-71)

where the properties Z, W, and H are evaluated at the static:

conditions.

Here and throughout the description of the calculation'pro-
cedure it is assumed that the thermodynamic and transport prb-
perties and certain derivatives of these properties are deter-
mined when the pressure and temperature are known. Actually |
these properties are all calculated from equations using prés-
sure and temperature as the independent variables. The develop-
ment and presentation of these equations is shown in Appendix A.

The values of corrections to static temperature and pres-
sure are obtained from the éxpressions for the two total deriv-

atives

B-16 |




w w |
d%— = (BK;) dT + (%gj dp (B-72)
P _ .
ST D 0P T . :
oS :
ds = (BT) dT + ( ) dp v (B-73)
P : '

The resulting expre551ons are

Bl

dT = (B"7)‘|')

()"(6*)‘

s - [35), ar

| (-55%

and

dp (B-175)

where in terms of finite rather than infintesimal differences

68 = 8 -5 A ~ (B-76)
and \
Ay = ) - G ~(B-77)
£ f given f cale




The derivatives of w /Af are obtained by differentiating

The results are:

Y |
3 A w | %1 c )
St f) - X T " (8-78)
p
W - D

> 2. w - 0.+ 1 (=)

A w D P op’T .

el = » - 'TE—_ )
(5-1-)-— AL 2(H_-H) (B-79)

T -

Once the correct static propertieé at the starting conai-
tion are determined the trial and error procedure using the
influence coefficients can be started.

In the event that the Mach numbef was specified rather
than the flow rate per unit area the correction for static
temperature and pressure would be similar to Egqs. B-Th and B-75
with the derivatives of w/A replaced with the derivativeé

of M.

5. Stepwise Trial and Error Procedufe

The procedure for calculating one.step along the cdolant
channel involves the solution of Eq. B-38 written in terms of
finite differences. The solution is a trial and error process

because the coefficients in the equations for the changes in
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Mach number, temperature, and pressure are dependent on fhe
temperature and pressure. Consequently, trial values are as-
sumed for the chgnge in fluid temperature and pressure, the
changes in thesce and other properties are calculated, and if
the calculated values do not agree with the assumed values
the procedure is repeated. The procedure is the same whether

the wall temperature or the heat flux distribution is given

although the calculation of hfgx is different for the two

cases as has been shown.

6. Calculation of the Fluid Stagnatioanfoperties from the
Static Properties and Fluid Velocit?.

In the stepwise procedure the values of the stagnation‘
properties must be calculated from the static properties and
the velocity or Mach number which are obtained from Eqs; B-38,
B-46, and B;h7. The stagnation properties can be determined
because the entropy is the same as the static entropy and the
stagnation and static enthalpies are simply related to the |

velocity.

H=H+_32’- | :  (B-80)

Initial guesses for the stagnation temperatufe and pressure

are obtained from Eqs. B-69 and B-70 The enthalpy and‘entropy

B-19
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are then calculated using these values. Corrections can then
be made to the temperature and pressure if necessary. The
expressions for the total derivatives of enthalpy and entropy

can be solvedato give: 5
S H
(B—p-)T OH - (35)11\ 48

B -i< (35, (B-81)
and
3
AS - (-a-,f) AT -
Ap = P o (B-82)
(S5 |
P
where
45 = Sg - Scale | - (B-83)
sh = hg - hSCaic | _ ‘ (B-8Y4)

If AT and Ap are close enough to zero the trial and error.
process is halted but if either one is larger than some pre-
scribed value the correction is added to the last value and the

process is repeated.

T. Pressure and Temperature Corrections for the Stepwise Trial
and Error Procedure

B-20
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After the stagnation properties have been calculated from

~ the static conditions they are checked against the values as-

-

sumed at the beginning of the step. If the differences be- é

tween the calculated and assumed values are not close enough
to zero, the calculated values are used as the new assumed pro-
perties and the whole step is recalculated. This simple pro-
cedure converged for all cases that were calculated and in the
runs which were checked the number of'éteps required was quité

small.
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APPENDIX C

STRESS CALCULATIONS

1. General

The model used to determine when the reactor is stfess»
limited is an annular element with the same inside diameter
as a coolant channel in the core and the same void fractionv
as the reactor. The general thermal stress eqﬁations of an

annular element in plane strain are (33):

r c C
B 1 E 1 2 _
°> = "Iy T o © rdr + 75 ( i-2v ~ ;?) (c-1)
r. ) :
i
T ' . C C
o, _ @FE 1 oEQ E 1 2 _
° =13 Z ordr - =5 + Ty (= ¢t ;'Z) (c-2)
Ty
L ame 2VEC, . o ~
z - T 1IN T +V) (1-<2v) 3 , (c-3)

The temperature is assumed to be symmetrical about the axis

and variations in the axial direction are neglected in calculat-
ing the local stresses. The constant Cs would be zero for
the true plane strain case but is chosen to be finite here so

the resultant force on the ends of the element is zero. This

does not affect the radial or tangential stresses and gives




rise only to local effects at the ends. The boundary conditions L
on the stresses provide the information required to evaluate
the constants in stress equations. Two different sets of
boundary conditions are considered in the following sections.

In order to evaluate the stresses it is necessary to know
the temperature distribution in the solid material. The heat
generation rate is assumed to be uniform in the annular ele-
ment and the outside boundary is taken to be adiabatic as the
annulus is supposed to represent a unit cell of the reactor.

The heat conduction equation for an axisymmetric body
with uniform heat generation and negligble temperature gradi-
ents in the axial direction is | '

2

dT 1l 4T L
— + 3 W, = (C-¥)
k ( ar2 r dr) + W=0
or
W, '
1 4 dT _ i : _
tw (*x) = - ¢ (c-5)
The double integration of Eq. C-5 yields
Wi 2 A . |
Tz-m-(-r +Cl lnr+Cz' (c-6)
ar
The boundary conditions that T = Tw at r = Ty and dr =0




e

at r = ro are sufficient for the evaluation of Cl and Cz.v

The resulting expression for the temperature difference 6 is

i 2 ‘rz - 2
0= T-T, =5 (r 1l = - i) (c-7)

Por the evaluation of the local stresses the integral of
ordr evaluated at different radii is required. ' Straightforward

integration of Eq. C-7 multiplied by r results in

r Wi o 2 " o2 rh rizr2 r 3
oz =g | % @ g - ) g [ O

T.
i
After evaluating the limits and simplifying

' Z_2z 2212

Wy r .r-ri r°-ri 1

J{r ordr = E% roz (rz InT, -7 2 ) - ( P) ) (c-9) ;
r. ;

If the integral is evaluated between Ty and T, rather than

Ty and r, the result is

" 2 2
2 ’ rs r.
o Wir, r, 1- (1) 1- () : _
. - ——— - .
/1 Srde = G~ \" ¥ T —— - _.__sz_.-z” ~ (c-10)

The two sets of boundary conditions on the stress that
were investigated are different at the outer boundary of the

‘annulus. Fér the first case the radial stress at the outer
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boundary is assumed to be zero while for the second case the
gradient of the radial stress is set equal to zero. For both
cases the radial stress at the inner boundary is equal to the

negative value of the local fluid pressure.

2. Stress Equations when o_ =0 at r = r.

The boundary conditions for the stresses in this case are

=-patr

[}
2]
fte

oL, (c-11)

' =oatr
LR ER

]
L}

(c-12)

Applying these boundary conditions to Eq. C-1 results in the

following twd equations for Cl and C2

- e W " (c-13)
-p = 1+v 1-2v T 2 ,
i .
‘ o Cc C
_ =gk 1 4 E 1 _ 2
o-3%£ L, J[r erdr + 775 | To5% = 2) (C-14)
o [o} .
T,
1
Solving for Cl_and C2
r
L2, 2 °
l+v “i “o. CE 1 '
c, = = s | P+ 15 % f érdr (c-15)
r_-r. r
o o r,




and

2 PR o
T o
c, - il“z"g(l“’)[ Sz P+ o[ ordr|-p| (c-16)
. Lr -, r
O 1 (o] r

When these expressions are inserted in Eqs. C-1 and C-2 and the

resulting equations are simplified, the results are:

2 ;2 2 s o |
S QE_ 1 |rP-ri®
o, = - ; 02 | P+ 5 (== ordr - erdr| (C-17)
T r “-r, r jr "-r,
o i o i< r, r,
-
2 2 2 2 o)
T r T T +1
i o + 7i (033 1 i
0y = = ( = 2)p+ TV rz z-r 2[ erdr +
o \To - 74 o Ti%/ r,
T _ .
ordr - or’ E '
T -er 3 (c-18)

The resultant force on the ends of the element is to be zZero.

- Por this case the constant C3 and consequently 0, can be found in
the following manner. The integral of the stress over area of

the annulus must be zero.

: - » | -
f dy, Tdr = 0 o | (c-19)
T .




Inserting Eq. C-3 and integrating yields

%o 2vEC r 2 p?
. 2B ordr + 1 + C o -1 = 0
v/, (T+v)(1-2V) 3 7 = (C-20) .
. co s oEQ ~:
The term in the square bracket is just o, + g5 as can be :

seen from Eq. C-3. When this is inserted in Eq. C-20, an ex-
pression can be obtained for oy directly without soliving

for C3. The result is

QE 2 0
0= T5|-9* —5—s f ordr - (c-21)
. i r

Eqs. C-17, C-18, and C-21 are the three equations for the
local stresses. Using Eqs. C-7, C-9, and C-10 to eliminate the

temperature and the integrals and noting that the void fraction

is
r, 2 |
v = (;,i-—) | ‘ : (c-22)

the equations for the stresses can be rewritten. After a con-

siderable amount of algebraic manipulation the results are

1- w., 2| F—f—v 1

v T OE i i T'o 1 —

% = "3_)2 I-v [P "IN X 1-v ('_f___"i g
To To ,




B [, et
r 1 0 r
in = e l-|= . c-2
sve | oEr | (e-23)
5 I
[ 2
2 r
r [ =] +v
o. = Y [l+‘? ) ] + GE Wiy ( ) 1 In 1_
" Efoey LV R VIV ) WY
r [o} .
2 i 2 2
by 1 1l r r T
1 — - — 31— “v'l - - _
“[I‘o WJ u(r_) (ro’ (ro) "J ’ (ro Ve
I"o J
e Yo 1 1 r 1 3-v
2= 15 K v zﬁlnv;—“ln;;ﬁ]'—z—*
2
r
(‘fo) -V - : | (c-25)

The worst stresses in the annular element occur at the in-
ner radius as was shown in Fig. 4-11. If Egs. C-23 through

C-25 are evaluated at the inside radius the expressions can be

simplified to the following:

(c-26)

- 5 , (c-27)

< =
w
1
<

o, = -J;ﬂ p + -(ZE—- [—?—. in
1
1

3

- c-28

v vy z ( )
do

3 Stress Equations when I °

]
o
]
o
]
]

H

c-7




The boundary conditions for this case are:

dar -

4= =0 at r=r1, . ) (c-29)
) _ C-30

0, =-p at r = ry (c-3 )

Applying these boundary conditions to Eq. C-1 results in the.

following two equations for the constants.

g[S G
P TN | T oz (c-31).
3
2C
20E eE 6 E 2
0 = (l-V)I‘3 erdr - l-v » * 1+v ( 1‘3) (C—32)
?i r=1,
If Eq. C-32 is solved for Cz’ the result is
2 r .
T o
1+v 0
= =~ a] 2. - .
C2= IW 2 91»:1-0 f Grdr] (c-33)
r; ’
Then
. 2 ro.
D ¢ Yo oy - ord
c, = (1+v) !(l-2v) - £ ¢ (TP 5 r=r_ T (C-34)
T, '
i

i
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When these expressions for the constants are inserted in Eqs.

C-1 and C-2 and the resulting equations are simplified, the

results are

T r
v 2 °
_ QE 1 1 0 _
o.=P+v5 | 7= - Sl %0 —f ordr| - =5 [ ordr (c-35)
r, T o) T
i T T,
i
Lo
r 2 f
E 1 1 0 1
6p = -p + &= |l=—~ + =5||—=— o, - erdr| - =5
*] 1-v r;z I‘2 2 I‘-I‘o r. rz
i i
r'
ordr - © | ‘ (c-36)
T,
i

The expression for oy is obtained in exactly the same manner

as in the previous case and the result is the same. Using

Eqs. C-7, C-9, and C-10 to eliminate the temperature and in-
serting the void fraction, given by Eq. C-22, fhe expressions
for 0,, and g4 can be rewritten. The results, after some simpli-
fication, are l

2.
o W5 Ty

T
T _P+1—VEE v ;_

*1ly o (c-37)

Q
It

<.,H

3
o OE ;’I’ﬁ 5; 1 [(o)z”][l-]

R
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oy (c-38)

The expression for o, 1is given by Eq. C-25 as it was for the

Z
other set of boundary conditions.
If the stresses are evaluated at the inside radius of
the annulus the expressions for o, and 0y reduce to
> = 7P | (c-39)
EWorS g » |
o = P + T% Tk —= = S : (c-k0)
v

The expression for is still'given by Eq. C-28.

%
h; Failure Criteria
The different failure criteria that weré considered for
calculating the limiting stesses are the maximum principal stress,
maximum strain, maximum shear, strain energy, and distortion
-energy theories. The expressions relating the yield point stress
in pure tension to the principal stresses in the material for
the different theories are presented here. For all the expres-

sions, the magnitudes of the principal stresses are such that
.= o= o0 | | - (c-k1)

The different theories and the corresponding expressions are:
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maximum principal stress theory

%1 k |  v (c-k2)

maximum strain theory
Iyp % o, =V (02 + 03) - (Cc-43)

maximum shear theory

oyp = 2 (USH)YP %17 % | (C-bh)

strain energy theory

2 2

UYP = ol + gz' + 03 - 2y (0102 + 0203 + 0103) (C-hS)
distortion energy theory |
2 ] 2 2 2
— lgz [(ol-az) + (01-03) + (az-a3) ] ,(C'hG)

For both sets of boundary conditions considered in the previ-
ous sections the annular element is loaded such that it ié a case
of plain strain. Consequently, the principal stresses are in
the directions of the principal axes. At each axial position
the stresses can be compared to determine the correspondence

between Onr Ogs Ogs and Oys Opy 0O3-

For an ideal brittle material (which is assumed to act
elasticallyAuntil fracture occurs) the maximum principal stress ..
theory should épply.(32). For actual brittle materials the |
failure is related to the fléws in the material and none of

these criteria are exactly correct. Other failure theories for
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brittle materials have been developed by Griffith and Weiball

(29) but they are not easily applied to engineering probléms.
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APPENDIX D
COMPUTER PROGRAM AND SAMPLE SOLUTION

1. Description of Program
| The Fortran program presented in this appendix was written
for use on an IBM 709 or 7090. The calculations for the dif-
ferent components and the input/output functions are in general
performed with the use of separate subroutines. Consequently
the main program is quite short although some of the subroutines
are quite long. Almost all of the important variables are
stored in COMMON storage so they can be transmitted implicitly,
rather than explicitly, from the main program to the subroutines.
This use of COMMON storage simplifies the call statements for
the different subroutines and enables the storage area in the
machine to be shared between the subprograms. There are;some
differences in the variables appearing in COMMON storage‘in
the different subroutines. Dummy variables had to be used in
some cases due to the duplication of variable names for differ-
ent variables. Also more variables are inserted in COMMON stor-
age in some subroutines than in others.

The calculétions for most of the componenté are carried
out using engineering units. The heat transfer and pressuré

drop characteristics of the flow through the reactor are not
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because they were set up to be cémpatible with the hydrogen
properties subroutine. Consequently the variables are trans-
formed at both the beginning and the end of this subprogram;
The units of the input and output variables are presented in
the following sections.

The use of separatevsubroutines for different component
calculations makes the program quite flexible. If it is deéir-‘
able or necessary to change the method of calculation for a
particular quantity or component only one subroutine, and not
the complete program, must be modified and recompiled. 1In the
process of debugging the program this proved to be quite help-
ful. The purpose of the separate subroutines and a brief de-

scription of each one is presented below.

NRSYS

‘This is the main program used to unify the separate subrou-f
tines. The data required for the calculation of the hydrogen
properties is read from cards before any of the subroutines

are called.

READD
This subroutine is for reading the data requiréd for a
single run with the exception of any data required to specify

the shape of the power distribution. Nine data cards containing
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values for 31 variables are read each time this subroutine is

called.

~ PRNTD _
The data which were read with with REAED are printed and

possibly punched on cards to provide a check>on the values of

the data in the event that the program halts before the execu-

tion of the complete problem is completed.

HT

The heat transfer and pressure drop characteristics for
the flow of hydrogen through the reactor are calculated in this
subroutine. ‘

In addition to the characteristics of the hydrogen flow,
a number of other quantities are computed. The local power
density in the reactor core, the local surface temperature of
the coolant channel, and the maximum temperature in the solid
part of the core are among the quantities determined as a
functions of the nondimensional length of the reactor. Any
number of steps less than 200 can be used for the iterative cal— 
~.culations. The hydrogen properties subroutine PR¢PS presented
in appendix A and the next five subroutines described below

are required by HT for different computatidns.
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QPFX

When the shape of the power distribution for the heat
transfer calculations cannot be specified by.an analytic
function, it is necessary to use tabular values. The purpose
of this subroutine is to read in the tabular values of heat
flux or power density along with the corresponding axiél posif
tion. The data do not have to be given at uniform intervals
of axial position or heat flux. After the data have been>
read from cards both the heat flux and the length are nondi-
mensionalized for use in further computations. Two different
forms of this subroutine are listed for two possible ways of
having the tabuiar data presented as a function of axial posi-
tion. ' The position of the data on the cards is not reétricted
to any set of columns as the format statements in the subrou-

tines are variable.

QDIST

The purpose of this subroutine is to obtain the value of
nondimensional reactor length that corresponds to a particular
fraction of the total heat addition to the gas for a given
shape of po&er distribution in the reactor. Two different sub—
routines are pfesented in the listing of the prbgram. The first
one is for a chopped sine power distribution where an analytic

function is used to relate the length to the relative heat flux.
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The second routine is to be used in conjunction with Q@FX when
tabular data is used to specify the shape of the power distribu-

tion.

PTC

This routine is used to make corrections in the initial
estimates of the static properties of the gas for the principal
trial and error loop in the stepwise heat transfer calculations.
This procedure has remained a separate subroutine since the loop
was tested for convergence, although there no longer is any

reason for it.

G@FV

This routine is used to calculate a function of thebvoid
fraction used in HT to determine the solid temperature and
the power density. It was made a separate subroutine so dif-
ferent spacings and geometries of the coolant channels could be
considered without changing the heat transfer subroutine. Only
one form of the subroutine for the location of coolant channels.

on the vertices of equilateral trianges is presented.

SIMP
This subroutine is used for calculating the specific im-
pulse that can be obtained by expanding the gas from a given

stagnation'cohdition to-a .given nozzle exhaust pressure.
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PRHT
The results which are obtained in HT are printed using this
subroutine. If it is desired, the results can also be punched -

on carde.

ST

The stress calculations for the model considered to be a
unit cell of the reactor are performed using the equations
presented in this subroutine. Both the principal stressés and

their relation to the different failure criteria are determined.

PRST
The results calculated in ST are printed and possibly

punched on cards with the use of this subroutine.

RCSW

The critical size and weight of the reactor ére determined
using this subroutine. For the particular form of the routine
which is listed the reactor dimensions are assumed to be known
and only the weights of the core and reflector are calculated.
Other routines where the critical dimensioné are determined
from reactor physics calculations can be inserted in place of

the simpler one.

PRRCSW
The dimensions of the reactor core and reflectors along

with the corresponding weights determined with the use of RCSW
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are printed and possibly punched on cards using this subroutine.

PRSH
The weight and thickness of the pressure shell around the

reactor are determined with the equations in this subroutine.

TP
The purpose of this subroutine is to obtain values for
the weight of the turbopump, the power required to run the

pump, and the bleed rate required to run the turbine.

N¢Z.

The nozzle size required for the expansion of the given
flow rate of gas from speéified stagnation conditions is de-
termined using this subroutine. The size and weight of the
convergent and divergent sections are calculated separately
after the throat and exhaust areas are determined from fluid

flow computations.

RMIS

This subroutine is used td determine the burning time and
ratio of gross to empty weight of a rocket when the mission
and the powerplant characterigtics are specified. Additional
characteristicslof the rocket, such as the weigﬁts-qf fuel,

tankage, structure and payload, are also computed.
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PRSYS

A summary of the more important results of the complete
program along with the results from the last three subroutines
is printed with the use of this subroutine. It is also possi-

ble to have these results punched on cards.

2. Descrption of Input and Output Variables

The Fortran names of the important input and outpﬁt varia-
bles along with the corresponding symbols used in the test
and/or brief descriptions of the variables are presented in this
section. The dimensions of the input variables are listed in
this section while the dimensions of the output variables are
given with the results of the sample problem. The variables_
are listed in order of their appearance in the input and output

routines.

Input:
TITLE - descriptive title of calculated run containing up to
72 Holerith characters, the identifying number should be in

columns 43 to 48.

NPR - control variable for printing, if the value is zero or

negative the printing of some results is suppressed

NPU - control variable for punching, if the value is negative

or zero different amounts of punching are suppressed
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NGR - control variable for scope no longer used in program
JULIE - control variable for PRPPS identified in Appendix A
N - number of computatibnal steps to be performed in HTi

TSE - TS-E (°R)

PSE - pgp (psia)

WA - w/Ag (1b/sec - in?)

TSRT - T

srr (°R)

PSRT - PRy’ initial guess at reactor inlet pressure used for

estimating total heat flux to gas (psia)

TWM - control variable for shape of power distribution, if TWM

is negative the power distribution is to read from punched cards
in Q@FX, if TWM is zero the power distribution is specified by
an analytic function in QDIST, and if TWM is positive'the wall

temperature is constant and its magnitude in °R is equal to TWM
CL - L (in)

V - v (dimensionless)

D - d (in)

RAD - R (in)

PNE - nozzle exhaust pressure used for specific impulse calcﬁla-

tions (psia)




VP»- va(ft/sec)
HP - hp (£t)
ALPHA - a (1/°R)
E - E (psi)

PNU ~ v (dimensionless)

TK - k (Btu/in-sec-°R)
TR - tp (in)
TE - (in)
SR - Sp (dimensionless)
SE - sp (dimensionless)

RHPPS - density of materiél used in pressure shell (lb/ft3)
SIGPS -~ strength of méterial used in pressure shell (psi)
RHPN -~ density of material used in nozzle (1b/ft3)

SIGMAN - strength of material uséd in nozzle (péi)

cQl -~ ch’ constant for chopped sine Power distribution (dimen—
sionless)

Output:
CI - specific impulse calculated from TSE, PSE,.and PNE

CIMAX - specific impulse calculated from TSE, PSM, and PNE

CME ~ Mach number at exit of reactor
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 CFA - thrust developed per unit flow area of reactor
CFAPS - CFA / PS(M)

PS(M) - maximum fluid stagnation pressure in the‘reactor
bELPSC - stagnation pressure drop across the core

PE - fluid static pressure at the reactor exit

P(M) - maximum fluié static pressure in the reactor
DELPC —.static pressure drop across the core

T(1) - fluid static temperature at the reéctor exif

T(M) - fluid static temperature at the‘reactor entrance
FEXD(M) - fL/d evaluated at reactor exit

FMLD ~ fL/d evaluated at reactor entrance

xpiz - L/a"?

REBD(M) - Re/d evaluated at reactor entrance
REBD(1) - Re/d evaluated at reactor exit

Q(M) - total heat added to unit mass of fluid

QT - initial estimate of Q(M) based on initial estimate of PSRT

CM(M) - Mach ngmber at reactor entrance
CI@IM - CI/CIMAX

ETATS - (TSE-TSRT) / (TWMAX-TSRI)
PSE@I - PSE / PSRI
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PDAV - average power density in reactor
TCWAV - average value of (Tb - qﬂ)
TWMAX - maximum coolant channel surface temperature in core

TCMAX - maximum solid temperature in reactor core

GWT - web thickness between coolant channels
CLD - L/d

ACC - flow area per coolant channel

3

flow rate per coolant channel
FPC - thrust developed per coolant channel
gV - function of void fraction computed in G@FV

XL

non-aimensional length measured from reactor exit
CM - fluid Mach nunber

Tg - fluid. stagnation temperature

T - fluid static temperature

Pg - fluid stagnation pressufe

P - fluid static pressure

RHD - fiuid mass density

+ .

XPL - non-dimensional length measured from reactor exit

(XPL(I):(XL(I)+XL(I-1)) /2.0)
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DQQDXL - ratio of local to average heat flux

TW - coolant channel surface temperature

TC - maximum solid temperature in reactor core at a'given axial
position |

PD - local power density in reactor

YL - non-dimensional length measured from reactor inlet

FIYD - fx/d measured at position XL in reactor

FEXD - fx/d measured at reactor exit for fraction of reactor

length XL
1.2
YDl2 - y/d measured at YL

QY - heat addition per unit mass of fluid from reactor inlet to

position YL

Q - heat addition per unit mass of fluid from reactor exit to

position XL

Re/d at XL

REBD -

SIGP - %
SIGZ - o
SIGR - o,

SIGST - maximum tensile stress for maximum strain failure theory

D-13




SIGSTP - maximum compressive stress for maximum strain failure

theory

SIGSH - maximum shear stress times two 2USH for maximum shear

failure criterion
SIGSE - maximum stress for strain energy failure criterion
SIGDE - maximum stress for distortion energy failure criterion

AC - flow area of reactor core

EWTC - weight of end reflected reactor core

EWIR - weight of radial reflector around end reflected reactor
core |

EWTE - weight of end reflector on core

EWIT -

total weight of reflectors and end reflected core
TPS - thickness of pfessure shell

WPS - weight of pressure shell

RLD - length to diaﬁeter ratio of reactor core

SIGSHM - maximum value of SIGSH

SIGDEM - maximum valﬁe of SIGDE

DT‘- diameter of nozzle throat

DE - diameter of nozzle exit plane
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AE - area of nozzle exit plane

AET - ratio of exit to throat area of nozzle

CNL - length of convergent section of the nozzle

DNL - length of the divergent section of the nozzle
WNC - weight of the convergent section of the nozzle
WND - weight of the divergent séction of the nozzle
WN - total weight of the nozzle

PNEX - design exit pressufe for the nozzle

CIEX - specific impulse calculated for expansion to PNEX
THRUST - thrust déveloped by the powerplant

WTP - weight of turbopump

PTP - pressﬁre at exit of tﬁrbopump

"WP - total mass flow through system

WBL - mass flow rate of bleed flow

YW - fraction of mass flow required to run turbopump
HPP - horsepower required by pump

CHN - number of coolant channels in reactor core

Q@NAAV - average heat flux per unit surface area of reactor core

WS@WP - weight of pdwerplant divided by mass flow rate of cool-

ant
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WS@F - weight of powerplant divida2d by the total thrust‘developed
P@WSYS - ratio of'power developed to weight of the powerplant
WPLEWG - ratio of payload to gross weight of rocket system
WSYS - weight of poWérplant

WH2 - weight of hydrogen propellant

WTANK - weight of hydrogen propéllant tank

WS - structure weight |

WE - empty weight of rocket system

WG - gross weight of rocket- system

WDL - dead load wéight of rocket system

WPL - payload weight of rocket system

CBAR - exhaust velocity of gas from thg nozzle

CISP - specific impulse corrected for bleed flow rate

PTANK - storage pressure of liquid hydrogen in the propellant
tank

FPWG - ratic of thrust to gross weight of rocket system
RLAM - ratio of gross to empty weight of rocket
TP - burning time required for mission

RZET - ratio of propellant to gross weight
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PPGWER - net power developed by the powerplant

PPWERT - total power devel oped without correcting for bleed flow

rate
PPEWTT - P@WER/EWTT
PTEWTT - P@WERT/EWTT
P@AC - P@WER/AC

PTAC - P@WERT/AC

3. Fortran Listing of the Computer Program

A listing of the Fortran source program and all the re-
quired subroutines, with the exception of the hydrogen proper-
ties subroutine given in Appendix A, is presented on the follow-
ing pages. Where two subroutines with the same name are given
only one should be used‘for a particular problem.

The input-output functions are performed off line automa-
tically at the M.I.T. Computation Center whére this program was
used. Consequently, some modifications in the input-output may

be required if a different monitor system is used.
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10 CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

CALL
CALL
CALL

CALL
CALL
CALL

* LIST

% LASEL

CNRSYS2
COMMON

READD
PRNTD
HT
PRHT
ST
PRST
RCSW
PRRCSW

WP=WA*AC¥14440

PRSH
P
NOZ

RLD=CL/{2+,0%RAD)
THRUST=CFAP*AC¥*(1eC=YW)
WSYS=EWTT+WPS+WN+WTP

RMIS
PRNTD -
PRSYS

4C GO TO 10

END

WE e

LISTING OF NUCLEAR ROCKLT 5YSTtl PROGRAM

WG FOVGy

Al69L0)sB(6940)sTSI200)sPS(230)9T(2C2
1CM(200),TITLE(12)9PD(200)sSIGR(ZOO)oSIGO(ZCO)’SIGZ(ZOO)9
2FEXD(200)sXD12(200) 4REBD(200)sQ(2C0)sXL(2C0Q)
3RHOI(ZOO)9XPL(200)9DQQDXL(ZOO)sTW(ZOO)9TC(200)9YL(200)»
4FIYD(200)»YD12(200)5QY(200)
59SIGST(200)9SIGSTP(200)9SIGSH(ZOO)9SIGSE(ZOO)QSIGDE(200)
69QBAR(100) s XBAR(1C0O) ‘

READ 40CC, ((A(T9d)sI=ls6)9J=1s40)s((BlIsJ)sI=156)9J=1+40D)

4200 FORMAT(3E20.8) ‘

AsBsTSsPSsTePsCMy TITLE sNPRINPUSINGRITSEIPSEsWAY
lTSRIQPSRIsTWMQCLvVoD’JULIﬁoNQPNEsPDpALPHAyE,PNUvTK,M’
ZSIGRvslGOOSIGZ’BO’TRoTEsSR,SEvﬁAD’ACQEWTCQEWTR9EWTE’EWTT’
3RHOP5;5IGPS;PSMAX’DELTA’DELPA’WP’RHON’SIGMAN;CI9CIMAX’
QWAGQCMEsCFAPoCFAPS,DELPSCvPEDD&LPCyFEXDoFMLDQXDIZQREED’
509@T;CIOIM9ETATS.PSEOI’PDAViTCNAVQTHMAX9TCMAX,GWT,CLD9ACC0
6WPC9FPCQGV,XL9RHOI9XPL;DQQDXL9TW’TC9YL9FIYD,FEXD’YD12’OYs
7RADoAC9WPS,TPS’DT,WNC9WND9WN’AE9DE9CNL99NL:NTP9?TP,SIGST’
SSIGSTP,SIGSH9SIGSE9SIGD59PNE,PENQWSYS,QEAR,XBAR
9QCONDKQCONDR,CFAQRLDQSIGSHM,SIGDEM’PNEXQCIEX;THRUST’WBL)YW|HPP
COMMON VP s HP s PTANK sRLAMsUU s WHZ2 s WTANK
1,CBAR,CISP
DIMENSION

et 2

nG’WDL"’.’pL

)sP(22C)




LIST
LABEL
READD1

READING OF DATA EXCEPT FOR QOFX AND QDIST

TEMPERATURES (DEGREES R)s PRESSURES(PSIA)y W/A(LB/IN2=-SEC))
CL AND DI(INe)s ALPHA(1/DEGREES R)s E(PSI)sTKIBTU/IN=S5EC=R)y
TR AND TE(INs)y BO(1/CM2)s RHCPS AND RHON(LE-FT3),

SIGPS AND SIGMAN(PSTI)

ANNOOAODANND R

SUBROUTINE READD
COMMON AsBsTSsPSsTyPesCMsTITLEsNPRsNPUSNGRITSESPSEsWAY
1TSRI sPSRI s TWMeCL 9V Ds JULIEsNsPNEsPDsALPHASE9PNUs TKs My
2S51GR4SIGOSIGZsBOs TR TEISReSEsRADWACHYEWTCHEWTRICEWTE9EWT T
3RHOPS 3 SIGPSyPSMAXSDELTASDELPAsWP s RHONS SIGHMAN s CI 9 CIMAX
LWAGICME 9 CFAP 9 CFAPS sDELPSCHPE S DELPCSFEXDSsFMLD s XD124sREBD,
5Q9QTsCIOIMIETATSIPSEOI oPDAVITCHAV I THMAX s TCMAX o GHW T 9 CLD9ACC
EWPCoFPC oGV o XL sRHOI o XPL sDQACXL s TW e TCyVLWFIVYDYFEXDsYD129QY
TRADIAC s WPS s TP SyDT o WINCsWNDoWN s AE s DE s CNLHIDNL yWTPsPTPsSIGST s
BSIGSTP s SIGSHsSIGSEsSIGREZPNESPENsWSYS»Q3AR»XBAR
SoCONDK s CONDRsCFASRLD s SIGSHMs SIGLEMyPHEX s CIEXy THRUST o WBL s YW HPP
CCMMON VP s HP sPTANK sRLAM s TP o WH2 sWTANK s WE s WGsFOWGs WS sWDL s WPL
19CBARNCISP
DIﬁENSION Al{6s40)sB(6340)sTS(20C)sPSI200)eT(200)sP1200)
ICMI(2020) s TITLE(1I2)sPD(200)sSIGRIZ200)+s31G01200)9SIGZ(200)
ZFEXD(ZOD’QXDlZ‘ZOC)OREBD(ZOC)DQ(ZOO’QXL(ZOO,’
3RHOI(200)9XPL(200)3DQQDXL(200‘:Th(ZOO)’TC(ZOO)’YL(ZOO)!
4FIYD{200)sYD12(200)4QY1200)
595ICST(233)QSIGCTP(ZOO)!SIGSH(ZOO)!)IG (ZOO)QSIGDE(ZOO’
59QBAR(1CO) »XBAR(10C)
READ 4001s (TITLE(I)sI=1912)
READ 40C2s NPRsNPUJNGRsJULIESN
READ 4C10y TSEsPSEsWAsTSRISPSRIsTWM
READ 4020y CL2VsDsRAD
READ 4030, PNEsVPsHP
READ 4040 ALPHASESPNUSTK
READ 4050y TRTESSRHSE
READ 4060y RHOPS»SIGPS
READ 406Cs RHONsSIGMAN
4001 FORMAT(1H1AS5411A6)
4002 FORMAT(5110924XA6)
42190 FORMAT(6F10e3s24X9A8)
4020 FORMAT(4F1043934X346)
4330 FORMAT(F10e492F10el9b44X9A6)
4040 FORMAT(4ELS5e5914XsA6)
4350 FORMAT(4F10e3934X5A6)
4260 FORMATI2E1545944XsA6)
RETURN
END
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TTERTA

;-,___Tn r——cg

. LIST

* - LABEL

CPRNTD1

¢

¢ PRINTING OF DATA EXCEPT FOR QOFX AND QGDIST
c

SUBROUTINE PRNTD

COMMON AsBsTSsPS»TyPsCMyTITLESNPR, NPU'NGROTSEOPSEOWAO
1TSRIWPSRI»TWMsCLVIDsJULIESNsPNE sPDALPHAYEyPNU» TKeMy
2SIGRSIGO)SIGZ9BO»TRTEISRISEIRADIACIEWTCHEWTRIEWTE9EWT T
3RHOPSsSIGPSsPSMAXsDELTASDELPA WPy RHON9SIGMANsClyCIMAX,
4WAGYCME» CFAP 9 CFAPSsDELPSCyPE» DELPCHFEXDyFMLD9XD12+REBD
5QsQTyCIOIMYETATSIPSEOIyPDAVITCWAVITWMAX 9 TCMAX 9 GWT.9CLD»ACCy
EWPCIFPCsGV s XLoRHOT o XPL9DQQDXL s TWaTCyYLoFIYDSFEXDsYD125QY
TRADSACIWPSyTPSyDToWNCoWNDsWNs AESDE s CNL9DNLyWTPsPTP4SIGS T
BSIGSTPySIGSHISIGSEsSIGDE,PNESPENIWSYS»QBAR»XBAR
91 CONDK 9 CONDRy CFASRLD s SIGSHMs STGDEMyPNEX s CIEX s THRUST sWBL s YW s HPP
COMMON VPyHP¢yPTANKsRLAMy TP yWHZ sWTANK s WE s WGHIFOWGIWSsWDL s WPL
19CBARCISP

DIMENSION A(6+40)sB(6940)9TS{200)9PS(200)9T(200)»P(200) s
1CM(200) s TITLE(12)2PD(200)+SIGR(200)9S1G0(200)+SIGZ(200)
2FEXD(200)9XD12(200)9REBD(200)sQ1200)sXL (200}

3RHOI(200) s XPL(200)sDQQDXL(200)sTW(200)9TC1200)sYL(200),
4F1YD(200)sYD121200)9QY(200)
SQSIGST(ZOG)oSIGSTP(ZOO)’SIGSH(ZOO)oSIGSElZOO)DSIGDE(ZOO)
61QBAR(100) »XBAR(100)

PRINT 4001y (TITLE(I)s1=1912)

PRINT 4003

PRINT 4002y NPR9NPUYNGRsJULIESN -

PRINT 4008

PRINT 4009 :

PRINT 4010y TSE'PSEsWA»TSRIIPSRI»TWM

PRINT 4018 )

PRINT 4019

PRINT 4020y CL9sVyDyRAD

PRINT. 4028

PRINT 4029

PRINT 4030, PNE»VPsHP

PRINT 4038

PRINT 4039

PRINT 40404 ALPHASEsPNU»TK

PRINT 4048

PRINT 4049

PRINT 4050y TReTE»SR»SE

PRINT 4058

PRINT 4059 .

PRINT 4060, RHOPS»SIGPS»RHON»SIGMAN

IF (XABSF(NPU)) 2092095

5 IF (NPRD) 15,15510
10 PUNCH 4003 . .

PUNCH 40029y NPRyNPUsNGRsJULIESN»TI1

PUNCH 4008 .

PUNCH 4009

PUNCH 40104 TSEsPSEsWA, TSRIQPSRI’TWM TI1

PUNCH 4018

PUNCH 4019

PUNCH 4020y CLsVsDsRADITIL

PUNCH 4028 '

PUNCH 4029
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PUNCH 4030, PNEsVPsHP»TI]
PUNCH 4038 . :
PUNCH 4039
PUNCH 4040, ALPHAEPNUSTK»TI
PUNCH 4048
PUNCH 4049 :
PUNCH 40509 TReTEsSReSESTII
PUNCH 4058 .
PUNCH 4059 .
PUNCH 4060, RHOPS’SIGPS!RHONDSIGMANOTII
NPRD=0
GO TO 20
15 NPRD=1 ' :
PUNCH 4001, (TITLE(I).I‘IOlZ’.
TIIsTITLE(8) : v
20 RETURN
4001 FORMAT(1H1A5,11A6)
4002 FORMAT(5110s24XA6)

4003 FORMAT(50H0 . NPR NPU NGR

4008 FORMAT(58HO0 - TSE PSE WA
1WM)

4009 FORMAT(59H DEG R PSIA LB/IN2~SEC
16 R) .

4010 FORMAT(6F1043914X5A6)

4018 FORMAT(38HO cL : v D

4019 FORMAT(38H INe INe

4020 FORMAT(4F1043134X9A6) -

4028 FORMAT(28HO PNE VP HP)

4029 FORMAT(28H PSIA FT FT)

4030 FORMAT(F10e492F10¢1044X9A6)

4338 FORMAT(58HO ALPHA E
1 K)

4039 FORMAT(60H 1/DEG R . PSI
1EC-R) '

4040 FORMAT(4E1543014X9Ab)

4048 FORMAT(38H0O TR TE SR

4049 FORMAT(18H INe INe)

4050 FORMAT(4F10e3934XsA6)

4C58 FORMAT(58H0 RHOPS SIGPS
1AN) -

4059 FORMAT(58H LB/FT3 PSI
1s1)

4060 FORMAT(4E1545914XsA6)
END S -

D-21
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LIST
LABEL

HEAT TRANSFER CALCULATIONS

SUBROUTINE HT

COMMON AsBsTSsPSeTH PoCMoTITLE:NPR’NPU'NGROTSEOPSEOWAO
1TSRIWPSRI»TWMsCL VDI JULIE S NyPNEsPD9ALPHASE)PNUsTKsMy
2SIGRISIGOISIGZyBOITRIZZ9SRyYYsRADIACHYEWTCHEWTRIEWTESEWT TS
3RHOPS s SIGPSyPSMAX»DELTASDELPA WP s.RHON»SIGMAN»CI s CIMAX
4WAGICME yCFAP 9 CFAPSDELPSCHIPEsDELPCHFEXDsFMLD 9 XD12yREBD .
5Q9QT»CIOIMIETATSsPSEQI 9PDAVITCWAV s TWMAX» TCMAX s GWT 9 CLD9ACC
SWPCyFPCoGV s XLIRHOI 9 XPLsDQQDXL s TWeTCoYLIFIYDIFEXDsYD129QY
TRADSACsWPS s TPSyDT o+ WNCoWNDsWN9 AE9sDE»CNLJDNLsWTP sPTPSIGS T
BSIGSTP9SIGSHeSIGSEsSIGDEsPNEYPENSWSYSsQBARSXBAR

S 9y CONDK s CONDRy CFASRLD 9 SIGSHMy SIGDEMyPNEX s CIEX» THRUSTyWBL 9 YW o HPP
DIMENSION A(6940)sB(6940)sTS(200)9sPS(200)»T(200)sP(200)s

©1CM(200) o TITLE(12)9PD{200)+sSIGR(200)9SIGO(200)9S1GZ1200)0

1060

1131
1140

2FEXD(200)9sXD12(200)yREBD(200)»Q(200)9XL(200)

3RHOI(200) 9 XPLI200) sDQADXL{200) s TW(2003sTCL200)9YL(200)»
4FIYD(200)»YD12(200)sQY(200)
5oSIGST(200)QSIGSTP(ZOO)’SIGSH(ZOO)oSIGSE(ZOO)'SIGDE(ZOQ)
69QBAR(109) 9XBAR(100)

DIMENSION HS(ZOO)ODELQ(ZOO)’FEDXD(ZOO)'DELXL(ZOO)QYPL(ZOO’
FREQUENCY 1352(1+050)91690(09051)91711(030s1)91931(09091)»
11971(1-090)’2030(190 0)92050(0» 101)!2191‘10000)’2210‘09001)
M=N+1

CONDR=1200*360000*TK

CONDK=CONDR/24149

TN=N

DELTS=(TSRI~TSE)/TN

DELTA=0.5

DELPA=0,1

DELMA20,00001

DELTWG=2040

DELTWE=240

NCM=40

CTAVC1=1,00017

CPAVC1=0,9998

~CPSICl=1.0

CCM1C=1,01

CDELMC=0.8

TSE=TSE/1e8

TSRI=TSR1/1.8

TWM=TWM/ 1.8

DELTS=DELTS/11.8

DELTWG=DELTWG/148

DELTWE=DELTWE/1.8

WA=WA#45345924/(2e54%%240)

CL=2,54%CL

D=2.54%D

CD12=2,54%%#0,2

R=1.,9859

RBAR=82,0618

P51=14,6959

GGCS=9804665

GCM=1033,23 . o I
WAG=WA ] ] . ‘ o
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CALL PROPSITSEIPSEsAIB =19 JULIEIWSE9pZsRHOWHSE 9SSE»CP9yGAMSE »DHPy .
1DSToDSPyOMEGT yOMEGP 9S1GTsSIGP s ZETATYZETAP»EMUYCLAMPR) :
CALL PROPS{TSRI#PSRIsApBr~19JULIEsWsZsRHOSHSRI+sS»CP91GAMsDHP9DSET
1DSPsOMEGTsOMEGP sSIGTeSIGP s ZETATIZETAPSEMU»CLAMPR) :
QT=HSRI~HSE
AOAS'(PSE/(PSI*WA))*SQRTF(GGCS*GCM*WSE*GAMSE/(RBAR*TSE"*(2.0/
1(GAMSE+140) ) #%( (GAMSE+160)/{240%#{GAMSE~140)1})
IF {AOQAS~1.25) 1203512041204
1203 CME==~1454+245/7A0AS
GO TO 1205
1204 CME=0,625/A0AS
1205 GME=1,0+((GAMSE=1e0)/240)%*CMEX*2
TE=TSE/GME .
PE=PSE/GME** ( GAMSE/ (GAMSE~1401))
IF INCM) 12419124591245
1241 PRINT 4001y (TITLE(I)»1=1912)
PRINT 4050
PRINT 401G, TSEoPSEoWA TSRI’PSRI’TWM
PRINT 4051 .
PRINT 4011s CLoVesDsCONDK»CONDR
PRINT 4060 )
PRINT 4020y JULIESN)DELTSsDELTWGsDELTWE»DELMASPNE
PRINT 4150 ’ )
1245 N1l=]
1250 CALL PROPS(TE,PE A’B’+1’JULIEDWEQZDRHOE!HE’SE'CPEOGAME.DHPE’DSTE'
1DSPEYOMEGTEyOMEGPEsSIGTEYSIGPEYZETATE»ZETAPE »EMUCLAMyPR)
CM2=2, O*WE*(HSE-HE)/(GAME*R*TE’
1290 CME=SQRTFICM2)
VE=CME*SQRTF(GAME*RBAR*TE*#GGCS*GCM/WE)
DELWA=WA~RHOE*VE
DELS=SSE~SE
DWADTaWA*( (OMEGTE-SIGTE~1e0)/TE~CPE/ (2 0% (HSE~HE) )}
DWADP=WA*( (OMEGPE~SIGPE+140) /PE~DHPE/ (24, 0* (HSE~HE)))
DELT=(DWADPH*DELS~ DSPE*DELWA)/(DWADP*DSTE-DWADT*DSPE)
DELP=({DELS-DSTE*DELT)/DSPE
IF (NCM) 1312,132051320 :
1312 PRINT 4160 N1s»TESPEIGME»CM29DELSsDWADT »DWADP 9DELTHDELP
1320 IF (ABSF(DELT)=DELTA) 1330+1330+1340
1330 IF (ABSF(DELP)=DELPA) 13709137051340
1340 TE=TE+DELT
PE=PE+DELP
1352 IF (N1-XABSF(NCM)) 1355513611361
1355 N1l=N1l+1 :
GO TO 1250 A
1361 IF (NCM) 25009136591365
1365 NCM==2%NCM - - _ ‘ _
GO TO 1140 o
1370 CALL PROPS(TSE'PE’A’B’+09JULIE,W’ZQRHOQH!SDCPOGAMODHPlDST.DSPO_
10MEGT yOMEGP ¢ SIGT s SIGP 2 ZETAT+ZETAPYEMUBE s CLAMPR) )
WAP=WA* (30,48%%2) /45345924
1400 REBDE=WA/EMUBE .
CFE=(REBDE**¥042) /04046
' FELD=CL/ (CFE*D¥%#1,2)
1403 FELD=-FELD
1404 P{1)=PE
PS(1)=PSE
Tl1)aTE
TS(1)=TSE
HS{1)=HSE
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1500

1600

16290
1643

1660
1672
1671
1699
17029
i712

1711
1712

1713

1714

1720 CALL PROPS({TS{I)PS{I)sA, Bo-l$JULlEQW9ZQRHO.HS(I)oSacpiGAMoDHP)DST

1721
1722

180G
1810

CM(1)=CME

Q(1)=040

FEXD(1)=040

XL(11=040

DELQ(1)=040

QY(1)2-0T

FEDXD(1)=0,0
XD12(1)=040

REBD(1) =REBDE
DELXL(1)=0,0
XPLI1)=040
DQQDXL(1)=20s0
YL(1)=1.0

YPL(1)=140

RHOI(1) =RHOE

PD(1)=0,0

TC(11=040
CDX=0,0467(440%04021)
TCMAX=040

IF (TWM) 1620+1643,1660
CALL QOFX

TW(1)=TSE

GO TO 1670
TW(1)=ABSF(TWM)

0O 2240 I1=2,M

N2s1
TS(1)=TS{1-1)+DELTS

IF (TS(1)=TSRI) 170051710,1710
TS(1)=TSRI1
TB=(TS{I)+TS{I=1))/240
TAV=CTAVCI*TB*T(1-1)/TS(1-1})
IF (1-2) 1712»1712+1713
TIC=T(I~1)

PIO=P(1-1)

PSI0=PS(I-1)

GO TO 1714

T10=T(1-2)

PI0=P(1-2)

PS10=PS(1-2)

PAV=P(I1-1)}+CPAVC1*(P(1~1)-PI0)/2.0
PS(I1)=PS(I=1)+CPSICI¥*(PS{I-1}~PS10)
TAV1=TAV

PAV1=PAV

PS1=PS(1)

loDSPaOMEGT’OMcGPOSIGTsSIGP:ZETATQZETAPOEMUOCLAM)PR)

T1G=2,0%TAV=T(1=1)
P1G=2,0%PAV~-P(1~=1)
PSN2=PS(1)

CALL PROPS(TBsPAVsAsBs+0sJULIEsWsZsRHOH

»S»CPBGAMsDHPsDSTHDSPy -

IOMEGT’OMEGP-SIGT9SIGP»ZETAToZETAPoEMUBoCLAMoPR)

RMUOZ=(EMUBE/EMUB) *%042

CALL PROPS(TAVsPAVsA»B, +1:JULIE'WAV,ZAV:RHOAVoH:SoCPAVoGAMAV:OHP’
IDSTtDSPOOMEGTVQOMEGPV’SIGTV)SIGPViZETATV’ZETAPV’EMU’CLAMOPR,

DELQ(IN=HS(1)~HS(1~-1)
Q(I)=0(1-1)+DELQ(I])
DQCPT=DELQ(I)/(CPAV%TAV)
IF (TwWM) 1870|1870’1810
TWII)=TWM
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TFIn(TW(I)+TB)/2,0 '
CALL PROPS(TFIsPAVsAsBs+0»JULIEIWIZsRHOFIsHsSsCPF19GAMsDHP9DSTDSP
1s0MEGT sOMEGP s SIGToSIGPIZETATeZETAPYEMUFI sCLAMFIyPRF1)
FBDXD=CDX*PRFI**OO6*(EMUB/EMUFI)**002*(RHOAV/RHOFI)**OOB*DELQ‘I’/
1(CPFI*(TW(I)=TB))
FEDXD( 1) =FBDXD*RMUO2
GO TO 1891 =
1870 CALL QDIST(G(I)sQTsXL(I))
DELXL(I)=XL(I)=XL{I=1)
FEDXD(I1)=FELD#DELXL(])
FBDXD=FEDXD(1)/RMUO2
1891 IF (NCM) 189251895,1895
1892 PRINT 4170 -
PRINT 4160s N2»TIGHPIGyTAV, PAV,PS(I):HS(I).HS(I l)aDQCPTvFBDXD
PRINT 4180
1895 N3=1
1F (N2-1) 190051900,1910
1900 CM(I)=CCMICH*CM(]~ 1)*TS(I)/T5(I-1)
1901 CM1=CM(1)
1910 CMBAR={CM(I)+CM(I~1))/2.0
CMBARZ2=CMBARN*2
GM2D=140-OMEGTV+SIGTV
GM2E=14+0+OMEGPV=SIGPV -
GM2F=GM2E+1,0+ZETAPY=-SIGPV
GM2B=GM2D=2ETATV+SIGTV
GM2A=GM2D*GM2F=GM2B#GM2E
ETA=R/ (WAV*CPAV)
GMZC-I-O-GAMAV*CMBARZ*((GMZE/ZAV) ETA*GMZD**Z)
GM2J= (GM2A*GAMAV#CMBAR2 /ZAV+GM2B) /GM2C
DELM2= CMBARZ*(GMZJ*DQCPT+(-GMZB+GM2J*(1oO*GAMAV*ETA*CMBARZ*GMZD’)*
1FBDXD#240/GM2D)
1931 IF (CM(1=1)##2+DELM2) 1932.1932:1934
1932 CMC=0,0
GO TO 1941
1934 IF (CM(1~ 1)**2+DELM2 1.0) 1940)1985.1985
1940 CMC=SQRTF(CM(1=1)#%2+DELM2)
1941 IF (NCM) 194291950»1950 .
1942 PRINT 4160, N39CM(I)OCMBAR’GMZBOGMZDsGMZJ’GAMAVoETA.DELMZDCMC
1950 DELM=CMC~CM(I)
IF (CMC) 1970519701652
1952 IF (ABSF(DELM)=DELMA) 1990s1990'197°
1970 CM(1)=CM(I)+COELMC*DELM . .
1971 1IF (N3—XABSF(NCM)) 1972)1985’1985
1972 N3=N3+1 :
GO TO 1910
1985 IF (NCM) 1986.198801988
1986 M=1-1
NPR=Y
NPU=0
NGR=0
. GO TO 2242
1988 NCM=~-2#NCM
GO TO 1892 '
1990 DELP0P=(GMZD*DELMZ/CMBARZ+2QO*GMZB*FBDXD’/(‘GMZA-GMZB*ZAV/(GAMAV*
1CMBAR2))
DELTOT=(DELM2/CMBAR2+GM2F*#DELPOP)/GM2B
PlI)=P(I=1)%#(2,0+DELPQOP)/(240-DELPOP) .
T(I)=T{I-1)#(240+DELTOT)/(2+,0=-DELTOT})
CALL PROPS(T(I)DP(I)DADBQ-IDJULIEDWIOZORHOI‘I"HIDSIOCPOGAMI'DHPQ
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2001 TSS=TS(I)
Nesl
IF (NCM) 2007,2010+2010
2907 PRINT 4190
PRINT 4160, N2yDELMs CMBARZ.GMZFnDELPOP,DELTOT.P(X)oTtl)oHSICoTSS
PRINT 4200
2010 CALL PROPS{TSSsPS(1)1sAsBy+1sJULTEsWy2ZsRHOWHSST»SSTsCPST sGAMyDHPST s -
1DSTSIsDSPS1yOMEGT »OMEGP»SI1GT 9 SIGP 9 ZETAT »ZETAP yEMU»CLAMPR)
DELHS=HSIC-HSS]
DELS=S1-SSI
DELTSI=(DSPSI#DELHS~ DHPSI*DELS)/(CPSI*DSPSI-DHPSI*DSTSI)
DELPSI=(DELS-DSTSI#DELTSI)/DSPS]
IF (NCM) 2016,2019,2019
2016 PRINT 4160, Na.Hssx.stc.osLHs.ssr.osLs.DELrsx.DELPsx.PSt::.rss
2019 1F (ABSF(DELTSI)-DELTA) 2020+202032030
2020 IF (ABSF(DELPSI)=DELPA) 20405204052030
2030 IF (N4=XABSF(NCM)) 2031520362036
2031 PS(1)=PS(1)+DELPSI
TSS5=TSS+DELTSI
N&4=Na+1
GO TO 2010
2036 IF (NCM) 1986420372037
2037 NCM==2%#NCM
PS(I)=PSN2
GO TO 2001
204C CALL PTCITI(I)sT(I=- l)oTAVaP(I)oP(I-l)oPAVoPS(I)oPSNZoTS(I)oTSSo
1DELTAsDELTASDELPASNZ 9NCM)
2050 IF (N2) 205520582051
2051 N2=N2+1
GO TO 1720
2055 IF (NCM) 1986205692056
2056 NCM=-2%NCM ,
GO TO 1671 ,
2058 CALL PROPS(TS(1)sPS(I)sAsBs+0sJULIEsWsZsRHOSHS(T) S sCP»GAM, oHp,osr .
19sDSPyOMEGT yOMEGP s SIGT s SIGPyZETATIZETAPIEMUS CLAMYPR) o
FEXD(1)=FEXD(I=1)+FEDXD(I)
XD12(1)=CFE*ABSF(FEXD(1))y
QY(1)y==QT+Q( 1)
REBD(I)=WA/EMUS .
IF (TWM) 2071207152240
2071 N5=1
IF (NCM) 2075,2080,2080
2075 PRINT 4210
2080 CTtFBDXD/(CDX*DELQ(I)*EMUB**O.Z*RHOAV**O.B)
TWII)=TW(I=1)
2100 DELT=2.0*DELTWG
CGTW=040
2120 TFI=(TW(I)+TB}/240
CALL PROPS(TFIsPAVsAsBys+0sJULTEsWsZyRHOFI sHySyCPFI1GAMyDHP »DST 9DSP
1+OMEGT sOMEGP s SIGT » SIGP s ZETAT » ZETAP yEMUF I y CLAMFI o PRF 1)
GTW=CT*CLAMFI##0,6%(CPFI/EMUFI)#%0e4e140/((TW(I)=TB)*RHOFI#404+8)
CTW=SIGNF(1409GTHW)
IF (NCM) 2152216052160
2152 PRINT 41609 N59CToTW(I=1)»TW(I)sDELTsCGTWsTBsTFIsGTWCTW
2160 IF (CTW=-CGTW) 2170,219092170
2170 IF (DELT-DELTA) 2240224052180
©2180 DELT=DELT/2,0

"ON
--m

SETII\P,’ EMU.CLAM.PR)
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. 2190 COTW=CTW
2191 IF (NB=XABSF(NCM)) 21980219«.2194 ‘
2194 [F (NCM) 19864219542195
2155 NCM==2%NCM
GO TO 2071
2198 NS5=N5+1
2200 TW(I)=TW(I)=-CGTW*DELT
2210 IF (TW(I)=TB) 222092220+2120
2220 TW(I1)=TB+DELTWE

. : GO TO 2120

i 2240 CONTINUE

2242 FIYD(I)*-FEXD(M)

FMLD=FEXD(M)# (REBDE/REBD (M) )#%0e2

YDl2(1)=XD1l2(M)

D=(CL/XD12(M))%#%#({140/1e2)

CALL GOFVIVDyGVIGWT)
PAVLV=1016279E=09%360040%(30+48%%3) *WA*ABSF{Q(M))
GTCAV=WA®ABSF(Q(M) ) /(16+0#XD12(M})
GGTC=GV*D##0,8/CONDK

: GPD=V/CL

i TWMAX=TW(1)

: : 2248 PAVLV=PAVLV/2454

. . , CLaCL/2e54

_ : DaD/2454 _ .

] GWT=GWT/2¢54 : ,

i GPD=V/CL '

2250 IF (TwM) 2251225142256

2251 DO 2254 1=24M
TF (TWMAX=TW(I)) 2253225492254

2253 TWMAXsTW(I)

2254 CONTINUE
GQ TO 2260

2256 DO 2258 Is=2.M
DELXL(I)=FEDXD(T)/FEXD(M)

2258 XL(I)wXL(I-1)+DELXLII}

2260 DO 2320 Is2¢M
XPLUT)=XL{1=1)+05#DELXL 1)
DQQDXL(1)=DELQ(T)/(QTHDELXL{]))

P _ ‘ : YL(I1=2a0=XL(I)

] YPL(I)=1,0=XPLI(I)

: FEYD=<FEXD(M)+FEXD(])
FIYD(1)=FEYD*(REBDE/REBD(I))%#%0,2
YD12(1)=CFE*ABSF(FEYD)
PD(1}=GPD#PAVLV*DQRQDXLII)
TC(I)=TW{T}+GGTC*GTCAV*DQQDXL(])

IF (TCMAX=TC(I}) 2319-2320.2320

2319 TCMAX=TC(I)

2320 CONTINUE

2336 TSMAX=TSE
TSMIN=TS(M)

PSMAX=PS(M]
PSMIN=PSE _

2340 CALL SIMP(TSMAX)PSMINsPNE+CI) .
CALL SIMP(TWMAXsPSMAXsPNE»CIMAX)

2357 CFAaCI#WA
CFAP=CI*WAP
TCWAVaGGTC*GTCAV
PDAVSGPD#PAVLY
ACC33,141594D##2/4,0
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2500 RETURN

CLD=CL/D
WPCEWAP#ACC/144,0
FPCaCFAP#ACC/ 14440

DELPSC'ABSF(PSE-PSRM))

DELPC=ABSF (PE=P(M))

CFAPS!CFAP/(14400*P5MAX)

PSEOI-PSMIN(PSMAX
CIOIM=CI/CIMAX

ETATSS(TSMAX-TSMIN)/(TWMAX-TSM}N,

2361 TSE=1,8%TSE
TSRI=148#TSR1
TWM=1,8%TwM
TWMAX=1, 8% TWMAX
TCMAX=148%TCMAX
TCWAV=1.8*TCWAV»
DELTS=1,8%DELTS
DELTA=1.8%DELTA
DELTWG=1+8#DELTWG
DELTWE=148%DELTWE
QT=1.8%#QT :

WA=WA*(2.54**2.0l/453.5924
GRHO=(2.54**3)/453-5924

DO 2460 1u1,M

TS(I)=1,8%T5(1}
TI)=148%T(1) .
TCU1)=24847Ct 1)

2400 DELOlI)=108*DELGlI)
QUI=1.8%Q(])
QY(I)=1.8%QY(])
XDIZ(I!'CDIZ*XDIZ(I)
YDIZ(I)'CDIZ*YDIZ(I)
REBD(!)'Z.SQ*REBD(!)
HS(I)wl,8%HS(1)
RHOI(I)-GRHO*RHOI(I)

2460 TWil)mleg#TW(])

4001 FORMAT(1H1A5o11A6)

4010 FORMAT(6F10.3014XaA6)
4011 FORMAT(5F10.3.24X|A6)
4020 FORMAT(2IlO'3F10.3’F10a6aF1004o6XuA6)

4050 FORMAT(58M0  TsE
1WM)_
4051 FORMAT(48H0 L

4060 FORMAT(68M0 JULIE
M PN :

A £)
4150 FORMAT (1204 N1
1 DELS
4160 FORMAT(13,9E13,5)
4170 FORMAT(120HON2
1 . PS(I)
4180 FORMAT(120H N3
1 GM2J
4190 FORMAT(120H N2
1 DELTOT
4200 FORMAT(120H Ne
1

DELS
4210 FORMAT(120H NS
1 CGTw -

END

PSE
v
N
TE
DWADT
TIG

LOHS(])

CM(1)
GAMAY
DELM
PLI)
HSS I
DELTS]
cT
T8
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WA -

2]
DELTS

PE

DWADP

P16
HS(1~1)

CMBAR‘

ETA

CMBAR2

Ty
HSIC
DELPSI

©TWiI=1)

TF1

K
DELTWG

TSRI

PSR1 T
L
DEL TWE DEL
GME L eM2
DELY - DELP)
Tav " pAV
DQcPT FBDXD)
GM28 GM2D
DELM2 cMC)
GM2F DELPOP.
HSIC TSS)
DELHS sst .
PS(I) 755)
TW(T) DELT
CTW)

GTW
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LIST
LARFL
JOFX 1
NORMALIZED @ VSe X FCR QXP(1) AND NORMALIZED
Y{I)=1e0~-X{1) GIVEN

SUBROUTINE QOFX

COMMON AsBs TS9P 59 TsPsCMy TITLE sNPRINPUINGRITSEWPSEswWhy
ITSRIVPSRI s TWMaCLIVID s JULIEWNsPNE sPDyALPHASE yPNU» TK 9y
2SIGRSIGOISIG7 900 TR TEISRYSEIRADIACHENTCHEWTRIEWTE 9EWT T
3RHOPS»SIGPSeyPSMAXIDELTAIDELPASWP siRHON 9 SIGMAN S CI 9 CIMAX
LGWAGYCME s CF AP g CRAP S s DELPSCoPE 9 DELPCHFEXD S FMLD s XD129REBD)
S5QsQTsCIOIMETATSHPSECI sPDAV s TCWAV 9 TWMAX s TCMAX sGWT s CLDsACC
SWPCyFPC GV o XL aRHOI o XFPL sDQADXL o TW e TCsYLIFIYDYFEXDsYD129QY
TRADsACsWPS s TPSeDT s WNCsWNDsWNsAEsDEs INL sDNLIWTPsPTP s SIGSTY
BSIGSTP s SIGSHsSIGOE s SIGDE 9yPNE S PENIWSYSsQBAR s XBAR
Sy CONDK+sCCONDRyCFA

DIMENSION A(6940)3(5940)9T5(20C)sPS(200)sT(200)+P1200)
1CHM(202) s TITLE(12)9sPD(200)sSIGRI2CD)9SIGO(200)»S1GZ(200)s
2FEXD(2C5)eXD12(200) yREBD(200)9Q(1200)sXL (2001}

ARHOI(20D) o XPLI220)sDQRGRDXLIZ200)sTW 2009 TC(200)9YL(200)
4FIYD(200)sYD12(200)sQY(200)
59SIGST(2C0)sSICETP(200)sSIGSHI2C0) vSIGSE(200)9SIGDE(200)
69QBAR(100)+XBAR(100)

DIMENSION GQU1C0)sX(100)sQSUMI100)sFMT(12)

READ 1108 NQ :

FORMATI(110)

READ 130s (FMTU(I1)s1I=1512)

FORMAT (12A6)

READ FMTy (X{I)sQQ(I)sI=1sNQ)

QSUM(1)=0.0

DO 170 I=2sNQ

QSUM(I)=QSUM(I=-1)+QQUI)*(X{I-1)-X(]))

DO 202 I=1,sNQ

QBAR(I)=QSUM(I)/QSUM(INQ)

XBAR(I)=1,0~X(1)

RETURN

END
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NORMAL IZED Q VSe X FOR QUI) GIVEN AT X(I) AND X(1)=0e9

SUBROUTINE QOFX

COMMON  A9BsTSyPSsToPsCMaTITLE sNPRyMPUINGRTSEWPSE 9wl
1TSRISPSRI s THUMsCLOVIDs JULIE oMy PNE sPDsALPHASE yPNU 9 TKyidy
2SIGRYSIGOSIGZ 9RO TRITESISR9SEWRADIACYEWTCHEWTRYEWTE 9EWUT Ty
3RHOPS s SIGPSyPSMAX s DELTASDELPA WP s KON SIGHMAN s CI s CIMAX Y
GWAGyCME 9 CFAP s CFAP S s DELPSCsPZ 9 DELPCHyFEXD»FMLT s XD125REED)
5QsuT9sCIOIMETATSyPSEO] yPLAV s TCHAV y TWMAX s TCHMAX 9 5% T s CLD$ACC
OWDOCyFPCoCVaXL sRHOT s XPL 9y DGODXL o TWsTCyYLsFIYD)FEXDsYD129QY
TRADsAC WP S s TP s DT s WNC o WND s WIN s AE s CE 9 CNL s DNLyWTP o PTP 9 SIGST
G3IGSTPsSIGEHsSIGSEsSIGDE sPNE sPENSWSYSsQBAR» XBAR
9 s CCNDK s CONER 9 CFA

DIMENSION A(6940)95(69460)sTS(2C0)sPS(230)9T(200)sP(200)
1CM(200) s TITLEL12)sPD(20U)sSIGRIZC0)»SIGO(200)9SIG2(207)
2FEXC(200)9sXD12(20C) yREBD(Z20019Q(200) XL (220

3RHOT(230) o XPLI2IC0) sDOADXLI2CC Y s TW (200 )9TC(200)9YLI20D)
LFIYD(200)sYD12(20C)sQY(2CD)

59 SIGSTI2353)1sSIGSTP(200)9sSIGSHI230)sSIGSE(280),51GDE(220)
59QRAR(1DC) s XBAR(1SC)

DIVENSION CR(100)sX{100)sQSUM(LICC)sFMT(12)

READ 1105 NG :

FORMAT(I1C)

READ 132y (FMT(1)s1=1y12)

FORMAT (12A6)

READ FMTs (X(I)sQQ(I)sI=1,NQ)

QASUM(1) =060

DO 170 I=2,NQ
QSUMI(TI)=QSUM(I-1)+(GQ(I-1)+QQUI))*¥(X(I)~X(I=1))/240

DO 202 I=1sNO , -
GEAR{T)=QSUM(1)/Q5UH(NQ)

CXBAR(ID)I=X{I)/X(NQ)

RETURN

END
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LABEL
Tl

AXTAL DISTRIBUTION OF HEAT GENERATION
1 IS CHOPPED SIN FUNCTION

SUBROQUTINE QDIST (GDQsQTeQDXL) ,
COMMON AsBsTSsPSsTyPsCMsTITLEWNPRYNPUINGRITSEWPSEsWA Y
ITSRISPSERIZFWMaCL VD s JULIEWNSPNESPDoALPHA»C9PNUITK My
2SIGRISIGOISIGZIBOITRITZ»SRISEIRADIACIEWTCHCWTRIEWTE 9 ENT T
3RHOPS s SIGPSsPSMAX s DELTASDELPA WP s RHONs SIGMAN 3 CI 9 CIMAX o
GWAGITME 9 CFAP s CFAPS sDELPSCsPESDELPC W FEXD9FMLD 9 XDO123REBD
SQaGTeCIOIMIETATS +PSEOCT 9PDAV I TCWAV s TUMAX s TCMAX 9GWT 4 CLD9ACC
SWPCsFPCotaV e XL oRHOI o XPLyDQADXL s TWoTC oYL sFIYDIFEXDsYD12sQY s
TRADSACIsWPS y TPSeDToWNCIWNDsWNs AESDE yCNLsDNL s WTPsPTP9SIGS TS
aqIJDTP,SIGVH’JICOE’SIGDEDPNFSP&NQWSYQ QBAR;XBAR
99y CONDK s CONDRSCFA

DIMENSION A(6940)938(5940)sTS(200)+sPS1200)9T(202)sP(200)
1CM(2C2)YsTITLE(12)sPD(200)sSIGRI2C0)sS1G0(200)951G2(200)
2FEXD(20C) s XD12(200)sREBD(200)sQ(2CO) o XL(200)
3QHOI(20”)9XPL(ZCF)9DOQDXL(400)9Tv(dOO)oTC(ZOO)vYL(ZOO).
4FIYD(200C)sYD12(2C0)»QY(2C0)
59SIGST(2C0)9sSIGSTP(200)sSIGSHI200) eSIGSE(200)9SIGDE(200)
69sQBAR(102)+XBAR(100)

IF (WSYS) 20,510,410 ’ \
‘READ IOVVQ CQI
WSYS==1,.0

TI1=TITLE(8)

PRINT 1010, CQ1

IF (XABSF(NPU)) 20420415

PUNCH 1C10,CQ1,TI1

QDXL =ACOSF (1+C—=(10=-COSF(CQ1))*QDQ/QT)/CQ1
FORMAT(F1Ce4)

FORMAT (8HO CQl=F60e4960X9A6)

RETURN

END
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AXTAL DISTRIBUTION OF HEAI GENERATION- 2 15 TAbULAR DATA

SUBROUTINE QDIST (GDQsQT+QDXL)

COMMON  AsBaTSePSeTePsCMeTITLEsNPRyNPUINGRITSEIPSEsWA
ITSRISPSRIsTWMsCLIVIDsJULIESNIPNEsPDsALPHA E 9 PNUs TK oMy ;
2SIGRISIGOISIGLIBOITRITEISRISEWRADIACIEWTCHEWTRIEWTESEWT T
3RHOPS s SIGPSWPSMAX) DELTA:DFLPA'WP9PHCM’SIGMAN,CI,CIMAX’
LWAGsCME o CFAP s CFAPSYDELPSCIPE s DELPCHFEXDsFMLD 9 XD129yREBDY '

J9QTsCIOIMIETATS P bEOI9PDAV9TCNAV9TVMAX9TCNAXIGWTQCLD’ACCO
6WPC9FPC’GV9XL9RHCI,XPL,DOQDXL!TW)TC)YLOFIYD’FEXD’YDIZ’QY’
TRADsACsWPS s TRPSeDTsWNCosWNDIWNsAEsDEyCNLsDNLsWTPsPTP9SIGST
SSIGSTP9SIGSH’SIG§E,5IGDEyPNE;PENoWSYS QBAR»XBAR

CONDK s CONDR s CFA

DIWLNSION A(694C)sB3(6940)sTS(20C)sPSI2C0)sT(200)sP1200)
ICV(ZuO)QTLTLE(IZ)’PD(200)9SIGR(200)QSIGO(ZOO)QSIGZ(ZOO).
2FEXD(2230)9XD12(200)sREBD(200C)sQU200) XL (220)
JRHOI(200)9XPL(ZOU)9DQQDXL(ZOO)sTW(200)!TC(200)9YL(200’$
4FIYD(200)sYD12(200) QY (250)
59SIGST(23C)sSIGSTP(20C)sSIGSH{200)sSIGSE(200)sSIGDE(200)
63RBAR(100) s XBAR(1CO)

I=2

RQ=QDQ/QT \ ’

IF (1,0-RQ) 103,110,110

RQ=160

IF (QBAR(I)-RQ) 12091409140

I=1+1

GO TO 110

140 QDXL=XBAR(I-1)+(QDQ/QT-QBAR(I~ 1))*(XBAR(I)-XDAR(I 1))/

1(QBAR(I)-QBAR(I-1))
RETURN
END
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PTC201

102
119
120
132
140
150
160
170
380
390
400
410
429
430
448
450
460
470
480
499

PRESSURE AND TEMPERATURE CORRECTIONS FOR LOOP 2 IN JCHT1

SUBROUTINE PTC (TIZ.TIioTAVsPIZ,PIIyPAVsPSIZdPSNZIoTSIZo

lfSSoDELTSAoDELTME;DELPME,NZ;NZM)

TIG=2,0#TAV=TI1

P16=2,0%2AV=-P]1

PSIG=PSN2I

DTS=TSS~-TS12 :

IF (ABSF(DTS)-DELTSA) 150,150,380

IF (ABSF(TI2-TIG)~DELTME) 16C,159,380
IF (ABSF(P12-PIG)-DELPME) 17051704280
IF (ABSF(PS12=-PSIG)=DELPME) 460146045380
IF (N2-XABSF(N2M)) 390,480,480
TIG=TI2

PI1G=P12

PSIG=PSI2

TAV=(TI1+4TIG)/240

PAV=(PI1+P1G)/240

PS12=PS1G

GO TO 490

N2=0

GO TO 490

N2=-N2

RETURN

END
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1 IS VOID FRACTION PARAMETER FOR EQUILATERAL HOLE SPACINGS

SUBROUTINE GOFVIVIDsGVeGWT)
Cl=240%3414159/3.0%%1,5
GV=(V—LOGF(V)+LOGF(CI)-0.94148*C1)/(1.0—V)
GWT=D*( (C1l/V)#%045=140)/240 '
RETURN

END
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'SPECIFIC IMPULSE CALCULATION

SUBROUTINE SIMP (CITS»CIPSyCIPNESCISP) -

COMMON AoBoTSoPSoToPoCMoTITLE.NPRDNPU.NGRoTSEoPSEoWAO
1TSRIWPSRIsTWMeCL sV eDsJULIEWNsPNEsPDyALPHAYEPNU»TK9My
2SIGR3SIGOSIGZ9BO» TRITEISRISEWRADIACIEWTCHIEWTRIEWTEIEWT T
3RHOPS»SIGPSyPSMAXsDELTAIDELPAYWP sRHON»SIGMAN»CI s CIMAX
LWAGICME s CFAP 9 CFAPSsDELPSCHYPEIDELPCHYFEXDsFMLD s XD12,4yREBDY
5QsQTesCIOIMIETATSIPSEOI sPDAVITCWAV s TWMAX s TCMAX 9GWT yCLD9ACC s
6WPCoFPCHIGV I XLsRHOI s XPLaDQADXL 9 TWaTCHrYLsFIYDIFEXDIYD12+QY K
TRADSACIWPS»TPSoDTsWNCIWNDsWNsAE9DE s CNL osDNLoWTPyPTP»SIGSTy .
8SIGSTP»SIGSHsSIGSEsSIGDEIPNEYPENIWSYS»QBAR9XBAR
9+CONDK s CONDRy CFA ’

DIMENSION A(6940)9B(6540)9sTS(200)sPS(200)9T(200)sP(200)
1CM(200) s TITLE(12)9PD(200)»SIGR(200)9SIGO(200)9SIGZ(200)y
2FEXD(200)9XD12(200)yREBD(200)9sQ(200)9XL(200)»
3RHOI(2°0)’XPL(2°°)ODQQDXL‘ZOO)OTW‘ZOO)ITC‘ZQO,.YL(ZOO’D
4F1YD(200)sYD12(200)»QY(200) ,
59SIGST(200)9SIGSTP(200)sSIGSH{200)+sSIGSE(200)»SIGDE(200)
69QBAR(100)9XBAR(100) N _ . ‘

CALL PROPS(CITSsCIPSsA9Bs=19JULIEsWIZ9sRHOICIHS1SS+sCP9GAMS»DHP
1DSToDSP sOMEGT yOMEGP s SIGT s SIGP s ZETATHZETAP »EMU»CLAMYPR)

TNESCITS*#( (CIPNE/CIPS)#%( (GAMS=1+0)7GAMS))

10 CALL PROPS(TNEsCIPNE»Ay B,l'JULIE’W'Z’RHODHNEOSNE’CP’GAM’DHP’DSTNE’
1DSPsOMEGT yOMEGP s SIGTySIGPY2ZETATIZETAPH»EMUSCLAMyPR)

DELTAS=SS=SNE

DELTAT=DELTAS/DSTNE

1F (ABSF(DELTAT)~DELTA) 30»30+20

20 TNE=TNE+DELTAT
GO 7O 10
30 VNEC'SQRTF(2.0*(CXHS-HNE)*BZ00168*9800665*1033023/109859)

ClSP=yNEC/ 9804665

RETURN

END
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PUNCH
PUNCH
PUNCH

PUNCH:

PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
. PUNCH
PUNCH
PUNCH
PUNCH
1)

4011, CL.V.D!CONDK.CONDR’TII

4041

4042

4043, CloClMAXoWAGoCMEoCFA;CFAPQCFAPSuTIl

4044

4045 9PS (M) sDELPSCHPEWP(MISDELPCHT(1)oT(M)sTIL -

4046 '
4O4TyFEXD(MY s FMLDXD12(M) 9 REBDIM) oREBD{119Q(M)4QTH»TI2
4048,

4049, CM(M)'CIOIM’ETATS.PSEOIoPDAV’TCNAV’TWMAX.TIl
4055

4056 TCMAXDGWTOCLD’ACCDWPClFPC:GV!Tll

4001s (TITLEC(I)»1=1412) .
4070

G080 (XLCIIsCMATJoTSCIYoTCI)IPSUIIoPITIIIRHOTI(L)o]m1oM)
4001y (TITLE(I)eI=1s12) ’ .
4090

QlOO;(XPL(l))DQQDXL(I)sTWll))TC(I):PD‘I))I’I:M’

4001y (TITLE(I)s1=1s12)

4110
4120’(YL(I)’FIYD(I)iFEXD(!)’YDlZ(I)OQY(I,bQ(I)lREBD(I)!"I:M

4001 FORMAT(1H1A5s11A6)

4010 FORMAT{6F10.3514XsA6)

4011 FORMAT(5F10s3924XsA6)

4030 FORMAT (69HODIMENSIONS OF VARIABLES~P(PSI)» T(DEGREES R)o Q{BTU/LB)Y
1s L AND DUINY)

4041 FORMAT(68HO 1sp 1SPMAX W/A . CME F/7A F
1/A F/A-POl) ~ : T

4042 FORMAT (60H LB=SEC/LB LB-SEC/LB GM/CM=SEC GM/CM2 LB
1/FT2)

4043 FORMAT(3F10439F106632F10.25F10e694XsAb) _ : -

4044 FORMAT(69HO PSM DELPS . PE PM DELP
1 TE ™) : : o

4045 FORMAT(TF104394X3sA6) o _

4046 FORMAT(68HO FEL/D FML/D L/D12 - REBM/D REBE/D : .
10 QT) ' Co

4047 FORMAT(2F10463F106392F104012F10e2+4X+A6)

4048 FORMAT(68HO ‘CMM 1/ 1IMAX ETATS - PSE/PSI PDAV TCW
1AV TWMAX) ' o :

4049 FORMAT(4F10s633F10e334X3A6) -

4050 FORMAT{58HO TSE PSE . WA TSRI PSRI I
1WM) . o

4051 FORMAT(48HO L v D LS § R :

4055 FORMAT(68HO TCMAX CGWT . WD ACC - wPpe . F
1PC GV) : - R C

4056 FORMAT(3F104394F10:694X2A6) N o o ER

407C FORMAT(69H .  X/L M TS T PSS
1P 1000 RHOY) Co T :

4080 FORMAT(0P2F10.6o4F10.3g3PF10.6) . » o

4090 FORMAT (48H XP/L DQQDXL T TC PDY

© 4100 FORMAT(2F10s633F1043) : o '

4110 FORMAT{68H Y/L F1Y/D . FEX/D ~ Y/Dl2 Qy

1Q REB/D} S

4120 FORMAT(3F10.69F10-3.2F10.2:F10.0)

3995 RETURN

END
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CALCULATION OF STRESSES IN ANNULAR ELEMENT
GRADIENT OF RADIAL STRESS EQUALS ZERO ON OUTZR BOUNDARY

SUBRCUTINE ST :
COMMON AsBsTSePS»TePsCMyTITLESNPRyNPUINGRITSEYPSEsWAS
1TSRIWPSRISTWMsCL 9VsDyJULIEINIPNEWPDyALPHASESPNUsTKsM)y
2SIGRYSIGOISIGZ9»B309sTRITEISRYSEsRADYACSIEWTCHEWTRIEWTESEWT T
3RHOPS ySIGPSyPSMAXsDELTASYDELPA WP s RHON9 SIGMAN s CI s CIMAX
LWAGICME s CFAP sy CFAPSsDELPSCHyPESDELPCHyFEXDsFMLD 9 XD124yREBDS
5Q3sQTsCIOIMIETATSIPSEQOT sPDAV Y TCWAV I TWMAX 9y TCMAX s GWT 9 CLD9ACCH
EWPCsFPCoGV XL sRHOI s XPLIDQADXL 9o TWeTCyYLsFIYDYyFEXDoYD12+QY
TRADSACIWPS s TP S DT s WNC s WNDsWNs AEsDE 3y CNL s DNL sWTP sPTPsSIGS T

- 8SIGSTP ySIGSHsSIGSEsSIGDEIPNESIPENSWSYSsQBARYXBAR

50

99 CONDK s CONDR 9 CFASRLD s SIGSHMs SIGDEMyPNEX s CIEX 9 THRUST sWBL s YW s HPP

DIMENSION A(6940)sB(6+40)sTS(200)sPSL200)sT(200)9sP(200)s
1CM(20C) s TITLE(12)sPD(2C0)sSIGR(200)sSIGO(200)9S1GZ(200)
2FEXD(200)9XD12(200) s REBD(200)sQ(200)sXL(20C)
3RHOTI(2CO) s XPL(200)sDQADXL{200) o TWI(200)sTC(200)9YL(200)
4LFIYD(2001sYD12(230)9QY(200)
5’SIGST(2\U)OSIGDTP(ZOO)’SIGSH(ZOO)DDIGSE(ZOO’QSIGDE(ZOO,
69GBAR(100)sXBAR(1D00) - .

R=D/2.0

S=le0~V

AB=SQRTF (V)

B=R/AB '

RLV==LOGF(AB)

ALPHAF=ALPHA

EPSI=E

TKBFT=TK*12,0

R3=AB

RB2=V .

PDCF=10,0%%6%3,41275/3600.,0

AFT=R/12.0

GSIG2=ALPHAF#EPSI*PDCF*AFT#%¥2/(4s0% (1e0~PNU)*TKBFT#V%5)

SIGSHM=040

SIGDEM=0.0

DO 500 I=1sM

GSIG1=GSIG2*PD(1)

SIGR(1)==P{I)

SIGZ(I)=GSIGI1*(240%RLV/S~(3e0=-V)/240)

SIGO(I)==P(I)+GSIGL*#SH#2/(2s0%#V)

SIG3=SIGRI(I)

IF (SIGO(IV-SIGZ(I)) 90990’100

SIG1=SI1GZ(1)

SI1G2=SI1GO(1)
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GO TO 110
100 S16G1=81G0(1)

S162=S162(1)
110 SIGST(I)=SIG1=PNU*(S1G2+S1G3) .

SIGSTP(1)=S1G3=PNU*(SIG1+51G2)

SIGSH(1)=5161-51G3

SIGSE(I)=SQRTF(STGL¥*2+S1G2%*2+S1G3*¥2-2, 0%PNU¥ (SIG1*S1G2+

1S1G2#S1G3+S1G1#S163))

SIGDE(I1)=SQRTF((1e0+PNU)#((SIG1-SIG2)#*2+(SIG1~-S1G3)#*2

14(5162-S1G3)%%2)/340)

IF (SIGSH(I)=SIGSHM) 160,160,150
153 SIGSHM=SIGSH(1) |
160 IF (SIGDE(I)=SIGDEM) 50055005170
170 SIGDEM=SIGDE(I)
500 CONTINUE

RETURN

END

D-39




* LIST

» LABEL

CPRST1

C

c PRINTING OF RESULTS FROM STRESS CALCULATIONS
c

SUBROUTINE PRST

COMMON A9ByTSyPSsTsPsCM)y TITLE)NPR’NPUDNGRDTSEOPSE’WAO
1TSRISPSRIsTWMaCLsVsDyJULIESNIPNESPDsALPHASEsPNU» TKsM)y
2SIGRsSIGOYSIGZsBOITRITEISRISEsRADIACHIEWTCIEWTRIEWTEPEWT T
3RHOPSySIGPSsPSMAXsDELTASDELPASWP sRHONsSIGMANsCI 9 CIMAX
4WAGICME 9y CFAP s CFAPS sDELPSCyPEWDELPCHFEXDIFMLD s XD12yREBDY
5Q9QTsCIOIMIETATSIPSECI sPDAVITCWAVy TWMAX s TCMAX 3 GWT 9 CLDHACCy
6WPCIFPCIGV e XLIRHOI o XPLIDQADXL s TWeTCoYLoFIYDSFEXD2YD123QY
TRADSACIWPS»TPS9DT s WNC » WND o WNs AEsDE s CNL 9 DNL O WTP9PTPsSIGSTy
BSIGSTPSIGSHYSIGSEYWSIGDEWPNEYPENIWSYS»QBAR 9 XBAR
93 CONDK s CONDR s CFA

DIMENSION Al6» 40)sBl6940)»TS(200)9PS(200)sT(200)sP(200)s
1CM{200)sTITLE(12)»PD(200)sSIGR(200)9S1GO({200)5S1GZ(2C0)»
2FEXD(200)¢XD12(200)sREBD(200)9Q(200)sXL (200}
3RHOI{200) 9 XPLIZ00) +DQADXL(200) s TW(200)»TC{200)sYL(200)
4F1YD(200)sYD12(200)»QY1200)
SOSIGST(ZOO)OSIGSTP(ZOO)’SIGSH(ZOO)DSIGSE(ZOO’OSIGDE(ZOO,
69QBAR(100) 9XBAR(100)

PRINT 4001y (TITLE(I)sI=1s12)

PRINT 1108

PRINT 1109

PRINT 1110» ALPHASEsPNU»TK

PRINT 1118

PRINT 1119

PRINT 11204 DV

PRINT 4001y (TITLE(I)sl=1s12)

PRINT 1150 -

PRINT 1160

PRINT 1170

PRINT 1180, (XL(I)-P(I)tPD(I)oSIGO(I)tSIGZ(I,'SIGRilloI'loM)

PRINT 4001y (TITLE(I)sI=1yp12)

PRINT 1190

PRINT 1200

PRINT 1210, (XL(I)OSIGST(I)ISIGSTP(I).SIGSH(I).SIGSE(])
19SIGDE(I)sI=19M)

IF (NPU) 209204910

10 TI1=TITLE(8) )

PUNCH 1108

PUNCH 1109

PUNCH 1110, ALPHA.EDPNUOTK.TII

PUNCH 1118

PUNCH 1119 .

PUNCH 1120y DeVeTIl
- PUNCH 1150

PUNCH 1160 o

PUNCH 1170 R

PUNCH 1180+ (XL(I)}sPCI)sPD(I)sSIGO(I)sSIGZ(I)sSIGR(1)s1m]19M)

PUNCH 1190 .

PUNCH 1200 _

PUNCH 1210 (XL{I)sSIGST(I)sSIGSTP{I)sSIGSHII)sSIGSE(L)
1sSIGDE(I)eI=1oM)

20 CONTINUE :
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1108 _FORMAT {58H0 ' ALPHA

1 K)
1109 FORMAT(58H 1/DEG F
1-F)
1110 FORMAT(4E15¢5+14X9A6)
1118 FORMAT(18HO o
1119 FORMAT(9H INe)

1120 FORMAT(2F1043»54X0A6)

1150 FORMAT(52HOSTRESS CALCULATIONS FOR ZERO STRESS GRADIENT AT RlB’

V)

1160 FORMAT(58HO xL P
1GR)

1170 FORMAT(5%H PS1A

: 1PsI)

1180 FORMAT(F10s492F104343F10, 1)

1190 FORMAT(58HO XL S1GST
1DE) .

1200 FORMAT(5%H ' PS1
1Psl)

1210 FORMAT{F10e495F10e1)
4001 FORMAT(1H1A5,11A6)
RETURN
END

PSI

PD

MW/FT3

S1GSTP
PSI
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CALCULATION OF REACTOR CRITICAL SIZE AND WEIGHT

SUBROUTINE RCSW .

COMMON AsByeTSePSeTePsCMyTITLEINPRyNPUINGRITSESPSEsWA)Y
ITSRIJPSRITWMeCL aVeDsJULIEINIPNESPDyALPHASE)PNU»TKoMy
2SIGRYSIGOISIGZsBOsTRYTEISRISEVWRADJACIEWTCHEWTRIEWTEIEWT T
ARHOPS y SIGPSyPSMAXIDELTAIDELPASWP ¢ RHON»SIGMANCT 9 CIMAX
LWAGYCME s CFAP s CFAPSYDELPSCHyPESIDELPCHYFEXDsFMLD 9 XD12sREBDY
53 9QT sCIOIMyETATSHIPSECI 9PDAV s TCWAV s TWMAX s TCMAX s GWT » CLLD9ACCH
SEWPCoFPCsGV o XL sRHOI o XPLyDQADXL s TWeTCHYLIFIYDYFEXDsYD129QY s
TRADIACIWPS s TPSsDT s WNCsWND s WN 9 AE 9 DE 9 CNL s DNLoWTP9PTP9SIGST
8SIGSTP sSIGSHSIGSESSIGDESPNEsPENSWSYSsQBAR S XBAR

G s CONDK s CONDR s CFA

DIMENSION A(694O)9B(6940)’TS(ZUO)9PS(200)0T(200)0P(200,9
ICM(ZOu)oIITLE(IZ)QPD(ZOO)9bIbR(£OO)oSIGO(ZOO)OSIGZ(ZOO)O
2FEXD(250)9XD12(2C0)Y»REBD(200)sQ(200)9XL(200)

ZRHOI(200) s XPL(200)sDQADXL(200)s TW(200)sTL(200)»YL(200)
4FI1YD(200)sYD12(200)3CY(200)
59SIGST(200)9s51GSTF(200)9SIGSHI200)»SIGSE(200)9SIGDE(200)
659QBAR(10J) sXBAR(100) '

HE=2454%#CL.

R=2¢54%RAD

TR=2e54%TR

TE=2454%TE

DENC=1,.659

DENR=1.85

DENE=DENR

S5C=1.0-V

1168 ACOR=3,1416#R*%*2

AC=ACOR¥{1,0~-SC)#0,0001

EWTC=ACOR*HE®*SC#DENC*0,001

EWTR={3e1416%(R+TR)##2=-ACOR) *(HE+TE)*DENR*SR#*¥0s001

EWTE=ACOR*TE#*SE#DENE*#0,001

EWTT=EWTCH+EWTR+EWTE

RAD=R /2454

TE=TE/2e54

TR=TR/24+54

AC=10000,0%AC/(14440%2,454%%2)

EWTC=242%EWTC

EWTR=2+2*EWTR

EWTE=2¢2%EWTE

EWTT=2e 2*EWTT

RETURN
END
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PRINTING OF RESULTS FROM REACTOR SIZE AND WEIGHT CALCULATIONS -

SUBROUTINE PRRCSW : ,
COMMON AsByTSsPSsTyPsCMsTITLESNPRyNPUSNGRITSEIPE s WA
1TSRIsPSRISTWMsCLIVIDsJULIESNPNEsPDyALPHASE)PNU TK: 1y .
2SIGRsSIGOSIGZIBOsTRITEISRySEIRADIACHIEWTCHEWTRIEWTE9EWT T
3RHOPS»SIGPSsPSMAXsDELTASDELPASWP»RHON»SIGMAN»CI 9y CIMAX
4WAGICME s CFAP s CFAPS)DELPSCHPE2yDELPCHFEXDyFMLD9XD129REBDS. :
5QsQTsCIOIMIETATSsPSEQI sPDAVITCWAV » TWMAX s TCMAX sGWT 9 CLDYACCH
6WPCoFPCoGV XL IRHOIyXPLyDQADXL s TWsTCoYLsFIYDIFEXDsYD129QY
TRADsACIWPSsTPSoDTaWNCIWNDsWN s AEsDEyCNL oDNLsWTPsPTP9SIGSTS
8SIGSTPsSIGSHsSIGSEsSIGDESPNEsPEN»WSYS»QBARXBAR
99 CONDK » CONDR» CFA
DIMENSION A(6940)9B(6+40)9TS(200)sPS(200)sT(200)9sP(200)s
1CM(200) s TITLE(12)+PD(200)9SIGR(200)»SIGO{200)951G2(200)»
2FEXD(200)»XD12(200)sREBD(200)9Q(200)9XL(200)
3RHOI(200)9XPL(200)oDQQDXL(ZOO);TW(ZOO)QTC(ZOO)oYL(ZOO)o
4F1YD(200),YD12(200)»QY(200)
59SIGST(200)»SIGSTP(200)sSIGSH(200)9SIGSE(200)»SIGDE(200)
6sQBAR(100)»XBARI(100)
PRINT 4001y (TITLE(1)s1=1512)
PRINT. 2003 : :
PRINT 2006
PRINT 2007+ CL» TEDTRoSROSEoBO
PRINT 2008
PRINT 2009 ' ‘
PRINT 2010y RADSACHIEWTCHEWTRIEWTESEWTT
IF {(NPU) 204520410
10 TIl=TITLE(S)
PUNCH 2005
PUNCH 2006
PUNCH 20079 CLsTE»TRsSR9SEsBO»TI1
PUNCH 2008
PUNCH 2009
PUNCH 20109 RADIACHEWTCHEWTRIEWTESEWTT»TI
20 CONTINUE . _
2005 FORMAT(58H0 L. TE TR SR - SE .
180} - . :
2006 FORMAT(59H - IN, INe - INe
1CM2) o
2007 FORMAT(5F10e3sF1248412XsA6)

2008 FORMAT(58H0 RAD - ~ AC EWTC EWTR ‘ EWTE

17T :
2009 FORMAT(59H INe FT2 LB LB LB
1 L8) ’ ‘ ‘ ‘
2010 FORMAT(6F106e2914X0A8)
4001 FORMAT(1H1A5,11A6).
RETURN
END
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LIST
LABEL

CALCULATION OF PRESSURE SHELL WEIGHT

RHOPS 15 IN LB/FT3
DR AND CLR IN FEET»s WPS N POUNDS

SUBROUTINE PRSH )

COMMON AsBsTSsPSsTePsCMHy TITLESNPRINPUSNGRITSEIPSEsWA
1TSRIWPSRINTWMeCL VD JULIESNIPNEsPDsALPHA»E9PNUSTKoMy
2SIGRsSIGOISIGZyBOITRITEISRySEIRADIACIEWTCHEWTRIEWTEYEWT T
3RHOPSsSIGPSsPSMAXsDELTASDELPAIWP sRHONS SIGMANCI oCIMAX
4GWAGICME s CFAP 9 CFAPSDELPSCHYPESDELPCHFEXD»FMLD s XD12+REBDY -
5QsQTsCIOIMHIETATSIPSEQOI +PDAV I TCWAV s TWMAX s TCMAX s GWT 3 CLD9ACC Y
6WPCIFPCsGV o XLIRHOI o XPLsDQQDXL s TWoTCyYLsFIYDSFEXDsYD129QYs
TRADSACIWPS»TPSyDTsWNCIWNDsWN2AEsDEsCNLoDNLIWTPsPTPsS1GSTy
8SIGSTPySIGSHSIGSEYSIGDESsPNE9PENIWSYSsQBARIXBAR
9 9CONDK»CONDRyCFASRLD s SIGSHM 9 SIGDEM s PNEX s CIEX 9 THRUST o WBL s YWsHPP

DIMENSION A(6940)9B(6940)sTS(200)9PS(200)9T1200)9sP(200)
1CM(220) s TITLE(12)9PD(200)sSIGR(200)»SIGO(200)9S1G2(200)
2FEXD(200)9XD12(200)+REBD(200)»Q(200)9XL(200)»
3RHOI(200)’XPL(ZOO)!DQQDXL(ZOO)’TW‘ZOO)OTC(ZOO)DYL(ZOO’O
4FIYD(200)»YD12(200)5QY(200)
SQSIGST(ZOO’DSIGSTP(ZOO)OSIGSH(ZOO)!SIGSE(ZO0,0SIGDE(zoo’
69QBAR(100) s XBAR(100)

DR=2,0% (RAD+TR)/Z1240

CLR=({CL+TE})/12.,0

WPS23,14159%RHOPSHDR*¥2#CLR*PSMAX#*# (1, 0+DR/(400*CLR))/(2.O*SIGPS) ’

TPS=12,0#PSMAX*#DR/ (2,0#SIGPS) .

RETURN

END
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L1sT
LABEL
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CALCULATION OF TURBOPUMP WEIGHT

PTP 1S IN PSIA AND WP IS IN LB/SEC

ANNANNOND N ¥ X

SUBROUTINE TP '

COMMON AsBsTSsPSsTyPsCMyTITLESNPRyNPUINGR»TSEsPSEswWA S :
1TSRISPSRIsTWMeCL s VIDsJULIEsNsPNEsPDsALPHASEsPNUs TKsiMy - s
2SIGRySIGOSIGZ9BOs TRy TEsSRISESRADYACIEWTCHEWTRIEWTESEWTT %
3RHOPS s SIGPSsyPSMAXsDELTASDELPA WP yRHON SIGMAN s CI s CIMAX ' E
4WAGICME 9 CFAP s CFAPSsDELPSCsPESDELPCHFEXDyFMLD9XD129REBD ’
5Q9QTsCIOIMIETATSsPSEOI sPDAV s TCWAV s TWMAX 9 TCMAX » GWT s CLD s ACC {
6WPCsFPC GV o XL sRHOI o XPLsDQADXL s TWeTCeYLsFIYD9FEXDsYD12+QY ;
TRADSACIWPS s TPSeDTsWNC o WNDsWNs AEsDEyCNL o DNL sWTP9PTP9SIGS Ty .
8SIGSTPsSIGSHsSIGSEsSIGDEWPNEsPENIWSYS»QBARXBAR ?
93 CONDK s CONDR 9 CFAYRLD 9 SIGSHM» SIGDEMyPNEX s CIEX 9 THRUST s WBL » YW:HPP g

DIMENSION A(6940)sBl6s40)sTS(200)sPS{200)sT(200)sP1200)> :
1CM{202)sTITLE(12)9sPD(200)sSIGR(200)sSIGOI200)9SIGZ(200)
2FEXD(200)9XD12(200)sREBD(200)sQ(200)eXL(2C0)
3RHOI(200) 9 XPL(20C)sDQADXLE20D)»TW(200)sTCI200)92YL(200)
4FIYD(200)sYD12(200),QY(200)
SQSIGST(ZGO)'SIGSTP(203)’SIGSH(ZOO)9316:5(200)051605(200’
69QBAR(100) s XBAR(100)

PTANK=20.0

EFFTP=045C

EFFP=SQRTF(EFFTP)

DELHT=17754,0

RHCLH=4 44

PTP=1,33#PSMAX

YW=144,0%(PTP~PTANK) /(778 0*EFFTP*RHOLH*DELHT)

HPP=144 4 0% WP* (PTP~PTANK} /(550 0%¥EFFP*RHOLH)

WBL=YWxWP

WTP=0,00251%PTP*WP

RETURN

END
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LIST
LABEL

CNOZ1
CALCULATION OF NOZZLE SIZE AND WEIGHT

RHON IS IN LB/FT3s DR AND DT ARE IN FT
HALF ANGLE OF CONVERGENT SECTION IS 30 DEGREES
HALF ANGLE OF DIVERGENT SECTION IS 15 DEGREES

SUBROUTINE NOZ
COMMON A3BsTSsPS»ToPsCMsTITLE NPR:NPUyNGRoTSEoPSE’XXO
1TSRISPSRISTWMICL9VsDsJULIEINsPNEsPDyALPHASE)PNU»TK M,
2SIGRsSIGOSSIGZsBO»TRIZZISRYY sRADIACIEWTCHEWTRIEWTESEWT Ty
3RHOPS s SIGPSsPSMAXsDELTAYDELPA WP sRHONsSIGMAN 9 Cl s CIMAX
4WAGYZZZ sCFAP s CFAPSHDELPSCyWWIDELPCH)FEXDsFMLD»XD129REBDS
5Q9QTsCIOIMSETATS»PSEOI yPDAVITCWAV I TWMAX s TCHMAX9GWT yCLD9ACCY |
6WPCHFPC oGV XLoRHOT 9 XPLIDQAADXL s TWsTCo YL FIYDIFEXD»YD124QY o
_TRADAC WPS»TPS»DT sWNCsWNDsWNs AEsDE9sCNLoDNLIWTPsPTPSIGSTy
8SIGSTPSIGSHsSIGSEsSIGDE+PNESPENIWSYSsQBARYXBAR
9’CONDK9CONDR.CFA'RLD‘SIGSHM’SIGDEM’PNEX’CIEX’THRUST!WBLDYW’HPP
DIMENSION A(6940)9B(6940)sTS(200)9sPS(20039TL200)sP(200)
1CM(200) s TITLE(L12)9PD(200)sSIGR(200)sSIGO(200)»SIGZI200)
2FEXD(200)»XD12{200)4yREBD(200)1sQ(200)s XL €200)
3RHOI(200)sXPL(200)sDQADXLE200) »TW(200)9TCL200)9YL(200)
4FIYDI200)sYD12(200)»QY(200)
53SIGST(20C)sSIGSTP(200)9SIGSH(200)sSIGSE(200)9SIGDE(200)
6sQBAR(100) »XBAR(100)
R=2149859
RBAR=82,0618
6GCE=9804665
GCM=1033,23
TSE=TSE/1e8 :
DELTA=DELTA/1.8
CALL PROPS (TSE’PSE'A’BO-I’JULIE’WIZORHO'HSEDSSEOCP.GAMSE.
IDHP'DST’DSPvOMEGT90MEGPoSIGT,SIGP'ZETATQZETAPQEMU’CLAMoPR)
GME=140+( (GAMSE=140)/240)
10 TT=TSE/GME
PT=PSE/GME#%*({ GAMSE/ (GAMSE=~140))
20 CALL PROPS (TTsPTsAsBs+lsJULIESWT9Z9RHOTIHT9STeCPT9GAMT9DHPT
1DSTTsDSPTyOMEGTT»OMEGPT»SIGTTsSIGPTyZETATT»ZETAPTHEMUSCLAM,PR)
CM2=2,0%WT#(HSE=HT) /(GAMT®*R*TT)
CMT=SQRTF{CM2}
DELM2=140~CM2
DELS=SSE~ST '
DM2DT=—-CM2%(1+0~OMEGTT+ZETATT+CPT#TT/ (HSE=HT))/TT"
DM2DP=CM2% (OMEGPT~ZETAPT=PT#DHPT/ (HSE-HT))/PT
DELT=(DM2DP*DELS-DSPT*DELM2)/(DM2DP*DSTT=DM2DT*DSPT)
DELP=(DELS~DSTT#DELT)/DSPT
IF (ABSF(DELT)=DELTA) 5045060
50 1F (ABSF{(DELP)=DELPA) 80,80+60
60 TT=TT+DELT
PT=PT+DELP
GO TO 20
80 VT=SQRTF(GAMT*RBAR*TT*#GGCS*GCM/WT)
WA=RHOT*VT
WAP=WA* (30,48%#2)/45345924
AT=(1,0~-YW)*WP/WAP .
DT=SQRTF(4+0%#AT/3414159)
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DR=2,0% (RAD+TR) /1200
WNC=145%3414159#RHON*¥DR*PSE* ( DR**2~ or**z)/cs.o* o
1SINF(3614159/640)%SIGMAN) o . ' P
C1=0s147 : : i
€2=04000268
C320,0000117
PStF=l44+0%PSE
AET=5040
WND=C1#DT*#*2%PSEF#¥(160/340) #(AET=140)+C2#PSEF#DT#%3%
1(AET*#(140/640)=100)+C3¥PSEF*DT##3
WN=WNC+WND
WANE=WA/AET
CME=5,0
GME=1, 0+((GAMSE-I.O)/Z.O)*CME**Z
TE=TSE/GME
PE=PSE/GME** (GAMSE/ (GAMSE=1401)
1250 CALL PROPS(TEsPEsAsBs+19JULIEIWEsZsRHOE) HE;SE:CPEoGAMEgDHPE.DSTE.
1DSPEyOMEGTEOMEGPE»SIGTE»SIGPE»ZETATE » ZETAPE 1 EMUSCLAMIPR)
CM2=22,0*WE#* (HSE=HE )/ (GAME*R*TE)
CME=SQRTF(CM2)
VE=CME# SQRTF ( GAME*RBAR#*TE#GGCS*GCM/WE)
DELWA=WANE=RHOE#VT
DELS=SSE~SE ,
DWADT=WA* ( (OMEGTE~SIGTE=140)/TE-CPE/{240*(HSE=HE)))
DWADP=WA* ( (OMEGPE~SIGPE+140) /PE=DHPE/ (24 0% (HSE=HE)))
DELT=(DWADP#DELS~DSPE*DELWA)/ (DWADP#DSTE=DWADT#DSPE)
DELP=(DELS~DSTE*DELT)/DSPE
1320 IF (ABSF(DELT)=DELTA} 1330513301340
1330 IF (ABSF(DELP)=DELPA) 1370513701340
1340 TE=TE+DELT
FE=PE+DELP
GO TO 1250
1370 PNEX=PE
CALL SIMP(TSEsPSEsPNEXsCIEX)
AE=AET#3414164DT#¥2/440
CNL=12.0*(DR-DT)/(ZoO*TANF(3.14159/6oO))
DT=12,0%DT
DE=DT#SQRTF(AET)
DNL=(DE~DT)/ (2, 0#TANF(3e14159/71240}))
TSE=1,8#TSE
DELTA=1+8%DELTA
PEN=AET
RETURN
END
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LIST
LABEL

CRMIS]

C
C
C

15
17
20

30

MISSION CALCULATIONS

SUBROUTINE RMIS

COMMON AsBsTSsPS5sTyPsCMy TITLEQNPR’NPU’NGR’TSF’POt WA
1TSRIZPSRIsTWMsCL VDo JULIE SN sPNEsPDyALPHASEyPNUs TKsiMy
2SIGRySIGOISIGZsBOITRITEISRISEIRADIACIEWTCIEWTRIEWTESEWT Ty
3RHOPS95IGPS)PSMAX9DELTA9DELPAoWPsRHONoSIGMAN,CI;CIMAXi
GWAGICME s CFAP s CFAPSSDELPSCsPESDELPCHFEXDsFMLD9XD124REBDY
5QeQT 9y CIOIMYETATSsPSEDT yPDAV s TCHWAV I TWMAX 9 TCMAX 9 GWT o CLD9ACC
SWPCHIFPC oGV e XLIRHOI s XPL sDQADXL s TWs TCyYLWFIYDYFEXD9YD129QY
TRADSACIWPE s TPSsDT s WNCyWND s WN s AL 9 DE S CNLsDNLsWTPIPTP»SIGST
BSIGSTPISIGSHsSIGSEsSIGDESPNEsPENIWSYS»QBAR s XBAR

S 9sCONDK sy CONDRyCFASRLD 9 SIGSHMs STGUEMyPNEX s CIEX s THRUST s wWBL » onHPP

COMMON VP sHP 3 PTANKsRLAM TPy WH2 sWTANKyWE sWGHFOWGH WS eWDL yWPL
1,CBARYCISP ' ‘ ‘
DIMENSION A{(5940)sB(594C)sTSI20C)sPS(200)sT(200)sP(200)
lCM(ZOO)vTITLE(lZ)9PD(20U),SIGR(200)95160(200)95162(200)0
2FEXD{2001sXD12(200)sREBD(200)sQ2(200)sXL(200)
3RHOI(200) s XPL{200)+sDQADXL(2C0)»TH(200)»TCI{200)9YL(200)
4FIYD(200)sYD12(200)5QY(200)
5)5IGST(2U3)’SIGSTP(ZCU)’SIGSH(ZOO)QSIGSE(ZOO))SIGDE(ZOO,
69sQ3AR(100) sXBAR(1CO)

G=32.174

PTANK=20.9

CISP=CI#(1.0-YW)

CBAR=324174*CISP

TPA=0,1

TP=04,0

TPP=0,0 :

ATP=G/(2+.0%CBAR)

DTP=HP/CBAR

RLNLAM=(VP+G*TP)/CBAR

RLAM=EXPF{RLNLAM)

BLAM=140-RLNLAM/ (RLAM=1,0)

IF (BLAM¥%2-44,0%ATP#DTP) 15915517

TP=TP+1040

GO TO 20 .
TP=(BLAM-SQRTF(SLAM*##2=4 ,OXATP*¥DTP) )/ (2.0%ATP)

IF (ABSF(TP=TPP)~-TPA) 3030520

TPP=TP

GO TO 10

WH2=WP*#TP

WTANK=6e88E+07#(1e131E~11%WH2*PTANK*%3+0, OO407)/(PTANK**2)
WE=WHZ2/ (RLAM=~1,0)

WG=WE+WH2

FOWG=THRUST/WG

WS=0,02%#WG

WDL=WE-WTANK-WSYS

WPL=WDL-WS

RETURN -

END
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LISTY

»*

* LABEL

CPRSYSI

C

C PRINTING OF RESULTS FOR NUCLEAR ROCKET SYSTEM
C

SUBROUTINE PRSYS . ' '
COMMON - AoBoTSoPSoT PoCM TITLE:NPRoNPUuNGRnTSEoPSEoWA'

"1ITSRIWPSRISTWM9CL VD9 JULIE SNy PNEsPDyALPHASE s PNU» TK9My

2SIGRYSIGO»SIGZ1BO»TRyTEISRISEsRADIACHEWTCHEWTRIEWTEIEWT T
3RHOPS+SIGPSsPSMAXsDELTAsDELPAsWP sRHONs SIGMAN9CI s CIMAXY
4WAGCME 9 CFAP s CFAPS»DELPSCyPEsDELPCHFEXDFMLD»XD12,REBDY
5QeQTsCIOIMIETATSIPSEQT yPDAV» TCWAV » TWMAX » TCMAX yGWT 9y CLD9ACCy
6WPCHFPCsGV o XLoRHOI s XPLyDQADXL s TWoTCoYLWFIYDyFEXDsYD129QY

TRADSACIWPSsTPSsDTsWNCsWNDsWNs AEsDEICNLsDNLaWTPsPTPSIGST

8SIGSTP»SIGSHSIGSEsSIGDESPNEYPENIWSYS»QBARIXBAR
99 CONDK s CONDR 9 CFAYRLD s SIGSHMy SIGDEMyPNEX 9 CIEX s THRUST sWBL » YW s HPP
COMMON VP sHP, PTANK»RLAM;TP:WHZprANKoWE:WGoFOWGgWSoWDLQWPL

..19CBARCISP

DIMENSION A(6o40)oB(6.40)aTS(ZOO)’PS(ZOO)OT(ZOO)vP!ZOO)o
1CMI200)»TITLE(12)9PD(200)+sSIGR{200)4SIGO{200)9SIGZ(200)
2FEXD(200)9XD12(200)sREBD(200)»Q(200)+XL{200) '
3RHOI(200)9XPL(200)9DQQDXL(ZOO)vTW(ZOO)oTC‘ZOOIlYLtZOO)D
4F1YD(200)9YD12(2C0)»QY(200)
5'$IGST(ZOO)oSIGSTP(200)oSIGSH(ZOO),SIGa:(ZOO)uSlGDE(ZOO)

oQBAR(lOO)oXBAR(lOO) .

AET=PEN .

CHN=WP/WPC

QONAAV-IOOOOOOoO*PDAV*RAD**Z/(3-41275*12.0*D*CHN)

WSOWPaWSYS /WP

WSOF=WSYS/ THRUST

RZET=1,40-1,0/RLAM

POWSYS"O.OOIOSS*Q(M)*(loO—YW)/WSOWP O CT

- WPLOWG=WPL/WG

POWER=POWSYS#*#WSYS .
POWERT=POWER/(140-YW) .
POEWTT=POWER/EWTT:
PTEWTT=POWERT/EWTT
POAC=POWER/AC

PTAC=POWERT/AC S

PRINT 4001, (TITLE(I)!I’I.IZ)

" 'PRINT 4041
. PRINT- 4042

© PRINT 4044;
PRINT 4050

" UPRINT 4045.PS(M)oDELPSCoPE-P(M),DELPC.T(I)oTcM) B

PRINT 4043; CI.CIMAX WAG’CME.CFAoCFAP:CFAPS

PRINT 4046 .
PRINT 4051 ’
PRINT 4047, FEXD(M)OFMLD’XDIZ(M,’REBD(M)!REBD(I"Q(M).QT

* PRINT 4048 -

PRINT 4052 o A
PRINT 4049, CM(M)oCIOIMoETATS'PSEOIoPDAVpTCWAVnTWMAX
PRINT 4058 . A

PRINT 40%3. o '

PRINT aose. TCMAX.GWT’CLD’ACCoWPCoFPCpGV

PRINT 2008" LT o

PRINT 2009 s

PRINT 2010, RAD.AC.EWTC-EWTR.Ewrsoewrt
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10

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

1000

1010 : o

1020y TPSIWPSHIRLDISIGSHM»SIGDEM

1030 .

1040

10509 DTsDEYAELAET»CNL»DNL

1060 .

1070

10809 WNCHWNDyWNIPNEX»CIEX» THRUST

1090 :

1100

1110y WTP+PTP oWPyWBL oYW sHPP

1111

1112 ‘ » )
1113y CHNyQONAAVIWSOWP s WSOF »yPOWSYS s WPLOWG |
1120

1130

1140y EWTTH»VWPSIWNIWTPIWSYS

1150

1160 .

1170y WH2yWTANKsWSH»WEsWGrWDL pWPL

1180

1190 :
1200y CBARYCISPHIPTANK»FOWGIRLAM» TPHRZET
1210

1220

1230y POWERIPOWERTYPOEWTTIPTEWTT9POACHPTAC

IF (XABSF(NPU)) 20420910
TI1=TITLE(8)

PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH
PUNCH

4041

4042

4043y ClyCIMAXIWAG) CME.CFA»CFAP.CFAPS.TII
4044

4050
QOAS’PS(M)’DELPSCoPEoP(M)0DELPC’T(1)3T(M’0T11
4046

4051 ‘
40479FEXD(M)'FMLDsXDIZ(M)vREBD(M)9REBD(1)’Q(M)vQT TII
4048

4052

4049, CM‘M)’CIOIM!ETATSDPSEOI'PDAV!TCWAVQTWMAXOTII
4055 )

4053 .

40569 TCMAX»GWTsCLD2ACCHWPCsFPCoGVyTI1

2008

2009 . .

2010y RADIACHEWTCHEWTRIEWTEIEWTTHTI

1000 )

1010

1020y TPSyWPS9RLD»SIGSHMySIGDEMYTI

1030

1040

1050y DToDEsAEIAET»CNLWDNLSTI

1060

1070

10805 WNCHWNDWN)PNEX»CIEX» THRUSTHTIL
1090 . :
1100

1110 WTPsPTPyWPsWBLaYWsHPP»TI
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PUNCH 1111

PUNCH 1112 :
PUNCH 11134 CHNyQONAAVsWSOWP s WSOF sPOWSYSeWPLOWGs T
PUNCH 1120
PUNCH 1130
PUNCH 1140 EWTToWPSsWNIWTPIWSYS»TI1
PUNCH 1150
PUNCH 1160 ' -
PUNCH 1170y WH2yWTANKsWSIWEsWGsWDLIWPLTI1
PUNCH 1180 ’
PUNCH 1190 :
PUNCH 1200y CBAR»CISPIPTANK»FOWGIRLAMyTPHRZET»TIL
PUNCH 1210
PUNCH 1220
PUNCH 1230y POWERSPOWERTsPOEWTTsPTEWTTIPOACSPTACYTIY
PUNCH 4057 : :
1000 FORMAT(48HO TPS wPS L/D SIGSHM SIGDEM)
1010 FORMAT(48H INe L8 PSS! PSI)
1020 FORMAT(B5F1063924X9A8)
1030 FORMAT(58H0O DT DE AE AE/AT CNL
INL) .
1040 FORMAT(58H INe INe FT2 INe
INs)
1050 FORMAT(6F10e43014X0A6)
10601F0RMAT}58H0 WNC WND WN PNEX ClEX
sT) ' '
1070 FORMAT(58H L.B L8 " LB PSIA LB=SEC/LB
iL8)
1080 FORMAT(5F10434F10e1914X9A6) : i
1090 FORMAT(58H0O WTP PTP we wBL w
1PP)
1100 FORMAT(58H LB PSIA . LB/SEC -LB/SEC
1HP) :
1110 FORMAT(5F10433F10e1914X3A8)
1111 FORMAT(58HO CHN QAV/A WS S/WP WSYS/F P/WSYS
1WG) : : .
1112 FORMAT(48H BTU/HR-FT2 LB-SEC/LB MW/LB)
1113 FORMAT(2F10e¢194F10s4914X2A0) o
1120 FORMAT(48HO EWTT WPS . WN WTP "WSYS)
1130 FORMAT(49H L L8 LB LB LB)
1140 FORMAT(5F10e2924X9A8)
1150 FORMAT(68HO wHe WTANK WS WE WG
1DL WPL) '
1160 FORMAT(68H. L8 LB LB L8 L8
L8 LB} » . .
1170 FORMAT(TF10s1lo4XsAb) , : :
1180 FORMAT(&8HQ CBAR CISP . PTANK F/WG RLAM
TP RZET) ’ . .
1190 FORMAT(58H FT/SEC LB-SEC/LB PSIA
1EC) . -
1200 FORMAT(2F1004195F10e394X9A6) ‘
1210 FORMAT(58H0 POWER . POWERT P/ZEWTT PT/EWTT pP/AC
1AC)Y
1220 FORMAT(58H MW MW Mw/LB MW/L8 MW/FT2
172
1230 FORMAT(2F104192F100392F1041914XsA6) '
ZCOBIFORMAT(58H0 RAD AC EWTC EWTR - EWTE
™ :
2009 FORMAT(59H

INe  FT2 L8 L8 L8
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1 LB)
2010 FORMAT{6F1042914XsA8)
4001 FORMAT(1H1AS5411A6) :
4030 FORMAT(69HODIMENSIONS OF VARIABLES~PIPSI), T(DEGREES R)s QIBTU/LB)
ls L AND DU(IN))

4061 FORMAT{68HO 1P 1SPMAX W/A CME " F/A F
17A  F/A=PO1) : ‘
4042 FORMAT(60H LB=SEC/LB LB-SEC/LB GM/CM=SEC GM/CM2 L8
1/7FT2) .

4043 FORMAT(3F10439F10e632F10425F10e654X9A6)

4044 FORMAT(69HO PSM DELPS PE PM DELP
1 TE ™) .

4045 FORMAT(7F104394X2A6)

4046 FORMAT(68HO FEL/D FML/D ~ L/sD12 REBM/D REBE/D
1o - -aT)

4047 FORMAT (2F1006sF100392F1040s2F100254XsA6) :

4048 FORMAT (68HO CMM 1/IMAX . ETATS  PSE/PSI PDAV TCW
1AV TWMAX) '

4049 FORMAT(4F104693F104394X9A6) ' . ’

4050 FORMAT (69H PSIA PSIA PSIA ~  PSIA PSIA DE
16 R DEG R) ' '

4051 FORMAT(68H - 1/1Ne2 1/1IN 1/IN . BTW/
LB BTU/LB) . -

4052 FORMAT(&8H » o MW/FT3 DEG
1R DEG R) - u

4C53 FORMAT(68H  DEG R INe IN2 LB/SEC"
L8 ) '

4055 FORMAT(68HO TCMAX GWT L0 ACC wPC F
1PC GV) ‘ :

4056 FORMAT(3F104354F104694X9A6)

4057 FORMAT(9H END)

20 RETURN

END
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4, Sample Problem

The data and results for a typical run are presented in
this section. The power distribution is a chopped sine func?
tion which is specified analytically. The number of iterative
steps used t§ obtain the heat transfer characteristics in the
reactor is 50. The time required to do these calculations oﬁ

an IBM 7090 is approximately 0.5 minutes.
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DATA FOR SAMPLE PROBLEM

1ROCKET SYSTEM CALC.-QOFX FOR CHOPPED SIN RSS001 05/11/64
o+l +1 0 +2 50
4668,000 800,000 0.858 4004000 12004000 . - Ce000
49,620 0300 0.100 31.300

14,6959 2600040 158400040
0428000E-05 0014000E+07

3.150 1,181 Ce900
J¢484C0E+03 0«6C000E+CS
0e48400E+03 0+600C0E+05
245000 :

D-54
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RESULTS FOR SAMPLE PROBLEM

ROCKET SYSTEM CALCo=QOFX FR CHOPPED SIN RSS001  05/11/64
CQ1%2.5000 . ,

ROCKET SYSTEM CALCo=QOFX FOR CHOPPED SIN RSSO0 05/11/64 |

DIMENSIONS OF VARIABLES-P(PSI)y T(DEGREES R}y Q(BTU/LB)y L AND D(IN)

TSE PSE WA TSRI PSRI TWM
4668,000 800,060 ¢858 4000000 12004000 Do
L v b . K K
494620 300 100 0125 304240
ISP ISPMAX W/A CME - F/A F/A  E/A-POL
LB=SEC/LB LB-SEC/LB GM/CM=SEC GM/CM2  LB/FT2
7584380 789,135 604323 4338291 45748406 93699.41  +568759
PSM  DELPS PE PM DELP TE ™
11444053 3444053 7434975 11404802 3964827 4597,190 3990765
FEL/D FML/D L/D12  REBM/D  REBE/D Q et
~2.750610 =1.976105 7864456 2056414 393564 =16464s71 =16464als
CMM 1/1IMAX ETATS PSE/PSI PDAV TCWAY TWMAX
1060907  «961027  +969890 0699268 1550685  201s699 48000499
TCMAX GWT L/ ACC WPC FPC oV
49264613 0050 4966217 +007B53  +006738 54110162 793563
D-55
;




ROCKET SYSTEM CA
X/L

¢
121043
¢170300
+208014
0239794
0267817
0293206
¢316629
0338525
¢359198
¢378870
¢397708
0415842
0433372
0450381
0466938
¢483099
0498912
0514418
0529654
0544652
0559439
«574039
0588474
«602766
06516932
0630991
0644981
«658859
0672700
¢686503
«700288
¢714075
0727883
«741735
¢755661
¢ 769686
¢783837
0798142
e812633
0827344
«84233¢
0857661
«873358
¢889478
e906118
923383
0541322
0960018
0979611

1.,000041

M
0338291
0302147
0288257
0277815
0269140
0261569
0254765
024853)
0242737
0237294
0232137
0227212
0222480
0217919
0213496
0209191
0204987
0200871
2196829
0192852
2188930
¢185059
0181220
e177412
0173621
0169845
0166088
0162340
¢158590
0154842
¢151092
0147334
0143563
¢139773
e13565¢8
e132126
¢128256
0124336
¢120358
¢116319
0112199
+108031
0103728
0099275
0094653
2089534
0084916
0079582
+073895
0067867

2060907

LCe=QOFX F
T

46684000
4582,640
4497,280
44114920
43264560
4241,200
41554840
40704480
39854120
3899, 760
38144400
37294040
3643,680
35584320
34724960
3387.600
33024240
32164880
31214520
30464160
29604799

28754440

27904079
27044719
26194359
25334999
2448,639
23634279
22774919

.21924559

2107.,199
20214839
19364479
18514119
1765,759
16804399
1595,039%
1509,679
1424,319
1338,959
1253,599
11684239
1082,879
9974519
912,159
8264799
7414439
6564079
5704719
485,359
400,000

45974190
4325,755
4445,468
43634856
4281,591
4198,925
4115,984
40324837
39494531
3866,093
37824544
36984895
3615,157
3531,337
3447,445
3363,484
32794461
3195,379
3111,242
3027,053
2942,816
2858,532
27744202
2689,829
26054416
25204964
24364474
2351,949
22674389
2182,795
20984171

2013,516

19284833
18444119
1759,371
1674.602
1589,805
1504.977
14204127
1335,248
12504330
11654400
10804437
9954433
910+406
825,364
7404281
6554172
5706023
484,898
3994765

D-56

OR CHOPPED SIN RSS001
S T PS

800,000
8744193
9024013
9224340
9384831
9524858
9654150
976,133
986,088
995,204
1003,.624
1011,453

10184773

10254643
1032,117
1038,238
1044,036
10494544
10544784
10594778
10644545
1069,103
1073, 462
1077,636
1081,631
1085,463
10894136
10924661
10964045
1099,295
11024413

1105,412

1108,291
1111.059%
1113,717
11164274
1118,831
1121,096
1123,361
11254626
1127,634
11294643

1131,651

1133,413
11354174
11364936
1138,469
11404002
1141,443)
1142,859
1144,053

05711764
p
7434978
8244736
8554259

- 8774700

8954970
9114588
9254326
9374654
9484870
9594184
9686747
977671
9864045
9934937
10014402
10084486
10156225
10214652
1027.792
10334669
1039.,302
10444708
10494904

‘105409°°v
10594710

10644343
10680809
10734116

1077273

10814286
10854162
10884908

10924529

10964031
1099.419
1102.700
1105¢875
11084948
11114923
11144803
11174591
1120+291
1122.904
11254434
1127.878
11300241
11324524
11340724
11364839

11384868

11404802

1000 RHO .
0017454
0019699
0020799
0021745
0022625
0023473
0024306
¢025136
0025971
0026817
e027679
0028561
0029468
«030403
0031371
032375
¢033419
«034507
2035644
0036835
0038085
«039400
0040787
0042252
0043804
0045452
0047206
0049077
¢051080
e053230
0055544
0058043
e 060752
063700
0066921
e 070456
0074355
¢078680"
0083504
088923
0095058
2102061
¢110136
¢119556
0130691

- 0144064
0160445
0180992 .
0207563
0243284
2293981




ROCKET SYSTEM CALC

XPsL
’\.:.
60522
e145671

0189157

0223904
+253805
e280511
¢304918
«327577
«348862
¢369034
+388289
e 406775
0424607
0441877
e 45856C
«475019
e4910206
«505665
¢522036
¢537153
0552C45
«566739
«e581257
¢595620
+609849
05623961
¢637976
+65191¢C
«665779
579602
0693396
«707182
e 720979
0 7348C9
e 748698
e 762673
e 776761
e790989
«805387
«819988
e834840
e849998
+865509
«881418
¢897798
¢914751
0932353
«950670
«969814
«989826

o e e KR SR Pty B R A SRR N

DAQDLXL
Je
0208410
o 494080
e031952
s 736814
e822622
e 895385
0958395
14013710
140625698
14106358
l¢1454009
14180422
le211768
14239848
14264925
164287225
1.306938
le324224
14339218
14252035
14262772
1e¢371516
1378337
1283298
14386455
1,387852
1,387531
l¢385523
1.381856
1,376547
14369611
14361051
143250866
14339042
le3255858
1.310376
14293452
16274733
l1e254148
14231615
1,227010
1,180183
1,150975
1,119221
1.084675
1.047006
1.005916
0961075
0912064
«858603

Tw
466£,000
4733,020
48004499
47964749
47774999
47514748
47194248
4683,623
46444248
46024372
45574997
45114747
44624997
44124995
43614121
4307.996
42524996
41964121
41384,€290
40794870
4019,870
39584620
28964744
3833,619
37694869
37044869
36394859
35744243
35074368
34404493
3373,618
3306.118
3238,618
3170.492
31024367
3C344242
29664117
28984617
28304492
27624366
2694 ,866
26274991
25614,741
24914741
24274366
23654490
2309,240
22594240
22224365
22064115
22274990

D-57

TC
Do
47754035
49004154
49240213
49264613
49174670
4899,.846
48764930
4848,712
48164717
47814148
47424775
47014082
46574409
4611,197
45634130
45124628
4455,728
44054715
4349.589
42924574
42334489
41734377
4111.628
4048,878
39844515
39194797
3854,107

37864827

3719.212
36514266

35824367

3513.140
3442,960
23724450
3301.605
32304418
3159.,504
3087.604
30154327
2943,281
2871e444
2799,782
27234891
26534111

25844268
125204420

24624132
24164213
2390,077
2401,169

+=QOFX FOR CHOPPED SIM R55001

PD
De

324448

764921

98,4385
114,711
1284070
139,398
149,208
157,819
155,448
172.243
1784323
183,771
1884654
193,026
196,930
2004402
203,471
2064162
2084496
2104492
212,163
2134524
214,586
2154359
2154850
2164068
2164018
215,705
215,134
2144308
213,228
211,895
2104309
2084469
2064369
2044006
2014371
1984457
195,252
191,744
187,913
183,737
1794190
174,246
168,868
163,003
1564606
149,625
141,995
133,672

05711764




Y/L FilysD FEX/D Y/Dl2 QY
1,000000 2,750610 O 7864456 16464416
o878957 24410644 «4332930 6914264 16048,82
0829700 24,268871 =a468409 6524528 15648414
¢791986 24159310 —e572143 6522.868 15255474
0760206 24066444 =0659552 597876 14870422
0732183 14984225 =¢736630 5754838 14450468
0706794 14909529 =4806462 565872 14116441
0683371 14840491 =+870889 5374451 13746480
0661475 14775889 =,931113 520231 13381,.36
¢640802 1,714872 - =4987974 5034974 13019466
6621130 14656816 «16042081 4884504 12661434
0502292 1,601252 =~14093895 4734689 12306408
0584158 1,547821 =1,143772 459,428 11953,66
0566628 14496235 =1,191989 4454642 11603492
0549618 14446266 =14238774 4324265 11256470
¢533062 14397723 ~1.284313 4194244 10911489
0516901 14350447 =16328764 4064535 10569440
e501088 14304305 ~14372257 394,099 10229.14
«485582 14259183 =14414907 381+905 9891.07
o 470346 14214981 =14456813 3694923 9555413
0455348 14171611 «14498064 358,129 9221429
0440561 14129000 =1538735 3464500 8889451
4259861 1,087083 «1,578893 335,018 - 8559483
0411526 1,045801 =1,618598 323,665 8232424
0397234 1,005103 =1,657906 31264426 7906476
0383068 0564940 =1,696870 301,286 7583439
0369009 0925266 =1,735540 290.229 726214
0355039 0886037 «14773965 279e243 6942499
0341141 0847216 =14812191 2684313 6625497
0327300 ¢808766 =1.850260 257428 . 6311407
0313497 o 770645 ~1,888226 2464573 5998s24
e299712 0732809 =~14926142 235,732 5687439
0285625 0695219 ~1.964062 2244850 5378¢45
0272117 0657832 ~24002041 2140031 5071435
0258265 0621294 =24040141 203,138 4765496
0244339 0583902 ~2.078443 1924186 44624,053
0230314 4546559 =2.117019 1814157 4159447
0216163 0509221 =24155942 - 1704028 3858.12
+201858 0471848 =24195288 158,778 3557489
0187367 0434394 =24235145 1474382 3258468
e172656 0396811 =2,275608 1354813 2960437
0157664 2359000 =2.,316844 124,023 2662444
0142339 0320889 =24358994 111,971 2364467
0126642 0282447 ~2,402170 994626 2067420
0110522 0243633 =2,446508 864949 177016
«093882 0204321 =2.492276 73,863 1473400
e076617 0164401 =24539765 604285 1175438
058678 0123926 ~24589105 464178 878428
«039982 0082933 ~2,640527 314475 582446
020389 0041433 «2,694418 16,067 288425
-s000041 0o Qe =56

~24750610

D-58

ROCKET SYSTEM CALC+~QOFX FOR CHOPPED SIN R55001

05/711/64
Q

Oe
-415434
-816402

=1208¢42
-1593494
~1973,47
=2347475
=2717438
~3082,80
=3444450
-3802,82
-4158,08
-4510449
~48680024
~5207445
~5552427
~-5894,476
~6235,402

-6573409

~6909402
-~7242487
7574464
-7904033
-8231,492
-855T7¢40
-8880e77

-9202+02

-9521416
-9838419
=10153409
=~10465492

«10776477

=~11085470
~11392.81
~11698419

=~12002411

«12304469
~12606404
«12906427
=13205448
=13503.79
~13801,72
«14099449
~14396495
=14693,99
=14991,16
=15288,78
=15585487
~15881470
=16175491
=16464471

REB/D
393564
399342
405262
411338
417568
423972
430558
437335
444317
451514
458941
466611
474541
482746
491245
500057
509203
518707
528593
538889
549625
560835
572554
584824
597688
611198

- 625408

640382
656189
672910
690633
709463
729517
1750932
769584
795610
823905
854789
888648
925962
. 967328 .
1013504
1065472
1124531
1192432
1271614
1365581
1479558
1621741
1805787

2056414




ROCKET SYSTEM CALCe=NOFX FOR CHOPPED SIN RS5001 05/11/64

ALPHA E NU K
1/DEG F PSI BTU/IN-SEC-F
¢28C00E-05 «14000E 07 _¢33G00E 00 ¢« 70000E=-93
D v

INe
¢ 100 «300

STRESS CALCULATIONS FOR ZERO STRESS GRADIENT AT R=B
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ROCKET SYSTEM CALCe=QOFX FOR CHOPPED SIN R35001

XL

Qe
01210
«1703
2980
#2398
«2678
02932
¢3166
«3385
03592
¢3789
«3977
«4158
04334
e 4504
e 45669
»4831
« 4989
+5144
«5297
e 2447
«5594
«5740
5885
«6028
e6169
«5310
«6450
«6589
e 6727
e6865
«7C03
«7141
e 7279
o 7417
e 7557
« 7697
«7838
+ 7581
«8126
«8273
e8423
«8577
«8734
«8895
+9C61
«9234
¢9413
«9620
«9796

1,0000

P
PSIA

7434975

8244736

8554259

877,700

8954970

9114585

9254326

937654

9484870

959,184

9684747

977671

9864045

993,937
10014402
10C08.486
1015.225
10214652
1027.792
1023.,669
10294302
1%44,708
1049,904
10544900
1059.710
10644343
10684809
1073,116
1077.273
1081.286
10354162
1088.908
1092.529
1096.031
1099.419
1102.700
1105.875
1108.948
1111,923
1114.803
1117.591
112C.291
1122.904
11254434
1127.878
1130,241
1132.524
11344724
1136.839
1138.868
1140,802

PD
MW/FT3
O

324446

76921

Y98.385
114,711
1284070
129,398
149,208
157.819
165,446
1724243
1784323
183,771
1884654
193,026
1964930
20Ce402
203,471
2064162
2084496
2104492
212,163
2134524
214,586
2154359
215,850
2164068
216,018
2154705
2154134
2144308
213,228
211,895
2104309
2084469
2064369
204,006
2014371
1984457
195,252
191.744
187.913
183,737
179,190
174,246
168.868
163,003
1564606
1494625
1414995
133,672

D-60

SI1GO
P51
~T744 40
=-463,1
20
218,47
38244
51546
628.1
725.1
8099
88446
950.8
100946
10¢1.9
110845
114947
1186.1
1218.1
1245.9
126947
128948
130645
1319,7
1329.6
133645
1340,.,2
1341,1
1339,.1
133442
132646
131642
1303.1
128743
126849
124747
122346
119761
1167.6
1135,2
105%9%.7
1061.1
1019.2

97348

92447

87145

813.9
75146
68460
61045
53046
44345
34849

S1GZ

PSl1

De
163.8
38843
49647
579.1
64666
7C3e7
75343
79647
835,42
86946
9003
927.8
95244
97445
994,42
10117

1027.2

104048
105246
106247
1071.1
1078.0
108343
1087.2
1089.7
1090.8
109046

- 10890
108661
1081.9

107645
1069.7
10617

- 105244

104148
102949
101646
100149
98547
96840
94847
92746
90446
87947
85245
82249
79046
75544
71649
67448

05711764

SIGR
P51

~744,0

-824,47

~85543

~87747

~89640

-91146

‘925.3

-937.7

~948,9

-959,2

~96847

~977e7

-986.40

‘99309
-100144
-100845
-1015,2
-1021,7
~1027.8
~1033,7
-103943
-1044,7
-104949
-1054,9
. =105947
-1064,43
=-1066.8
~1073,.1
‘1077.3
-1081.3
~-1085.2
~-108849
-1092,.,5
-1096.0
-1099.4
-1102.7
-1105,9
-1108.9
-1111,9
-1114.8
-111746
-1120.3
‘1122.9
=-1125.4
-112749
-1130.2
'~1132,5
=1134,7
~1136,.8
-1138.9
-11404,8°




ROCKET S5YSTEM CALCe=QOF

XL

Oe
01210C
e17903
¢ 208C
¢2398
02678
02932
e3166
¢3385
«3592
«3789
¢3977
¢4158
04334
« 4504
04669
«4831
24989
e5144
«5297
5447
¢5594
«5740
«5885
«6028
«6169
«631C
e6450
«6589
«6727
¢ 6865
e 7603
e 7141
«7279
e 7417
7557
« 7697
« 7838
«7981
«8126
«8273
«8423
¢ 8577
« 8734
«8895
«3061
09234
¢9413
¢9600
e5796

1.0000

"SICST
PSI
491,0
58848
669,9
71442
T4Be6
17762
8C1,8
823,4
86041
92545
983,45
1C035,.1
108142
112242
1158,6
119C.9
1219,.2
1244,9
126544
1283,6
1298,7
1311.0
132044
1327.1
1331,2
1332,8
1231,8
122845
1322.,7

131446

130442
1291.4
127644
1259,.,0
1239,3
12172
1192,7
116546
113640
1103,7
1068,6

1030,5

993,0
98844
983,3
97745
97069
96346
95544
94643
93642

SIGSTP
PS1

~498,45

-7264C

“984.1
‘1113.8
-1213,3
~1295,1
=1364,9
-1425.5
—147901
~1526,7
~156945
~16074,9
—1642.6
-167400
=170244
-17284,0
=1751,41
=1771.8
-179003
-1806,47
-1821,1
‘1833.7
“184404
‘1853.4
-1860,.8
-1866,5
‘187007
‘187303
-1874,.4
=1874,0
‘1872.2
~186940
~1864,3
-1858,1
-18504.6
-184106
‘1831.1
-1819,.,0
~1805.5
-1790,3
=-177344
=1754,7
=1734,2
=1711.6
-168648
~1659,6
-1629,8
~1597,1
~1561.2
~-1521,8
-147846

D-61

SIGSH

PSI
T4440 -

98845
1243,¢
1374 4,4
1475,1
1558,1
1629,1
163049
175848
1843,8
191945
1987.3
204840
210244
2151a.1
219446
2233.3
226745
225745
232345
2345,8
236444
237946
239144
240040
2405,5
2407.9
240743
2403,9
239745
238843
237642
236144
2343,7
232342
2299.8
227345
224441
2211.6
2175,6
2136,.,8
2094,1
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