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LARGE PAYLOAD NUCLEAR ROCKETS

by

JOHN DONALD CHRISTIE

Submitted to the Department of Mechanical Engineering in
partial fulfillment of the requirements for the degree of Doctor
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-
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
4800oR

(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
40000 Kelvin and for pressures from 0.01 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
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CHAPTER I

INTRODUCTION

A. Advantages of Nuclear Rocket Systems

As rockets 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 interest in nuclear rocket systems stems

from the vast amount of energy available from the fission reac-

tions in a nuclear 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 measure of performance of rocket systems

is the specific impulse that they can develop. Specific im-

pulse is defined as the ratio of the thrust developed to the

mass rate of flow of propellant exhausted from the rocket.

For ideal operating conditions when the nozzle exhaust pressure

is the same as the ambient pressure, the specific impulse is

equal to the exhaust velocity divided by go0  the acceleration

given to a unit mass by a unit force. This exhaust velocity

and consequently the specific impulse are directly proportional

to the square root of the propellant stagnation temperature at

the nozzle entrance and inversely proportional to the square

root of the molecular weight.
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In chemical systems the molecular weight of the exhaust

gases is determined by the fuel and oxidizer employed. The

average molecular weight of exhaust gases in chemical systems

is around 18 while diatomic hydrogen 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

inctease in specific impulse over a chemical system.

In reality the prolallant stagnation temperatures that can

be obtained in nuclear systems are presently lower than those

that can be reached in chemical systems. In chemical systems

the exhaust gases are generated by combustion, and the gases

can be at a considerably higher temperature than the combustion

chamber walls which are regeneratively cooled in a liquid pro-

pellant system. Exhaust gas stagnation temperatures in the vi-

cinity of 6000°F can be obtained in this manner. In a nuclear

system with a solid reactor core the energy must be transferred

from the core 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 temperature is

less than 60000F because suitable core materials have little or

no strength at this temperature. For solid cores which are

heat transfer limited, the maximum propellant stagnation temper-

0
atures attainable are nearer to 41500 F.



V

As a result of this temperature limitation, values of

specific impulse for solid core nuclear systems are in the

range of 700 to 800 lbf - sec/lb m. This is a factor of two

over the maximum specific impulse for chemical systems which

is about 350 lb sec/lb for liquid oxygen - liquid hydrogen (1)

f M

Bussard and DeLauer (2) have made a comparison of perform-

ance conditions for nuclear and chemical rocket 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. This type of

study indicates the region of interest for nuclear rockets

where further study and work should be profitable.

B. Possible Types of Nuclear Rocket Systems

A number of different types of propulsion systems for 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 employ-

ing conventional convective heat transfer to increase the energy

of the propellant. The other more advanced or exotic systems

have been proposed as methods of increasing performance primar-

ily by circumventing the inherent temperature limitations of the

solid core heat transfer reactors.

*Numbers in parentheses refer to items in the bibliography.
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In a gaseous core reactor, where the fissionable fuel

would be mixed with the propellant, the exhaust gases could

be heated to a higher temperature than the containing walls of

the reactor. Consequently, specific impulses greater than

those obtainable in a solid core heat transfer device could be

obtained. The difficulty with this type of system lies in con-

taihing the fissionable fuel, or at least a large fraction of it

in the reactor and not exhausting it with the propellant.

Systems employing shock tubes or electric arc heaters can

in principle obtain propellant temperatures as high as

105 OR (2). They are generally considered for low acceleration,

low thrust missions as the weight 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 temperatures are possible in principle as

there is no fundamental temperature limitation (3). If the ad-

verse effects of the explosions can be tolerated, the system

could be used to propel large payloads in space.

Although the solid core heat transfer reactor is tempera-

ture limited it is the most highly developed nuclear propulsion

system and the only one that is being tested at the present time.

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



considered: the homogeneous 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. In a fast reactor no moderator is 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 contain

the fuel. The neutron economy of fast reactors is less than

that of moderated systems and more fissionable material is re-

quired. This leads to difficult material problems as fission-

able materials are not good structural materials (4). The small

size of fast reactors is not necessarily an advantage because

the solid core reactors are heat transfer limited and a reason-

ably large amount of heat transfer surface area is required to

obtain high propellant exhaust temperatures.

The most promising reactor designs to date are the homo-

geneous solid core reactors. The choice of suitable moderator

-5-



materials for the core is quite limited because of the 4000°R

or greater operating temperature required. 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.

Refractory metals that have 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 corrected by coating the heat transfer surfaces of the graph-

ite with a material which is resistant to chemical reactions

with hydrogen. 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 program is to

prove the feasibility of solid-core nuclear reactors 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 limitations

of high temperature reactor operation. The KIWI-B reactor

-6-



tests began in 1961 and are still in progress. The objectives

of these tests are to demonstrate start-up and full power

operation using liquid hydrogen as 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 Program is RIFT (Reactor in Flight Test) and work has

commenced 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

specific missions have been completed. A partial list 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 a liquid fueled

chemical rocket system in most respects. The principle differ-

ence between the two is that the nuclear rocket has a nuclear

reactor rather than a combustion chamber to energize the exhaust

gases, and it only requires a single propellant rather than a

fuel and an oxidizer. A schematic diagram of a nuclear rocket

is shown in Fig. 1-1. The power plant 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-

-7
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plant, propellant, propellant tank, structure, controls, and

payload.

The hydrogen propellant is stored in'liquid form. It

first flows through the pump where its pressure is increased

to a value considerably above the critical pressure which is

12.77 atmospheres (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-divergent nozzle. A small

fraction of the hot hydrogen is removed from the main flow

before it is exhausted through the nozzle to drive the tur-

bine which is connected to the pump. Pig. 1-2 is a schematic

diagram of the powerplant showing the path of the propellant

flow through the system.

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 the reactor. In this system only

a small amount of work is derived from each pound of a large

mass flow while in the bleed system ten to twenty times as

much work per pound is taken from the hotter and smaller mass

flow. The topping system can be more efficient as all of the

propellant is used to generate thrust but the control problems



LIQUID HYDROGEN TANK

PUMPN

TURBINE

CONTROL

FIG. I1-2: POWER PLANT SCHEMATIC



Ii

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 II

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 amount of com-

plexity requires the use of the minimum number of independent

variables that is possible. It is also desirable to break up

the system where possible so that the different parts or sub-

systems that are independent of the whole can be investigated

separately. The analysis used to describe the system is less

detailed than a final design study for a particular rocket would

be, yet it is detailed enough to make generalizations about

desirable characteristics and choice of independent variables.

The characteristics to be determined include those for

the complete system and for the powerplant alone where possible.

The important characteristics of the powerplant include the

size and weight of the individual components, the power, thrust,

and specific impulse developed, and 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 performance, 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 configuration for a given mission is

considered 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 alterna-

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 rocket 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 is only possible after the detailed calculations are com-

pleted to give a basis for comparison.

B. Limitations

A number of limitations are set on the range of variables

in this study. The reactors considered are 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 ratios 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 reflector is 8 centimeters of beryllium for all

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 radial reflector thickness is also

shown in reference 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



distribution in a desirable way and does not cause excessive

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 ammonia 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. The nozzles are restricted to the converg-

ent-divergent regeneratively cooled type with an area ratio of

50 to one.

C. Assumptions

The following assumptions are made throughout the analysis

unless it is specifically stated otherwise for a particular

case.

1. The reactor 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 negligible 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

core. 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 400 0R. This implies that there

is sufficient heating of the hydrogen in the regeneratively

cooled nozzle and reflector to raise its temperature from below

the critical temperature of 60 °R to 400OR which is an increase

in enthalpy of approximately 1300 BTU/lb.

S,-16-



CHAPTER III

OVERALL APPROACH

A. General

In order to characterize the nuclear rocket system with

a minimum amount of complexity, it is desirable to separate the

different independent parts where possible. The characteristics

of the powerplant as defined to include the reactor, reflectors,

pressure shell, turbopump, and nozzle can be determined inde-

pendently of any mission. Consequently, the powerplant is in-

vestigated first and then tied into the complete system when

additional parameters are required.

B. Powerplant

The reactor is the one component in a nuclear rocket that

differentiates it from liquid chemical systems and is limiting

in the sense that it is the power producing element. The re-

strictions on the reactor arise from nuclear physics and 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 number of critical right circular cylinders could be
constructed. These would range from long thin cylirders to short

ones resembling a pancake shape. The critical dimensions of the

core also depend on the reflector material, reflector thickness,

and on the core and reflector void fractions. The 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 dimensions 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 performance

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 limitations are ex-

ceeded, the coolant conditions which are independent variables

must be changed and the process repeated until no limitations

are exceeded. In this manner a range of allowable coolant con-

ditions can be obtained for a given reactor. The whole process

can be repeated for a number 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 throat area of 50. The nozzle size also

depends upon the mass flow rate of propellant through it and the

stagnation conditions of this propellant. The stagnation proper-

ties of the fluid are known independent variables 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 depend on the volume flow

rate of propellant and the pressure rise required across the

pump. The hydrogen storage pressure is fixed at 20 psia, and

the pump outlet pressure can be related to the pressure of the

propellant at the inlet to the reactor. The volume rate of flow

is simply related to the mass flow rate as the hydrogen is liquid

at the inlet to the pump. The bleed flow rate of hydrogen re-

quired to run the turbine is determined by the pump work. The

amount of work developed per pound of hydrogen flowing through

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 be determined

as outlined above without considering a mission or an operating

time for the rocket. 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. Knowing

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 weight of the structural members to tie the different

components together and make a solid frame is assumed to be pro-

portional to the gross weight of the rocket. The mission cal-

culations yield the ratio of the gross to empty weight as well

as the burning 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 calculation it is possible to

obtain negative numerical values for the payload weight. When

this occurs, it implies that the particular configuration contains

a powerplant that does not develop enough power per unit weight

to do the mission.

D. Choice of Independent Variables

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 small

effect on the system 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 materials are fixed and the reflector thick-

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

characteristics of the coolant in the core it is necessary to

specify the shape of the axial power distribution in the core,

t he diameter of a coolant channel or the magnitude of the power

distribution as a function of axial position, the inlet and out-

let temperatures of the coolant, the pressure of the coolant at

one end of the core, and either the flow per unit area or the

Mach number of the coolant at the same end of the core where

the pressure is specified. The conditions at the exit of the

reactor were chosen as independent variables where posgible as

it is easier to anticipate the effects of their changes and ap-

proach the desirable range of operation than it is when using

the conditions at the inlet end of the reactor. The coolant

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 significant to the overall performance. It is rela-

tively easy to insure that the Mach number is not limiting

when w/Af is independent but the inverse is not true. The

other independent coolant conditions are the temperature and

--21--
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pressure at the reactor exit, T and pSE respectively,

and the temperature at the reactor inlet TSRI. Unless it is

otherwise specified for a particular case, the diameter of a

coolant channel is specified and not the magnitude of the power

distribution.

To determine the interior temperatures and the stresses

in the core, it is necessary 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 local power

density is determined before the interior temperatures and

stresses are calculated.

The parameters which are necessary for the calculation of

the other powerplant components are either fixed or determined

from the above variables. The fixed quantities 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 rather than varied with pressure

level or other flow conditions. The propellant pressure required

at the pump outlet is calculated back from the pressure at the

reactor inlet. The inlet pressure to the pump or tank storage

pressure is fixed at 20 psia.

The additional independent variables required for the cal-
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culation of the complete rocket system involve the mission

characteristics. The sample mission 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 altitude of

the orbit hp and the velocity increment required AV . 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 the 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

v - reactor void fraction

d - diameter of coolant channel in reactor

TSE - temperature of propellant at reactor exit

TSRI - temperature of propellant at reactor entrance

PSE - pressure of propellant at reactor exit

w/Af - propellant flow rate per unit area in reactor

QDIST - normalized axial power distribution in reactor

AVp - velocity increment required for mission

h - change in altitude required in gravity fieldp

FIXED QUANTITIES REQUIRED TO DETERMINE

NUCLEAR ROCKET CHARACTERISTICS

tR - thickness of radial reflector around reactor

tE - thickness of end reflector on reactor

AE/AT - ratio of exit to throat area of convergent

devergent nozzle

PT - pressure of hydrogen propellant in storage tank

AHT - enthalpy drop per pound of hydrogen in turbine for

bleed turbopump system



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 analytical calculations.

Plebuch has considered the effect of different variations

in core and reflector properties 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 ratio, solid fraction of the core,

reflector material, reflector thickness, reflector solid frac-

tion, and reflector position. The solid fraction s is 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 core void

fractions from 0.1 to 0.4. 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 4-3 respectively.

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 obtained versus the reactor void fraction.

This is shown in Fig. 4-4. The core length to diameter ratio

decreases along the minimum weight curve as the void fraction

and flow area increase. This can be seen from Fig. 4-4 or

from Figs. 4-2 and 4-3 in combination. For a void fraction of

0.1 the reactor length to diameter ratio is 1.14 while for

v = 0.4 the ratio is reduced to 0.725.

-26-



14 000

v,0.3

v,0.2 v,0.4

12 000
va 0.1

10000

0 8000

"MINIMUM WEIGHT CURVE

Ej 6 000

w

I-I

" Ta "3.15 IN. Be
ST1' . 18 IN. Be

S2000 C/U RATIOx 500

0
0 5 30 15 20

Af, FLOW AREA (SQUARE FEET)

FIG. 4-1: REACTOR WEIGHT VS FLOW AREA

-27-



~tA

IIz

.0 **

> 0 40

pr I
CC

w LL

300

00 2#

(sHONI) sniavu IdW.OV3U IS



W I-

S> w
z-w Eem

2 W-

(40

44

z
____q w

C; 0

-29-



60 Tp a 3.15 IN. Bg

Ts a 1.18 IN.ls*

C/U RATIO 500 LENGTH

50

~40X RADIUS

z

Ioo

-D 30
2w
4

U) 20c
M

10

_0 0.1 0.2 0.3 0.4 0,5

V, VOID FRACTION

FIG. 4 -4: REACTOR CORE RADIUS AND LENGTH VS
VOID, FRACTION, FOR MINIMUM REACTOR
WEIGHT PER UNIT FLOW AREA.

* . -30-



The use of the reactor with the minimum weight for a

given flow area was suggested earlier by Herrington and this

author (1i, 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 variable 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 flow

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 or.greater

are greater than 25 inches or 63.5 centimeters as is shown in

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 reasonable comprom-

ise if one value is to be chosen for all radii from 63.5 to 100

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-

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 the 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 radial reflector

can be reduced and the radial power profile flattened with

nonuniform fuel loading and possibly by distributing 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 con-

ditions at the reactor exit. A reflector on the 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 reflected on one end it is

a chopped sine wave. In 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 power 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. Heat Transfer and Pressure Drop Characteristics

In order to determine when conditions in the reactor are

such that temperatures or stresses will limit the performance

the local values of these parameters must be calculated. The

local fluid properties, surface temperature of the coolant chan-

nel, and power density can be determined before the interior

temperatures and stresses in the core are calculated. The in-

dependent variables required for these heat transfer calculations

are the coolant stagnation temperature and pressure at the reac-

tor exit, T and PSE respectively, the coolant temperature
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at the reactor inlet TSRI, the coolant 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 variables 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 be

correct only if the fluid properties did not change with tempera-

ture which is not true for a compressible gas. Empirical cor-

relations for 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 (14, 15). These conditions

include the effects of large temperature differences between

the heat transfer surface and the fluid which occur near the

inlet end of rocket reactors. The correlations are 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. Some 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. Tests have been made that in-

dicate that hydrogen heat transfer results are correlated equal-

ly well with the same expression (14). The correlation is pre-

sented and discussed further in Appendix B where all the heat

transfer and pressure drop equations are developed.

The friction factor correlation used in the calculations

is
f =0.2 (4-l1)f = O.0 4 6 /(ReB)

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. 4-1 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 temperatures between 150 and 40000 Kelvin and over

a range of pressures from 0.01 to 100.0 atmospheres. The effects

of dissociation and compressibility factor unequal to one are

taken into account where necessary.
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The enthalpy, entropy, and 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

from second virial coefficient calculations. The equations for

calculating the thermodynamic 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 10000K (19). Above

10000 K these properties are calculated using equations and col-

lision 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 and the Fortran subrou-

tine is presented in Appendix A. Since this subroutine was de-

veloped other programs for calculating hydrogen properties have

become available in the literature (22, 23).

The actual heat transfer and pressure drop characteristics

can be calculated with different degrees of accuracy and sophis-

tication. The first calculations were done using an average

heat transfer coefficient and averaged properties for hydrogen.

Other calculations done using a local heat transfer coefficient

dependent on the local hydrogen properties and the solid surface

temperature 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 and de-

pendent on the local surface temperature as well as the fluid

properties. The second more accurate power 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 temperature differences as one might expect.

These results clearly show the necessity of detailed calculations

rather than simple analytical solutions for the determination of

the local properties in the reactor.

The detailed calculations for the temperature, pressure,

and power density distributions involve trial and'error solutions

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 the reactor. The analysis used for

this flow is similar to the generalized one-dimensional continu-

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, but 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) Changes 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 equation of

state of the fluid can be expressed as

p = ZpRT/W (4-2)

The continuity equation is

w pVA f (4-3)

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

M V = / (yRT/W). (4•4)

The energy equation for a differential element is

V
2

wdQ - wdW = w(dH + dt-- (4-5)
x2
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The momentum equation is

-Afdp - W dA = wdV (4-6)

The wall shear stress can be expressed in terms of the friction

factor as
-- W (4-7)

The cross sectional area Af and the heat transfer area dAS

are related to the hydraulic diameter so that

4Af
d = (si-d-X) (4-8)

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

be written as

S4 dx = pVdV (4-9)

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

2 2
pV = LML

2 z (4-10)

Eq. 4-9 can be rewritten as

dp 7M42M +dx 7M dV
p 2Z 2Z -2 0 (4-11)

The enthalpy change in the energy equation can be expressed in

terms of pressure and temperature changes as

dH =(H) dT + ( dp (4-12)

p T

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

ZRT r1 T ýv4-3
T -p
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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

dj =dT + ZR - T dp + V2 dV
c T -T 7 ) p 2cT (4-14)
p p 7L pJ pc V2

Taking logarithms of the equation of state (4- 2 ) gives

In p = ln Z + ln p + in R + in T - in W(4- 1 5 )

Then taking the differential of each side of Eq. 4-15

d dZ dp dT dW
p Z P T W-

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

Sdp+ dV

P V

and

dM2  dV + dW dy aT (4-18)
2 + w T

M V

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

it can be shown that

dW = T (T -dT + wP (W dp (4-19)
W p T W T

dy = T (.1y) LT + (p (-20
FT p T dPT P

and

dZ T (ZZ) dT (+P)T
pP (4-21)
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The value of (W) and the other partial derivatives with
p

respect to temperature and pressure can be determined in the

hydrogen properties subroutine.

Eqs. 4-11, 4-14 and 4-16 through 4721 are eight algebraic

equations with ten variables which are differentials. They are

dp ,dTdW , dZ , dM2, dVd2 , d I dQ, and 4f dx . Eight
p p T W Z M2  V 2 7 cT dT

of the variables can be taken as dependent and two as independent.
The variables taken as being independent are !Qp and 4f dx

p
After a considerable amount of algebra, the following expression

dM2can be obtained for - :
M

+= +-f D- B + (1 + _M2D) J 4f

M p1J

where the quantities B, D, J, and n, presented in Appendix B,

involve the derivatives of the fluid properties.

The two quantities F- and kf- can be related to eachcTd
p

other through the correlations for the heat transfer coefficient

and the friction factor. The heat transfer correlation ispfd I o -8 l
hd = 0.021 (f) (4-23)

The correlation for the friction factor, Eq. 4-1, can be written
0.2

f = O.o46 (V) (4-24)



The local heat transfer rate divided by the cross sectional area

is
dAs

dq h--- (Tw w dQ (4-25)Af f fTB)

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

4-3 and 4-8 the following expression results:

0. 8  0.2 0.6

4 dx o.o46 TA Iýf1"f 'Pf (Prf) CPTA (4I-26)
fo.021 TW - % TB pf ýL pf c pTAV

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 become finite differences Lx and AQ.
dx dWith the relation between 4f and it is now possiblec PT

to find the change in Mach number and the other fluid properties

with the specification of only one independent variable if the

wall temperature is specified 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 4 fdx

is then computed and the change in Mach number determined from

Eq. 4-22.

If the local wall temperature is not specified the shape of

the power distribution must be and the value of 14fd- is deter-
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mined in another manner. Eq. 4-26 is then used to determine

the local wall temperature. 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

QI/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 4fx is then the product of these known quantities.

4 f =

With this value and the AQ calculated from the specified tempera-

ture change the change of Mach number is calculated using Eq. 4-22.
dM2

As soon as = is determined less complicated expressions can
M

be obtained for the changes in pressure and temperature.

dM2 B 4f dx
D- M 2 (4-28)

p zM2
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and

+
dT M p (4-29)

T B

The quantities A and P are similar to B and D in

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 4-29 the initial estimates must be checked and corrected

if they were in error.

The local coolant channel surface temperature is determined

by trial and error from Eq. 4-26 when the power distribution is

specified. The solution is a trial and error procedure 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. The description 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

means 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

2
area is 0.858 lb/sec-in . These results are for a chopped sine

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

dqd& = A1 sin [CQ1 (1 -

and COI is equal to 2.5.

The value of the constant CQ1  determines where the sine.

wave is chopped off at the inlet end of the reactor. If O•I

is equal to v the sine wave would not be chopped at all while

if CQ1 is equal to 3r/2 the maximum heat flux would occur at

the reactor inlet. Fig. 4-10 shows power distribution for two

values of C01 along with the power distribution determined

from reactor physics calculations for a core reflected on one

end with 3 centimeters of beryllium. Values of CQ1 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 per 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 and 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 steps are sufficient and that using more

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 properties

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 both 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 2.30/0 . The use of the more accurate

hydrogen properties does not require a noticeable increase in

the length of time required for a run, consequently these

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 solid fraction of the core. The local power density

is then the local heat flux per unit length divided by the area

over which it is generated:

Pq (4-31)PD = •- (I-l
dx A

T

Expressed in terms of known quantities this is

PD v w (4-32)PD-L A f t57 )

The geometry used to calculate the maximum core temperature

is a spacing of coolant channels on the vertices of equilateral

triangles. An approximate solution for this shape with uniform

heat generation has been found and is available in the literature
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(25). No exact solution can be found as the boundary conditions

cannot be simultaneously 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 dependence on the reactor void fraction is presented

in Appendix D.

C. Stress Analysis

The actual 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 considerations

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 it becomes desirable a differ-

ent model or models could be used. This would only affect the

numerical values used in the rest of the analysis and not the

general method.

The model used to make stress calculations is an annular

element with uniform heat generation in the solid. The combin-

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

done on the calculation of stresses due to applied loads in

plates or cylinders with a number of circular holes (26,..27).

The temperature distribution has been obtained for a heat gen-

erating cylinder with a ring of holes for coolant flow (28).

The extension of the stress calculations to include the thermal

stresses 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

diameter in the core. The void fraction free for coolant flow

is also the same for the annulus as it is for the core. If the

actual geometry in the core 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 of mag-

nitude as the hole diameter. For a void fraction of 0.3 and a

channel diameter of 0.1 inches the web thickness is 0.074 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

means the distance between holes for stacked annuli is 0.083

inches which is about 100/0 greater than it is for the holes

spaced on the vertices of equilaterial triangles.

In order to determine when the reactor or the model used
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is stress limited a failure criterion must be employed and a

limiting condition set for the material.' Graphite is a brit-

tle material and ideally the failure criterion applied should

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 can

account for some but not all of the aspects of brittle fracture.

They both involve arbitrary constants which must be determined

empirically for the material under consideration. The probabi-

listic theory has been applied to some engineering problems

and related to a factor of safety with regard to a single 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). For the

model used in this analysis the maximum shear criterion is used

because it is more conservative than the maximum principal

stress criterion.

For the annular model the stresses were calculated for two

different sets of boundary 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 element

is considered to be free to expand in the axial direction so

the problem is one of plain strain. The principal stresses

are then in the radial, tangential, and axial directions. The

two different boundary conditions considered are those on the

outer radius of the annulus. If the annulus is considered as

a unit cell in the core so that it is like all other cells at

the same axial position, the outer boundary must be considered

adiabatic to insure that the temperature gradient be zero at

the outside radius. Similarly there is no reason to have a dis-

continuity in the gradient of the radial stress at this position,

in which case the second boundary condition on the stress should

be that the derivative of the radial stress with respect to

radius is zero at the outer boundary. The other possibility is

that the radial stress be set equal to zero or the negative of

the fluid pressure 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)

aE 1 rdr + E__2(3
- v +fr (1- ~ 2  -£(--5)r r.
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ae- aE 1f rdr aEG - + i+- i v+£(-•

2vEC1
aE-- v + (l+v) (-2v) (4-3)

If a uniform axial stress az = C3 is superposed, C3 can be
(435

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

2 2

Wr (.k r 0 ri 2(4.-36)

where TW is the temperature at ri and Wi is the heat generation

rate. This expression is developed in Appendix B along with

all the expressions for the stresses. With this temperature

distribution and a set of boundary conditions for the radial

stress, the constants in Eqs. 4-33 through 4-35 can be evaluated

and the equations for the stresses obtained in terms of known

quantities.

For the boundary conditions

ar = -p at r =r (4-37)

and
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C = 0 at r = *4.38)

the results are

Cr (r/ro)Z p~iF jO)E _ _ W. r. __ in_-
( v) 1 V 4 v I- v

rRJ"

v0

-in +70 v4~) [-ý2- r O(-0

22

- n4 1-vV - (v4-39)oIIo

c xE W.r r.i-v • i r

-in + -5 r) v + -(4-40)
4 r

2

E W. r.2

n o). T v o Cn w in u1 .3 sc

2 
VI

In the above expressions the void fraction v has been inserted
2

for (r i/r) 0 The value of a. was determined using C 3 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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=r -P at r = ri (4-42)

r 0
0 at r = (4-43)

They are 2 0
F• W. r. 2 "r -v

S=_ v i3 1 -n [r + 14 + (4-44)
r l -v -k v r4 vr 2
a E in[ 1-0j}

__w~r2 fr ~ ji-v2)
ae -P - 1-v w-kv ~lnI-v 4v(•j-

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

set of boundary conditions.

The radial distribution of the three principal stresses is

shown in Figs. 4-11 and 4-12 for the two different sets of bound-

ary conditions. The power density is 100 megawatts per cubic

foot, and the coolant pressure is 500 psia for both cases. The

inner diameter is 0.100 inches and the outer diameter is 0.182

inches corresponding to a void fraction of 0.3. The shapes of

these curves are typical for the range of pressures and power

densities of interest although the absolute values of the stresses

will change.

-6o-



1200

I000 r(r~r1) "nP

(d~rs 0
ri = 0.050 IN.

800 ro: 0.091 IN.
PD =I00 MW/FT'ac22.8 x1o•

E : 1.4x 10" PSI
600 x .0.33

K : 0.7 x I0- BTU/IN-SEC-OR

-• -

400

( O 200
(o

U,
0

r--

-600

-800

-1000
00.2 0.4 0.6 0.8 1.0

RELATIVE RADIUS, r r

FIG. 4-11: DISTRIBUTION OF PRINCIPAL STRESSES IN
AN ANNULAR ELEMENT WITH UNIFORM
HEAT GENERATION

-61-



1600 i

1200

800

j5 400

a-
Ul)

1-- 0C,)

b

-400__ _ _ _ _ _ _ _

-800

0 0.2 0.4 0.6 0.8 -. 0

to- ri RELATIVE RADIUS

FIG, 4-12: DISTRIBUTION OF PRINCIPAL STRESSES IN AN
ANNULAR ELEMENT WITH UNIFORM HEAT
GENERATION

-62-



It can reaily be seen that the worst stress conditions oc-

cur at the inside radius of the element. 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 calculated 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

ar =-P (4.-46)
W .2  ..,

aE Wi r[ i (' V )d8 = -P + 1 IV Tk -v 2V (4-47)

aZ E W i ri 1 2 in 1. 3 - v]

S1- -v 1 v -j - (4-48)

The equations for ar and @9 with the other set of boundary

conditions can be reduced in a similar fashion. The expression

for a• is given by Eq. 4-48. The heat generation rate is

equal to the local power density PD divided by the solid frac-
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tion of the core and appropriate conversion factors.

In all further calculations the stresses are calculated

for the case where the gradient of the radial stress is equal to

zero at the outer boundary of the annulus. This set of boundary

conditions is considered to be 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 program is presented in

Appendix D. The stresses are calculated at each 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 calculate'

these results are the same as those used to obtain the coolant

property distributions presented in Fig. 4-9. 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 stresses is independent of the

fluid pressure and proportional to the local heat generation rate

as can be seen from Eqs. 4-46 and 4-47.
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It was initially thought that a power density distribution

corresponding to a constant wall temperature would be desirable.

This would be particularly true if the reactor was surface

temperature limited. A number of constant wall temperature runs

were calculated and the distributions of maximum solid tempera-

ture and stress determined. An example of the results is shown

in Figs. 4-14 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 4600°R and the

stagnation pressure is 800 psia. The flow rate per unit area

is 0.800 lb/sec-in2 and the wall temperature is constant at

4611 0R. The maximum shear stress for these conditions is higher

than the graphite material can tolerate. If the results in

Fig. 4-15 are compared with those in Fig. 4-13 one can see that

both the maximum stress and the maximum solid temperature are

higher for the constant wall temperature case even though the

hydrogen stagnation temperature at the exit and the flow 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 constant wall

temperature is such that a higher local power density exists

even though the total power 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 temperature case is 0.106 inches

rather than 0.100 inches 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

chapter 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 temperature in the solid part of the 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..

Graphite will react with hydrogen at high temperatures, but

this deficiency can be overcome by coating the coolant channels

(34I,*35). The mechanical strength of graphite increases with

temperature 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 material and does

not have a well defined yield point as ductile materials do.

The maximum allowable stress for graphite that is used in this

study is taken from a curve developed at Los Alamos 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 greater

than 48oo0 R.

2. Temperature in the solid fraction of the reactor

core no greater than 5000 0 R.

3. Maximum shear stress no greater than 1200 psi.

With these limitations set on the core material and the
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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 temperature, 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 system.,

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 reactor

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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7. 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. 4116 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 exceeding a specified stress value. If at the

points where the 2 aSH = 2400 psi the hydrogen stagnation temper-

ature is plotted versus the 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 cenfterline

temperature similar to Fig. 4-16 yields the other two curves

in Fig. 4-17.

For the graphite 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 performance 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 the power 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 diameter 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 300/o or 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.

4-18. The change in the shape of the chopped sine profile when

C I is changed from 2.5 to 2.75 was shown in Fig. 4-iO. It 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 effect of a change in the reactor void fraction and

consequently 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 4-4. 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 flow per

unit area for a given reactor at a given exit temperature

causes a proportional increase in the power developed 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 of flow

rates the wall temperature 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 flow 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 con-

ditions on the envelope also eliminates the requirement of cross

plotting other results of interest to determine their values.

It is desirable to obtain a simple approximate analytic

method for predicting the conditions where the reactor.is wall

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.

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 presented 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 (TSE and w/Af) and

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

B. Wall Temperature 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

X = 1 sin [CQ 1( X] (5-L)

By integrating over the coolant channel length and noting that

Sdq -- (5-2)

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

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

-80-



S. . ..- ,- _ -m- .. -: -

flux is

d O O, sin ((5-3)~
__________, (5-3T L - cos [ -

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

temperature and a heat transfer coefficient.

dA
dd h• d-s (Tw -T) hd (T -T)

dx dx (5-4

Eqs. 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

QnT Cp (TSE - TS) (5-5)

and

d -- dT
dx WC (5-6)

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

lowing expression:

T s + S- SI 'cos[ (1 - cos CQ1  (5-7)

1 Cos Cl [CO-, L
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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.

TSE - TSRI

Tw = TS _ TSE•oTR c cos[ (l - cos CQl +
TW TSRI 1 - cos COQ, 1 L

1 d sin (1 - (5-8)

The Stanton number

St h

s = - (5-9)

is an average value incorporating an averaged heat transfer co-

efficient.

If Eq. 5-8 is differentiated with respect to x and the

differential set equal to zero, the following relation is ob-.

tained for the position where the wall temperature is a maximum.

COI (1- x) =tan 1 d( (5-10)
L

When this is inserted back into Eq. 5-8 and the inverse tangent

is related to the corresponding inverse sine and cosine functions,

an equation relating the maximum wall temperature to the exit

coolant temperature and the average Stanton number results.

After some simplification it can be reduced to the following

expression:
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I 1+ c1d -cos CQ(TWM - TSRI L- (5-11

TSE - SRI 1 -cos CQ1

If the Reynolds analogy is used to relate the Stanton number

to the friction factor and Eq. 4-1 is employed to relate the

friction factor to the flow per unit area, the desired relation

between the maximum wall temperature, the hydrogen exit temper-

ature, and the flow per unit area is obtained.

TSE - TSRI - cos CQ1

TWM - TSRI + 0 (wdO.2 12 (5-12)

+ 2(o.46)Ld -

For a particular reactor and a given shape of the power distri-

bution numerical values can be inserted for L, d, and CQ1 . A

representative value can be used for the viscosity of the hydro-

gen coolant. For the results shown in this chapter a value of

0*
375 micropoise corresponding to a hydrogen temperature of 4500 R

was used. The hydrogen temperature at the reactor inlet is

fixed at 400°0R.

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 second 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 100°R of the more accurate machine calculations.

It is on the conservative side in that it predicts lower values

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

these simple calculations before doing detailed machine calcula-

tions, the range of hydrogen bxit 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 detailed solution can-be reduced signifi-

cantly.

C. Stress Limitation

For the annular stress model and the boundary'conditions

used in the detailed calculations the three principal stresses

at the inner radius are given by Eqs. 4-46, 4-47, and 4-48.

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

a = -p (5-13)
r2

PDaEr.

- + E (1- v)
4(1 v)k 2v2
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2
P]XaEr.i1

Z = (1 -V)k v(l - v) (1- - -FnkJV) - (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 the

tangential or the axial stress.

First consider the case where the maximum principal stress

is a

Then

czEr.
2ai 1 - v PD (516)

SHmax 2v2

and it is independent of the fluid pressure. To find the max-

imum stress in the element the maximum local power density must

be obtained.

From the expression for the local heat flux dq/dx given

by Eq. 5-3, it can be determined that the maximum heat flux oc-

curs at

X 2 1- (5-17)

and its value is
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ii iT (5-18)
dx ax L 1-cos Cq1

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

the ratio of the maximum to average heat flux which is

dq) max PDmax

(•a x = 1 -cos CQ1  PD avg (5-19)

The average power density is

PD avg X T L " (5-20)

and

PD ×x -- V *,-cosco 1  (5-21)

Using the approximate expression for OT 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.

1Er1 (1- v) eq1  w TSH 8(- v)k vL - cos XQ Af p (TSE TSRI) (5-22)
max f

Solving for TSE
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TSE TTSRI + 2a S × 32(1-V)k vL 1-cos CQI I i.
mx E (l--v~dz eq-w/A f (5-23)

p

By inserting the known variables and a limiting stress in this

equation, one obtains limiting values of TSE for 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 aZ and cr"
2

2Sa H -2 lnVv- 3 - v PD+p
SH mx: .71----7r 1 [ 1 - v 2 (5-24)

This expression is not independent of the fluid pressure and

the maximum value of the stress does not necessarily occur where

the power density is a maximum. However, to obtain a conserva-

tive estimate the maximum power can be used. The resulting ex-

pression is of the form

2a =B ! ~(T .T) + p
SNH = Z Af p SE SRI. (5-25)Smaxf

where

B aEri CO- 1 [-2lnfv 3- V]
B T --v Y - cos 771 [v -v 2J (5-26)
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For the case when a > a the equation for the maximum stress

can be put in a similar form

2a B -c Tf - T ) (5-27)
SHmax oA f SE SRI

where
2aEri __1__1_-__

B0 = (l - v)k I- cos eOQ 2 • vI (5-28)

Numerical calculations show that B is always greater

than Bz for void fractions between 0.2 and 0.4. Consequently,

as long as the fluid pressure in the reactor is such that

1 Bz

P< 2 aSH 1- (5-29)

The maximum shear stress is determined from •@ and ar and is

independent of the pressure. For example, with a void fraction

of o.4, TSE = 4600°R and 2 cSH = 2400 psi this limitingSmax

pressure is approximately 1200 psia.

The maximum hydrogen temperature that can be achieved in

a given reactor with a given flow rate when it is stress limited

is then given by Eq. 5-23. This same equation could 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 must be used and

the maximum performance will not be achieved.

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 and 0.3 the agreement with the detailed calculations is

quite good. At a given value of TSE the maximum flow rate

per unit area is predicted within 7%/ for all temperatures down

to 30000 R. The curve for a void fraction of 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-

cipal stress is in the axial and not in the tangential direction.

This is expected because Eq. 5-29 is not satisfied. If the

pressures in the rea6tor could be reduced sufficiently by chang-

ing the value of PSE 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 pressure

that can be obtained for a given flow rate per 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

this lower limit can be obtained by using relationships which

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

w E 2 (5-30)
Af PSE R 7

If a value of 1.32 is inserted for y, being representative for

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

equation evaluated, the following relation is obtained:

A P = 0.137 (5-31)

Af ~SE

where w/Af is in lb/sec- in , TSE is in OR, and PSE 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 impossible

in a constant area channel. For an exit temperature of 4680°R

. 2and a flow rate per unit area of 1.5 lb/sec - in , this mini-

mum exit pressure is approximately 740 psia. This value is not

sufficient to reduce the maximum pressure in the 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 predicted by Eq. 5-23. To get a closer

approximation to the limiting value of 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 or an additional approximate analysis must be de-

veloped.

The effect of changes in the coolant channel diameter and

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 temperature rise across the reactor are inversely

proportional to the square of the coolant channel diameter.

This explains the relatively large shift of the curve in Fig.

4-18 for a change in diameter from 0.100 inches to 0.125 inches.

The approximate curve for a diameter of 0.125 inches, which

is not shown, has a deviation of 80%0 or less from the accurate

results for all temperatures down to 3000°R. The deviation for

all runs that are not pressure limited is within this same

range.
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CHAPTER VI

POWERPLANT PERFORMANCE

A. Calculation of Component Characteristics

The powerplant was defined to consist of four components;

the reactor including the reflector, the pressure shell, the

turbopump, and the nozzle. The performance characteristics of

the reactor have been covered in detail in the last two chapters

The sizes and weights of the other components can now be deter-

mined and combined to get the characteristics 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 then

W = Pc R2 L (- v) (6,I)

where the density of the core material p is 1.659 gm/cm3.

The weight of the end reflector is

WE = E 1c0tE (1 - vE) (6-2)

The radial reflector weight is

W R - •e [(R + tR) - R2] (L + tE) (- vR) (6-3)
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The density of both the radial and end reflectors is that for

3beryllium, 1.85 gm/cm3. The weight of the reflected reactor is

just the sum of the above three weights.

The pressure shell which contains the reactor and reflector

consists of a cylindrical portion and a hemispherical end. It

must withstand 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

- ~SRI D R (6-4i.
tW 2aPS

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

the pressure shell is then

PPS i DR LPSRI D (6-5)
WP 2ap

A material with an allowable stress of 60,000 psi and a density

of 484 Ib/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

Sw(PTP - PT) (6-6)

P I~P PL

where PTP = 1.33 PSRI is the pump discharge pressure, np is

the pump efficiency, and pL 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 per pound of hydrogen in'

the turbine is fixed at 1775 Btu/lb. This corresponds to a tur-

bine inlet temperature of approximately 18600 R and a pressure

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
HP p

Yw 7-- (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 proportional to the

flow rate through the pump arid the pump discharge pressure (42,

43). The equation for the turbopump weight (44) is

WTp = 0.00251 PTP W (6-8)

where pTP is in psia and w is in lb/sec..

The regeneratively cooled nozzle is assumed to have a ratio

of exit area to throat area of 50. The half-angle is 30 for the

convergent section and 150 for the divergent section. The nozzle

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 44.

The weight of the convergent section is

1.5 ir PNDR PSE
WNC 8a sin 30 (DR DT (6-9)

N
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where PN and cN are the density and strength of the nozzle

material, 484 lb/ft 3 and 60,000 psi respectively, and DT is

the diameter of the nozzle throat. The diameter 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 shown in detail in

Appendix D yields the throat area AT from which the diameter

is easily obtained. The weight of the divergent section is

WND = ClDT 2 pSS/ 3  A 1 + C2PSEDT -

+ C3PSE T (6-1o)

where C1  = 0.147, C2  0.000268, C = 0.0000117, and AE

is the exit area of the nozzle. The pressure must be in pounds

per square foot absolute and the throat diameter in feet for

Eq. 6-10. The lengths of the convergent and divergent sections

and the design exit pressure for, the nozzle are also calculated

using equations presented in Appendix D. The total nozzle

weight is just the sum of the two weights determined from Eqs.

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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SYS = ET + PS + WTP + WN (6-11)

where WET is the total weight of the end reflected reactor

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. 4-17.

The net power developed by the powerplant is the power

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

quired by the turbopump. This net power is

Psys = w (ly)(6-12)

This power and the power per unit weight of the system are

shown in Fig. 6-2 for the same conditions as curves in Figs.

4-17 and 6-1. The discontinuities in the slopes of the curves

occur where the limitation on the reactor performance changes

from wall temperature 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

the reactor 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 power 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. 6-2

is due to the larger amount of power that is required to run

the turbopump. The actual power developed by the reactor does

remain constant for this sytgm when it is stress limited.

The net power per unit weight of the power-plant decreases

once the reactor is stress limited because the system weight

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
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of 0.4 has a flow area of 12.87 ft . 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 particular

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 lb/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. For

a change in CQI 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 power as the limiting performance of the reactor 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 effect

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 26,000 ft/sec (43).

This value is based on a vertical flight in a constant gravit•k

field with no atmospheric drag. The burnout velocity for a

single stage vehicle starting from rest (1) is

V = Isp go ln X- gt (7-1)

where X is the ratio of the initial gross weight to the empty

weight at the end of burning.

W G
_G (7-2)WE
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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

hp Is g t + 1 in i]. 1 g7-3

p sp 0 p (7-)

The burnout velocity and altitude 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 X is

Sex p (7-4)
k = ep I sp go

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

pp s

If t is initially set to zero, Eq. 7-4 solved for X, and this
p

value of X is used in Eq. 7-5, a positive value of t is obtained.

If this value of tp is inserted in Eq. 7-4 and the process is

repeated, another value of t is obtained. Each successive
Ip

value of tp is closer to the preceeding one. When the desired

accuracy, on t is obtained, the process is stopped and the final
p

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 = w p (7-6)H2

The propellant 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 44.

The tank weight is

T 6.88 p ( 1.131 x 10-11 WH2 PTB + 0.00107) (7-7)

ST

where the tank pressure is in psia and the weight of propellant

is in pounds.

The empty weight is determined from X and the weight of

the hydrogen.

WHZ
E 

(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

-108-



Ao

is representative for large rockets (44). To obtain more accur-

ate estimates specific design studies would be required.

The payload weight that can be carried on the mission is

the gross weight minus the weights of all the other components

and the propellant.

WPL =WG -WSYS -WH2 -WT -WS (7-9)

C. Mission Results

The payload 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 performance envelopes shown in Fig.

4-19. The powerplant system with a reactor whose void fraction

is 0.2 is incapable of getting into a 300 mile earth orbft 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 temperature 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 rate per unit area of 0.34 lb/sec-in while the system

with a reactor void fraction of 0.3 requires a w/Af of 0.56

lb/sec-in . From Fig. 7-2 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 reactor with a void fraction less

than 0.3 but obviously greater than 0.2. In order to determine

the best rocket configuration the characteristics of mor6 systems

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 characteristics of the

powerplant as long as it is less than the limiting value speci-

fied for stress purposes 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 o.858 ib/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 fairly 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 pSE up.to 1000 psia while the payload

weight alone also has a relatively flat maximum. For five

runs calculated at equal intervals of 100 psi the minimum pay-

load is 20,150 pounds when PSE = 1000 psia and the maximum is

20,460 pounds when pSE = 800 psia. This is a variation in pay-

load weight of only 20/ . 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

A. 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 reactor 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. Separate

curves for different reactors show the effect of changes in

reactor power distribution, void fraction, and the diameter

of the coolant channels. A decrease in the reactor void fraction

or an increase in the diameter 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 propellant through it as long as
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the reactor is wall temperature limited. At higher values of

flow when the stresses are limiting,.any increase in flow rate

must be accompanied by a decrease in the hydrogen temperature

at the reactor exit. The result is that the power cannot be in-

creased above the value which is obtained when both the wall

temperature and stress limits occur at the same time. For the

complete powerplant which includes the pumping equipment required

for its operation, the net power produced decreases as the flow

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 curves for

different reactor sizes intersect. For a given flow rate of hydro-

gen it is then possible to determine which reactor will provide

the maximum power per unit weight. For larger flow rates and

larger power requirements it is desirable to use reactors with

larger void fractions. The limiting performance conditions of

hydrogen temperature at the reactor exit and flow rate per unit

area can be determined within 10% by a simplified analysis. Two

analytic 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 answers and to reduce the

amount of computation time required to get detailed results.

These analytic expressions also show the effect of changes in

reactor void fraction, coolant channel 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 below 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 determine the

optimum system configuration for a 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 performance 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 mission. 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 characteristics for the subsonic flow

of a compressible chemically reacting gas 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 transport

properties of normal hydrogen over a temperature range from

150 to 4ooo0 Kelvin and for pressures from 0.01 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 Fortran coded program of

these equations is available 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

riaximum flow area per unit weight of the reflected reactor..

The operating pressure of the coolant in the reactor should

be determined from mission caluclations 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 temperature would be constant is not

desirable. This particular form of power 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.

-119-



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 calculations 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 unavailable

the different failure criteria should be applied 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.
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4. If the work in the above paragraph is carried out it

should be possible to extend the approximate analytic analysis

so that numerical results could be obtained for payloads and

gross weights of systems for different missions.

5. The possible gains that can be obtained in powerplant

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 distribution that would cause the core ma-

terial to be either wall temperature or stress limited at every

axial position. The effect of such an axial power distribution

on the powerplant performance should be determined.
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,APPENDIX A. /8,,I

HYDROGEN PROPERTIES

1. Summary

One Fortran. subroutine has been written to produce the

thermodynamic and transport properties of normal hydrogen. The

range of temperatures is from 150 to 4oo00 Kelvin and the range

of pressures is from 0.01 to 100.0 atmospheres.

The equations used 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 calculating the hydrogen properties are

developed in such a manner that either the properties of the

molecular species or of an equilibrium mixture of the molecular

and atomic species can be computed. When dissociation occurs,

both the molecular and atomic species are considered as semi-

perfect gases 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, and specific heats of the com-

ponents considered as ideal gases in the standard state are

calculated from empirical equations which are functions of

temperature only (17).

-o A2T A3T2  ATr3  A
H a A + 2 + 3 + A4 + A5RT - 2• 3 (A--1)

So A3T2 AT
Sa A ln T + A T + 3 + + A

R 1 2 2 3 A6  (A-2)

0

= A + A2 T + A + A4T (A-3)

R

A similar set of equations exists for the atomic species with

the Ai coefficients replaced with Bi's. The coefficients Ai

and B. listed in reference 17 were obtained from a least squares

fit of tabulated values of the thermodynamic functions for select-

ed temperature 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 and B.

The equation for equilibrium between the molecular and

atomic species can be written as follows.

p13 2 pT x exp 'H
-a K e - exp p- + R (A-4)

where AFO, R, and ZSO are the changes in free energy, enthal-

py, and entropy for the dissociation reaction

H2 - 2H (A-5)

with both components in their standard states. In terms of the

quantities in Eqs. A-i and A-2 and the corresponding values for

atomic hydrogen

ý2R ) -(2° (A-6
S= RT RT R- -R-(6

The mole fraction of the atomic species x1 in terms of the

partial pressures is

P P
S -a (A-7)

Similarly

- a
xa -X (A-8)
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Inserting Eqs. A-7 and A-8 into Eq. A-4 and solving for x

-1 +Vi + 4 p exp (ARO) 
(A-9)x1 = -~

2p exp(--)

The molecular weight of the mixture is

n~w + nw3xW
W xaW + xPW• (A-1O)

Noting that Wa is just twice W and using Eq. A-8 the expres-

sion for W reduces to

W = W (A-li)

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 Z. varies with temperature and pres-

sure. For the purpose of these calculations the functional re-

lationship for Z is approximated as the first two terms of the

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

tion in standard form is

Z 2-Y) 1 + BT -+D(T) . .....

The modified form is a series in p rather v such that
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Z : 1 + B? (T) p + C'(T) p +.... (A-13)

where

I'(T) (A-))=RT (-4

and

2
B(T)

ct (T) c(T) - B(T) (A-15)
(RT)2

The approximation

Z I + B'(T) p, (A-16)

0used in these calculations is quite accurate above 300 K but

obviously is in considerable error as the temperature approaches

the critical temperature.

The value of B' (T) is calculated from an empirical equation

of the form

B1 = 0.01 exp - (B0 + BT+BT (A-++7) B

where the coefficients B through B were obtained by a least
04

squares polynomial fit to the log of tabulated and calculated

values of B'. The values of B' for temperatures less than 6000K
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were calculated from values of 2 tabulated for a pressure of

100 atmospheres (18). The values of B? for temperatures above

6000 K were calculated using Eq. A-14 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-4 governing chemical equilibrium for the dissociation

reaction was written for the two components being considered

ideal gases. The equation for Za does not necessarily give

S= 1 .00 when equation A-4 gives x = 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:

P = ZRT (A-18)

or

R

Pv =Z T (A-19)

where

z z
Z - a+x (Za-1 (A-2o)

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 Z. may be unequal to 1.0. From Eq. A-20 it

can be seen that when x = 0 and the effect of the compres-
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sibility factor becomes significant, Z =Z and the equation

of state (A-19) reduces to that for pure molecular hydrogen.

When Z. = 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

H H= RT2fp(ý dp a~ar p P

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

-- 2 dB'
H H RT TT-Paar a

or

Tpa d~v(A-21)

The entropy of the ideal molecular hydrogen gas at its partial

pressure is

Sa R ( a - ln p )
a (A-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

S1l-z

a -cr : -Rf dpa + % ar

o T

Again using equation A-16 and carrying out the integration

-RE B1 p+ Td"p
ar a dT a

or

_r % dB'
p aP (B' + T-- (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

_ dBI d 2B?= pr RT pa( 2 U- + T 2 (A-a4)cpar T -d.)

or

- dB' d2 B
T = pc r p T pa (ad + T dA-a5)

R R U(

The enthalpy and entropy per unit mass of the mixture of

the two species is just
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H RT + (A-26)
WaRaT RT

and

S R ar + x
W R 13r (A-27)

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

entiating the expression for enthalpy.

hrH, Fa H13 (A-28)

Cpp =W (T )A-))

P PT

Using Eq. A-UI and noting that x• + x• = 1 Eq. A-29 can

be simplified to

CP W (xa R -L- x•- (A-3o)p xT T

3xx

The value of (•) can be determined by rewriting Eq. A-14
p

and differentiating. Eq. A-14 in terms of mole fractions is
1 - x x exp - A-1 .)

oro

AF°~~ ~~ ) xp( ) (--

px2 + x+ exp (eRT
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Then

p x6 ~ o 1RT + x exp'RT'o

1 ) -exp ( ) 1 -o[ T + xRT' -y (AT3

[ -o

exp P"F

a(_ =10

- + =R--T + R2 + R-= T2 (A-3Ii)

RTR :T RT

Therefore

I •(-)•° - •o (A-35)
aT ( A--3

p p x

to give

Ix~ _ x•(l-x) -o
•-p 2- x (R" (A-36)

From Eq. A-Il it can be seen that

)p (A- 37)

A p IO

ao 
(A-35



Defining

T ~WT) (A-38)
T W

p

results in

T -T Z___1 -x 13(1-X 1

T (2-x) ( p- (2 - x 13 - (A-39)

Using Eq. A-39 in Eq. A-30 the expression for c can be writtenP

Cp= R xc -CR + x RP- RT -) (A-40),

In order to calculate the speed of sound in the hydirogen

it is necessary to calculate the value of (•)S" For aP) For per-

fect gas:

;5p) 7RT(F) -W- C-41)

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

these calculations y is defined as
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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

specific 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 7 will be developed

which will permit its calculation from other known quantities.

As v = 1
P

p•

An expression for (6P) in terms of the partial derivatives

_v) and (dv) can be derived from basic thermodynamic re-
u p•

lations. The result from a table compiled by Bridgeman is (38)

)p/T

T [ p T + T )] -A-44)

Then in Eq. A-43

SV2

RT~[~. + T (v)2] (A-4i5)
NN p

The two derivatives of the specific volume must be evalu-

ated -to obtain 7. From Eq. A-19
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v ZRT (A-46)

Taking the partial derivative with respect to pressure

_v) ZRT RT •Z ZRT •W

~T - + w( - - (A-4~7)
7p T p W T P

Define

Y T (A-48)

W ~T (A-49)
cp •W Z

Using these definitions and Eq. A-46

( = _ ( + -+ c ) (A-50)

In a similar fashion it can be shown that

( V ) ( A -5 1 )

where

a T ýZ (A-52)
T Z C

p
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and u• was defined by Eq. A-38.

From Eq. A-li

)W W x 0)(A-53)= -

Then

p W T T ) (A-51 )

The value of can be determined in the same manner that
x 7P T

(77T-) was starting with Eq. A-32. In this case the derivative

of the change in free energy (-!T) is zero because the free

energy is a function of temperature only.

The result is

;3x• x• (1-x)C- )
(A-55)

Then in Eq. A-54

O x (l-x ) (A-56)

S(2-x 2

Comparing Eqs. A-56 and A-39 one can see that

T cp H 0(A-57)
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The other two quatities that must be evaluated to deter-

mine y are ap and aT. Differentiation of Eq. A-20 re-

sults in

(z 1- L 1 z( ) - z (Za-l) (-T- J (A-58)
ap - p p

Then

aT = l-Zx ) (-) - Z %-1) (7) (A-59)
Pa P

Similarly

p= 1[-zx-) (-)T - z (z-1) 6)TI (A-60)

The values of the derivatives of xB have been determined as

expressed by Eqs. A-36 and A-55. The values of the derivatives

of Za can be determined by differentiating Eq. A-16. Eq. A-16

can be rewritten

Za = 1 + B' (T) p (I- x) (A-61)

Then differentiation gives

5Z ~dB' - B' p X

= p ('-x d) T (1) (A.-62)
p p
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and

( - -B I -x ) B p 3 - (A - 6 3 )

dB '
The value of UB- is easily determined from Eq. A-17

and will not be worked out here.

It was mentioned previously that 7 as defined here is not

just the ratio of specific heats. In terms of quantities

defined above the relationship between y and this ratio is

V

7 -Z Z
c /- vi + c -a p (A-64)Cp/cv (PTP

From this relation the effects dissociation and compressibility

can easily be determined. It is obvious that if the gas is

considered a perfect gas the 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, H (• S T 7 ,and wil

., expressions for (•)T " ()T' (TT) 'and T will-ZPT Z)p'(PT. 7Z p Y PT

be developed in this section.
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From the basic relation

Tds = dH- v dp (A-65)

7. = T ) -T (A-66)
T(~) T

From Maxwells' relations

S -( (A-67)
rp IT p

Therefore

FP ) T T (rT) + v (A-68)(NT

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

(A-65)(F)T = v (wT

T

A-67. Using Eq. A-65 to get (Z)
p

T(ýS 0 (A-70)
p p p

or
5S c
(Z) = T - (A-71)p

To obtain the two partial derivatives of 7 requires the evalu-

ation of a number of second derivatives. The dimensionless

variables tT and tp are defined
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T) (A-72)

and

- P (P 7) (A-73)

P =P T

Using Eq. A-45 to obtain the derivatives one gets

•T Y RT .2 (A-74)

pT C

or

z+z (.Z) + -Y ýY

Z-) +~-~

147 c P p c 2 rT)J pp FP )JTP
p

V•) 
(A-75)

p

Then simplifying and using the definition of aT
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pT -1)T + D +2-(7T)-TP2 v +

7p) (T) c ( -76)
3P T 3PZT Li- + 2 T ' i1) (A-76)

p~ ~ (-Tp)p p + TT

In a similar fashion

t =2 P5v+ a2 )w2 + TP
(rP)T +%• T (I

[2 Yr v - (i v (A-77)

In these expressions for T and p the five quantities which

have not yet been determined are the three second derivatives

of the specific volume and the two partial derivatives of the

specific heat.

To obtain an expression for (•T) starting with Eq. A-40

p

+ R +ar
p p

-P ) - +p + - R +

-pa -3 Cir- -•
p RTR

R ar.) & L'r
-( RTT ) (•-)j (A-78)
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or simplifying and using the definition of OT

T - a + R- +

(-j-) YT)~ "-- -4R -RT)--R

(5)T j (A- 79)

From equation A-25 and noting that Pu=xaP

SR __ I dB'

\--•-I = cxm-. T(• •
dT*pT

d r 2 d2 B? 3B
T-- ×p 2 d-B-+.d + T- A-o

Then in more compact foPm

= R ( kt ( )

R•I R dT- T R R.•) (..•T

r2dB'_ + T d2 B' +2 d 3 B? 1 (A-81)
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C C

The values of the deriviatives of -ul' -PD' and the deriva-

R R
tives of B' are obtained by straightforward differentiation

of Eq. A-3, the corresponding equation for C , and Eq. A-17.R'

The only term in Eq. A-79 which has not been evaluated is

( Starting with Eqs. A-56 and A-57 expressions for the
P

two deriviatives of op and ofcoT are developed as follows.

From Eq. A-56.

(j-2) T-T, 2- + (2x(-x)1 (A-82)

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

_xp -(2-xP) (A-83)(Z-P) T o

Then

( ) = -(2-x) P (l-2x,)(2-x,) + 2x,(1-x•)]

(Tp) = - P (2 Px) (A-814)T p (2'Xl. . (2-xl3

which simplifies to

= T p(2-x) 2
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In a similar fashion but using Eq. A-39 rather than A-83 one

obtains

( T ) CO T ( 2- 3 x p)
( - - . (A-86)

p (2-x )

or using Eq. A-85

= ) - ( )T 
(A-87)

p p T T

-0

From Eq. A-57 and noting that 4H is independent of pressureRT

R - (A-88)
T T

Or

(_ zp 
(A-89)

Using Eq. A-89 in combination with A-87 results in

Starting with Eq. A-57
610 ýRo ýC 63°0•

-P)- (a) ) - T () (A-91)
pp RT
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-~- - -- - -- - • --, . -- -. >--'-'

or using Eq. A-57 again

(~) T p (A-92)*
ZT RT- aZT R

pp

Expressions for the second derivatives of the specific

volume can be determined by differentiating Eqs. A-50 and A-51.

From Eq. A-51

2 -3> pT1 (A9-3)
) T(. ) p _ i)1j

Pp p

Differentiationnof Eq. A-52 gives
p= T (A) 94• v(-)

= T Z dT Z 2)
p p PT p

or

T (TZ) (A-95)(T = )T (1-'T)+Z T
p P

Inserting Eq. A-95 into A-93 and simplifying yields

(•-•)p (~ - • + T [ l"aT) +-

7T Z p v T " ]

P P (A-96)
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Similar differentiation of Eqs A-48 and A-50 with respect to

pressure results in a similar expression for (-v) which is

PT

=' - ( V) 1 1P) +

T T T

p p;5 (z (A- 97).
T

Differentiating Eq. A-51 with respect to pressure one obtains

Svv -) 4 v TT 1C-T
pFT -r) T- +T - TJ (A-98)

Using the definition of aT

T T _

z - T(P) (A-99)

or

6aT a T ____+(62

T p Z . (A-100)

Then Eq. A-98 can be written as
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v_ I )(V) (ý *(~ T)' a-. (JT] (-1)
=_T V( (F - T 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

2 z2

3'pp za P. pT p

~ 2

p p p P ~ Tp a
-x ý z (•x) (•-) (A-102)

P1
p p p

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

32 Z z 2z•Trx 7z Z •x
(~Z) 2Zj- +(l-Zx)

7 p T p [1

z2 z a ) iP2
-2 T[T~ (TT) + (Zj)(p )(A-103)

6T p p Tp

In exactly the same manner, the second derivative with respect

to pressure can be found and it is equivalent to Eq. A-103 with

T replaced by p.

2 .-2Za 1 x Z-
;3z Z '- 'x a a_

z, P PS-) + (Za-l) CP P) + (l-zx )
a P T T T
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Differentiating Eq. A-58 with respect to pressure gives

Z 1 ZZ 1 a ýZ + Z

p T p T

2 zx• - (- -

Tpp

p T T p

•X3 x xf :4z •z x1

p T T p

Using the definition of CIT and crp and rearranging Eq. A-.105

results in the following expression

C)2 z za cTe T Z•x 1. (Z ..ax• = _• _z ×• (•) -(Z-J.)-

p Z

( 3+ z 2 .Zx,) (a) - z a
(TT P + •ý-') (-1o6)

The expressions for the second derivatives of Za can be obtained

from Eqs. A-62 and A-63. Differentiating Eq. A-62 with respect

to T

,A0A-266



2) [ ' t d2B' dB ' 2
C = ( - -f) - .urT ZT- B (-s
p

or

2 2r 6B' d B dB' x
(i--') = p )- B' B -0- (A-108)

=3ý dT 2 2 U- (6T- 6T)] 2o8

p p P

From Eq. A-63

2z 2x- ;3x 62x

( -,2=) -B' -) B' (-P- -B'p P (' ) (A-lO9)

T T T T

or

2 [ 2  A 2 12 = -B' x(A-110)

T T T

Differentiating Eq. A-63 with respect to T.

62 rx
=Zb ( d-x !B - B (--) -p ([__T) dT + B (A-111)=(-)dT JT- p- 6P T "T
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or using Eq. A-62

2Zc 1 2za _ P dB , +A-I)-)

=T-dT + B T( ] (A-112)Sp p

5. Transport Properties

The transport properties are calculated using a modified

Buckingham potential for temperatures up to l000K (19,39).

In this region dissociation is-not taken into consideration.

For pressures above 0.01 atmospheres and temperatures less

than 10000K 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 1000K

Tabulated values of the collision integrals based on the

modified Buckingham or "exp-six" potential used to calculate

the transport properties below 1000K are available in the

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

ble functions of the collision integrals were fitted in the
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least squares sense to empirical equations which are fourth

order polynomials in a reduced temperature. The reduced

temperature is

* kT

where T is the absolute temperature, k is Boltzmann's con-

stant, and c is one of the potential parameters. The three

parameters in the exp-six potential

((r) = exp [ rcl (A113)

are e, the depth of the potential energy minimum; rm, the position

of the minimum; and a, a measure of the steepness of the repulsion

energy. For hydrogen the values of the potential parameters are

i.k 1 "Allf

S:37.3 /x(~•

a 14 o (A-115)

rm °A (A-116)

The actual functions fitted to the empirical equations are
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z T* (_ (A-117)

rather than the more rapidly varying • (ij)* collision in-

tegrals.

The coefficient of viscosity of a pure gas is

5 )1/2 f

~' T6i~2f iT*)(A-1-18)

where W is the molecular weight, R is the gas constant per

mole, N is Avogadros' number, f is an infinite series which
0

is nearly unity and its deviations from unity are corrections

for the viscosity above the first approximation, and

Q(22)*(T*) is the appropriate collision integral.

For calculations

ji x 107 = 266.93 2 "-T

rm )

"where ji is in poise, T is in degrees kelvin, and rm is

angstroms.

The third approximation for f was used in calculating

the viscosity of molecular hydrogen. The tabulated values were

A-30



fitted to an equation in the same manner as the collision in-

tegrals were fitted.

The formula for viscosity as given by Eq. A-119 is correct

if the gas is at low pressure and simultaneous encounters of

three or more molecules can be neglected. At high pressures

the deviation due to the departure from an ideal gas can be ac-

counted for by an equation of the form (20)

_r 1 + 0.175 (bpx) + 0.7557 (bpx) 2  0 .405 (bpx) 3  (A-120)

where j is the value for an ideal gas as calculated using Eq.

A-119 and [r is the corrected value. The quantity bpx can

be shown to be given by

1 (A-121)

where Z is the compressibility factor. The value of (')

can be determined as follows. Starting with

dZ = (•_)p3 dT + ()Tdp(-i.) ,
TZ TT4 p (A-122)
pT

and dividing by dT

ýz) ,•z 2e ýp
(7 (T 79) (A-123)
p P T p.
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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
pP

molecular species is present the equation of state is

p Z PR --T =Zp R T- (A-124)

Then

(6) = z R + p- T(-) (A-125)

P p

as W is constant or

Tp 5Z (A-126)
P . P

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

following expression

)Z _ ) +T (A-127)
WT-) 1 p 6Z (-2)

p1 -Z -r T

Using Eqs. A-62 and A-63 to evaluate the derivatives of Z

and remembering that for the case being considered the mole

fraction of the atomic species and its derivatives are zero the

expression for (•) can be reduced to
P
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Z P T dB + B] (A-128)

Then Eq. A-121 can be simplified using Eqs. A-61 and A-128

bpx = P B + Z T d-T + Jf (A-129)

The thermal conductivity of a pure gas can be written as

the sum of the two parts, X° the translational portion and

Xint the internal portion, representing the contibutions from

translational motion and rotational and vibrational motions of

the molecules respectively. The first approximation to the

translational portion can be written as

X0 15 R (A-13o)

Consequently for higher approximations

o 15 ff
1 •-•-(A-131)

where f is a series similar to f but for the thermal

conductivity rather than the viscosity.

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

it =t (C .C R) (A-132)
ntRT p 2
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where D the self-diffusion coefficient, is given to the third

approximation by

3/2
D=2.628 x 10- T (-l3DfD (A-133)

pr M Q (l)*(T*) W 1/2

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

the translational and internal portions.

S= O+ int (A-134)

A high pressure correction for the thermal conductivity similar

to the one for viscosity is

1 + 0.575 (bp,) + 0.5017 (bpx) 2 - o.204 (box) 3 (A-135)

0.

b. Transport Properties Above 1000°K

The transport properties of dissociating hydrogen gas

above 1000K have been calculated and tabulated by vanderslice,

et al (20). The development of the equations and the calcula-

tional procedure 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 1000 K, 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 ( Yii>includes the rm2 of Eq. A-

119 where

2.66.93 x I07-7WT
iP 3. (A-136)

The viscosity of the binary mixture is

x 2x xHH

where

xXX RT F 3W,, (A1
- + e3 R I + m] (A18'& W+ W pD [1 5WJ (-l8Saa

Hap -RW T pD5 (A.*) (A-139)

The value of H is found by interchanging subscripts in

Eq. A-138. The diffusion coefficient is given by
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(2.628 x lo-3) T3 / .( /

If i and j are different species than D.: is the mu-, 1.)

tual diffusion coefficient, but if j = i then D... 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 gas to

the first approximation is given by Eq. A-130.

The translational conductivity of a binary mixture is

F2 2 2xx iFL 2 -

'4- +L L JLLL(-li)

where

L a 1_5 W2 + 25 W 2
L 0 5 D L 2 a 1F-
oa a (w( +w)2

3W2_B*) +]t p (A2
S  12 + 1 (A-142)
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2ý5 2 p~ap 12) - (A12 ')

16 xxW~T [55 * -41*

(wa+w,3)

The value of L., is obtained by interchanging subscripts in

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

XaX0  0x+ (A-144)
kint 1 + (%a/D9)(x /x + 1 + (DP/Da)(x/x,)

where for the individual species

pD0 ii(C - 2 R) (A-145)3.i RT "pi 2

is expressed in Eq. A-132. It should be noted that for the

atomic hydrogen species X. - X° is equal to zero.

The portion of the thermal conductivity due to chemical

reaction is

PT 2 A- x (A-146)

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

0 = ° + Xint + XR 
(A-147)

6. Hydrogen Property Results

Tabulated values of the properties assuming equilibrium

composition are presented in Tables A-1, A-2, and A-3 for three

different pressure levels. The same properties are plotted

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 calculated

with the subroutine and the values tabulated in reference 18

are less than 5 0/0 • For temperatures above 300 0 K the agree-

ment is within 1 °/0. The thermal conductivity and consequent-

ly the Prandtl number agree within 6 0/0 for values of 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 data deviates by plus or minus

about 5 0 . Consequently the values calculated using this

subroutine are within a reasonable accuracy.
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TABLE A-1

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P= 1.00 ATM

T Z XB W 10000 RHO
DEG K GM/GM-MOLE GM/CM3

150.0 1.0008 0. 2.01626 1.6366200.0 1.0008 0. 2.01626 1.2276300.0 1.0006 0. 2.01626 0.8185400s0 1.0005 0* 2-01626 0.6140
500.0 1.0004 0. 2.01626 0.4912600.0 190003 0. 2.01626 0.4094
700.0 1.0003 0.0000 2.01626 0e3509800.0 1.0003 0.0000 2.01626 0.3070
900.0 1.0002 0.0000 2.01626 0.27291000.0 1.0002 0.0000 2.01626 0.2457

1100.0 1.0002 0.0000 2.01626 0.22331200.0 1.0002 0.0000 2.01626 0,2047
1300.0 1.0001 0.0000 2.01626 0,18901400.0 1.0001 0.0000 2.01626 0.17551500.0 1.0001 0.0000 2.01624 0,1638
1600.0 1,0001 0.0001 2.01621 0*15351700.0 1.0001 0.0001 2.01611 0914451800.0 1.0001 0.0004 2.01590 0.1365
1900.0 1.0001 0.0008 2.01546 0.12932000.0 1.0001 0.0016 2*01463 0.1227
2100.0 1.0001 0.0031 2.01314 0.11682200.0 1.0001 0.0056 2.01062 0.11142300.0 1.0001 0-0096 2.00659 0.1063
2400.0 1.0001 0.0157 2.00042 0.10162500.0 1.0001 0,0247 1.99134 0*09712600.0 1.0001 0.0375 1.97846 0.09272700.0 1.0001 0.0550 1.96082 0.08852800.0 1.0001 0.0782 1.93741 0.08432900.0 1.0000 091081 1.90731 0.08013000.0 10000 091453 1.86975 0.0759
3100.0 1.0000 0-1904 1.82430 0.07173200.0 1.0000 0-2433 1.77096 0*06743300.0 1.0000 0.93035 1.71032 0.0632"3400.0 1.0000 0.3696 1,64363 0.05893500.0 1.0000 0.4399 1.57279 0.05483600.0 1.0000 0.5119 1.50021 0.0508
3700.0 1.0000 0.5829 1.42859 0.04713800.0 1.0000 0.6504 1.36058 0.0436
3900.0 1.0000 0.7121 1.29838 0.0406
4000.0 1.0000 0.7665 1.24350 0.0379
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TABLE A-1 CONT.

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P= 1.00 ATM

T H S' CP DH/DP
DEG K CAL/GM CAL/GM-K CAL/GM-K CAL/GM-PSI

150.0 33933.6 13.237 3*037 093202E-02
200.0 34089.9 14.135 3o214 0#4807E-02300.0 34424.6 15.489 3o417 097834E-02400s0 34768.7 16.479 3.460 0.1029E-01
500.0 35115.1 17.252 3.460 091209E-01600.0 35462.0 17.884 3.476 001332E-01
700.0 35810.1 18,421 3.485 0.1409E-01800.0 36159.8 18.888 3.511 0.1452E-01900.0 36512.4 19.303 3*542 0*1469E-011000.0 36868.3 19.678 3.577 001469E-011100.0 37228.2 20.021 3.622 0,1455E-011200.0 37592.8 20.338 3.671 0.1423E-011300.0 37962.5 209634 3.723 0.1321E-011400.0 38337.5 20.912 3.777 099622E-021500.0 38717.9 21.174 3.832 -0.2054E-021600.0 39104.0 21.423 3.892 -0.3545E-011700.0 39496.6 21.661 3.962 -091198E-00

1800.0 39897.1 21.890 4.053 -0,3113E-001900.0 40308.3 22.113 4.179 -0.*7076E 002000.0 40734.6 22.331 4.359 -0*1467E 012100.0 41182.9 22.550 4.621 -0.2827E 012200.0 41662.7 229773 4.998 -0.5129E 012300.0 42187.6 23.006 5o529 -0.8836E 012400.0 42775.1 23.256 6o258 -0.1455E 022500,0 43447.4 23.530 7.233 -0.2303E 022600.0 44231.5 239838 8.503 -0.3520E 022700.0 45159.4 24.188 10.118 -0.5214E 022800.0 46268.1 249591 12.125 -097508E 022900.0 47598.8 25.057 14.562 -0.1053E 033000.0 49195.7 25o599 17.453 -0.1442E 033100.0 51104.4 26,224 20.795 -0.1929E 033200.0 53368.4 26.943 24.547 -0,2521E 033300.0 56024.1 27.760 28.606 -0*3216E 033400.0 59093.6 28.676 32.783 -0.3997E 033500,0 62575.1 29o684 36.789 -0..4828E 033600.0 66432.9 30.771 40o239 -0.5645E 033700.0 70590.0 319910 42*703 -0,6366E 033800.0 74927*4 33e067 43*791 -0.6896E 033900.0 79294.8 34.201 43.285 -0.7160E 034000.0 83532.3 35.274 41.223 -0*7118E 03
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TABLE A-i CONT.

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P= 1.00 ATM

T DS/DT DS/DP METOMEGP
DEG K CAL/GM-K2 CAL/GM-K-PSI

150.0 0*2025E-O1 -0*6706E-O1 -0s 0.
200.0 0*1607E-01 -0*6705E-01 -0. 0.
300.0 0#1139E-01 -096704E-01 -0. 0.
400.0 098650E-02 -096703E-01 -0. 0.
500.0 0#6920E-02 -0*6702E-01 -0. 0.
600.0 0*5794E-02 -0.'6702E-01 -0*1014E-14 091150E-16
700.0 0*4978E-02 -0.6702E-O1 -0*4765E-12 096290E-14
800.0 0*4389E-02 -0*6702E-01 -0.4791E-10 0.7207E-12
900.0 0*3935E-02 -096702E-01 -0*1723E-08 0*2908E-10ý

1000.0 0.3577E-02 -096702E-01 -09301.8E-07 0.5646E-09
1100.0 0*3293E-02 -0.6702E-01 -0*3134E-06 0.6432E-08
1200.0 0.3059E-02 -0#6702E-01 -0.2198E-05 0*4910E-07
1300.0 0*2864E-02 -0.6702E-01 -091140E-04 092152E-06
1400.0 0*2698E-02 -0.6702E-01 -0.4665E-04 0.1210E-05
1500.0 0.2555E-02 -0.6703E-01 -091579E-03 0*4380E-05
1600.0 0.2432E-02 -0.6705E-01 -0.4582E-03 091353E-04
1700.0 0.2330E-02 -0.6710E-01 -0*1171E-02 0.3667E-04
1800.0 0.2251E-02 -0*6721E-01 -0*2693E-02 0*8910E-04
1900,0 0.2199E-02 -0.6743E-01 -0.5662E-02 091975E-03
2000.0 0.2180E-02 -0.6782E-01 -0.1104E-01 0*4045E-03
2100.0 062201E-02 -0*6848E-01 -0*2016E-01 097744E-03
2200.0 0.2272E-02 -0*6955E-01 -0*3479E-01 0*1398E-02
2300.0 0*2404E-02 -0*7119E-01 -0*5715E-01 092398E-02
2400.0 0.2608E-02 -097362E-01 -0.8985E-O1 093928E-02
2500.0 0*2893E-02 -097708E-01 -0*1359E-00 0.6180E-02
2600.0 093270E-02 -0.8185E-01 -0.1983E-00 0.9370E-02
2700.0 0*3747E-02 -0.8823E-01 -092804E-00 0.1374E-01
2800.0 0,4330E-02 -099657E-01 -0.3846E-00 0*1952E-01
2900.0 0*5021E-02 -0.1072E-00 -0*5128E 00 0*2693E-01
3000.0 0#5818E-02 -0*1203E-00 -0.6653E 00 0*3611E-01
3100.0 0.6708E-02 -0*1363E-0O -0.8402E 00 0.4708E-01
3200.0 0.7671E-02 -0.1551E-0O -O.1032E 01 0.5966E-01
3300.0 0.8669E-02 -0*1765E-Oo -0.1233E 01 0.7344E-01
3400.0 0.9642E-02 -0.1998E-00 -0.1430E 01 098766E-01
3500.0 0.1051E-01 -0.2239E-00 -0*1606E 01 0*1012E-00
3600.0 0.1118E-O1 -0*2469E-0O -091741E 01 001128E-00
3700.0 0.1154E-01 -0.2666E-00 -0.1819E 01 0.1211E-00
3800.0 091152E-01 -0.2808E-00 -091827E 01 0.1248E-00
3900.0 0.111OE-01 -0.2877E-00 -0.!764E 01, 0.1236E-00
4000.0 0.1031E-01 -0*2866E-00 -0.1638E 01 0.1176E-00
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TABLE A-i CONT.

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P= 1.00 ATM

T SIGT .SIGP ZETAT ZETAP
DEG K

150.0 -003182E-03 O.8483E-03 -0,8244E-01 0*2132E-O2
200.0 -093583E-03 0*7508E-03 -0,9599E-01 O.1784E-02
300.0 -093894E-03 095980E-03 -0,2031E-01 091317E-02
400.0 -0*3836E-03 0.4863E-03 -0,1314E-01 09101SE-02
500.0 -0*3608E-03 0*4030E-03 -0,1189E-01 098140E-03
600.0 -0.3312E-03 0*3398E-03 -0,9716E-02 006699E-03
700.0 -0*3003E-03 0.2911E-03 -0.1960E-01 0.5651E-03
800.0 -O.2707E-03 0.2529E-03 -0,2588E-01 0*4873E-03
900.0 -0*2434E-03 0*2227E-03 -O.3284E-01 0*4280E-03

1000.0 -0.2191E-03 091983E-03 -094608E-01 003818E-03
1100.0 -0*1977E-03 0.1784E-03 -0*5370E-01 0*3453E-03
1200.0 -0.1791E-03 0*1621E-03 -0.6117E-01 -0.3185E-03
1300.0 -0.1630E-03 0*1484E-03 -0.6587E-01 0*3076E-03
1400.0 -0.1492E-03 0.1368E-03 -0.7033E-0l 093343E-03
1500.0 -091375E-03 091270E-03 -0.7579E-01 0.4491E-03
1600.0 -0.1277E-03 0.1184E-03 -098439E-01 0,7484E-03
1700.0 -0.1196E--03 0.1109E-03 -0*1007E-00 0.1387E-02
1800.0 -0.1132E-03 0*1043E-03 -0*1282E-0O 092569E-02
1900.0 -0.1084E-03 0.9836E-04 -0.1680E-00 0.o4503E-02
2000.0 -0.1054E-03 0.9295E-04 -092195E-00 0*7296E-02
2100.0 -0.1042E-03 098797E-04 -0*2766E-00 091083E-01
2200.0 -0.1049E-03 0*8331E-04 -0.3338E-00 0.1466E-O1
2300.0 -0.1078E-03 097888E-04 -0.3737E-00 091809E-01
2400.0 -0.1131E-03 0.7459E-04 -0.3867E-00 0*2048E-O1
2500.0 -0*1206E-03 0*7039E-04 -0.3711E-0O 0*2145E-01
2600.0 -0.1303E-03 0*6619E-04 -0.3329E-0O 0*2105E-01
2700.0 -0.14l7E-03 0*6195E-04 -0.2808E-00 0.1960E-O1
2800.0 -0.1539E-03 0*5759E-04 -0*2227E-0O 0.1751E-o1
2900.0 -091657E-03 095309E-04 -0*1651E-00 0*1514E-O1
3000.0 -0.1757E-03 0.4841E-04 -0#1115E-00 0*1276E-O1
3100.0 -0.1822E-03 0*4355E-04 -0*6320E-01 091048E-01
3200.0 -0.1834E-03 0.3851E-04 -0.2080E-01 008351E-02
3300.0 -0*1784E-03 0.3336E-04 0.1817E-01 0*6367E-02
3400.0 -0#1666E-03 092820E-04 0*5399E-01 0*4500E-02
3500.0 -0*1489E-03 092317E-04 0*8792E-01 092693E-02
3600.0 -0.1267E-03 091844E-04 0.1213E-00 098761E-03
3700.0 -091026E-03 091418E-04 0*1557E-00 -091044E-02
3800.0 -0*7901E-04 0.1053E-04 0.1924E-00 -0.3186E-02
3900.0 -0.5799E-04 097556E-05 0.2342E-0O -095712E-02
4000.0 -0.4078E-04 0.5261E-05 0.2833E-0O -0.8803E-02
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TABLE A-1 CONT.

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P= 1.00 ATM

T GAMMA 1000 MU 1000 LAMBDA PR

DEG K GM/CM-SEC CAL/CM-SEC-K

150.0 1.483 0.0553 0.2470 0.6800

200.0 1.444 090679 003197 0.6826

300.0 19407 090898 0.4486 0.6843

400.0 19399 0.1090 0.5518 0,6836

500.0 1.399 0.1265 0.6411 0.6827

600.0 1.396 0.1428 0.7277 0.6823.
700.0 1.395 0.1583 0.8089 096819

800.0 1.391 0.1731 0.8915 0.6817

900.0 1.386 0.1874 0.9735 0.6817
1000.0 1.381 001999 1.0467 0.6833

1100.0 1.374 0.2126 1.1293 0.6819

1200.0 .1.367 0.2250 1.2138 0.6805

1300.0 1.360 0.2373 1.3007 0.6792

1400.0 1,353 002493 1.3891 0.6779

1500.0 1.346 0.2613 1.4804 0.6763

1600".0 1.340 0.2731 1.5764 0.6743

1700.0 1.332 0.2849 1.6815 0.6712

1800.0 1.324 0.2965 1.8042 0.6661

1900.0 1.313 0.3082 1.9573 0.6579

2000.0 1.300 0,3198 2.1597 0.6456

2100.0 1.285 0.3315 2o4379 0.6284

2200.0 1.266 0.3432 2.8273 0.6067

2300.0 1,247 0.3551 3.3723 095822

2400.0 1.226 0.3672 4.1246 0.5571

2500.0 1.207 0.3795 5.1417 095339

2600.0 1.191 093922 6,4845 0.5143

2700.0 1.177 0.4054 8.2131 0.4994

2800.0 1.166 0.4190 10.3782 0.4895

2900.0 1.158 0.4331 13.0124 0,4847

3000.0 1.153 0.4477 16.1186 0.4847
3100.0 1.150 0.4624 19.6556 0.4892

3200.0 1.148 0.4771 23.5222 0.4978

3300.0 1.148 0.4911 27.5446 0.5100

3400.0 1.149 0.5039 31.4639 0.5250

3500.0 1.152 0.5148 34.9496 0.5419

3600.0 1.155 0.5233 37o6331 0.5595

3700.0 1.160 0.5291 39.1728 0.5768

3800.0 1.165 0.5323 39.3401 095925

3900.0 1.171 0.5333 38.0984 0.6060

4000.0 1.179 0.5329 35.6270 096166

A-43



TABLE A-2

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P= 1000 ATM

T Z XB W 10000 RHO
DEG K GM/GM-MOLE GM/CM3

150.0 1.0085 0. 2.01626 1692421
200.0 1.0075 0. 2.01626 12.1934
300.0 1.0060 0. 2.01626 8.1413
400.0 1.0049 0. 2.01626 6.1128
500.0 1.0040 0. 2.01626 4o8943
600.0 1.0034 0. 2.01626 4.0811
70090 1.0029 0.0000 2.01626 3.4998
800.0 1*0025 0.0000 2.01626 3.0635
900.0 1.0022 0.0000 2.01626 2o7239

1000.0 1.0020 0.0000 2*01626 2.4521
1100.0 1.0018 0.0000 2.01626 2.2297
1200.0 1.0016 0.0000 2.01626 2.0442
1300.0 1.0015 0.0000 2.01626 1.8872
1400.0 190014 0.0000 2.01626 1,7526
1500.0 1.0013 0.0000 2.01625 1.6359
1600.0 1.0012 0.0000 2.01624 1.5338
1700.0 1.0011 0.0000 2.01621 194437
1800.0 1.0010 0.0001 2.01615 1,3635
1900.0 1i0010 0.0002 2.01601 1.2917
2000.0 1.0009 0.0005 2.01574 1*2270
2100.0 1.0009 0.0010 2.01527 1.1684
2200.0 1.0008 0.0018 2.01447 1.1149
2300.0 1.0008 0.0030 2.01319 1*0658
2400.0 1.0008 090050 2.01122 1.0204
2500.0 1.0007 0.0079 2*00831 0*9782
2600.0 1.0007 0.0120 2.00415 0.9387
2700.0 1.0006 090177 1.99839 009014
2800.0 1.0006 0.0254 1.99062 0.8658
2900.0 1.0006 0.0355 1.98043 098317
3000.0 1.0005 0.0485 1*96738 0*7987
3100.0 100005 0.0647 1.95101 0.7666
3200.0 1.0004 0.0846 1993094 097350
3300.0 1.0004 0.1086 1.90681 0.7038
3400.0 .1.0004 0.1368 1.87837 0*6730
3500.0 I.0003 0.1694 1,84548 0.6423
3600.0 1.0003 0.2064 1.80818 0.6119
3700.0 1.0003 0.2476 1.76666 0*5817
3800.0 1.0002 0,2926 1.72131 0.5519
3900.0 1.0002 0.3408 1.67274 0.5226
4000.0 1.0002 0.3914 1.62171 0.4940



TABLE A-2 CONT.

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P- 10.00 ATM

T H S CP DH/DP
DEG K CAL/GM CAL/GM-K CAL/GM-K CAL/GM-PSI

150.0 33934.1 10.964 3.042 093202E-02
200.0 34090.6 11,864 3.219 0,4807E-02
300.0 34425.6 13.219 3.421 0*7834E-02
400.0 34770.0 14.210 3.463 0,1029E-01
500,0 35116.7 14.983 3.462 091209E-01
600.0 35463.7 159616 3.478 0.1332E-01
700.0 35812.0 16.153 3.485 0,1409E-01
800.0 36161.8 169620 3.511 0.1452E-01
900.0 36514.4 17.035 3.542 0#1469E-01

1000.0 36870.3 179410 3o577 0,1469E-01
1100.0 37230.1 17*753 3.622 0,1458E-01
1200.0 37594.7 18.070 3o670 0,1440E-01
1300.0 37964.4 18,366 3.723 0,1417E-01
1400.0 38339.3 18o644 3o775 0.1386E-01
1500.0 38719.4 18.906 3.828 0=1332E-01
1600.0 39104.9 19.155 3.881 0.1212E-01
1700.0 39495.7 199392 3o936 0,9368E-02
1800.0 39892.4 19.619 3.998 093289E-02
1900.0 40295.6 19.837 4.069 -0.9200E-02
2000.0 40706.7 20.047 4e156 -093308E-01
2100.0 41127.6 20.253 4.267 -0,7589E-01
2200.0 41561.2 20e454 4e412 -0.1484E-00
2300.0 42011.5 20o655 4.605 -0*2652E-00
2400.0 42484.2 20.856 4.860 -0.4454E-00
2500.0 42986.0 21,060 5.191 -0o7131E 00
2600.0 43525.3 219272 5.614 -0,1098E 01
2700.0 44112.3 21.493 6o146 -0*1634E 01
2800.0 44758.7 21.728 6.805 -0.2361E 01
2900.0 45477.8 21.981 7.603 -0.3326E 01
3000.0 46284.5 22,254 8.556 -0.4578E 01
3100.0 47194.6 22.552 9o675 -0,6171E 01
3200.0 48225.2 22.880 10.968 -0.8159E 01
3300.0 49394.2 23o239 12o444 -0.1060E 02
3400.0 50719.7 23o635 14.098 -0,1355E 02
3500.0 52219.3 24.069 15.923 -0o1704E 02
3600.0 53909.4 24o545 17.903 -0.2111E 02
3700.0 55804.0 25.064 20.008 -0*2576E 02
3800.0 57913.5 25o627 22.193 -0.3097E 02
3900.0 60243.2 26.232 24.400 -0.3666E 02
4000.0 62791.5 26.877 26.548 -0*4268E 02

A-45



TABLE A -2 CON?.

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P= 10,00 ATM

T DS/DT DS/DP OMEGT OMEGODEG K CAL/GM-K2 CAL/GM-K-PSI

150.0 0*2028E-01 -O.6738E-02 -0. .0.230.0 0*1609E-01 -096728E-02 -0. 0.300.0 O.1140E-0l -096716E-02 -0. 0.400.0 0*8657E-02 -O.6709E-02 -0. 0.500.0 0*6924E-02 -O.6705E-02 -0. 0.600.0 0*5796E-02 -Oo6703E-02 -0*3206E-15 093637E-17700.0 Oo4979E-02 -096702E-02 -0*1507E-12 0*1989E-14800.0 0#4389E-02 -O.6701E-02 -091515E-10 O.2279E-12900.10 Oo3935E-02 -Oo6701E-02 -0,5449E-09 0#9197E-111000.0 0.3577E-02 -0*6701E-02 -0.9545E-08 Ool785E-091100.0 0.3292E-02 -O.6701E-02 -0*9910E-07 0.2o34E-081200.0 Oo3059E-02 -O.6701E-O2 -0.6951E-06 0*1553E-071300.0 0*2864E-02 -0o6701E-02 -0.3605E-05 Oo8704E-071400.0 O.2697E-02 -O.6701E-02 -091475E-04 0*3827E-061500.0 0.2552E-02 -Oo6702E-02 -0*4994E-04 0*1385E-O,1600.0 O.2426E-02 -0.6703E-02 -0*1449E-03 0.4279E-051700.0 0.2316E-02 -0.6704E-0z -0.3704E-03 0.1160E-041800.0 Oo2221E-02 -O.6708E-02 -0*8516E-03 0*2818E-041900.0 0.2142E-02 -0*6714E-02 -0.1791E-02 0.o6246E-OL,23000.0 0,2078E-02 -0.6727E-02 -0.3492E-Oz O.1280E-032100.0 0.2032E-02 -Oo6747E-02 -096381E-02 0.2452E-032200.0 0*2005E-02 -O.6781E--o2 -0.1102E-O1 Oo4430E-032300.0 0.2002E-02 -Oo6833E-02 ~-0.1813E-.01 0.7607E-032400.0 092025E-02 -096910E-02 -002857E-01 0.1249E-022500.0 0.2076E-02 -O.7019E-02 -0.4334E-01 Ool971E-022600.0 0.2159E-02 -0o7169E-02 -0*6357E-01 Oo3003E-022700.0 0.2276E-02 -097371E-02 -099045E-01 094432E-022800.0 0.243oE-02 -Oo7636E-02 -0.1252E-00 O.6357E-022900.0 O.2622E-02 -Oo7974E-02 -0.1691E-OO 0.8882E-023000.0 0#2852E-02 -Oo8398E-02 -092232E-00 O.1211E-013100.0 0.3121E-02 -0e8920E-02 -0.2884E-Oo 0.1616E-013200.0 Oo3428E-02 -0*9551E-02 -0.3654E-00 O.2112E-013300.0 0.3771E-02 -Oo1030E-01 -0.4543E-00 O.2705E-013400.0 0.4146E-02 -Oo.118E-01 -0.5549E 00 0o3401E-013500.0 0,4550E-02 -Oo12l9E-01 -O.6659E 00 O.4199E-013600.0 0.4973E-02 -0.1334E-01 -0.7857E 00 Oo5092E-013700.0 O.5407E-o2 -O.1461E-01 -O.9114E 00 Oo6066E-013800.0 0.5840E-02 -O.1600E-01 -0*1039E 01 O.7099E-O13900.0 0.6257E-02 -0.1748E-01 -091164E 01 0o816oE-014000o0 0.6637E-02 -0o1901E-0l -0.1282E 01 0.9205E-01
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TABLE A-2 CONT9

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P= 10.00 ATM

DGT KSIGT SIGP ZETAT ZETAP

150.0 -O.3158E-02 0#8419E-02 -0.9323E-01 O.2123E-01
200.0 -0*3559E-02ý O.7458E-02 -0e1068E-OO 0,1775E-01
300.0 -O.3873E-'02 0*5948E-02 -0,3007E-01 O.1311E-01
400.0 -0*3819E-02 094842E-02 -0o2189E-01 O.1014E-01
500.0 -!O03594E-02 094015E-02 -0.1951E-01 O.8113E-02
600.0 -0.3302E-02 0.3387E-02 -0.1628E-01 096679E-02
700.0 -0*2995E-02 0.2903E-02 -0*2522E-O1 0.5637E-02
800.0 -0*2700E-02 0.2524E-02 -0*3072E-O1 O.4863E-02
900.0 -Os2430E-02 0.2222E-02 -O.3705E-01 0.4272E-02

1000.0 -092187E-02 0*1979E-02 -0.4977E--01 0.3811E-02
1100.0 -0*1974E-02 0.1782E-02 -0*5697E-01 0.3442E-02
1200.0 -Oo1788E-02 091618E-02 -096403E-01 093142E-02
1300.0 -O.1627E-02 091482E-02 -0.6813E-01 0.2894E-02
1400.0 -O.1490E-02 Ool367E-02 -O.7134E-0l O.2694E-02
1500.0 -0*1373E-02 0*1268E-02 -0*7397E-01 092549E-02
1600.0 -0.1274E-02 0.1183E-02 -0*7666E-01 0*2483E-02
1700.0 -0.1192E-02 0*1108E-02 -0*8196E-01 0.2544E-02
1800.0 -0.1124E-02 091042E-02 -0*9117E-01 092803E-02
1900.0 -0*1069E-02 099832E-03 -0.1044E-0O 0.3351E-02
20C0.0 -0*1027E-02 0.9298E-03 -0.1227E-00 0*4286E-02
2100.0 -0*9965E-03 0*8809E-03 -0.1456E-00 095690E-02
2200.0 -0.9768E-03 0.8357E-03 -0.1783E-0O 0.7585E-02
2300.0 -O.9677E-03 0.7934E-03 -092132E-00 099895E-02
2400.0 -0.9690E-03 0*7536E-03 -0*2461E-00 0*1244E-01
2500.0 -0.9802E-03 0*7158E-03 -0.2723E-00 0.1495E-O1
2600.0 -0e1001E-02 096795E-03 -0.2889E-00 0.1713E-0l
2700.0 -0*1030E-02 0*6444E-03 -092937E-00 0.1873E-01
2800.0 -0*1067E-02 096103E-03 -0.2847E-0O 0*1959E-01
2900.0 -0*1109E-02 095770E-03 -0*2639E-00 001970E-01
3000.0 -0.1155E-02 0*5443E-03 -0*2344E-00 0*1917E-O1
3100.0 -O.1201E-02 095120E-03 -091995E-00 0.1813E-O1
3200.0 -0.1243E-02 094801E-03 -0.1641E-00 0.1675E-O1
3300.0 -0.1279E-02 0.4485E-03 -0*1264E-00 0*1515E-O1
3400.0 -O.1304E-02 094171E-03 -0.8973E-01 0.1345E-O1
3500.0 -0.1315E-02 0*3860E-03 -0*5491E-01 091173E-01
3600.0 -0*1309E-02 0.3552E-03 -0.2213E-01 0.1004E-01
3700.0 -0.1284E-02 0.3247E-03 0.8684E-02 0.8381E-02
3800.0 -0.1239E-02 092947E-03 0*3685E-01 096769E-02
3900o0 -0.1175E-02 0.2654E-03 0.6419E-01 0*5182E-02
40010.0 -0.1093E-02 002369E-03 099065E-01 093612E-02



TABLE A-2 CONT.

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P= 10.00 ATM

T GAMMA 1000 MU 1000 LAMBDA PR

DEG K GM/CM-SEC CAL/CM-SEC-K

150.0 1.512 0.0554 0.2488 0.6776

200.0 1.468 0.0680 0*3216 0.6807
300.0 1.424 000900 0,4505 096831
400.0 19412 0.1091 0.5535 0.6828

500.0 1*409 0*1266 0.6426 .0.6820
600.0 1.405 0.1429 0*7290 0.6817
700.0 19402 0.1584 0.8101 0.6813

800.0 1.397 0.1732 0.8925 0,6812

900.0 1.391 091874 0.9745 0*6812

1000.0 1.385 092000 1.0476 0.6828

1100.0 1.378 0,2127 1.1302 0.6814
1200.0 "1.371 0.2251 1,2147 0.6801
1300.0 1.364 0,2373 1.3014 0.6789

1400.0 1.357 092494 1.3894 0.6776

1500.0 1.350 092613 1.4790 006764

1600.0 1.343 0.2732 1.5707 0*6750
1700.0 1.337 092849 1,6656 096733

1800.0 1.330 0.2966 1.7668 0.6710
1900.0 1.323 0*3082 1.8781 0.6677

2000.0 1.316 0*3198 2.0052 096628
2100.0 1.307 0.3314 2.1563 0*6558

2200.0 1.297 0.3430 2o3428 0.6460
230090 1.286 093547 2,5795 096332

2400.0 1.274 0,3665 2o8832 0.6177
2500.0 1.260 0.3784 3o2734 0.6000
2600.0 1.246 0.3905 3o7718 0*5811
2700.0 1.233 0.4027 4.4025 0.5622

2800.0 1.220 0,4153 5.1897 0.5445
2900.0 1.208 0.4281 6.1565 095287
3000.0 1.198 0,4413 7o3240 0.5155
3100.0 1.189 0.4548 897093 0*5053
3200.0 1.182 0,4687 10,3238 0.4980
3300.0 1.177 0.4830 12.1727 094938

3400.0 1,173 0,4976 14.2463 0.4924
3500.0 1*171 0,5123 16,5231 0.4937
3600.0 1.170 095270 18.9655 0.4975
3700.0 1.169 0.5415 21e5175 0*5035

3800.0 1.170 0.5555 24.1033 0.5115
3900.0 1.172 0.5687 26.6302 0.5211
4000.0 1.174 095808 28.9857 0.5319
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TABLE A-3

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P=1009O0 ATM

T Z XB W 10000 RHO
DEG K GM/GM-MOLE GM/CM3

150.0 1.0849 0. 2.01626 150e9813
200.0 1,0751 0. 2.01626 114o2643
300.0 1.0598 0. 2.01626 77.2759
400.0 1.0487 0. 2.01626 58.5753*
500.0 1.0403 0. 2.01626 47.2358
600.0 1.0340 0. 2.01626 39.6039
700.0 1.0291 0.0000 2.01626 34.1070
80000 190253 0.0000 2.01626 29*9547
900.0 1.0223 0.0000 2.01626 26*7053

1000.0 1.0198 0-0000 2.01626 24.0922
1100.0 1.0178 0.0000 2.01626 21.9447
1200.0 1.0162 0.0000 2.01626 20.1484
1300.0 1.0148 0.0000 2.01626 1896236
1400.0 1.0137 0.0000 2.01626 17.3131
1500.0 1.0127 0.0000 2.01626 16*1746
1600.0 1.0118 0.0000 2.01625 15.1765
1700.0 1*0111. 0-0000 2.01625 14.2942
1800.0 1.0104 0.0000 2*01622 13*5088
1900.0 1*0098 0.0001 2.01618 12*8050
2000,0 1*0093 0.0002 2.01610 12.1707.
2100.0 1.0088 0.0003 2.01595 11.5959
2200.0 1.0084 0.0006 2*01569 11*0724
2300.0 1.0079 0.0010 2.01529 1095933.
2400.0 1.0076 0-0016 2.01466 10.1527
2500.0 1.0072 0.0025 2,01374 9.7457
2600.0 1.0068 0.0038 2.01241 9.3680
2700.0 1.0065 0.0056 2.01057 9.0158
2800.0 1*0062 0o0081 2,00808 8.6858
2900.0 1.0059 0.0114 2.00479 8.3752
3000,0 1.0056 0.0156 2.00054 8.0813
3100.0 1.0053 0*0209 1.9951.5 7.8018
3200.0 1.0050 0.0276 1.98845 7.5347'
3300.0 1.0047 0.0357 1.98026 7.2783
3400.0 1.0044 0*0455 1.97041 700309
3500.0 1.0042 0*0571 1.95872 6*7912
3600.0 1.0040 090706 1.94505 6*5580
3700.0 1*0037 0°0863 1.92928 6.3304
3800.0 1.0035 0.1041 1.91130 6.1077
3900.0 1.0033 0*1242 1.89105 5o8892
4000.0 1.0031 0.1466 1.86852 5.6746
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TABLE A-3 CONT.

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P=100,00 ATM

T H S CP DH/DP
DEG K CAL/GM CAL/GM-K CAL/GM-K CAL/GM-PSI

150.0 33938.3 8.650 3.084 093202E-02
200.0 34096.9 9o561 3o261 0*4807E-02
300.0 34436.0 10.933 3.458 0*7834E-02
400.0 34783.6 11.933 3.491 0-1029E-01
500.0 35132&7 12.712 3o482 0*1209E-01
600.0 35481.4 13.347 3.491 0,1332E-01
700.0 35830.6 13.886 3o493 0.1409E-01
800.0 36181.0 14.354 3.515 0.1452E-01
900.0 36533.8 14.769 3o543 O01469E-01

1000.0 36889.7 15.144 3o576 0*1469E-01
110000 37249.4 15o487 3.620 0.1458E-01
1200.0 37613.8 15.804 3.668 0.1440E-01
1300.0 37983.1 16.099 3.720 0.1420E-01
1400.0 38357.7 16.377 30772 O01399E-01
1500.0 38737.6 16.639 3o824 0.1380E-01
1600.0 39122.6 16.888 3o876 O01362E-01
1700.0 39512.8 17.124 3.928 0-1345E-01
1800.0 39908.2 17e350 3.980 O01322E-01
1900.0 40308.9 17o567 4.035 0*1285E-01
2000.0 40715.3 17e775 4.093 0.1218E-01
2100,0 41127.7 17.976 4.157 0,1098E-01
2200.0 41546.9 18,171 4.229 0.8895E-02
2300.0 41973.9 18o361 40315 0.5468E-02
2400.0 42410.5 18.547 4.420 0.8654E-04
2500.0 42858.7 18o730 4o547 -0.8o20E-02
2600.0 43320.9 18.911 4.702 -0.1979E-01
2700.0 43800.1 19,092 4*890 -0.3633E-01
2800.0 44300.1 19o274 5.118 -05894E-01
2900.0 44824.9 19*458 5.389 -0.8908E-01
3000.0 45379.2 19,646 5.708 -0*1284E-00
3100.0 45968.0 19.839 6*080 -0*1786E-00
3200.0 46596.6 20o039 6.506 -0.2415E-00
3300.0 47270.9 20o246 6.995 -093193E-00
3400.0 47997.0 20o463 7.543 -0.4140E-00
3500.0 48781.1 20.690 8.154 -0*5276E 00
3600.0 49629.2 20.929 8.827 -096624E 00
3700.0 50547.7 21*181 9o560 -0-8202E 00
3800.0 51542.6 21*446 10.353 -0.1003E 01
3900.0 52619.9 21*726 11.206 -0,1213E 01
4000.0 53785.1 22*021 12.111 -01450E 01
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* --

TABLE A-3,CONT.

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P=100.O0 ATM

T DS/DT DS/DP OMEGT OMEGP

DEG K CAL/GM-K2 CAL/GM-K-PSI

150.0 0*2056E-01 -0 7058E-03 -0. 0.

200.0 0.1631E-01 -0:6965E-03 -0. 0.

300.0 0,1153E-01 -0*6842E-03 -0. 0.

400.0 O.8727E-02 -O.6771E-03 -0. 0.

500.0 0.6963E-02 -0.6730E-03 -0. 0.

600.0 0.5818E-02 -0.6708E-03 -0.1014E-15 001150E-17

700.0 0,4990E-02 -0*6696E-03 -094765E-13 0*6290E-15

800.0 0#4394E-02 -0*6690E-03 -0*4791E-11 0*7207E-13

900.0 0,3936E-02 -0.6688E-03 -0.1723E-09 0*2908E-11

1000.0 0,3576E-02 -0*6688E-03 -0*3018E-08 095646E-10

1100.0 0*3291E-02 -0.6689E-03 -093134E-07 0 "6432E-09

1200.0 0.3057E-02 -0*6691E-03 -0*2198E-06 0.4910E-08

1300.0 0.2862E-02 -0*6692E-03 -0.1140E-05 0.2752E-07

1400.0 0@2694E-02 -0*6694E-03 -0.4665E-05 0 "1210E-06

1500.0 0#2550E-02 -0.6695E-03 -0*1579E-04 0.4380E-06

1600.0 0.2423E-02 -0*6696E-03 -094583E-04 091353E-05

1700.0 0.2310E-02 -0*6697E-03 -091171E-03 093667E-05

1800.0 0,2211E-02 -0.6699E-03 -092693E-03 0*8912E-05

1900.0 0.2124E-02 -0.6701E-03 -095664E-03 0*1975E-04

2000.0 0.2047E-C2 -0.6704E-03 -0.1105E-02 094048E-04

2100.0 0.1979E-02 -O.6710E-03 -0.2019E-02 0.7755E-04

2200.0 0#1922E-02 -0.6720E-03 -0*3488E-02 0.1402E-03

2300.0 0*1876E-02 -O.6735E-03 -0.5740E-02 0.2408E-03

2400.0 0.1842E-02 -0.6758E-03 -0.9050E-02 0.3957E-03

2500.0 0.1819E-02 -0.6791E-03 -O.1374E-01 0.6251E-03

2600.0 Q.1808E-02 -0.6837E-03 -0.2019E-01 099536E-03

2700.0 0.1811E-02 -0*6899E-03 -0.2878E-01 0.1410E-02

2800.0 0*1828E-02 -096981E-03 -0.3996E-01 0*2028E-02

2900.0 0.1858E-02 -097087E-03 -095416E-01 0*2844E-02

3000.0 0.1903E-02 -0.7220E-03 -007184E-01 0*3899E-02

3100.0 0*1961E-02 -0.7385E-03 -0.9342E-01 095234E-02

3200.0 0.2033E-02 -0.7585E-03 -0.1193E-00 0.6895E-02

3300.0 0.2120E-02 -097824E-03 -0.1499E-00 0.8924E-02

3400.0 0.2219E-02 -0*8106E-03 -0.1854E-0O 0*1136E-01

3500.0 0.2330E-02 -0*8436E-03 -0.2261E-0O 091426E-01

3600.0 0.2452E-02 -098815E-03 -0.2721E-00 0*1763E-O1

3700.0 0.2584E-02 -0.9247E-03 -0.3234E-00- 092153E-01

3800.0 0*2725E-02 -0.9735E-03 -0.3799E-0O 0*2595E-01

3900.0 0.2873E-02 -O.1028E-02 -0.4412E-0O 0.3091E-O1

4000.0 0.3028E-02 -0o.088E-02 -0*5069E 00 093641E-01
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TABLE A-3 CONT.

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P=100900 ATM

T SIGT SIGP ZETAT ZETAP
DEG K

150.0 -0*2936E-O1 0*7826E-01 -0*2008E-OO 092035E-00
200.0 -0.3335E-O1 0.6989E-01 -0o2129E-0O 0*1694E-OO
300s0 -0.3676E-01 0.5646E-01 -091243E-00 0.1252E-OO
400.0 -O.3660E-01 0*4639E-01 -091063E-00 0*9739E-O1
500.0 -0*3469E-01 0*3875E-01 -0*9329E-01 0.7833E-01
600.0 -0.3204E-01 0*3287E-01 -097994E-01 0.6479E-O1
700.0 -092919E-01 0*2829E-01 -O.7997E-01 0.5490E-O1
800.0 -0.2640E-01 0.2468E-01 -0*7801E-01 094752E-01
900.0 -0*2382E-01 0*2179E-01 -097822E-01 0.4186E-O1

1000.0 -0*2149E-01 0*1945E-01 -0*8598E-01 0*3742E-O1
1100.0 -0*1943E-01 0.1753E-01 -098924E-01 003386E-01
1200.0 -Co1762E-01 0,1595E-01 -0.9318E-O1 093094E-01
1300.0 -0*1606E-01 0*1462E-01 -0*9475E-O1 002850E-01
1400.0 0.1l472E-01 0*1350E-01 -0*9575E-01 024E1
1500.0 -0.1357E-01 0.1254E-01 -0*9609E-01 0.2459E-O1
1600.0 -0*1260E-01 0.1170E-01 -0.9583E-O1 0*2300E-01
1700.0 -0.1179E-01 0*1097E-01 -0,,9674E-01 0.2160E-O1
1800.0 -0*1111E-01 0*1033E-01 -0.9918E-01 Oo2039E-O1
1900.0 -0*1056E-O1 099748E-02 -Oe1023E-OO 001937E-01
2000.0 -Qel0llE-Ol 0*9224E-02 -0*1066E-OO 0.1857E-01
2100.0 -0*974SE-02 0.8745E-o2 -0.1113E-OO Oe1802E-O1
2200.0 -099469E-02 0,8304E-02 -0.1233E-OO 0.1775E-O1
2300.0 -0*9257E-02 0*7894E-02 -091372E-00 O.1778E-O1
2400.0 -0*9104E-02 0*7511E-02 -0.1524E-0O .0*1812E-O1
2500.0 -0.8997E-02 097151E-02 -0.1682E-OO 0.1874E-01
2600.0 -0*8928E-02 0*6810E-02 -0*1845E-OO 0.1960E-O1
2700.0 -0.8888E-02 096486E-02 -0*2007E-0O 0*2060E-01
2800.0 -0.8866E-02 0*6179E-02 -O.2132E-OO 0*2163E-01
2900.0 -0*8855E-02 095886E-02 -0*2206E-OO 092259E-01
3000.0 -0.8844E-02 0*5608E-02 -0*2224E--oo Oo2337E-O1
3100.0 -0.8825E-02 0.5344E-02 -092183E-00 O.2391E-O1
3200.0 -0*8790E-02 O.5094E-02 -O.2123E-OO 0*2417E-O1
3300.0 -098731E-02 094857E-02 -091979E-00 092411E-01
3400.0 -0.8640E-02 0*4634E-02 --091794E-00 0*2378E-O1
3500.0 -0*8511E-02 0*4426E-02 -0.1579E-0O 0*2322E-O1
3600.0 -0.8339E-02 0.4233E-02 -0.1344E-OO 0.2247E-O1
3700.0 -0*8120E-02 0.4055E-02 -091096E-00 0.2158E-O1
3800.0 -0,7850E-02 0.3892E-02 -0*8611E-O1 0e2062E-O1
3900.0 -097527E-02 0.3746E-02 -O.6131E-O1 Oo1959E-O1
4000o0 -0*7148E-02 093616E-02 -093635E-01 0.1856E-01
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TABLE A-3 CONT.

HYDROGEN PROPERTIES-EQUILIBRIUM COMPOSITION

P=1000O ATM

T GAMMA 1000 MU 1000 LAMBDA PR

DEG K GM/CM-SEC CAL/CM-SEC-K

150.0 1.823 0.0574 0.2694 0.6575

200.0 1.716 0.0699 0.3432 0.6646
300.0 1.598 0.0915 0.4710 0.6721

400.0 1.544 0.1104 0.5714 0.6747

500.0 1.514 0.1277 0.6581 0.6755

600.0 1.490 0.1438 0.7426 0.6760
700.0 1.474 0.1592 0.8222 0.6761
800.0 1.458 0.1739 099036 0.6764

900.0 1*445 0.1881 0.9849 096766

1000.0 1.433 0.2006 1,0574 0.6784

1100.0 1.421 0*2132 1.1396 0.6773

1200.0 1.410 0*2256 1.2239 0,6762

1300.0 19399 0.2379 1.3105 096752

1400.0 1.389 092499 1.3982 0.6742

1500.0 1.380 0,2618 1.4872 0.6733

1600.0 1.372 0.2737 195776 0.6724

1700.0 1.364 0.2854 1.6692 0.6715

1800.0 1.356 0.2970 1.7635 0.6704

1900.0 1.349 0.3086 1.8614 0*6690

2000.0 1.342 0.3202 1.9645 0.6672

2100.0 1.335 0.3318 2.0752 0.6646

2200.0 1.327 0,3434 2.1970 0.6610

2300.0 1.320 0.3550 2.3351 0.6560

2400.0 1.312 0.3666 2&4950 0.6495

2500.0 1.303 0o3784 2.6826 0,6414

2600.0 1.294 093902 2s9049 096315

2700.0 1.285 0,4021 3.1709 0,6202

2800.0 1.275 0.4142 3.4888 0,6076

2900.0 1.265 0.4264 3.8672 0,5942

3000.0 1.256 0.4389 4.3147 0.5806

3100.0 1.247 094515 4.8394 0.5672

3200.0 1.238 094643 5.4492 0,5544

3300.0 1.231 0.4774 6,1531 0,5427

3400.0 1.224 0.4908 6.9547 0*5323

3500.0 1.218 0.5044 7.8580 0.5234

3600.0 1.213 0.5182 8.8648 095159

3700.0 1.209 0.5322 9.9746 0.5101

3800.0 1.205 0,5464 11.1840 0,5058

3900.0 1.203 0.5606 12.4890 0*5030

4000.0 1.202 0.5749 13.8783 0.5017
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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 cgs units.

Input: Temperature (T) -- (OK) --- Range -- 150 - 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

MARIE - integer variable determining which properties

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- K

Specific heat (CP) - cal/gm-°K

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:,

(ýH/1P)T - (DHP) - cal/gm-psia

(ýS/ýT)p - (DST) - cal/gm- K

(PS/3P)T - (DSP) - cal/gm-K-psia

(T/W)(3W/3T)p - (OMEGT) - dimensionless

(P/W)(3W/3P)T - (OMEGP) - dimensionless

(T/Z)(ýZ/ýT)p - (SIGT) - dimensionless

(P/z)(3Z/ýP)T - (SIGP) - dimensionless

(T/y)(3y/ýT)p - (ZETAT) - dimensionless

(P/Y)(;Y/ýP)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-sec
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Thermal conductivity - (CLAM) - cal/cm-sec- 0 K

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. For (JULIE) positive two (+2) - properties

include effects of compressibility (Z / 1.0)

and effects of dissociation.

b. For (JULIE) positive one (+I) - properties include

effects of compressibility (Z / 1.0) but do not

"include effects of dissociation (molecular hydro-

gen only).

c. For (JULIE) negative one (-I) - properties

do not include effects of compressibility

(Z = 1.0) or of dissociation (molecular

hydrogen only).

d. For (JULIE) negative two (-2) - properties

do not include effects of compressibility

(Z = 1.0) but do include effects of dissociation.

ENTRANCE: CALL PROPS (T, P, A, B, MARIE, JULIE, W, Z,P RHO,

H, S, CP, GAM, DHP, DST, DSP, OMEGT, OMEGP, SIGT,

SIGP, ZETAT, ZETAP, EMU, CLAM, PR)
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Following the program 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 SUBROUTINE

* LIST
* LABEL

C HYDROGEN PROPERTIES
C SUBROUTINE PROPS( T*P*A tBMAR I EJULIEPWZ#H HS9CoA DPD~D

I~tMEGtOMG~oIG0SIGPPZETAT.ZETAPEMUCLAMPR)
DIMENSION A(6940)08(6#40)

C
C THERMODYNAMIC PROPERTIES* C

R=1*9859
ROAR=829061

8PSI*14.6959
PA=P/PSI
RRP*R/(RBAR*PSI)
J*T/100*
HALý((A(4,J)*T/4.+A(3,J)/

39)*T+A( 2 pJ/**+(PJA5J/HBET=((B(4,J)*T/4o+B(3,J,,
3 I,*T*+B(2ZJI,2 j)*TrB 9J+(SJ

CPBET=( (SC4,4 I*T+B(3 .4) JT+B (2,J) )*T,8 (1 4SH=2 *0*HBET-.HAL
SCP 2 200*CPBET-.CPAL.
FEzSH-2o0*S8ET+SAL
IF. (XABSF(JULIE)...) 340,400,390q ~390 IF* (,82*0-FE) 400,400P410.

400 XB.O.O
GO TO 440

410 XBaf1*oO+SQRTF(1.o.4.o*PA*EXPF(FE),,,(
2&0PA*XFF440 XAxI.0-XB

W- 1900813 *(200-XBI
RWwR/W
BC 2 *063 7415
B1l.0*2872g

4 49B2~-0. 1 3 12 5412E-ol
B 3=0*s3 278 1166 E03
84=.-0.31587838E..05
TRuT/1O0.0*
YP=(((B4*TR+B3)*TR+B2)*TR+Bl)*TRBO

D2YPT=0.Oool*( (B4*TR*12.o+83*6o,)*TR+8
2*2 *0,D3YPT=o .000001* ( 4*TR*24.O+gB3*6bO)

IF (JULIE) 442,540,444
442 BP=0.0

GO TO 448
444 BP=0*01*(EXPFI-.YP)),
448 DBPTx-BP*DYPT

D2BPT=BP*C (DYPT**2)-.D2YPT)
D3BPT=BP*(-(DYPT**3 )+300*DYPT*D2YPT-D3YPT)
PAAxPA*XA
ZAul*0+BP*PAA
Z-ZA/(XA.ZA*XB,
RHO=PA*W/(RBAR*T*Z)
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HALRaHAL-T*PAA*DBPT
H=RW*T*(IXA*HALR+XB*HBET)
SWRAsSAL-LOGFIPAA)
S WRARuS WRA-P AA* IBP+ T DBPT )
IF (XB) 450,450,460

450 S=RW*XA*SWRAR
GO TO 490

463 SWRBuSBET-LOGF(PA*XB)
S=RW*(XA*SWRAR+XB*SWRB)

490 OMEGP=XB*XA/(2oo-XB)**29
OMEGT=-SH*OMEGP
CPALR=CPAL-T*PAA* (2 .O*DBPT+T*D2bPT)
CP=RW* XA*CPALR+XB*CPBET-OMEGT*SH)
V=1.0/RHO
DXBT=-( 2*0-XB)*OMEGT/T
DXBP=-( 2*O-XB [*OMEGpP/
DZATuPA* XA*DSPT-BP*DXBT)
DZAP=PA*BP* IXA/P-DXBP I
SIGT:T*((1.0-Z*XB)*DZAT-Z*IZA-1.02*DXBT)/ZA
SICGP2P*C(1.0-Z*XB)*DZAP-Z*(ZA-1.0)*DXBP)/ZA
DVT=V*( 1*0-OMEGT+SIGTI/T
DVP=-V* ( 10+OMEGP-SIGPI IP
GAMu-(V**2.0)/(RW*T*(DVP/RRP+T*(DVT**2.OI/CP)I

C
IF (MARIE) 54005109500

C
C THERMODYNAMIC PROPERTY DERIVATIVES

500 DCOALu(3.*A(4,J)*T+2.0*A(3,JI)*T+A(2,JI
DCPBETU(3e*B(4,J)*T+2.0*813,J))*T+B(2,J)
DCPARTaDCPAL-DXBT*XCPALR-CPAL)/XA-PAA*(2.0*DBPT+4.0*T*D2BPT+(T**2.
10)*D3BPT)
DHPaV* COMEGT-SIGT )*RRP
DST=CP/T
DSP*(DHP-V*RRP)/T
PXAXB=1 .0/XB-1 e0/XA+1.0/ (2.0-XB)
D2XBT=DXBT*( SCP/ (T*SH)-2.O/T+DXBT*PXAXB)
D2XBPuDXBP*( -190/P+DXBP*PXAXB)
D2XBTP=DXBP*DXBT*PXAX5
D2ZAT=F'A*( XA*D2BPT-2e0*DBPT*DXBT-BP*D2XBTI
D2ZAP=-PA*BP* (2 .O*DXBP/P+D2XBPI
D2ZATP=DZAT/P-PA* (DBPT*DXBP+BP*D2XBTP)
D2ZT=Z*(-.**IT BDAT(Alo*XT/+(9-*B*2A-*
12.O*DZAT*DXBT+(ZA-1.0)*D2XBT, 3/ZA
D2ZP=Z*(-2.0*Z*SIGP*(XB*DZAP+(ZA-190)*DXBP)/P+C1.0-Z*XB)*D2ZAP-Z*I
12.O*DZAP*DXBP+(ZA-l.0)*D2XBP))/ZA
D2T=*IP(ITTZ(BDA+ZA10*XT/A/-ZP(~IT
IT'+CZ**2.0)*DXBTl/ZAZ*((1.0-Z*XB)*D2ZATP-Z*(DZAT*DX8P+(ZA-1.0)*D2X
28TP) )/ZA
DOMPP=-OMEGP*C2.0-3.O*XB)/(P*(2.0-XBI**290)
DCMTP=DOMPP*OMEGT/OMEGP
DOMPT=DOMTP*P/T
DOMTT=-SH*DOMPT- (OMEGT+OMEGP*SCP) /T
D2VT=DVT*(DVT/V-1.0/T)+V*(SIGT*(l.O-SIGT)/T+T*D2ZT/Z-OOMTT)/T
D2P+V*DPVloP+*SG*(@-IP/+*2PZDMP/
D2VTP=DVT*DVP/V+V*(r*D2ZTP/Z-SIGT*SIGP/P-DOMTP)I/T
DCPTh-CP*OMEGT/T+RW*(XA*DCPART+XB*DCPBET+(CPBET-CPALR)*DXBT-OMEGT*

11 2eO*CPBET-CPAL-SHI /T-SH*DOMTT)
DCPP=-T*D2VT*RRP
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GZET-DVP+T* IDVt**~20) *RRP/CP
ZETATu1.0O+OMEGT4.ZsO*T*DVT/V-T*(D2VTP+DVT*IDVT*(1.0-T*DCPT/CP),200
1*T*D2VT) *RRP/CP) /GZET
ZETAPuOMEGP+290*P*OVP/V-P*(D2VP+T*DVT*(2Q*0*2VTP-DVT*DCPP/CP)*RRP/

1CP)/GZET
C

IF (MARIE-i) 540,540,510

C TRANSPORT PROPERTIES
C

510 BROX=PAA*(BP+ZA*IT*DBPT+BP))
REMU=( (-O.4O5*BROX+O.7557)*BROX+0.175 )*BROX+i1.0
RCLAM=( (-0.204*BROX+0.5017 *BROX+0.575) *BROX+1*0

C
IF (T-1000.0) 530,520,520

C
C FOR T GREATER THAN 1000 K
C

520 TBxT/1000*0
OM11AA=( C 0,14623574E-01*TB-0.18489490) *TB+0.91980880)*TB..2.557394

19 )*TB+7*0094541
OM22AA=( I(0.95071874E-OZ*TB-0.10429573 3*T8+0.45828106)*T5-l9480823
l1)*TB+7oll23388 -

OM22BB= C CO.1693759qE-01*TB-0.23119789)*T8+1.2626982)*TB-3.6380257
1 I*TB+8.5409494
OM11ABý-l( (C0.11138559E-O1*TB-0.15841870)*TB+0e88615205)*TB-2e606318

16 )*TB+690232023
ASTAR=( ((0.19584008E-03*TB+0.27802096E-02)*TB-Osl5400604E-01)*TB+

l0s48876025E-01 3*TB+1 *1989301
BSTAR=( ( (-O.10633974E-03*T5+0.16747451E-02)*TB'0.10818140E-01)*TB,
10#44253705E-01 )*T5+1. 1649620
GMUwO&026693*SQRTF( 100S13*T)
EMUA1 .4l4214*GMU/QM22AA
EMUB=GMU/0M2288
CLAMOAn3o69353*EMUA
CLAMOS-7. 38706*EMUB
E MU AmEM UA*RE MU
DAAPA-0.002628*T*SQRTF(T/2'o 1626) /OM11AA
DABPA=09001314*T*SORTF(3.0*T/lo008133/OM11AS
GH=164. 1236*XA*XB*T/(3.02439*DABPA)
HAAu1000.0*XA**2/EMUA+GH*( 1.O+0.3*ASTAR)
HBB=1000.O*XB**2/EE4UB+GHf*( 1.0+1.2*ASTARI
HAB4-GH*( 1@0-0*6*ASTAR)
EMU=(XA**2/HAA+XB**2/HBB-(2.0*XA*XB*HAB)/C?4AA*HBB)1/(1e044AB**2/1
IHAA*HBBU)
C LAM0AxCLAMOA*RCLAM
GL=2.93846*XA*XB*T/DABPA
GLAA=-40O0.0*XA**2/CLAM0A.-GL*(36o25-3.0*BSTAR+8.0*ASTAR)
GLBB=-40OO.O*XB**2,CLAMOB-GL*(32.5-12.0*8STAR+8.0*ASTAR)
GLAB=2.0*GL*( 13.75-3.0*BSTAR-4o0*ASTAR)
CLAMO=-4.O*(XA**2/GLAA+XB**2/GLB8-(2.0*XA*XB*GLAB)/(GLAA*GLSB5) /
1(1 .0-GLAB**2/ (GLAA*G4BBJ)
CLAMIA=(0.0242*DAAPA/T,*(CPAL-2.5)
CLAMIA=CLAMIA*RCLAM
CLAMI=CLAMIA/(1.0+(XB*DAAPAR/(XA*DABPA))
CLAMR=( 0.0242*DABPA*SH**2/T)*(XA*XB/C2,0-XBi**2)
CLAM=CLAMO+CLAMI+CLAMR
PRxCP*EMU/CLAM'
GO TO 540
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C FO T LESS THAN 1000 K

530 TSTARuT/37.3
ZIIAA=i IifOe12l78327E-06)*TSTAR+0.16290869E-0

4 )*TSTAR-*7491I-03)*SA 024t 4FU)*TSTAR+0.80725122
Z2ZAA=cccc-0.18iz9117E..c6)*TST1AR+0O

2 525 8 6 93E-0)>SA-s24251I02)Z*TSTAR+0.36848743E..Ol TR+*89896ZMLI3= c((((O*36862452Eo05*TSrAR..o35797475E-o.3,*TSTAR 
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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 heat

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 developed is

that of determining the heat transfer characteristics of a gas

cooled solid-core 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 method used to calculate the heat-transfer and friction

characteristics for the flow is patterned after the method of

influence coefficients developed by Shapiro and Hawthorne (24)

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:
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1. Heat addition to the gas

2. Wall shear stress (friction)

3. Gas dissociation and its effects on molecular

weight and thermodynamic properties

The following assumptions are made:

1. The flow is one-dimensional and steady

2. Changes in stream properties are continuous

3. Cross sectional area for flow is constant

4. Mass flow rate is constant

5. The fluid obeys the equation of state given in

Eq. B-1.

The basic relations needed to develop the equations for

changes in the stream properties along the axis of the channel

are listed below.

The equation of state is:
- ZpRT

W (B-l)

The continuity equation is:

w = vAf (B-2)

The definition of the Mach number is:

2 V2
M=-

c (B-3)
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The expression for the speed of sound is:

~z(~2) RT
s (B-1 .)

The energy equation is
2

wdQ- wdW = w (dH + d
(B-5)

The momentum equation is:

-Af dp - rw dAs = wdV (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 y as functions of temperature and pressure then:

dW:(-) dT + (Z) dp
P T (B-7)

d Z () dT + (w")
p JT (B-S)

d7 (=75) dT + (.Zý) dp

p T (B-9)

The logarithms of the terms of Eq. B-1 are:

ln p =ln Z + Inp + ln R + ln T -ln W (B-1O)

Then taking differentials:
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dp dZ dp + dT dW

p Z + p T w

Similar operations on Eq. B-2 result in:

_ dp dV
p V (B-12)

or

dp 1 dV2
-P = V (B-13)

Combining Eqs. B-3 and B-4 and performing the above operations

yields

22

dM dV2 + dw d7 dTz -V =- w T B-4
M V

Defining:

T )WWT = W () (B-15)
p

2 (B-16)

a T pZ( (B-17)
T z .1;

z (PT (B-18)

_T T •7
T ( (B-19)

p

~ (B-Bo4



Eqs. B-7 through B-9 can then be written:

dW = dT +lop (B-21)

T dp p

dZ 'dT + dp (B-22)

__ dT + (B-23)
- -T p p

The total differential of the enthalpy can be written as:

dHH (B2H~

(d) dT + (ýP) dp (-4
p T

By definition:

C (B-25)
pp

and from thermodynamic relations and the equation of state,

Eq. B-l, it can be shown that:

)- C (B-26)

or

ZH ZRT (B-27)
(rp =p-W (DT- T)(

Using Eqs. B-24, B-25, and B-27 and noting that the shaft work

W x is zero the energy equation can be written:
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dQ c pdT + ZRT (cT a+dV 2p ~ P - (ToT) dp +d.(B-28)

Dividing by c pT gives:

d . dT +ZR d 2CT T W-C NwT a T) + V dV 2p p 2cT 7 (B-29)

The coefficient of dV2 /V 2  can be rewritten as:

M2 2 ) 2 R2 c T 
(B-3O)

p
Defining:

R

p (B-31)

The-energy equation can now be written:

dQ+ dV2

dQ TT Z 1)-( T (B-32)

The wall shear stress in the momentum equation can be written
in terms of the friction factor:

2w f-2 
(B-33)

The hydraulic diameter of the coolant channel is:
4A c 4A

d = c =
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Using Eqs. B-33 and B-34 the momentum equation can be written:

-dp - f V2 4dx2 fa' = pVdV (B-35)

Noting that:
22p PY2__2 pW M 7RT p7M__2

P ZRRT W z (B-36)

Then Eq. B-35 can be put in the following form:

2 2dp + rM 4fdx + ZM_2 dV2  0 0 (B-37)p 2Z -2--ZZ - ,:
V

Eqs. B-11, B-13, B-14, B-21, B-22, B-23, B-32 and B-37 are eight

relations between ten variables, namely dp dp dT dW dZ -dM2

p ,-T -W' Z

dV2  dy dQ an4fdxM-'d -' cT'd and - Eight of the variables can be taken
V p

as dependent and two as independent. For the case at hand the
dQ 4fdx. -

two variables taken as being independent are dQ and ---d-
p

The eight equations are linear algebraic relations and can

be solved simply in principal 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 M first.

The result is:

dM 2 3dQ + 1 r +TY2  D j 4 -8
M 2L T 2

where:

A= (1-aT) (l+tp) + •T (l+a) - T (a - p p (1-0 +T

(B-39)
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T T + T (B-40)

D I- a + aT (B-41)

E Il+ ca a
p p (B-42)

FP 2 + C + 2a (B-43)
p p p

27M 2 -E -D2 (B-44))

B + 7M2 AJ= c (B-4.5)

The expressions for the changes in the other variables are less

complex. For the static pressure and temperature they are

D dM+ B •4fdx
dp - 2 2  d- - (B-46)

P A BZ

YM2

and

dM2  dp

dT M + p

T B (B-47)

By obtaining another independent relation between dQ

p
and 4fdx the number of independent variables can be reduceda dd

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 dQ and 4fdx
cpT d

p
For these calculations the local heat transfer coefficient

is calculated from an empirical correlation due to Taylor and

Kirchgessner (14). This particular correlation was obtained

for high ratios of the wall temperature to bulk fluid tempera-

ture. It is based on a film temperature which is defined as

Tf - T (B-48)

The correlation itself is of the form

Nuf = 0.021 Ref 0.8 Prf 0.4 (B-49)

where

Nu hd (B-50)f T__
f

PfV d (B-51)
Re = Pf

Pr = f4f. (B-52)
f kf

The correlation for friction factor is
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-0.2
f -o.o46 ReB (B-53)

where

Re PAVVd w d (B-54)B B ff B

The heat transfer rate per unit cross sectional area is

d__q hdAs T h 4dx(
A T AW h- - (Tw-AW) (B-55)

In this expression TAW us the adiabatic wall temperature which

is related to the static temperature by

Tw 1 +R 2 (B-56)

For turbulent flow the recovery factor is approximately

R = . Pr(B-57)

and for hydrogen the Prandtl number is 0.6 or larger. For a

Mach number of 0.5 the ratio of TAW to TS is (assuming 7 = 1.3)

TAW 1 + -R -2-M 2  (B-58)

TS 1 + S20.995
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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 T for T in the expressionS AW

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 dq (B-59)
A f AAf

Combining Eqs. B-4 9, B-55 and B-56 with the use of the defini-

tions of Eqs. B-50, B-51, and B-52 results in:

d .dx ( -TAw) kf 0PVdo.8 c I fo.4
dQ - f (B-60)d

w/Af~P f (-

By noting that

w
A f p A (B-61)

where PAV is evaluated at the average static temperature TAV

along the element of length in question and using Eq. B-53 for
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f, it can be shown that

dQ _ 4fdx 0.021 (TW TAW) 0
cpT .a d 0 TAV (PAV -pAVf

°Pf "f°"
(B-62)

or

4~fdx 0.046_ TAI A 0.8 ýL )0.2 %V rf0.6
0 o.o021 Tw - TAW IP f ) (y ( P Cpf

(dQA .(B-63)
P AV

4fdx
To determine d from the above expression the wall

temperature must be known. In the event that the wall tempera-

ture is not specified as constant along the channel then some

additional quantity must be specified. If either the wall

temperature or the heat flux distribution is given as a func-
1U.fL

tion of non-dimensional length along with a value of -f or

L then the value of 4fdx can be determined. The latter

case is straightforward for the calculatiQn of although
d

the calculation of TW is a trial and error process. The other

case with TW given as a function of x/L results in a trial

and error calculation for 4fdx To date only the cases of
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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 has 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-

vclved for the determination of 4fdx
d

When the heat flux distribution is given, the non-dimension-

x dx
al length L and consequently L- the change from the last

position, are obtained for a given value of Q/QTOT

.Then

0.2dx d • L dx.4f - 4f L(d 0 (.043)dL (B-64)

dd L' PV.li3 d 1.

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 TW If the calculated value

of T 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 property describing the flow, such as veloci-

ty, Mach number, or flow per unit area. Consequently,-three
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pieces of data must be given at the channel end where the cal-

culations are started. 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.

4. 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 estimates 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 these

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
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is repeated until the corrections in static temperature and

pressure are less than some prescribed 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

w 7- PS M
Af VR -S 1 + z7- IM2  (B-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

w TSR,, 7+1
w S 1S 2v l T (Y ) = (B-66)

versus Mach number where a value of 1.3 is assumed for y and

then approximating the curve by two straight lines, the follow-

ing expressions were obtained

m o .*625 for r < o.8
A A (B-67)

* fo *
M=-1. 5 + 2. 5  f > o.8 (B-68)
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The approximations for static temperature and pressure are then

obtained from the perfect gas relations

TS .I + Y-I M2 (B-69)
T 2

(I_ + _ Y 2) 71(B-7o

The flow rate per unit area is then calculated from

w pW
2 'V2(H 0 - H)(B71

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 pro-

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 pres-

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 expressions for the two total deriv-

atives
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S= I f dT -I dp (B-72)
fAf dT + dPf

"" p IFT

d S () dT + (-) dp (B-73)
p T

The resulting expressions are
w JýS

T. A
dT = (B-74)

rp FT -p -(fl Fp( T

and

dS dT
dp FdS - (B-75)

where in terms of finite rather than infintesimal differences

S - S (B-76)

and

AW (W) OPi- (B-77)Af f given Af caBc
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The derivatives of w /Af are obtained by differentiating

Eq. B-2.

The results are:

: [ T- aT - p (B-78)
T T 1 (Ho-H)

2(Ho-HT (B-79)

Once the correct static properties at the starting condi-

tion are determined the trial and error procedure using the

influence coefficients can be started.

In the event that the Mach number was specified rather

than the flow rate per unit area the correction for static

temperature and pressure would be similar to Eqs. B-74 and B-75

with the derivatives of w/A replaced with the derivatives

of M.

5. Stepwise Trial and Error Procedure

The procedure for calculating one step along the coolant

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 the

temperature and pressure. Consequently, trial values are as-

sumed for the change in fluid temperature and pressure, the

changes in thece 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 4fdx is different for the two
d

cases as has been shown.

6. Calculation of the Fluid Stagnation Properties from the

Static Properties and Fluid Velocity.

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-47. 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 V2
H H + (B-80)

Initial guesses for the stagnation temperature and pressure

are obtained from Eqs. B-69 and B-70 The enthalpy and entropy
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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 solved to give:ýSH

AT ZVT AH - ( AS (B-81)
T =c S 3H dS

P (Z-P) T - (T)T ( pT)

and

As - (•S) A T

Ap = ( (B-82)

where

AS = S - Ss calc (B-83)

Ah = hS - h Scale (B-84)

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.

7. Pressure and Temperature Corrections for the Stepwise Trial

and Error Procedure
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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-

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 steps required was quite

small.
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APPENDIX C

STRESS CALCULATIONS

1. General

The model used to determine when the reactor is stress

limited is an annular element with the same inside diameter

as a coolant channel in the core and the same void fraction

as the reactor. The general thermal stress equations of an

annular element in plane strain are (33):

• CI C2
aE 1 E 1 2

•r = - --2 9 rdr+ I--- - (
r.r

Cr a E 1 •r Q E C 1 C 2
Q l 1 rdr +E El + (-2)

1-v r2 Jr_1v l (lv r2)

-.+(lv (l-2v 3 +• (-• + • c
Srr

ri

o•9 2vECI
V•z 1 -v (1 (7 v) (1- 2 V7 + c 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 C3 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
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rise only to local effects at the ends. The boundary conditions

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

k dT 1 dT (C-4)k(dr2

or

I d rdT W i
r dr (r )(C-5)

The double integration of Eq. C-5 yields

W1 2
T = - r + C ln r + C11-r +C 2 (C-6)

dT
The boundary conditions that T = T at r = r. and dr = 0
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at r = 0 are sufficient for the evaluation of C1 and C2 .

The resulting expression for the temperature difference Q is

Wi 2 r -r2 -_ 2

9 T T - (r In r. ri (C-7)
1

For the evaluation of the local stresses the integral of

Grdr evaluated at different radii is required. Straightforward

integration of Eq. C-7 multiplied by r results in

After evaluating the limits and simplifying

fri Wi 2ro r r2-)i r-r1Z -8

JiGrdr [ 0 r -1 - 2 2 (c-9)

If the integral is evaluated between r. and r 0 rather than

r. and r, the result is

22
1 2 r i-ri2iP rdr -V{in jf. (C-10)

The two sets of boundary conditions on the stress that

were investigated are different at the outer boundary of the

annulus. For 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 r = o at r =r

The boundary conditions for the stresses in this case are

ar= 0 at r r. (C-11)

Applying these boundary conditions to Eq. C-1 results in the

following two equations for C1 and C2

-E C1 E2

-p =+ 1-•2v r 2 (C-13)

0 =-aE 1 rdr + -1 (C-14)

Solving for C1 and C2
r

2 1 o2 2 + E 1 rdr (C-15)SE r L Po- r J0 1 0
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and

c1 -_2v )(, ) r( -r0..... 2 -o2.,i- 1--V o2 r O~rd - p (c-16)
L o ~. o i r.1

When these expressions are inserted in Eqs. C-1 and C-2 and the

resulting equations are simplified, the results are:

r_ 1 22 r 01
r 2 2 . 2 + -v 29 ff2Ordr - rd -17)r r 2  r-r 1 r oI r i -_ rr f

2 r
r3.

r

9rdr- Or2 (-8

ri . (c-18)'

The resultant force on the ends of the element is to be zero.
Por this case the constant C and consequently a. can be found in

.3the following manner. The integral of the stress over area of

the annulus must be zero.

r

az rdr = 0 (C-19)
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Inserting Eq. C-3 and integrating yields

r0  2vEC1 ro - r

V Q Ordr + I1+V)+ c3 ](ThT C1 = 0 (C-20)

aEQ

The term in the square bracket is just aZ + E- as can be
1-v

seen from Eq. C-3. When this is inserted in Eq. C-20, an ex-

pression can be obtained for a directly without soliving

for C The result is
3' r r

z= 1-V [ + 2_2 9rdrJ (C-21)
•0 f .

:1

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

2ri"

0

the equations for the stresses can be rewritten. After a con-

siderable amount of algebraic manipulation the results are

2
1r W. r. i 1v r0 6 

i
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v iIi1w r. Fi
-V

in ro1 ao 1 _ i

r 2
-in

in . Fo 1}+ l{(Lo) 2f• 3(Lo)2 -vJ- f55 0)o +vJ} (c-24)

aZ W.1 r -- inrin 3-v

r( 0 V- ]} (C-235)

The worst stresses in the annular element occur at the in-

ner radius as was shown in Fig. -11.l. If Eqs. C-23 through

C2-25 are evaluated at the inside radius the expressions can be

simplified to the following:

ar .p(C- 26)

a r

W. r.

2 1 2

: I- I -•"Z-• n •(c-.28)

dar
3. Stress Equations when v 0 at r =
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The boundary conditions for this case are:

dard-- =0 at r = r (0-29)

or -p at r r. (C-30)

Applying these boundary conditions to Eq. C-1 results in the

following two equations for the constants.

-P ( 1-2v 2 (0-31)
r.

0o [2aE r rdr- aE 9 + 2- C 2)1 (0-32)

Li-vr3 r V r +V (C-r2
Sro

If Eq. 0-32 is solved for C2, the result is

= 2 [ fr=ro grdr (C-33)
r.

1

Then

C1 :(l+V) (1-2V) p + a2 -i- @•r (C-34)

ri
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When these expressions for the constants are inserted in Eqs.

C-I and C-2 and the resulting equations are simplified, the

results are

r +E i -°- 9d - Qrdr] (c-35)

U = -P + i +i -Grd~r . r) -

rror

frdr - 9 (- 36) 3r.r

The expression for oZis obtained in exactly the same manner

as in the previous case and the result is the same. Ulsing_p + ___+_0_-f+111

ii

Thetiexpreesioi for atisobaned ien yex.ac-tl, the sameessions

Eqs. ~w C-7, C-9, anJL0tJlmiaetetmertr n n

for a. and a. can be rewritten. The results, after some simpli-

fication, are )2

a -p W 1 2r n +v--i__ + .v1 + 1 (C-37)

=E Wi p +- + 7- --7-

S- IV W " ' In ' . i-•oZv +
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(12 v f23 )2 ,+ (C38)

Irol

The expression for aZ is given by Eq. C-25 as it was for the

other set of boundary conditions.

If the stresses are evaluated at the inside radius of

the annulus the expressions for ar and a9  reduce to

ar = -P (C-39)
2 2

C4E W. r.
2 (0-4o)0y : P + i--_V W -- LT 2

v

The expression for a is still given by Eq. C-28.

4.. Failure Criteria

The different failure criteria that were 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

a -3 (C-41)

The different theories and the corresponding expressions are:
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maximum principal stress theory

maximum strain theory

ayp aI - V (a2 + a3 ) (C-43)

maximum shear theory

ayp = 2 (aSH) = a 1 -a 3  (c-44)

strain energy theory

ayp2 = a2 + a2 + a3 - 2V (aIa2 +a 2 a 3 + ala 3) (C-45)

distortion energy theory

or 2 1+v - )•)- 2 + (a -a )2 + (a-a )2] (C-46)
YP=3 111 3 2 3

For both sets of boundary conditions considered in the previ-

ous sections the annular element is loaded such that it is 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 ar, ag, aZ, and a1 , a2 , a3.

For an ideal brittle material (which is assumed to act

elastically until fracture occurs) the maximum principal stress

theory should apply (32). For actual brittle materials the

failure is related to the flaws 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 problems.
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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 calculations for most of the components are carried

out using engineering units. The heat transfer and pressure

drop characteristics of the flow through the reactor are not

D-1



because they were set up to be compatible 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 separate subroutines for different component

calculations makes the program quite flexible. If it is desir-

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. In 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-

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 required 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 READD 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 PROPS presented

in appendix A and the next five subroutines described below

are required by HT for different computations.
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Q0FX

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 axial posi-

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 tabular data presented as a function of axial posi-

tion. The position of the data on the cards is not restricted

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 power distribution in the reactor. Two different sub-

routines are presented in the listing of the program. 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 QOFX 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.

G0FV

This routine is used to calculate a function of the void

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 condition 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 stresses 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 are 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 dimensions 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.

NOZ

The nozzle size required for the expansion of the given

flow rate of gas from specified 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 to determine the burning time and

ratio of gross to empty weight of a rocket when the mission

and the powerplant characteristics are specified. Additional

characteristics of the rocket, such as the weights of 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 output 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 computational steps to be performed in HT

TSE - TSE (OR)

PSE - PSE (psia)

WA - w/Af (lb/sec - in

TSRI - T (OR)

PSRI - PSRI' 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 OQFX, 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 OR is equal to TWM

CL- L (in)

V - v (dimensionless)

D -d (in)

RAD - R (in)

PNE - nozzle exhaust pressure used for specific impulse calcula-

tions (psia)
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VP - VP (ft/sec)

HP - hp (ft)

ALPHA - a (Il/R)

E - E (psi)

PNU - v (dimensionless)

TK- k (Btu/in-sec- 0 R)

TR tR (in)

TE- tE (

SR- sR (dimensionless)

SE- sE (dimensionless)

RH0PS - density of material used in pressure shell (lb/ft 3 )

SIGPS - strength of material used in pressure shell (psi)

RH0N - density of material used in nozzle (lb/ft 3 )

SIGMAN - strength of material used in nozzle (psi)

CQI - CQ1 , 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

DELPSC - stagnation pressure drop across the core

PE - fluid static pressure at the reactor exit

P(M) - maximum fluid static pressure in the reactor

DELPC - static pressure drop across the core

T(l) - fluid static temperature at the reactor exit

T(M) - fluid static temperature at the reactor entrance

FEXD(M) - fL/d evaluated at reactor exit

FMLD - fL/d evaluated at reactor entrance

XD12 - L/d 1 . 2

REBD(M) - Re/d evaluated at reactor entrance

REBD(l) - 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 PSRI

CM(M) - Mach number at reactor entrance

CIOIM - CI/CIMAX

ETATS - (TSE-TSRI) / (TWMAX-TSRE)

PSEI -PSE DPSRI
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PDAV - average power density in reactor

TCWAV - average value of (TC - V)
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

WPC - flow rate per coolant channel

FPC - thrust developed per coolant channel

GV - function of void fraction computed in G0PV

XL - non-dimensional length measured from reactor exit

CM - fluid Mach number

TS - fluid stagnation temperature

T - fluid static temperature

PS - fluid stagnation pressure

P - fluid static pressure

RHO - fluid mass density

XPL - non-dimensional length measured from reactor exit

(XPL(I(XL(I)+XL(D-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

YD12 - y/d1.2 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

REBD - Re/d at XL

SIG0- -

SIGZ - aZ

SIGR -r

SIGST - maximum tensile stress for maximum strain failure theory
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SIGSTP - maximum compressive stress for maximum strain failure

theory

SIGSH - maximum shear stress times two 2 a for maximum shear
SH

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

EWTR - weight of radial reflector around end reflected reactor

core

EWTE - weight of end reflector on core

EWTT - total weight of reflectors and end reflected core

TPS - thickness of pressure shell

WPS - weight of pressure shell

RLD - length to diameter ratio of reactor core

SIGSHM - maximum value of SIGSH

SIGDEM - maximum value 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 section of the nozzle

WN - total weight of the nozzle

PNEX - design exit pressure for the nozzle

CIEX - specific impulse calculated for expansion to PNEX

THRUST - thrust developed by the powerplant

WTP - weight of turbopump

PTP - pressure at exit of turbopump

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

O•NAAV - average heat flux per unit surface area of reactor core

WSPWP - weight of powerplant divided by mass flow rate of cool-

ant
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WSOF - weight of powerplant dividad by the total thrust developed

P0WSYS - ratio of power developed to weight of the powerplant

WPL0WG - ratio of payload to gross weight of rocket system

WSYS - weight of powerplant

WH2 - weight of hydrogen propellant

WTANK - weight of hydrogen propellant tank

WS - structure weight

WE - empty weight of rocket system

WG - gross weight of rocket-system

WDL - dead load weight of rocket system

WPL - payload weight of. rocket system

CBAR - exhaust velocity of gas from the nozzle

CISP - specific impulse corrected for bleed flow rate

PTANK - storage pressure of liquid hydrogen in the propellant

tank

9FWG - ratio 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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POWER -net power developed by the powerplant

POWERT - total power developed without correcting for bleed flow

rate

P0EWTT- P0WER/EWTT

PTEWTT- POWERT/EWTT

P0AC - P0WER/AC

PTAC - POWERT/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 where 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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LI!,T ING OF NUCLEAR ROCKLT $'YSTti.,. PtNoGkAlvl

* LIST
* LABEL

CNRSYS2
COMMON ABT$",sPST ,PCM T ITLENPRNPUNlGRTSEPSEWA,
1TSRI ,PSIRIPrWMCLVDJULIENPNgiEPDJALFI~AEPNUTKgM9
2SIGRSIGOSIGZ,3OIRTESRSERA[),A\CEvTC9EVJTRtEWTE9E'.,T 

t

3 RHOPS,SIGPSPSMAXDELTADELPAWtPRHON,$IGI[lANCI 
,C'IAX,

4WAGCME ,CFAPCFAPbDELPSCPEDELPCFEXI),FVIL0,XDl
2,IREeCD

5OQTCIOIMETATSPSL":OI ,PDAVTCiq!AVTLJI4AXTCfV'AXGWTCLE),ACC,-

6 WPC,-FPCGVXLRHOI-)XPLE)QQDXLTw,9TCYLFIYD9FEX[)tYI)1
2PQYP

7 RADACWPSTP5,:'DT9ý,WNCWNDWýNA'EDECNLDNLPWqTP 
PTP,ý7IGSTO

SSIGSTPS IGSHSIGSE,)SIGDEPNEPEF:NWSYSt,OEARoXIBAR
9 9 COýNDKCONDRCFARLDSIGSHMASIGDEM,ýýPNXCIEXTHRUST#'40LPYJ.HPP
COMMON VPHP,0TAflK RLAMUU9,WH2 ,WTANK,tW'-,WCFOVJGWSW-gVDLi!PL
1 ,CBARgC ISP
DIMENSION A(6,40),B(6,40),TS(2

0 0') PS(200),T(2CO)),P(20C.)9

1CM(200) ,TITLE(12) ,PD(200),SIGR(200),SIGO(2'00)9SIG~Z(
2OO)t

2FEXD(200),XD12(200)sREBD(200),Q(
2 C0),XL(20 0,)t

3 RHOI( 200 ) XPL( 200) ,DOQDXL( 200) TW200) ,TC( 
200) gY-( 200)9

4FIYD(200)gYD12(200)gQY(
2 00)

5 ,SIGST(2 00),SIGSDTP(200),SIGSH(2u0),51GSE'(
2 00)PSIGDE(2 00)

6,OBAR(100)tXBARC1
0 0 )

READ 40OCC (.(AC Igj),I1,6),J=140),( (B(IJ),1=1,6),J1o40^)

10 CALL READD
CALL PRN TD
CALL HT
CALL PRHT
CALL ST
CALL PRST
CALL RCSW
CALL PRRCSW
WP=WA*AC*144*O
CALL PRSH
CALL TP
CALL NOZ
RLD=CL/.( 29O*RAD)
THRUST=CFAP*AC*( 1.0-YW)
WSYS=EWTT+WPS+WN+WTP
CALL RMIS
CALL PRNTD,
CALL PRSYS

40 GO TO 10
END
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C READ D1
C
C READING JF DATA EXCEPT FOR QOFX AND QDIST
C
C TEMPERATURES(OEGREES Rl, PRESSURES(PSIA), W/A(LB/TN2-SEC)q
C CL AND DUIN.)# ALPHA(1/DEGREES R)v E(P$ýI),TKVu3t/IN-5EC-R),
C TR AND TE(IN.)o 60(1/C!42)9 RHCPS AND RHON(LB-FT3),
C SIOPS AND SIGMAN(PSI)
C

SUBROUTINE READD
COMMON ABTSPST ,PCMTITLENPRsNPUNGR,TSE,PSE*',WAt
1TSRI ,PSRI ,TWMtCLVDJULIEg,rJ,4PNEPDALPHAE,PNU,TK,1,'A
2SIGRSIGOSIGZB0,TRTESRSERADAC#E,EWTCEWTREdIiTEEWTTs
3RHOPSSIGPSPSMAXDELTAi,DELPAs,ýPRHONsSIG;A/ANCICIMAX*
4WAGCMECFAP,CFAPS,DELPSC,PE,DELPCFEXDFMYLDXDl2,REBqD,
5QQTC I OI'MET ATS5,PSE0OI ,PDAVTC,'4AVt*,T4ý11AX9,TC'-MAX 9G'v!ToCLD A CC v
6WPCFPCGVXLRH0IXPLpDQQDXLtTWoTCYL#FIYD#FEXDPYDl2,oY#
7RADAC*,VPStTP5,DTWkNC 9W.NDoWINAEvDE#,C4L DNL 9WTP PTPS I GST t
0SIC 1STPSIGýSH,.SIGSESIGDE,ý'PNEtPENWSYSQB3ARXBAR
vCONDK ,CONDR 9CFA ,RLD, S IGSHM, 51GDEM 9PrEX9,C IEX tTHRUSTW1BL ,YWtHPP
COMMON VPHPPTANKRLAM,ýTPl.-JH2,WTANKWEWGFOWGWS,WDLWPL
1 ,CBAR*CISP
DVIMENSION A(6,40),B(6,40),TS(200) ,PS(200),T(200^),P(200),

1CfA(2k00i'ý ,T ITLE( 12) *PD( 200) 95GR(2O0) S IGO( 200)tS I GZ(200),9
2FEXD( 200 ) XD12( 20C) ,REBD( 200) ,Q(200 ,XL( 200)9
3RHOI(200),XPL(200),DQQDXL(200),Tv4(200),TC(200),YL(200),
4FIYDC 200) ,YDl2( 200) ,QY( 200)
5,SIGST(200),SIGnTP(20O),SIGSH(2O0),SIGSE(200),SIGDE(200)
6pQBAR(100) ,XBAR(100)
READ 4001v (TITLE(I),1=1912)
READ 40C2, NPR#NPUNGRJULIE,N
READ 40109 TSEPSE9WAsTSRI ,PSRI ,TWM
READ 4020,9 CLtV#D,RAD
READ 4030, PNEVPvHP
READ 4040, ALPHAsEPNUsTK
READ 4050, TRTEtSRtSE
READ 4060, RHOPS9SIGPS
READ 40609 RH-ON,5IGMAN

4001 FORMAT(lH1A5vllA6)
4002 FORMAT(5I1O,24XPA6)
40'10 FORMAT(6Fl0.3 ,24X,A6)
4020 FORMAT(4F10&3#34XA6)
44"30 FORMAT(CFl0.4,2Fl0*l,44XA6)
4040 FORMAT(4E15*5 ,14XtA6)
4C50 FORMAT(4Fl0@3,34Xs,A6)
4060 FORMAT(2E15*5,44XoA6)

RETURN
END
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T * LIST
* LABEL

CPRNTDI
C
C PRINTING OF DATA EXCEPT FOR OOFX AND 001ST
C

SUBROUTINE PRNTD
COMMON ABTSPSTPCMTITLENPRNPUNGR ,TSEPSEWA#
1TSRIPSRItTWMCLVDJULIENPNEPDALPHAEPNUTKoM.
2SIGRSIGOSIGZBOPTRTESRSERADACPEWTCEWTRoEWTEEWTT,
3RHOPSS IGPSPPSMAX ,DELTA PDELPA WP ,RHON ,SIGMAN ,CI C IMAX,
4WAGCMECFAPCFAPSDELPSCPEDELPCFEXDFMLDoXD12,REBD,
50.OTCIOIMETATSPSEOI ,PDAVTCWAVTWMAXTCMAXGWT.,CLDPACC,
6WPCFPC.GVXLRHOI ,XPLDOQDXLTWTCYLPFIYDFEXDoYD12,QY,
7RADACWPSTPSDToWNCWNDWNAEDECNLDNLWTPPTPSIGST,
8SIGSTP ,SIGSHSIGSESIGDEPNEPENWSYSQBARXBAR
9,CONDKCONDRCFARLDSIGSHMS[GDEMPNEXCIEXoTHRUSTOWBLYWHPP
COMMON VPHPPTANKRLAMTPWH2 ,WTANKWEWGgFOWGWSWDLWPL
1 ,CBARPC ISP
DIMENSION A16,40),B(6,40) ,TS( 200) ,PSI200),Tg200) ,P(200),
ICM(200),TITLE(12hoPD(200),SIGR(200,,SIGO(200),SIGZ(200),
2FEXD(200),XD12(200),REBD(200),Q(200),XLCZOOI,
3RHOI(200),XPL(200),DQQDXL(200),TW(200),TC(200),YL(200),
4FIYD(20O)vYD12(200)sQY(200)
5,SIGST(ZOC),SIGSTP(2OO),SIGSH(200),SIGSE(2O0),SIGDE(200)
6,QBAR( 100) ,XBAR(1300)
PRINT 4001, (TITLE(1)P,11,12)
PRINT 4003
PRINT 4002t NPR#NPUNGRoJULIEN.
PRINT 4008
PRINT 4009
PRINT 4010, TSE9PSEWAvTSRIPSRI9TWM
PRINT 4018
PRINT 4019
PRINT 4020, CLVDPRAD
PRINT. 4028
PRINT 4029

*PRINT 4030, PNEPVPHP
PRINT 4038
PRINT 4039
PRINT 4040, ALPHAtEsPNU*TI(

*PRINT 4048
PRINT 4049
PRINT 4050, TRPTEsSRPSE
PRINT 4058
PRINT 4059
PRINT 4060t RHOPSSIGPSRHONvSIGMAN
IF (XABSF(NPU)) 20v2095

5 IF (NPRD) 15,15,10
10 PUNCH 4003

PUNCH 4002o NPRoNPU#NGR#JULIEPNPTI1
PUNCH 4008
PUNCH 4009
PUNCH 40109 TSEPPSEtWAPTSRI#PSRITWMTI1
PUNCH 4018
PUNCH 4019
PUNCH 4020, CLPVPDPRADoTI1
PUNCH 4028
PUNCH 4029
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PUNCH 4030v PNEPVPPHPPTII
PUNCH 4038
PUNCH 4039
PUNCH 4040p ALPHAPE#PNUTKPT11
PUNCH 4048
PUNCH 4049
PUNCH 4050, TRTEsSRSEtTI1
PUNCH 4058
PUNCH 4059
PUNCH 4060, RHOPStSIGPSPRHONPS!GMANTl1
NPRDuO
GO TO 20

15 NPRDv1
PUNCH 4001p (T!TLE(I)P!ul*12)
T!1aTITLE( 8)

20 RETURN
4001 FORMATC1HlA5,11A6)
4002 FORMAT(511O924X9A6)
4003 FORMAT(50HO NPR NPU NGR JULIE N1
4008 FORMAT(58H0 TSE PSE WA TSR! PSR?

IwN)
4009 FORMATC59H DEG R PSIA LB/1N2-SEC DEG R PSA DEIG R)
4010 FORMAT(6Fl0.3,14XPA6)
4018 FORMAT(38H0 CL V D RADJ4019 FORMAT(38H IN* . I*.4020 FORMAT(4FI093,34XA6) I.I.
4028 FORMAT(28H0 PNE VP HP)4029 FORMAT(28H PSIA FT FT)
4030 FORMATP1I00 4s2FI0@1944X9A6)4338 FORMAT(58H0 ALPHA E PN4J

I K)
4039 FORMAT(60H 1/DEGR PSI BTU/IN-$1EC-R)
.4040 FORMATt4E15o59I4X9Ab)
4048 FORMAT(3SHO TR TE SR SE)4049 FORMATC18H IN. IN#)
4050 FORMATC4F1Oo3t34XoA6')
4CS8 FORMAT(58H0 RHOPS SIGPS RHON SIGNIAN)
4059 FORMAT(58H LB/FT3 PSI LB/FT3 P
4060 FORMATC4ElS5*5o4X9A6)

END
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* LIST
LABEL

CHT 1
C
C HEAT TRANSFER CALCULATIONS
C

SUBROUTINE HT
COMMON ABTSPSTPCMTITLENPRNPUNGRTSEPSEWA,
ITSRI, PSR ITWM, CL VD, JULIE ,NPNE, PD, ALPHA ,E PNU, TKI(
2SIGRSIGOSIGZBOTRZZSRYYRADACEWTCEWTREWTEEWTT9
3RHOPSSIGPSPPSMAXOELTADELPAWP,.RHONSIGMANCI ,CIMAX,
4WAGCMECFAP.CFAPSDELPSCPE .DELPC.FEXDFMLDXD12,REBD.
5QQTtClOIMETATSPSEOIPDAVTCWAVTWMAXTCMAXGWTCLDACC,
6WPCFPCGVXLRHOI ,XPLDQQDXLTWTCYLFIYDFEXDYD12,0Y,
7RADACWPSTPSDTWNCWNDWNAEDECNL#DNLWTPPTPSIGST9
8SIGSTPSIGSHSIGSESIGDEPNEPENPWSYSQBARXBAR
gCOND~(,CONDRCFARLDSIGSHMSIGDEMPNEXCIEXTHRUSTWBLYWHPP
DIMENSION A(6,40) ,5C6,40),TS(200) ,PS(2002,T(200) ,P(200).
ICM(200),TITLE(12htPD(200) ,SIGR(2003 ,SIGO(200),SIGZ(200).
2FEXD ZOO) ,XD12 2003 ,REBD( 200) O( 200) ,XL( 20039
3RHOI(200),XPL(200hoDQQDXL(200),TW(200)PTC(200),YL(200),
4FIYD(200)#YD12(200) ,OY(2001
5 SIGST (200 3 S IGSTP( 200) .SIGSH( 200) ,SIGSE( 200) ,SIGDE( 200)
69QBAR(100) ,XBAR(100)
DIMENSION HS(200),DELQ(200),FEDXDC200),DELXL(200),YPL(2OO)
FREQUENCY 1352(1 .0,03 .690(0.0.1) .1711(0.0.1) l.931(0,0,1).
11971( 1,0 .03 2030( 1,0 .03 2050( 0.1.1) .2191( 1.0 0) .2210(0.0. 1)
Mu N+ 1
CONDRu 12. 0*36 00 * *TK
CONDK*CONDR/241*9
TN uN
DELTS= (TSR I-TSE) /TN
DELTA. 0.5
DELPAwO. 1
DELMAw0O900001
DELI'WG=20 .0
DELTWE=2*0
N CMu40
C TA VC1=1. 000 17
CPAVC1O0.9998
CPSIC1=1.0
CCM1C=1 .01
CDELMC=0*8

1060 TSE=TSE/1*8
TSRI=TSRI/1.8
TWM=TWM/1*8
DELTSzDELTS/ 1.8
DELTWG-DELTWG/1.8
DELTWE=DELTWE/1 .8
WA=WA*453*5924/ (2 .54**2*0)
CLZ.954*CL
D=2*54*D

1131 CD12=2*54**0*2
1140 R-1.9859

RBARz82*0618
PSI=14*6959
GGCS=980. 665
GCMU1033o23
wAG-WA
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CALL PROPS(TSEPSEA.B,-1 ,JUL!EWSEZRHOHSESSECPGAMSE.DHP,
IDSTDSPOMEGTOMEGP,.SIGTSIGPZETATtZETAPPEMUCLAMPR)
CALL PROPS(TSRI ,PSRI ,AB,-lJULIEWZRHOHSRISCPGAMDHPDST,
1DSPOMEGTOMEGPPSIGTSIGPZETATZETAPEMUCLAMPRI
QT=HSRI-HSE
AOAS2(PSE/(PSI*WA3 )*SQRTFCGGCS*GCM*WSE*GAMSE/(RBAR*T5El )*(2.O/
l(GAMSE+1.0))**((GAMSE+1.0)/(2.O*(GAMSE-1.Qfl1
IF (AOAS-1*25) 120301204P1204

1203 CME=-195+2*5/AOAS
GO TO 1205

1204 CMEO.9625/AOAS
1205 GME=1.0+((GAMSE-1.0)/2.0)*CME**2

TE=TSE/GME
PE=PSE/GME**(GAMSE/(GAMSE-ls0l)
IF (NCM) 12419124591245

1241 PRINT 4001, (TITLEMPI1=112)
PRINT 4050
PRINT 4010, TSEPSEWATSRIPSRIvTWM
PRINT 4051
PRINT 4011v CLV9DvCONDK9CONDR
PRINT 4060
PRINT 4020, JULI E.N DELTSDELTWGOELTWEDELMAPNE
PRINT 4150

1245 Ni-i
1250 CALL PROPS(TEPEAb,+1,JULIEWEZRHOEHESECPEGAMEDHPEDSTE,

1OSPEOMEGTEOMEGPESIGTESIGPEZETATEPZETAPEEML,,CLAMPR)
CM2=2. 0*WE*(HSE-HE)/ (GAME*R*TE)

1290 CMEwSORTF(CM2)
VE-CME*SORTF( GAME*RSAR*TE*GGCS*GCM/WE)
DELWA=WA-RHOE*VE
DELSmSSE-SE
DWADT=WA*((OMEGTE-SIGTE-1.0)/TE-CPE/(2.0*( HSE-HEI M
DWADP=WA*((OMEGPE-SIGPE+1.0)/PE-DHPE/(2.0*(HSE-HE))I
DELT=(D WADP*0ELS-DSPE*DELWA / (DWADP*DSTE-DWADT*DSPEI
DELP= (DELS-DSTE*DELT)/DSPE
IF (NCM) 1312,132091320

1312 PRINT 4160, Ni .TEPEGMECM2,DELSDWADTOWADPDELTOELP
1320 IF (ABSF(DELT)-DELTA) 133091330,1340
1330 IF (ABSFCDELP)-DELPA) 1370#1370,1340
1340 TE=TE+DELT

PE=PE+DELP
1352 IF (Nl-XABSF(NCM)) 1355,1361,1361
1355 N1xN1+1

GO TO 1250ý
1361 IF (NCM) 25009236591365
1365 NCM=-2*NCM

GO TO 114.0
1370 CALL PROPS(TSEPPEAB,+0,JULIEWZRHOHSCPGAMDHPPDSTPDSP*

1OMEGTOMEGPSIGT ,SIGPZETATZETAPEMUBECLAMPRI
WAP=WA*( 30*48**2 )/453o5924

1400 REBDE=WA/EMUBE
CFE=(REBDE**092) /0.046
FELD=CL/ (CFE*D**1*2)

1403 FELD-FELD
1404 P(1)=PE

PS(1)=PSE.
T(1)=TE
TS(1)wTSE
HS~1)aHSE

D-23



CM(1)=CME
0(1)=000
FEXD( 1) p0.

DELQ( 1) u0.O
QY(1)=-0T
FEDXD(1)0.O*

REBD( 1) =REBDE
DELXL( 1 )0.0
XPL( 1)=09O
DOODXL( 1)20*O
YLC 1)=1.O

1600 YPL(1)=lo0
RHOI (1) =RHOE
PD(11=0.0
TC(1)=0O*
CDX=0.046/ (4.0*0.021)
TCMAX=0 .0
IF (TWM) 16209164391660

1620 CALL QOFX
1643 TW(1)=TSE

GO TO 1670
1660 TW(1)=ABSF(TWM)
1673 DO 2240 1=29M
1671 NZzl

TSCI)=TS(1-1)+DELTS
1693 IF (TS(l)-TSRI) 170091710,1710
1700 TS(I)=TSRI
1710 TB=(TS(I)+TS(I-lfl/2,0

TAV=CTAVC1*TB*T( I-1)/TS(l-1)
1711 IF (1-2) 1712,1712s1713
1712 TlCuT(I-1)

PIONP(I-11
PSIO=PS( I-i)
GO TO 1714

1713 TIO=T(1-2)
PIO=P( 1-2)
PSIO=PS( 1-2)

1714 PAV=P(I-1)+CPAVC1*CP(I-1)-PIO)/2.0
PS( I )PSC I-i)+CPSICI*(P$( I-1)-PSIO)
TAV1=TAV
PAV1=PAV
PS12PS( I)

1720 CALL PROPS(TS(I),PS(I),AB,-1,JULIEWZRHOsHS(I),SsCPGAMDHPDST
1 ,DSPOMEGT ,OMEGPPSIGTo,SIGPZETATZETAPEMUCLAMPRI

1721 TIG*2.0*TAV-TtI-1)
1722 PIG=2.0*PAV-P(I-1)

PSN2=PS(I)
CALL PROPS(TBPAVAB,+0,JULIEWZRHOHSCPBGAtADHPDSTDSP,-
1OMEGTOMEGPSIGT ,SIGPoZETATZETAPEMUBCLAMPR)
RMAU02=(EMUBEEMUB)**0*2
CALL PROPS(TAVPAVAB,+1 ,JULIEWAVZAVRHOAVHsSCPAVGAMAVDHP*
lOST ,DSP ,OMEGTVOMEGPVSIGTVSIGPV ,ZETATV ,ZETAPVEMUCLAMPR)
DELO( I) =HS( I)-HS( I-j)
Q( I)Q( I-1)+DELO(I)
DQCPT=DEL ( I )/ItCPAV*TAV)

1800 IF (TWM) 1870,1870,1810
1810 TW(I)=TWM
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TFin(TW( I 348)/2*0
CALL PROPS(TF19PAVAotb,+0,JILIEWZRHOFI .HSCPFIGAMDHPDST.DSP
1 ,OMEGT ,OMEGPSIGTSIGPZETATZETAPEMUFI ,CLAMFI ,PRFI)
FBDXD=CDX*PRFI**0e6*(EMUBIEMUFI)**092*(RHOAV/RHOFI)**0.8*DELQ(I3/
1CCPFI*(TW( 13-TB))
FEDXD( I)ZFBDXD*RMUO2
GO TO 1891

1870 CALL ODIST(Q(1IhQT*XLII))
DELXL( I 3XL( I)-XL(I-11
FEDXD(I 3 FELD*DELXL( I)
FBDXD=FEDXD( I) /RMU02

1891 IF (NCM) 1892,1895*1895
1892 PRINT 4170

PRINT 4160, N2,TIGPIGTAVPAVPS(I),HS(I3.HS(I-13,0QCPTFBDXD
PRINT 4180

1895 N3=1
IF (N2-1) 1900,1.900,1910

1900 CM(I)=CCM1C*CM(I131*TSgI)/TS(I-1)
1901 CM1=CMtI3
1910 CMBAR=(CM(I)+CM(I-1))/2.O

CMBAR2=CMBAR**2
GM2D=1 0-OMEGTV+SIGTV
GM2E=1 *0+OMEGPV-SIGPV
GM2F=GM2E+1 .0+ZETAPV-SIGPV
GM2B=Gt42D-ZETATV+S IGTV
GM2A=GM2D*GM2F-GM28*GM2E
ETA=R/ (WAV*CPAV)
GM2Cul.O-GAMAV*CMBAR2*( (GM2E/ZAV)-ETA*GM2D**2)
GM2J (GM2A*GAMAV*CMBAR2 /ZAV+GM2B 3/GM2C
DELM2=CMBAR2*(GM2J*DQCPT+(-GM2B+GM2J*(1.0+GAMAV*ETA*CMBAR2*GM2D))*
IFBDXD*2o0/GM2D)

1931 IF (CMCI-13**2.DELM2) 1932,1932,1934
1932 CMC-O00

GO TO 1941
1934 IF (CM(I-1)**2+OELM2-1*0) 19409198591985.
1940 CMC=SQRTF(CM( I-1)**Z+DELM2)
1941 IF (NCM) 1942,1950,1950
1942 PRINT 4160, N3,CM(I3,CMBARGMZBGM2DGM2JGAMAVETADELM2,CMC
1950 DELM=CMC-CM( I

IF (CMC) 1970P1970*1952
1952 IF (ABSP(DELM)-DELMA) 199091990,1970
1970 CM (I) =CM (I) +CDELMC*DELM
1971 IF (N3-XABSF(NCMI) 19729198.5,1985
1972 N3uN3+1

GO TO 1910
1985 IF (NCM) 1986,1988,1988
1986 Mul-1

NPR~l'
NPU=O
NGR=O
GO TO 2242

1988 NCM=-2*NCM
GO TO 1892

1990 DELPOPs(GM2O*DELMZ/CMBAR2+20 0*GM2B*FBDXD)I/EGM2A-GM2B*ZAV/(GAMAV*
1CMBAR2) 3
DELTOT (DELM2/CMBAR2+GM2F*DELPOP 3/G?428
P(I3=P(I-1)*(2.0+DELPOP)/(2.0-DELPOP)
T( I 3T( I-i *(2.0+DELTOT)I(2.O-DELTOTI

*CALL PROPS(TC I),P(I) ,AB,-1,JULIEWIZRHOIII3,HISICPoGAMI4,HPo
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lOST ,OSP OMEGT ,OMEGPS IGTS IGP ,ZETAT ,ZETAP ,EMU eCLAM .PRI
HSICaHI+(CMCI)**2.0)*GAMI*R*T(Iu/(2.0*Wl)

2001 TSS*TS(I)
N4ml
IF (NCMl 2007P201092010

2J07 PRINT 4190
PRINT 4160, N2,DELMCMBAR2#GM2FDELPOPDELTOTP(I),T(I),HSICTSS
PRINT 4200

2010 CALL PROPS(TSSPS( I) ,AB,+lJULIEWZRHOHSSISSICPSIGAMDHPSI,
lDSTS! ,DSPSI ,OMEGTOMEGPSIGTSIGPZETATPZETAPEMUCLAMPRI
DELHS=HSIC-HSSI
DELS=SI-SSI
DELTSI=(DSPSI*DELHS-DHPSI*DELS)/(CPSI*DSPSI-DHPSI*DSTSJ)
DELPSI=(DELS-DSTSI*DELTSI )/DSPSI
IF (NCM) 2016P201992019

2016 PRINT 4160, N4,HSSIHSICDELHSssIDELSDELTS1,DELPSIPS( I) ,TSS
2019 IF (ABSF(DELTSI)-DELTA) 202092020#2030
2020 IF (ABSF(DELPSI)-DELPA) 204092040?2030
2)30 IF (N4-XABSF(NCM)) 203192036.2036
2031 PS(I)=PSCI)+DELPSI

TSS=TSS+DELTSI
N4mN4+1
GO TO 2010

2036 IF (NCM 1986,2037,2037
2037 NCM--2*NCM

PSCI)=PSN2
'GO TO 2001

2040 CALL PTC(T(I ),T(I-1),TAVP(I) ,P(I-1hPAV.PS(I),PSN2,TS(I),TSS.
1DELTAPDELTA#DELPAPN2.NCM)

2050 IF (N2) 2055,2058P2051
2051 N2=N2+1

GO TO 1720
2055 IF (NCM) 1986,P2056,2056
2056 NCM=-2*NC14

GO TO 1671
2058 CALL PROPS(TS(I),PS(I),AB,+0,JULIEWLZRH0,HS(Ih#SCPGAMDHPDST

1 ,DSPOMEGTOMEGPSIGTSIGPZETATZETAPEMUSCLAMPR)
FEXOC I) =FEXD( I-i )+FEDXD( I
XD12(1J=CFE*ABSF(FEXD(I))

REBD(I)=WA/EMUS
IF (TWM) 2071#2071o2240

2071 N5-1
IF (NCM) 2075o2080#2080

2075 PRINT 4210
2080 CT=FBDXD/( CDX*DELQ( I)*EMUB**0.2*RHOAV**0.83

TW(I)=TW( I-1)
2100 DELT=2.0*DELTWG

CGTW=O09
2120 TFI=(Tw(l)+TB)/2*0

CALL PROPS(TFIPAVAB,+0,JULIEWZRHOFI ,HoSCPFIGAMDHPDSTDSP
1,OMEGToOMEGPSIGTSIGPtZETATZETAPEMUFICLAMFIPRFII
GTW=CT*CLAMFI**0.6*(CPFI/EMUFI)**0.4-1.O/CITW(I)-TB)*RHOFI**0.8J
CTW=SIGNF( 1.0,GTW)
IF (NCM) 2152,2160,2160-

2152 PRINT 4160, N5,CTTW(I-1),TW(I),DELTCGTWTBTFIGTWCTW
2160 IF (CTW-CGTW) 2170,2190,2170
2170 IF (DELT-DELTA) 2240,2240.2180
-2180 DELT=DELT/2.0
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2190 CGTWxCTW
2191 IF (N5-XABSF(NCM33 2198.2194,2194
2194 IF (NCM) 1986s219592195
2195 NCMa-2*NCM

GO TO 20711
2198 N53N5+1
2200 TW(I~uTW(I3-CGTW*DELT
2210 IF CTW(II-TB) 2220,2220o2120
2220 TW(13=TB+DELTWE

GO TO 2120
2240 CONTINUE
2242 FIYD(13n-FEXD(M)

FMLD=FEXD(M)*(REBDE/REBD(MJ )**O.2
YD12(1 )X012(M)
Dw(CL/XD12(MU)**(1*0/1*2,
CALL GOFV(VDGVGWT)
PAVLV=1.16279E-09*3600.0*(3O.48**3)*WA*ABSF(Q(M3)
GTCAV=WA*ABSF(Q(M) )/(16.0*XD12(M)I
GGTC=GV*D**0. 8/CONDIC
GPD=V/CL
TWMAX-TW( 1)

2248 PAVLV-PAVLV/2*54
CLuCL/2*54
DuD/2*54
GWT=GWT/2o54
GPDxV/CL

2250 IF (TWM3 2251,2251,2256
2251 DO 2254 Iw2,M

*IF (TWMAX-TW(I3) 225392254,2254
2253 TWMAXwTW(I)
2254 CONTINUE

G0 TO 2260
2256 DO 2258 1.2pM

DELXL( I 3FEDXD( I)/FEXD(14)
2258 XL(I)uXL(I-l)+DELXU)
2260 DO 2320 1u2,M

XDOQLDIXL)( I 3*uDELQ( I)/(OT*DELXL.(Jfl
YL(I)ul*O-XL(I)

FEYD=-FEXD(M3+FEXD( I)
FIYD( I )FEYD*(RE8DE/REBD( I) **0.2
YD12( I) CFE*ABSF( FEYD)
PD (I ) GPD*PAVL V*DOODXL (II
TC( I) nTW( I +GGTC*GTCAV*DQQDXL( II
IF (TCN¶AX-TC(I)) 231992320,2320

2319 TCMAX=TC(1)
j2320 CONTINUE

2336 TSMAXzT.SE
T SM IN. TS M)

PSMAX=PSCMi

2340 CALL SIMP(TSMAXPSMINPNECll
CALL SIMP(TWMAXPSMAXPPNE#CIMAX)

2357 CFAmCV*WA
CFAP*C I*WAP
TCWAVuGGTC*GTCAV
PDA GP0*P AVL V
ACC*3. 14159*D**2/4*0
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CLDnCL/D
WPCKWAP*ACC, 144.0
FPC-CFAP*ACC/ 144.0
DELPSCNABSF(PSE..PS (H))
DELPCvA 6SF C C (MI
CFAPSuCFAP/ (.4 4*0*PSMAX)
PSEO[OPSMI N/PSMAX
CI0IM'CI/C1MAX
ETATS-j TSMAX-TSMIN)/ITWMAX-.TsMZN)

2361 TSEu1.8*TSE
7 SRI=u .8*7 SR I
TWM-l1.8*TWM
TWMAX=1 .8*TWMAX
TCMAX= 1. *TCMAX
TCWAV*1 .a*?CWAV
DELTS=1 .8*DELTS
DEL TA=l 8* DELTA
DELTWGZ 1 .*DELTWG
DELTWE=1 8*DELTWE
QT=1.a*QT
WA=WA*( 2,54**2,0/43*92
GRH0=( 2 54**31/453.5924
DO 2460 Iu1,M

TC(Ifsl*8*TCC lI2400 DELQtrpu1.a*DELOIX)
Qil ZJ148*0(1j
oYC I ~ul8*Qy(j)
XDlZ(IlwCD12*XD12( I)
YD12(7) *CD12*YD12(h,
REBD( I )m?54*RESD4 I)
*HS(I)wj*8*HSuU,
RHOI(I).IGRHO*RHOI(I)

2460 WZl,*WZ
4001 FORMAT1IH1A5.11W

64010 FORMATC6F10*391
4 X9A6)4011 F0RMAT(5F10*3#2
4 X#A6)4020 F0RMATc2llOSplo.

3 9FljQ6#FO1 Q Xo64050 FORMAT(58H0 TSE PSE WA- TSRI PSRIIWMj
4051 FOR MAT(48H0 L vDK4060 FORMATt68HO JULIE N DET 

)LWIMA PNEiN DET DLW DELTWE DEL4150 FORMAT(120H NI TE PE GME CM?1 D ELS D A TD A PD L E P
4160 FORMAT(13,9EI3.,, DAT W) EL EP4170 FORMAT(-220H0N2 

TIG PIG TAVPA1PSMy HSM~ HS(I-11 DQCPr FBDXD)
4180 FORMAT(120H N3 CM(I) CMSAR GM28 GMZOIGM2J GAMAV ETA DELM2 CMCf
4190 FORMAT1120H N2 DELM CMBARZ GM2F DELPOP,1 DELTOT PrIZ UZI HSIC TSS)
4200 FORMATC12OH N4 "SSJ HSIC DELHS SSI

1 DELS DELTSJ DELPSI P5() SS
4210 FORMAT(120H N5 CT TWC!-.1) TW(J) TSELT1I CGTW T8 TFI GTW CETW.2500 RETURN 

cwEND
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L IST
L LAflF L

C NORMALIZED (0 VS. X FOR QXP(I) AND NORMN ALIZED
C Y(1)=100-X(I) GIVE>N

SUSIROUTINE QOFX
COMM~ON AB, TSPbTPCMT ITLENPRtNPUNGRtTSEoPSE9vdAs
1rSRIPSRIlgrWMPCLtVDJULIENPN~,PDPALPHiAE,:PNUPrK9,M,
2 SI GR o 1(30 95 1G7,3o ý109T, T ,E sSR oS F 9AD vAC oE E~rWrR #E'WrE 0EVT T,
3RHý)PSSIGPSPSMAXDELTADEL?AtWPRHlONSIGMANCICIMAX#
4',AGC.ME9CFA0,CFA'-PS,LELP$-CgPEtDELPCFEXDFi\ILDtXD12,REI3D,
5Q9,QTCIO01iME'TATSPS-FOIPDAVPTCv4AVTWMAXTCMAXGWTCL0,ACC,
6WCFPCGVXLRHOIXPLDOQ'DXLTWTCYLFIYDFEXDYD12,QY#
7RADACWPSTPSDTWNCWNDWNAEDEC-NLDNLWTPPTPSIGST,
8SIGSCTP',SGSH,5IZ3'3E,5IGD'EPNEPE:-NWSY$,QI3ARPXBA'i
9 ,CONDK*CONDRoCFA
DIMENSION' A(6940).3(6,40),rSD(200)tPS( 200),T(200) PP(200) ,

1CM 1(200 ) ,TITLE( 12) ,PD( 200) .SIGR( 203) ,SIGO( 200) ,SIGZ( 200),
2FEXD( 200 J) XD12( 200 ,REBD( 200) 0200) ,XL( 200)o
3RHOI( 200 ) XPL( 200ý') ,DOQ(DXL( 200,) ,TW( 200) , CC 200) ,YL( 200),
4FIYD(200)),YD12(200)vQY.(200)
551G5T(20<)),SIGSTP(200),SIGSH(20O),SIGSE(200),SIGDE(200)
6#QBAR( 100) ,XBARC 100)
D INIENS ION QQ (100 ) 9X (100 ),9QSUM (100),FMT 12)
READ 110, NO

113 FORMAT(110)
READ 130, (FMTcI)9I=1,12)

130 FORMAT(12A6)
READ FMT, (X(I),QQ(I)9I=1#NQ)
QSUM(1)=0Oo
DO 170 I=2,NQ

170 QSUM( I)=QSUM( I-i)+00(1I)*(X( I-1)--X( ))
DO 200 I=1,NQ
Q8AR (I ) QSUMi( I )/QSUM(iNQ)

200 XBAR (I) =1@0-X (I)
RETURN
END
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* LAHLAE
C I') OF X 2

c NORMALIZED Q VS. X FOR QMI GIVEN AT X(I) AND X*CI)=O*O
C

SUz3ROUTINE QOFX
COMMON Aq BvT5,PS9,r ,PoCM, TITLE ,NPR ,NFPUNGR PTSEP&EP~vAt
IT SRI #PSN 1 9TW-M CLV oD9JUL I F-9N ONEqPD A LPHiA tE PNU, TK~pgi,
2S I GIR95IGO,9 SI V 009 R~ %TE,,S9E, R A 0 A C9EvjTC9E,,WTRE.WTE E,EWTT o
3RHOP9SSI OPS 9PSMA X ,ELT A 9DELP A ~P,41 rION 5 1GiMANPC IPC I i'AX
41W A GCMZE 9 ,CFAP SOJfDELPSC 9PEE,9DEELPCvFE:XDLoXDl 2 RE BD,0
50*ýT PC 10 1MtET ATIS 9PEO I PPAV 9TC*W.AV 9T.4MAX 9 MlAX 9.ýWTCLD A CC 9

3S:-IGS rP,'-IGoýNýsIG$EgsI'GDEPNr ,gPENt,WSYSQ3A~,XBAR
9, CONDK9, CON-,R , CFA
DIMIENSION A(6,40),E'i(6,40)T,T(2O0) ,PS( 200) tT(2O0') P(200ý) ,

1C.*C i200 ý) T AITLEC 12)PD( 200 i,$-IGRC 2'00) ,SIGO( 200') # 5 -ZC 200)9)
2-FEXD( 200 ) XD"(C200),REBD( 230) ,OC 200ý) ,XL 200ý)t

4F IYOC200 ) YD'j2C 200) ,QY( 203)
5,S-cI G 5T (2 D)S--IG 54'P ( 2-0 1),5S1G P2 0 0),S I G SE(2,-01SIGDE-(200O')
6,OEAR(I32)qXBAR(130)
D I VE N -1CON -Q-Q,( 1OO),9X(10 0),$U 141 -3 , F MT 12)
READ 1109 NO

11l2 FORM.AT ( 110
READ 130s (FMT(T),I=1912)

130 FORMAT (12A6)
REýA D FIAT,9 (X(I)QQ(I),1=1,NO)
QSUM( 1) =0.0
DO 170 I=2,NO

DO 200 I=1,NO
QBAR ( I) =QSUNI ( I) /OSUM` (NO)

230 0.X8A.R I)=X( I)/X(NQ)
RETURN
END
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L1I5T
LA63EL

I S TI
C
C AXIAL DISTIR1rUTION OF HEAT GENERATION
C 1 Is CHOPPED SIN FUNCTION
C

SUB~ROUTINE QDIST (QDQ91QTQDXL)
COMMON A,8,TSP$,I ,PCMTITLENPRNPUNGRTSEPSEWA,
1TIc,IoPSR1,TWMCLVDJULIENPNEPDALPHAEtPNUTI(,M,
25IGRoSIG0,SIGZ,80,TRTEtSRSERADACEWrCcWTREWTEEWTTt
3RHOPSSIGPSPSMAXDELTADELPAWPRHONSIGMAANClCIMAX,
4WAGC--.t,ECFAPCFAPSDELPSCPEDELP'C,FEXDFMLDXD12,REE3D,
5QCZ,"TCIOIMETATSPSEOI ,PDAVTCwqAVT~jN-AXTCIM'AX GWT ,CLDACC.
6WPCFPCUVXLRH01,XPLDQQDXLTWTCYLFIYDFEXDYD12,QY,
7RADACWPSTPSDTWNCWNDWNAEDE,:ICNLDNILWTPPTP,$IGST,
8SIGSTPSIGSH,$HtIGSESTGDEPNEPENWSYSJBARXBAR
9 ,CONDK ,COND~gCFA'
DIlMENSION A(6,40) ,3(6#40),TS(200) ,PS(200) ,TC200) ,P(200.)9

1CM(200") ,TITLE(12)9,PD(200),SIGR(200) ,$1GO(200) ,SIGZ(200),
2FEXD( 200 ) XD12( 200) ,REBD( 200) ,QC2C0) ,XL( 200)o
3RHOI( 200 ) ,XPL( 2CC) ,DOODXLC 200) )T,T( 200) TC( 200) ,YL( 200),
4FIYDC20Q0hYD12(2C0),QY(2CO)
5,SIGST(20-0),SIGSTP(200),SIGSH(200),SIGSEC200) ,SIGDE(200)
6,OQ3AR(100)9XSAR(100)
IF (WSYS) 20,10,10

1. READ 100'0, C01
WSYS=-1.00
TI 1=TI TLE( 8)
PRINT 1010, C01
IF (XABSF(NPU)) 20920915

15 PUNCH 101OCQ1,Tl1
2:0 QDXL=AC0SF(1.0-(1.0-ýCOSF(CO1))*QDQ/QT)/CQ1

1C00 FORMAT(F`1O.4)
10310 FORMAT(8H0 CQ1=F6o4,60X9A6)

RETURN
END
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L IST
LABEL

COD 1 T 2
C

AXIAL DISTR1t3UTION OF HEAI GENERATION- 2.1b IMbULMIR DATA
c

SUBROUTINE UDIST ((;DQtQTgQDXL)
CO.'*1MON AE3.TSP69S, PCMTITLEtP4iNiPRNPUNGRTSEPSEWA,
ITSR1,P'-I,ý1TWMCLVDJULIENPNEPDALPHALPNUTi(,M,
"2SIGRoSIGiOtSIGL,10,TRTEPSRPSEiADACEwJrcEWTREWTEPEwrTo
3RHOPSSIGPSPSMAXDELTADELPAWPR-HONSIGMiANCICIMAX,-
4WAGCMECFAPCFAP5,[)ELPSCPEDELPCFEXOg~'ý'LDXD12,R'f3D#
5QQT9ClOIMETATSPSE01,2DAVtTCWAVTWMvAXTCMAXGl.TCLDACC9
6WPCFPCGVXLRHC'IXPLDQQDXLTW!,TCYLFIYDFEXDYD12,QY9
7RADACWP.STP5,DTt,WNCi,WNDWNAEDECN4LDNLPWTPPTPSIGST,
8SIGSTPSIGSHSIGSESIGODEPNEgPENsW"3YSQBARXBAR
9 ,CONDKgCONDRtCFA
DIMENSION A(694C)96L(6940) ,TS(200) ,PS( 200) ,T(200) ,P(200),

1CM(200J),TILTLE(12),PD(200),SIGR(200),SIGO(200),SIGZ(200),
2'FEXD( 200 ) XD12( 200) ,REBD( 200) ,Q( 200) ,XL( 20O)
3RHOI( 200 ) XPL( 200) ,DQQODXL( 200) ,TW( 200) ,TC( 200) ,YLC 200),
4FIYD(200)9YD12(20C'),QY(2'00)
5, SIGST (200) ,gSIGSTP( 200) ,SIGSH( 200) , SGSE( 200) ,SIGDE( 200)
6,OBAR( 100) ,XBAR(C 10)
1=2
RQ=QDQ/QT
IF (1.O-RQ) 103,110,110

103 RQ=1*0
110 IF (QBAR(I)-RQ) 120,140,140
120 1=1+1

GO TO 11 01
1-40 QDXL=XBAR(I-1)+CQDQ/QT-QBAR(I-1))*(XSAR(I)-Xi3AR(I-l))/

1 QBAR( I)-Q6AR( 1-1))
RETURN
END
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LIST
LABEL

CPTC201
C
C PRESSURE AND TEMPERATURE CORRECTIONS FOR LOOP 2 IN JCHTI
C

SUBROUTINE PTC (T12,TIlTAVgPJ2,PIIPAVPSI2,PSN21,TSI12
IrSSgDELTSADELTMEUELPMEN2,N2M)

10J TIG=2.0.TAV-TI1
110 PIG=2.0*DAV-Pll
120 PSIG=PSN21
130 DTS=TSS-TS12
140 IF (ABSF(DTS)-DELTSA) 150,150.,380
150 IF (ABSF(TI2-TIG)-DELTME) 160,160,380
160 IF (ABSF(P12-PIG)-DELPME) 170,170t380
170 IF (ABSF(PSI2-PSIG)-DELPME) 460,460,380
380 IF (N2-XABSF(N2I)) 390,480,480
390 TIG=TI2
400 PIG=PI2
410 PSIG=PSI2
420 TAV=(TI1+TIG)/2,0
430 PAV=(PII+PIG)/2.0
440 PS12=PSIG
450 GO TO 490
460 N2=0
470 GO TO 490
480 N2=-N2
493 RETURN

END
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L IST

CGQlFV, I

15 I VOID) FRACTION PARAmETEIR FLOR EOUILATEPAL HOLE SPACINGSC
SUBROUTINE GOFV(V#DtGV#LiwT)
Cl =2 *0 *3.*1415 9/ 3 0*C)* 105
GV=(V-LOGF(V)+LOGF(C1 )-Oe 9 4l48*C1)/fl.*...)
GWKT=b*c (Cl/V)**0.5.1@0),

2o0
REURN

END
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* LABEL
C
C SPECIFIC IMPULSE CALCULATION
C

SUBROUTINE SIMP (CITS#CIPS9CIPNE9CISP)
COMMON ABTSPST.PCMTITLE.NPRoNPUNGRTSEPSEWAg
1TSR1,PSRITWMCL.VD.JULIENPNEPDPALPHAEPNLDTIM,
2SIGRSIG0,SIGZ,'BOTRTESRSERADAC#EWTCEWTREWTEEWTT,
3RHOPSSIGPSPSMAXDELTADELPAWP ,RHON.SIGMANCI sCIMAX,
4WAGCMECFAPCFAPSDELPSCPEDELPCFEXDFMLDXD12,REBD,
5QQTCIOIMETATS~pSEOI9PDAVTCWAVTWMAXTCMAXGW'TCLDACC#
6WPCFPCGVXLRHOIXPLDQQDXLTW.TCPYLFIYDFEXDYD12,QY,
7RADAC.WPS ,TPSDTWNCWNDWNAEDECNLDNLWTPPTPSIGSTg
8SIGSTP ,SIGSHSIGSE.SIGDE.PNE ,PENWSYS.OBARXBAR
9 .CONDK ,CONDR#CFA
DIMENSION AC6,40),B(6940),TS(200) ,PSI200),T(200),P(200),
1CM (200 ) T ITLEC 12) ,PD( 200) ,SIGR( 200) ,SIGO( 200) .SIGZ (200)o
2FEXD(200) ,XD12(200) ,REBDC200) ,Q(200) .XL(200).
3RHOI(2O0),XPLC200),DQQDXL1200),TWI2O0),TC1200),YL(200),
4FIYD( 200) .YD12(200) ,QY(200)
5,SIGST(200)tSIGSTP(200),SIGSH(200),SIGSE(200),SIGDE(200)
69OBAR(1OO) ,XBAR(100)
CALL PROPS(CITSCIPS.AB,-1.JULIE .W.ZRHO.CIHS.SSCPGAMSDHP#
lDSTDSPOMEGTOMEGPSIGTSIGPZETATZETAPEMUCLAMPR)
TNE=CITS*((CIPNE/CIPS)**((GAMS.-1.O)/GAMS))

10 CALL PROPS( TNECIPNEAB,1 ,JULIEWZRHOHNESNECPGAMDHPDSTNE,
lDSPOMEGTOMEGPSIGT,-SIGPZETATZETAPEMUCLAMPR)
DELTASzSS-SNE
DELTATuDELTAS/DSTNE
IF (ABSF(DELTAT)-DELTA) 310930#20

20 TNE=TNE+DELTAT
GO TO 10

30 VNECmSQRTF(C29O*(CIHS-HNE)*82'.0168*980.665*1033.23/1.9859)
CISP=VNEC/980s665
RETURN
END

D- 35



PUNCH 40119 CL#V*DoCONDKPCONDRsTI1
PUNCH 4041
PUNCH 4042
PUNCH 4043, ClCIMAX.WAGCMECFACFAPCFAPSTI1
PUNCH 4044
PUNCH 4045,PS(M) ,DELPSC.PEP(M) .DELPCT(1).T(M),TlI
PUNCH 4046
PUNCH 4047,FEXDCM),FMLD.XD12(M) ,REBD(M) .REBDII)hQ(M),QTT!1
PUNCH 404a~
PUNCH 4049, CMIM),CIOIMETATSPSEOIPDAVTCWAVTWMAXTI1
PUNCH 4055
PUNCH 4056, TCMAXGWTCLDACCWPCFPCGV.TtI
PUNCH 4001s (TITLEI(I).I1l1l2
PUNCH 4070
PUNCH 4080.CXLC I).CM(I).TS(UPT(I),PS(I),P(I),RHOI(Z),Iu1,MI
PUNCH 4001, (TITLE(1h1al121Z
PUNCH 4090
PUNCH 4100,(XPLI I),DQQDXL(I),TWtI),TC(I),PDU),!Iu1,M).
PUNCH 4001, (TITLE(1)91=11l2)
PUNCH 4110
PUNCH 4120,(YL( 1).FIYD( I),FEXD(Ih#YD12(I)sQYUl) Q(1),RE8D(I).Im1,M

4001 FORMATc~.HlA5*l1A6)
4010 FORMAT(6F10.3,14X9A6)
4011 FORMATCSFl0o3v24XsA6)
4030 FORMAT (69HODIMENSIONS OP VARIABLES-P(PSI)o T(DEGREES R), Q(BTU/LB)

lo L AND WIN))
4041 FORMAT(68HO ISP ISPMAX W/A CME F/A- F

1/A F/A-PO1)
4042 FORMAT(60H LB-SEC/LB LB-SEC/LB GM/CM-SEC aM/CMZ L

1/FT2)
4043 FORMAT(3Fl0.3,Fl0.6,2Fl0.2,FlO,-6,4XA6)
4044 FORMAT(69H0 PSM DELPS PE PM DELP

I TE TM)I
4045 FORMAT(7F10*3v4XA6l
4046 FORMAT168HO FELID FML/D L/D1Z REBM/D REBE/D

1 a OT)
4047 FORMAT(2F10.6,P10.3,ZF1O,0,2Fl0e2,4XA6I
4048 FORMAT(68HO CMM 1/IMAX ETATS- PSE/PSI PDAV TCW

1AV TWMAX)
4049 FORMAT(4F10*6*3F10.3*4X9A6)
4050 FORMAT(58H0 TSE PSE -WA TSRI PSRI T

IWM)
4051 FORMAT(48H0 L V D, K KI
4055 FORMATC68HO TCMAX GWT LID ACC WPC F

1pc GV)
4056 FORMATC3F1O.3,4F10,6v4X*A6)
4070 FORMAT(69H X/L M . JS T. PS

1 p 1000 RHO)
4080 FORMAT(OPZF1O.6o4F10*3*3PF1O.61
4090 FORMAT(48H XP/L DQQDXL TW TC PDI)

-4100 FORMAT(2F10.6,SP1Oo3l
4110 FORMAT(68H *Y/L FIY/D FEX/D Y/D12 QY

1 0 REB/D)
4120 FORMAT(3FlO.6,FlO.3,2F10.2,F1O.O)
3995 RETURN

END

D-37



* LABEL

C
C CALCULATION OF STRESSES IN ANNULAR ELEMENT
C
C GRADIENT OF RADIAL STRESS EQUALS ZERO ON OUTER BOUNDARY

SUBROUTINE ST
COMMON ABTS~pPSTPCMT ITLENPR.NPUNGR.TSEPSEWA,
1TSRIPSRITWMCLVDJULIENPNEPDALPHAEPNUTKM,
251C-RSIG0,SIGZ,30,TRTESRSERADACE-WTCt",EWTREWTEE-WTT*
3RHOPSSIGPSPSMAXDELTADELPAoWPRHONSIGMANCICIMAX9
4WAGCME,--CFAPCFAPSDELPSCPEDELPCFEX),FMLDXD12,REBD,
5QQTCIOIME"TATSPSEOI,9PDAVTCWAVTWM-AXTCMAXGWTCLDACC,
6WCFPCGVXL.RHOI ,XPLDQQDXL ,TWTCYL.FIYDFEXDYD1290Yv
7RADACWPSTPSDTP',WNCWNDvWNAEDECNLDýNLP,wTPPTPSIGST.
8SIG5TPSIGSHSIGSESIGDEPNEPE-NWSYSQt3ARXBAR
9,CONDKCONDRCFARLDSIGSHMSIGDEMPNEXCIEXTHRUSTW13L YWHPP
DIMENSION A(6,40) ,BC6,40),TS(200) ,PS(200),T(200),P(200),

1CM''( 20CC ) TITLEC 12) ,PD( 200),5 IGR( 2002 .SIGO( 200 ) SIGZ 1200)0
2FE-Xj(200),XD12(2O0),REBD(2O0),Q(20O),XL(20O),
3RHOI(200),XPL(200),DQQDXL(200),TW(200),TCC200),YLC200),
4FIYDC200)PYD12(200),QY(200)
5,SIGST(200),SIGSTP(200),SIGSH(200),SIGSE(200),SIGDE(200)
6PCBAR( 100) ,XBAR( 100)
R=D/2*0
S=i. 0-v
AB=SQRTF (V)
B=R/AB
RLV=-LOGF (AB)
ALPHAF=ALPHA
EPSI=E
TKBFT=TK*12.0'
R3=AB
RB2=V
PDCF=1C. Q**6*3. 41275/3600.0
AFT=R/12*0
GSIG2=ALPHAF*EPSI*PDCF*AFT**2/(4.0*(l.0-PNU)*TKBFT*V*S)
SIGSHMO.0e
SIGDEM=0*0
DO 500 I=1,M
GSIG1=GSIG2*PD( I)
SIGR(I)=-P(I)
SIGZ(I)=GSIGI*C2.0*RLV/S-(3.0-V)/2.0)
SIGOC I) =-P( I)+GSIG1*S**2/(2.0*V)
SIG3=SIGR( I)
IF (SIGO(II-SIGZ(I)) 90P90*100

90 SIG1=SIGZ(I)
S1G2=SIGO( I)

D- 38



GO TO Ili)

SIG2=SIZ( I)
Ilt SIGSTUI=SlG1-PNU*(SIG2+SIG31

SIGSH( I )SIGl-SIC'3
SIGSE(I)=SQRTF(SIGl**2+SIG2**2+SIG3**2-2.O*PNU*(SIG1*SIG2+

1S1G2*SIG3+SlGl*S163))
SIGODE(I)=SQRrF((l.0+PNU)*((STGl-SIG2)**2+(SIGl-SIG3)**2
1-siSI62-SIG3) **2)/3@0)
IF (SIGSH(I)-SIGSHM) 160,160,150

15: SIGSHM=SIGSH(I)
160 IF (SIGDE(I-SIGDEM) 500,500,170
170 SIG-DEM=SIGDE(I)
300 CONTINUE

RETURN
END
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* LIST
* LABEL

C PRST 1
C
C PRINTING OF RESULTS FROM STRESS CALCULATIONS
C

SUBROUTINE PRST
COMMON ABTSPSTPCMTITLENPRNPUNGRTSE.PSEWA,
1TSRI ,PSRI ,TWMCL,VDJULIENPNEPDALPHAEPNUTKM,
2SIGRSIGOSIGZBOTRTESRSERADAC9EWTCEWTREWTEEWTT.
3RHOPSSIGPSPSMAXDELTADELPAWP.RHONSIGMANCICIMAX,
4WAGCMECFAP ,CFAPSDELPSCPEDELPCFEXDFMLDXD12,.REBD,
50 ,QToC IOIMETATSPSEOI ,PDAVTCWAVTWMAX ,TCMAX ,GWT ,CLDACC,
6WPCFPCGVeXLRHOIXPLDQQDXLTWTCYL9FIVDFEXDYD12,QY,
7RADACWPSTPSDTWNCPWNDWNAEot)ECNLDN4LWTPPTPSIGSTv
8SIGSTPSIGSHSIGSESIGDEPNEPENWSYSOBAR ,XBAR
9 ,CONDK ,CONDR ,CFA
DIMENSION A(6,40O ,BC6,40),TS(200) .PS(200).TIZ00O P(200),
1CM(200) ,TITLEC122,PD(200),SIGR(200JSIGO(20O)hSIGZ(200),
2FEXD(200) ,XD12(200) ,REBD(200) ,Q(200) .XL(200),
3RHOI(200)PXPL(200)9,DQQDXL(200),TW(200),TC(200),YL(200),
4FIYD(200),YD12(200) ,QY(200)
5,SIGST(20O,,SIGSTPC200),SIGSH(2ZQ)hSIGSEC200ISIGDE(200)
6,0BAR(100) ,XBAR(100)
PRINT 4001, (TITLE(I),I=1912)
PRINT 1105
PRINT 1109
PRINT 11109 ALPHA*EPNUvTK
PRINT 1118
PRINT 1119
PRINT 11209, D9V
PRINT 4001, (TITLE(I).I10112)
PRINT 1150
PRINT 1160
PRINT 1170
PRINT 1180, (XL( I),P(I),PD(.I),SIGOCIhtSIGZ(I),SIGR(I.2I31,lMI
PRINT 4001, (TITLE(1),I1,112)
PRINT 1190
PRINT 1200
PRINT 1210t CXLC I),SIGSTCI),SIGSTPI I) ,SIGSH(I lSIG$EUII
1,SIGDE( I) ,I=1M)
IF (NPU) 20,20,10

10 TIlaTITLE(S)
PUNCH 1105
PUNCH 1109
PUNCH 11109 ALPHA9E#PNU9T~sTI1
PUNCH 1116
PUNCH 1119
PUNCH 1120, DpVtTI1
PUNCH 1150
PUNCH 1160
PUNCH 1170
PUNCH 1180p (XL(I),P(I),PD(I),SIGO(I),SIGZ(I),SIGR(I),Iu1,14)
PUNCH 1190
PUNCH 1200
PUNCH 1210, (XL(I),SIGST(I),SIGSTP(I),SIGSHII),SSI6E(I)
19SIGDEI I)PI*1,M)

20 CONTINUE
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1108 FORMAT158H0 ALPHA E ýNU
1 K)

1109 FORMAT(58H I/DEG F PSI BTU/IN-SEC
1-F)

1110 FORMAT(4E1595#14X9A6)
1118 FORMAT(18H0 D V
1119 FORMAT(9H IN*)
1120 FORMAT(ZFlOo3,54X#A6l
1150 FORMATM5HOSTRESS CALCULATIONS FOR ZERO STRESS GRADIENT AT RuB)
1160 FORMAT(58H0 XL P PD SIGO SIGZ SI

IGR)
1170 FORMAT(59H PSIA MW/FT3 PSI 'PSI

IPSI)
1180 FORMATCF1O.4s2F1O.3s3F10s1)
1190 FORMATM5H0 XL SIGST SIGSTP SIGSH SIOSE 31G

IDE)
1200 FORMAT(59H PSI PSI PSI P31

IPSI)
1210 FORMAT(F1O*495F1O.1)
4001 FORMAT(lH1AS,11A6)

RETURN
END
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* LIST
* LABEL

C R CSW 2
C
C CALCULATION OF REACTOR CRITICAL SIZE AND WEIGHT

SUBROUTINE RCSW
COMMON ABTSPSTPCMTITLENPRNPUNGR .TSE.PSE.WA.
1TSR I PSR It WMCL 9V9D9JUL I E#N PNEvPD9 ALPHA 9EoPNU#TK9Vi#
2SIGRSIGOSIGZBOTRTESRSEilADACEWTCEWTREWTEEWTT,
3RHOPSSIGPSPSMAXDELTADELPAIP9,RHONSIGMANCICIMAX,
4WAGC'MECFAPCýFAPSL)ELPSCPEDE-LPCFEXDFMLDXD12,REBD,
50,QTCIOIM,9ETATSPS-:EOIPDAVTCWAVTWMAXTCMAXGWTCLDACC,
6WPCFPCGVXLRH0I ,XPLD)QQDXLTWTCYLFIYDFEXDYDl2,0Y,
7RADACWPSTPSDT gWNCWNDWNAE,-DECNLDNLWTPPTPSIGST.
8SIGSTPSIGSHSIC-SESIGDEPNEPENWSYSQBARXBAR
9 ,CONDKtCONDRgCFA
DIMENSION A(6,40),B(6,40),TS( 200) ,PS(200),T(200),P(200) .

1CM( 200 )tTITLE( 12) ,PD( 200) ,SIGR( 200) ,SIGO( 200 ) SIGZC 200)9
2FEXD( 2Z O) ,XD12( 200) ,REBD( 200)t 200) ,XL( 200)9
3RHOI( 200 ) XPLC 200) ,DQQDXL( 200) TW( 200) T-( 200) ,YL( 200)o
4F IYDI 200 ) YD12C 200) ,CY( 200)
5,SIGST( 200) ,$IGSTP(200) ,SIGSH( 200) .SIGSE( 200) .SIGDE(200)
690BAR(10J),XBAR(100)
HE=2*54*CL
R=2 .54*RAD
TR=2o54*TR
TE=2*54*TE
DENC=1 .659
DENR=1 .85
DENE=DENR
SC=1. 0-V

1100 ACOR=3e14l6*R**2
AC=ACOR*( 1.0-SC)*O.0001
EWTC=ACOR*HE*SC*DENC*0. 001
EWTR=(3.1416*(R+TR)**2-AC0R)*(HE+TE)*DENR*SR*0.001
EWTE=ACOR*TE7*SE*DENE*0 .001
EWTT=EWTC+EWTR+EWTE
RAD=R/2o54
TE=TE/2*54
TR=TR/2 .54
AC=1000090*AC/C 14490*2*54**2)
EWTC=2. 2*EWTC
EWTR=2. 2*EWTR
EWTE=2o*2*EWTE
EWTT=2o*2*EWTT
RETURN
END
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* LIST
* LABEL

CPRRSWl
C
C PRINTING OF RESULTS FROM REACTOR SIZE AND WEIGHT CALCULATIONS
C

SUBROUTINE PRRCSW
COMMON A,8,TSPSTPCM.TITLENPRNPUNGR ,TSEePS'%WA,

1TSRI ,PSRITWMCLVDJULIENPNE.PDALPHAEPNUTK ii
2SIGRSIGOSIGZB0,TRTESRSERADACEWTCEWTREWTEEWTT,
3RHOPSSIGPSPSMAXDELTADELPAWPPRHONSIGMANCICIMAX,
4WAGCMECFAPCFAPSDELPSCPEDELPCFEXDFM'LDXD12,REBO,
5QOTCIOIMETATSPSEOIPDAVTCWAVTWMAXTCMAXG4TCL0,ACC#
6WPCtFPCGVXLtRHOIXPLDQQDXLTWTCYLFIYDFEXDYD12,QY,
7RADACWPSTPSoDTWNCWNDWNAEDECNLtDNLWTPPTPSIGSTP
85 IGSTPSIGSHSIGSESIGDEPNEPEN.WSYSQBARXBAR
9 ,CONDK ,CONDRoCFA
DIMENSION A(6,4OhtB(6,40),TS(20O),PSC200),T(200) ,P(200).
1CM(200),TITLE(12)tPD(200),SIGRC200),SIGO(200),SIGZ(200).
2FEXD( 200 )tXD12( 230) ,REBD( 200) Q( 200) ,XL( 200)9
3RHOI C200) ,XPL(200) ,DQQDXL( 200) ,TW(200) ,TC(200) ,YL(200)g
4FIYD(2G0) .YD12(200) ,OY(200)
SSIGST(200,sSIGSTP(200),SIGSH(200)tSIGSE(200)PSIGDE(200)
6#QBAR( 100) ,XBAR(100)
PRINT 4001, (TITLE(I)9Im1,12)
PRINT 2005
PRINT 2006
PRINT 2007, CLtTEpTRtSRpSE9BO
PRINT 2008
PRINT 2009
PRINT 20109 RADACEWTCEWTREWTEEWTT
IF (NPU) 20.20,10

10 TIlaTITLE(O)
PUNCH 2005
PUNCH 2006
PUNCH 20079 CLTEtTRoSRPSE#BOPTI1
PUNCH 2008
PUNCH 2009
PUNCH 2010t RADtACtEWTCPEWTR#EWTE#EWTToTI1

20 CONTINUE
2005 FORMAT(58H0 L. TE TR SR SE

180)
2006 FORMAT(5.9H IN* IN* IN.*1

1CM2)
2007 FORMAT(5F10o3,F12s8s12X9A6)
2008 FORMAT(58H0 RAD AC EWTC EWTR EWTE EW

1TT)
2009 FORMAT(59H IN. FT2 LB LB LB

1 LB)
2010 #ORMAT(6F10.2914XtA61
4001 FORMAT(1HlA5p11A6)

RETURN
END



* LIST
* LABEL

CPRSHI
C
C CALCULATION OF PRESSURE SHELL WEIGHT
C
C RHOPS IS IN LB/FT3
C DR AND CLR IN FEET* WPS IN POUNDS
C

SUBROUTINE PRSH
COMMON A 9B,9TSPP S oT,9PCMoT ITLE., NPRsNPU9NGR,9TSE,9PSE #WA,
1 TSR I PSRI1,TWM,#CLtV 9D sJUL IE 9N oPNE tPD 9ALPHA 9E 9PNU 9 TK 9M
2SIGRSIGOSIGZBOTR.TESRSERADACEWTCEWTREWTE.EWTT,
3RHOPSSIGPSPSMAXDELTADELPAWPRHONSIGMANCI ,CIMAX#
4WAGCMECFAPCFAPSDELPSC.PEDELPCFEXDFMLDPXD12,REBD,
50,OTCIOIMPETATSPSE019PDAVTCWAVTWMAXTCMAXGWTCLDACC9
6WPCFPCGVXLRHOI ,XPLDQQDXLTWTC#YLFIYDFEXDYD12,QY,
7RADACWPSTPSDTWNCWNDWNPAEDECNLDNLWTPPTPSIGST#
8SIGSTPSIGSHSIGSESIGDEPNEPENWSYSOBARXBAR
9 tCONDK tCONDR pCFA oRLD oS IGSHM tS IGDEM,9PNEX 9C IEX 9THR(JST #WBL 9YW #HPP
DIMENSION A(6s40 ) .(6,40) ,TS(200),PS(200) ,T(200) ,P(200),
1CMC200),TITLE(12),PD(200),SIGR(200),SIGO(200),SIGZ(200),
2FEXD( 200 ) XD12( 200) ,REBD( 200) ,QC200) ,XL( 200)o
3RHO IC 20 0) t XPL (200) #DQQDXL 1200) TWf 2 00 ) 9TC (200) oYL (200)
4FIYD(200) ,YD12(200) ,QY(200)
5,SIGST(200),SIGSTP(200),SIGSH(200),SIGSE(200),SIGDE(200)
6,QBAR(100) ,XBAR(100)
DRu2o0* CRAD+TR)/12*0
CLR=CCL+TE)/12*0
WPSm3 o14159*RHOPS*DR**2*CLR*PSM.AX* 1 sO+DR/(4o 0*CLR) 1 (2 0*SIGPS)I
TPS=12#O*PSMAX*DR/ C2*0*SIGPS)
RETURN
END



L LI ST
* LABEL

CTP1

C CALCULATION OF TURBOPUMP WEIGHT

C

SUBROUTINE TP
COMMON A, BTSoPSorPCMTI TLE .NPRNPUNGRTSE.PSEWA#
1TSRIPSRITWMCLVDJULIENPNEPDALPHAEPNUTKMA
2SIGRSIG0,SIGZBOTRTESRSERAD.ACEWTCEW)TREWTEE'4TT,
3RHOPS,SIGP5,PSMAXVDELTADELPAWPRH0NSIGMANCI ,CIMAX9
4WAGCMECFAPCFAPSDELPSCPEDELPC ,FEXDFMLDXD12,REBD.
50,QTCIOIMETATSPSE01,PDAVTCWAVTWMAXPTCrAAXGWTCLDACC,
6WPCFPCGVXLRH01,XPLDQODXLTWTCYLFIYDFEXDtYD12,QY,
7RADACWPSTPSDTWNCWNDWNAEDECNLDNLWTPPTPSIGST,
SSIGQSTPSIG5HSIGSESIGDE ,PNEPENWSYSQBARXBAR
99 ,CONDKCONDR, CFARLDSIGSHMS IGDEMPNEXCIEX ,THRUSTWBL ,YWHPP
DIMENSION AC6,40),BC6.40),TS(200) ,PS(200),T(200),P(200),
1CM (20w-) ,TITLEC 12) ,PD( 200) ,SIGR( 200) ,SIGOC 200) .SIGZ'(200)t
2FEXD( 200 ) XD12( 200) ,REBD( 200) Q( 200) #XL( 200)o
3RHOI (200) ,XPL(20C) .DQQDXL(200) ,TW(200) ,TC(200) ,YL(200),
4FIYD(200),YD12(2^00)tOY(200)
5,SIGST(2s0h),SIGSTP(200),SIGSH(200),SIGSE(200),SIGDE(200)
6#QBAR(100),XBAR(1OC')
PTANK=20*0
EFFTP=0*5C
EFFP=SQRTF(EFFTP)
DELHT=1775.3
RHCLH=4*4
PTP1 * 33*PSMAX
YW=144. 0* CPTP-PTANK) /(7780 0*EFFTP*RHOLH*DELHT)
HPP=144.0*WP*(PTP-PTANK)/(550.O*EFFP*RHOLH)
WBL=YW*WP
WTP=Oo00251*PTP*WP
RETURN
END
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* LIST
* LABEL

CNOZI
C
C CALCULATION OF NOZZLE SIZE AND WEIGHT
C
C RHON IS IN LB/FT39 DR AND DT ARE IN FT
C HALF ANGLE OF CONVERGENT SECTION IS 30 DEGREES
C HALF ANGLE O)F DIVERGENT SECTION IS 15 DEGREES
C

SUBROUTINE NOZ
COMMON ABTS.PS ,TPCMTITLENPR INPUNGR ,TSEPSEXX,
1TSRIPSRITWMCLVDJULIENPNEPDoALPHAEsPNUTKM,
2SIGRSIGOSIGZBOTRZZSRYYsRADACEWTCEWTREWTEEWTT,
3RHOPSSIGPSgPSMAXDELTADELPAWPRHONSIGMAANClCIMAXO
4WAGZZZCFAPCFAPSDELPSCWWDELPCFEXDFMLDXD12,REBDs
5QOTCIOIMETATSPSEOI ,PDAVTCWAVTWMAXTC1MAXGWTCLDACC,
6WPCFPCGVXLRHOI ,XPLDQQDXLTWTCYLFIYDFEXDYD12,QY,
.7RADACWPSTPSDTWN4CWNDWNAEDECNLDNLWTPPTPSIGST,
8SIGSTPSIGSHSIGSESIGDEPNEPENWSYSOBARXBAR
9,CONDKCONDRCFARLDSIGSHMSIGDEMPNEXCIEXTHRUSTWBLsYWHPP
DIMENSION A(6,4Oh9B(6,40)hTS(200) .PS(200) ,T1200),P(200).

1CMC200),TITLE(12),PD(200),SIGRC20O),SIGO(200),SIGZ(2O00)
2FEXD( 200 ) ,XD12( 200) ,REBDC 200) Q( 200 ) ,XL C200)9
3RHOI( 200)tXPL( 200) DOQDXL(200) ,TW( 200) gTC( 200) ,YL1200)t
4FIYD(200) .YD12(200),oQY(200)
5,SIGSTC200),SIGSTP(200),SIGSH(200),SIGSE(200),SIGDE(Z00)
6PQBAR(100) ,XBAR(100)
R=19 98 59
RBARn82*0618
GGCS=980*665
GCM=1033o2S
TSE=TSE/1*8
DELTA=DELTA/ 1.8
CALL PROPS (TSEPSEAB,-1,JULIEWZRHO#t-SESSECPGAMSE,
lDHPDST ,DSPOMEGTOMEGPSIGTSIGPZETATZETAPEMUCLAMPRI
GME=1*0+I (GAMSE-1*0)/2oO)

10 TT=TSE/GME
PT=PSE/GME**(GAMSE/(GAMSE-1.O))

20 CALL PROPS (TTPTAB,44,JULIEWTZ*RHOTHTSTCPTGAMToDHPT*
1DSTTDSPTOME6TTOMEGPT ,SIGTTSIGPTZETATTZETAPTEMUCLAMPR)
CM2=2.0*WT*(HSE-HT) /(GAMr*R*TT)
CMT=SORTF( CM2)
DELM2=1 .O-CM2
DELS=SSE-&T
DM2DT=-CM2*(1.O-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) 50,50960

50 IF CABSF(DELP)-DELPA) 80,80960
60 TT=TT+DELT

PT=PT+DELP
GO TO 20

80 VT=SQRTF(GAMT*RBAR*TT*GGCS*GCM/WT)
WA-RHOT*VT
WAP=WA*(C30o48**2 )/453o5924
AT=( .0-YW )*WP/WAP
DT=SQRTFC4o0*AT/3*14159)
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DRz2o0*(RAD+TR 3/12.0
WNCu1.5*3.14159*RHON*DR*PSE*(DR**2ZDT**2)/(8.O*
ISINF( 3.14159/6.0 )*SIGMAN)
CImO. 147
C220*000268
C3 =0 0000 117
PStFu.144*O*PSE
AETSO.09
WND=Cl*DT**2*PSEF**(lo0/3.0)*(AET-Ie0)+C2*PSEF*DT*t*3*
l(AET**(1.0/6.0)-1.0)+C3*PSEF*DT**3
WN=WNC+WND
WAN EWA/AET
CME=5*0
GME1.0O+( (GAMSE-1.0)/2s0)*CME**Z
TE=TSE/GME
PEmPSE/GME**(GAMSE/(GAMSE1.0O))

1250 CALL PROPS(TEPEAB,+1 ,JULIEWE.ZRHOEHESECPE.GAMEDHPEDSTEq
lDSPE,0MEGTEOMEGPESIGTESIGPEZETATE,4'ETAPEEMUCLAMPRI
CM2=2*0*WE*(HSE-HE)/ (GAME*R*TE)
CME=SQRTFC CM2)
VE=CME*SQRTF( GAME*RBAR*TE*GGCS*GCM/ WE)
DELWA-WANE-RHOE*VT
DELS=SSE-SE
DWADT=W.A*( (OMEGTE-SIGTE-1.0)/TE-CPE/I2.0*fHSE-HE)))
DWADP=WA*((OMEGPE-SIGPE+l.0)/PE-DHPE/(200*(HSE-HE3)2
DELT= DWADP*DELS-DSPE*DELWA)3/ (DWADP*DSTE-DWADT*DSPE)
DELP C DELS-DSTE*DELT)3/DSPE

1320 IF (ABSFCDELT)-DELTA) 133091330,1340
1330 IF (ASSF(DELP)-DELPA) 13709137091340
1340 TEuTE+DELT

PE=PE.DELP
GO TO 1250

1370 PNEXuPE
CALL SIMPCTSEoPSEPPNEXtCIEX)
AE=AET*39*1416*DT**2/4*0
CNL1l2.0*CDR-DT)/(2.0*TANF(3.14159/6.0))
DT=12*0*DT
DE=DT*SQRTF( AET)
DNL=(DE-DT 3,(2.0*TANF( 3.14159/12.0))
TSE=1*8*TSE
DELTA=1.8:*DELTA
PEN=AET
RETURN
END
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LIST
LABEL

CRMI 1- 1

C MISSION CALCULATIONS
C

SUBROUTINE RMIS
COMMON ABTSPSTP ,CMTITLENPRNPUNGRTSEPSE WA,
1TSRIPSRITWMCLVDJULIENo,PNE9,PDALPHAEPNUTKMt
2SIGRSIGOSIGZ,80,TRTESRSERADACEWTC.,EWTREWTEEWTT,
3RH0PS,.SIGPSgPSMAXDELTADEL-PAgWP,(HONSIGM-AN9,CICIMAX,
4WAGCMEC-FAPCFAPS5r)ELPSCPEDELPCFEXDFMILDXD12,REBD,
50,QTCIOIMETATSPSEOI ,PDAVTCWAVTWMIAXTCMAXtGWTCLDACC,
6WPCFPCGVXLRHOI ,XPLDQQODXLTWTCgYLFIYDFEXDtYDl2,QY,
7RADACWPýsTPS, DT ,VNCWNDg,WN ,A'L,DE ,CNLD.NL9,WTPPTPSIGST,
8SIGSTPSIG3HSIG$ESIGDE,:'PNEP--NWSYSQBARPXBAR

COMMION VPHPPTANK,ýRLAr-',TPWH2 ,WTANKWEWGFOWGWSWDLWPL
1 ,CBARCISP
DIM~ENSION A(5,40),B(6,4C),TS(20C) ,PS(200),TC200),PC200),9
1CMC200),TITLE(12),PD(200),SIGR(200),SIGO(2,00),SIGZ(200),
2FEXD(200) ,XD12(200) ,REBDC200) ,Q(200) ,XL(200),
3RH0I(200),XPL(200),DQQDXL(200),Tw-(2o0o)TC(200),YL(200),
4FIYD( 200) ,YD12( 200) ,QY( 200)
5,SIGST(200),SIGSTP(200),SIGSH(200),SIGSE(200),SIGDE(200)
6,QSAR(100) ,XBARC 100)
G=32*174

CISP=CI*( 1 0-YW)
CBAR=32. 174*CISP
TPA=0. 1
TPO.0*
TPP=0.0
ATP=G/ C2*0*CBAR)
DTP=HP/CBAR

10 RLNLAM=(VP+G*TP)/CBAR
RLAM=EXPF( RLNLAM)
BLAM=1*0-RLNLAM/ CRLAM-1.0)
.IF (BLAM**2-4*0*ATP*DTP) 15915917

15 TP=TP+1O.O
GO TO 20

17 TP=(BLAM-SQRTF(BLAM**2-4o0*ATP*DTP))/(2.0*ATP)
IF (ABSF(TP-TPP)-TPA) 30*30,20

20 TPP=TP
GO TO 10

30 WH2=WP*TP
WTANK=6.88E+07*(1.131E-11*WH2*PrANK**3+0.00407)/(PTANK**2)
WE=WH2/ (RLAM-lo0)
WG=WE+WH 2
FOWG=THRUST/WG
WSO.*02*WG
WDL=WE-WTANK-WSYS
WPL=WDL-ws
RETURN
END
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L LIST
* LABEL

CPRSYS1
C
C PRINTING OF RESULTS FOR NUCLEAR ROCKET SYSTEM
c

SUBROUTINE PRSYS,

'COMMON," AB,'TS,'PSITsPC'MTITLENPRNPUNGRTSEPSEoWA#1TSR1,PSRITWMCLVDJULIENPNEPDALPHAEPPNUTKM,
ZSIGRSIGOSIGZoBOTRTESR ,SERADACEWTCEWTREWTEEWTT,
3RHOPSSIGPSPSMAX.DELTA.DELPAWP.RHON.SIGMANCI .CIMAX,
4WAGCMECFAPCFAPSDELPSCPEDELPCFEXDFMLDPXD12,REBD,
50.QT ,CIOIMETATSPSEOI ,PDAVTCWAVTWMAXTCMAXGWTCLDACC,
6WPCFPCGVtXLPRHOIXPLoQQDXLTWTCYLFIYDFEXDsYD12,QY,
.7RADACWPSTPSDTWNCWNDWNAEDECNLDNLtWTPPTPSIGST,
85 IGSTP ,S IGSHoS5IGSE tSIGDE .PNEvPEN. WSYS ,QBAR .XBAR
9,CONDKCONDRCFARLDSIGSHMSIGDEMPNEXCIEXTHRUSTWBLYW.MPP
COMMON VP9HP9PTANK #RLAM*TP,9WH2 .WTANK,#WEtWGoFOWGtWStWDLtWPL

*19CBARoCISP,
DIMENSION A(6 ,40h#8t6,4O),TS(200) ,PS(2OO)oT(20OI ,P(200),

ICM( 200 ,TITLE( 12) ,PD( 200) ,SIGR( ZOO) .5IGO( 200) SIGZ (200) e
* 2FEXD(2002 ,XD12(200).,REBD(2OO),Q(ZOO),XL(Z001.

3RHOI( 200 ) XPL( 200) ,DQQDXL( 200) ,TW( ZOO) TC(200) sYLI 200)
4FIYD(200) ,YD12(2C0) ,QY('200),

* 5,SIGST(200),SIGSTP(200),SIGSH(200),SIG.ýE(200),SIGDE(200)
ý69QBAR(100)tXBAR(100),

* AETrPEN
CHNuWP/WPC
OONAAVa1000000eO*PDA.V*RAD**2/( 3941275*12e0*D*CHN)
wSOwPuwSYS/wP
WS0FwWSYS/THRUST
RZETO1.0-190/RLAM
POWSYS=-0.001055*Q(M)*(10'0-YW)/WSOWP
WPLOWG=WPL/WG
POWERuPOWSYS*WSYS
POWERT=POWER/( 1.0ý-YW).-
POEWTT=POWER/EWTT-
PTEWTT=POWERT/EWTT
POAC=POWER/AC
PTAC=POWERT/AC
PRINT 4001o (TITLE(I)s,11.12)

* ýPRINT 4041
PRINT-4042.. 7
PRINT 4043,-CICIMAXWAGCMECFACFAP.CFAPS
PRINT 4044.
PRINT.4050
PRINT 404'.PS(Mi 'DEL0SCtPE, (M)#DELPC.T'(1.),T(M)
PRINT 4046
PRINT.4051.
PRINT 4047,FEXD(M) ,FMLDXD12(M) ,REBD(M) ,REBDI1) .0(M) gOT
PRINT 4046
PRINT 4052ý
PRINT 4049, CM(M),CIOIMETATS,PSEOIPDAV.TCWAVtTWMAX
PRINT 4055
PRINT 4053,
.PRINT 40569 TCMAX.GWT.CLDtACC.WPCFPC9GV
PRINT.2009-
PRINT 2008:
PRINT 2010,0 RADACEWTC,'EWTR,EWTE,EWTT
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PRINT 1000
PRINT 1010
PRINT 1020, TPSoWPSPRLD#SIGSHMHSIGDEM
PRINT 1030
PRINT 1040
PRINT 1050. DT#DEPAE#AET#CNLPDNL
PRINT 1060
PRINT 1070
PRINT 1080o WNCPWNDWN#PNEXtCIEXPTHRUST
PRINT 1090
PPINT 1100
PRINT 1110, WTPoPTPoWPoWBL*YWPHPP
PRINT 1111
PRINT 1112
PRINT 11139 CHNQONAAVWSOWPWSOF.POWSYSWPLOWG,
PRINT 1120
PRINT 1130
PRINT 1140, EWTTPWPSsWNWTP*WSYS
PRINT 1150
PRINT 1160
PRINT 1170t WHZWTANK*WStWEWGWDLWPL
PRINT 1180
PRINT 1190
PRINT 1200t CBARCISP PTANKIFOWGRLAMTPRZET
PRINT 1210
PRINT 1220
PRINT 1230, POWERtPOWERTPOEWTTPTEWTTPOACPTAC
IF CXASSF(NPU)) 20P20.10

10 TIlaTITLE(B)
PUNCH 4041
PUNCH 4042
PUNCH 4043, CICIMAXWAGtCMEtCFACFAPPCFAPSTI1
PUNCH 4044
PUNCH 4050
PUNCH 4045,PS(M) DELPSC.PEP(M)IDELPCT(1) T(M) TI1
PUNCH 4046
PUNCH 4051
PUNCH 4047,FEXD(M),FMLD0XD12(M)tREBD(M),REBD(1),Q(M|OQTTIl'
PUNCH 4048
PUNCH 4052
PUNCH 4049, CMCM)hCIOIMETATSPSEOIPDAVTCWAVTWMAXTI1
PUNCH 4055
PUNCH 4053
PUNCH 4056, TCMAXGWTCLDACCPWPC.FPC.GVTI1
PUNCH 2008
PUNCH 2009
PUNCH 2010. RADoACtEWTCPEWTRoEWTE#EWTToTI1
PUNCH 1000
PUNCH 1010
PUNCH 10209 TPSsWPSsRLDtSIGSHM#SIGDEMpTI1
PUNCH 1030
PUNCH 1040
PUNCH .1050, DTtDEPAE*AETPCNLoDNL#TI1
PUNCH 1060
PUNCH 1070
PUNCH 10809 WNC.WNDWNPNEXtCIEX.THRUSTTI1
PUNCH 1090
PUNCH 1100
PUNCH 1110P WTPPTPWPWBLYWHPPTI1
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PUNCH 1111
PUNCH 1112
PUNCH 1.113, CHNQONAAVWSOWPWSOFPOWSYSWPLOWGTlI
PUNCH 1120
PUNCH 1130
PUNCH 1140, EWTTWPSoWNPWTP#WSYS#T!1
PUNCH 1150
PUNCH 1160
PUNCH 11709 WH2tWTANKoWSPWEtWGoWDLWPLoTI1
PUNCH 1180
PUNCH 1190
PUNCH 1200, CBARCISP.,PTANK.FOWGtRLAMTPRZETTII
PUNCH 1210
PUNCH 1220
PUNCH 1230, POWER #P0WERT PPOEWTT#PTEWTT PPOACsPTACsTI1
PUNCH 4057

1000 FORMAT(48H0 TPS WPS L/D SIGSHM SIGDEMI
101.0 FORMAT(48H IN. LB PSI PSI)
1020 F0RMAT(5F10.3o24XtA6)
1030 FORMAT(58HO DT DE AE AE/AT CNL D

1NL)
1040 FORMAT(58H IN@ IN* FT2 IN@.

IN*)
1050 FORMAT(6F10.3,14XA6)
1060 FORMAT.(58H0 WNC WND WN PNEX CIEX THRU

1ST)
1070 FORMATM5H LB LB LB PSIA LB-SEC/LB

1LB)
1080 FORMAT(5FI0.3#F1~o.1,4XA6)
1090 FORMATSSHO WTP PTP WP WBL YW

1pp)
1100 FORMAT(58H LB PSIA LB/SEC -LB/SEC

1HP)
1110 FORMAT(5Fl0.3,Fl0,1pl4X9A6)
1111 FORMAT(58H0 CHN QAV/A WS..S/WP WSYS/F P/WSYS WPL/

1WG)
1112 FORMATC48H BTU/HR-FT2 LB-SEC/LB MW/LB)
1113 FORMAT(2F10s1,4F10.4vl4XA6)
1120 FORMAT(48H0 EWTT WPS WN WTP 'WSYSI
1130 FORMAT(49H LB LB LB LB LB)
1140 FORMAT(5F10*2,24XtA6)
1150 FORMAT(68H0 WH2 WTANK Ws. WE WG W

1DL WPL)
1160 FORMAT(68H LB LB LB LB LB

1LB LB)
1170 FORMAT(7F1.1,sI4X9A6)
1180 FORMAT(68H0 CSAR CISP PTANK F/WG RLAM

.1TP RZET$
1190 FORMAT(58H PT/SEC LB-SEC/LB PSIA S

lEC)
1200 FORMAT(2F10,1,SF1O,394XA6)
1210 FORMAT(58H0 POWER POWERT P/EWTT PT/EWTT P/AC PT/

1AC)
1220 FORMAT(58H MW MW MW/LB MW/LB MW/FT2 MW/F.

1T2)
1230 FORMAT(2F10.1,2F10,3,2F10.1,14XA6)
2008 FORMATM5H0 RAD AC EWTC EWTR EWTE EW

ITT)
2009 FORMAT(59H IN. FT2 LB LB LB
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1 LB)
2010 FORMAT(6Fl0s2P14X9A6)
4001 FORMAT(lHlA5911A6)
4030 FORMAT(69HODIMENSIONS OF VARIABLES-PIPSII, T(DEGREES RIP Q(BTU/LB)

1. L AND D(INfl
4041 FORMAT(68H0 ISP ISPMAX W/A CME F/A F

1/A F/A-PO1)
4042 FORMAT(60H LB-SEC/LB LB-SEC/LB GM/CM-SEC G14/CM2 LB

1/FT2)
4043 FORMAT( 3F10.3 ,FlO.6,2Fl0.2,FlO.6,4XA6I
4044 FORMAT(69H0 PSM DELPS PE PM DELP

1 TE TM)
4045 FORMAT(7Fl0s3,4X9A6)
4046 FORMAT(68H0 FEL/D FML/D L/D12 REBM/D RE8E/D

1Q O T)
4047 FORMATCZF1O.6 ,Fl0.3,2Fl0.0,2Fl0.2.4XA6I
4048 FORMAT(68H0 CMM 1/IMAX ETATS PSE/PSI PDAV TCW

lAy TWMAX)
4049 FORMAT(4FI0#6,3F10.3,4XA6)
4050 FORMAT(69H PSIA PSIA PSIA PSIA PSIA DE

1G R DEG R)
4051 FORMAT(68H 1/IN*2 1/IN 1/IN .BTU/

ILS 8 TU/LB)
4052 FORMAT(68H MW/lFT3 DEG

1 R DEG R)
4053 FORMAT(68H DEG R IN* 1N2 LB/SEC-

1LB)
4055 FORMAT(68H0 TCMAX GWT L/D ACC WPC ýF

1PC GV)
4056 FORMAT(3Fl0s3o4Fl0s6,4XA6)
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 to obtain the heat transfer characteristics in the

reactor is 50. The time required to do these calculations on

an IBM 7090 is approximately 0.5 minutes.
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DATA FOR SAMPLE PROBLEM

IROCKET SYSTEM CALC,-OOFX FOR CHOPPED SIN RSSO01 05/11/64+1 +1 0 +2 504668.000 800.000 0,858 400,000 1200.000 0.00049,620 0.300 00100 31.300
14.6959 26000.0 1584000.0
0,28003E-05 0,14000E+07 0.33000E+00 0,70000E-03
3.150 10181 0.900 0.900

3o48400E+03 0*6%0OOE+05
0948400E+03 0.60000E+05
2.5000
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RESULTS FOR SAMPLE PROBLEM

ROCKET SYSTEM CALC.-QOFX F'R CHOPPED. SIN RSSO01 05/11/64

CQ1u2,5000

ROCKET SYSTEM CALCo-QOFX FOR CHOPPED SIN RSSOO1 05/11/64

DIMENSIONS OF VARIABLES-P(PSI)o T(DEGREES R), Q(BTU/LB), L AND D(IN)

TSE PSE WA TSRI PSRI TWM
4668o000 800o000 *858 400,000 1200.000 0.

L V D K K
499620 s300 0100 .125 30.240

ISP ISPMAX W/A CME F/A F/A F/A-PO1
LB-SEC/LB LB-SEC/LB GM/CM-SEC GM/CM2 LB/FT2

758.380 789o135 60.323 *338291 45748.06 93699.41 *568759

PSM DELPS PE PM DELP TE TM
1144.053 3449053 743.975 1140.802 396.827 4597.190 3990765

FEL/D FML/D L/D12 REBM/D REBE/D Q OT
-2o750610 -1.976105 786.456 2056414 393564 -16464.71 -16464.16

CMM I/IMAX ETATS PSE/PSI PDAV TCWAV TWMAX
.060907 e961027 o969890 o699268 155.685 201.699 4800.499

TCMAX GWT L/D ACC WPC FPC GV
4926e613 .050 496.217 .007853 .006738 5.110162 *793563

D-55



ROCKET SYSTEM CALCe-QOFX FOR CHOPPED SIN RSSO01 05/11/64X/L M TS T PS P 1000 RHO0. @338291 4668,000 4597.190 800.000 743.975 *0174944121043 ,302167 4582o640 4525.755 874.193 824o736 @019699s170300 @288257 4497.280 4445.468 902.013 855.259 *020799s208014 .277815 4411,920 4363.856 922.340 8770700 *021745*239794 .269140 4326o560 4281.591 938,831 895o970 *022625.267817 o261569 4241.200 4198.925 952.858 9110585 o023473*293206 .254765 4155.840 4115.984 965.150 925.326 .024306o316629 o248531 4070.480 4032.837 976.133 937.654 .025136.338525 .242737 3985.120 3949o531 986.088 948.870 .025971o359198 *237294 3899.760 3866.093 995.204 959.184 o026817.378870 .232137 3814.400 3782.544 1003.624 968.747 *027679.397708 o227212 3729.040 3698.895 1011.453 977.671 s028561#415842 o222480 3643.680 3615.157 1018s773 986.045 .029468.433372 .217919 3558*320 3531.337 1025o643 993.937 o030403@450381 *213496 3472.960 3447o445 1032.117 1001.402 .031371.466938 .209191 3387.600 3363o484 1038.238 1008.486 o032375*483099 .204987 3302.240 3279.461 1044.036 1015.225 .033419.498912 .200871 3216.880 3195o379 1049.544 1021.652 *034507.514418 .196829 31.1.520 3111.242 1054.784 1027.792 .035644.529654 s192852 3046.160 3027.053 1059.778 1033.669 .036835.544652 *188930 2960.799 2942.816 1064.545 1039.302 .038085.559439 .185059 2875.440- 2858.532 1069.103 10440708 .039400.574039 s181220 2790.079 2774.202 1073o462 1049.904 o040787.588474 o177412 2704.719 2689.829 1077.636 1054.900 o042252o602766 .173621 2619.359 2605.416 1081.631 1059.710 o043804*616932 .169845 2533.999 2520.964 1085o463 1064.343 .045452o630991 o166088 2448.639 2436.474 1089.136 1068.809 o047206.644961 .162340 2363.279 2351.949 1092.661 1073e116 .049077.658859 .158590 2277.919 2267.389 1096.045 1077.273. *051080.672700 o154842 .2192.559 2182.795 1099.295 1081.286 .053230.686503 o151092 2107.199 2098.171 1102.413 1085,162 @055544.700288 .147334 2021.839 2013.516 1105.412. 1088.908 .058043.714075 *143563 1936.479 1928.833 1108.291 1092o529 .060752o727883 .139773 1851.119 1844.119 1111.059 1096.031 .063700.741735 @135956 1765.759 1759o371 1113.717 1099.419 .066921.755661 o132126 1680.399 1674.602 1116.274 1102.700 *070456o769686 .128256 1595.039 1589.805 1118.831 1105.875 o074355.783837 .124336 1509.679 1504.977 1121.096 1108o948 o078680.798142 .120358 1424.319 1420.127 1123.361 1111.923 .083504.812633 *116319 1338.959 1335.248 1125.626 1114.803 o088923.827344 *112199 1253.599 1250.330 1127o634 1117.591 .095058.842336 .108031 1168.239 1165.400 1129.643 1120.291 *102061.857661 .103728 1082.879 1080.437 1131.651, 1122.904 .110136.873358 .099275 997.519 995.433 1133.413 1125.434 o119556o889478 .094653 912.159 910.406 1135.174 1127.878 v130691o906118 .089934 826.799 825.364 1136.936 1130*241 .144064.923383 .084916 741.439 740.281 1138o469 1132.524 .160445.*941322 o079582 656.079 655.172 1140.002 1134.724 #180992.960018 @073895 570.719 570.023 1141.431 1136.839 .207563.979611 .067867 485.359 484.898 1142,859 1138.868 .2432841.000041 .060907 400o000 399.765 1144.053 1140.802 .293981
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ROCKET SY.TFM CALC,-QOFX FOR CHOPPED SIN RSSO01 05/11/64XP/L DOCDXL TW TC PD0.•'"O 4 6 6 8 ,0 00 Oo.'60522 .208410 4733,030 4775.035 32.446.145671 0494080 4800.499 4900.154 76,921o189157 .631952 4796.749 4924.213 98o385*223904 *736814 4777,999 4926.613 114,711.253805 .822622 47519748 4917.670 128.070*28051' .899385 4719.248 4899.846 139.398.304918 .958395 4683.623 4876.930 149.208.327577 1.013710 4664.248 4848.712 157.819.348862 1.062698 4602.372 4816.717 165.446*369034 1.106358 4557.997 4781.148 172.243o388289 1.145409 4511.747 4742.775 178,323.406775 1.180402 4462.997 4701.082 183.771.424607 1.211768 4412.99.6 4657.409 188.654.441877 1.239848 4361.121 4611.197 193.026.458660 1.264925 4307.996 4563.130 196.930.475019 1.287225 4252.996 4512.628 200.402.491006 1.306938 4196.121 4459.728 203.471.506665 1.324224 4138.623 4405.715 206.162.522C36 1.339218 4079.870 4349.989 208.496.537153 1.352035 4019.870 4292.574 210.492.552045 1.362772 3958.620 4233.489 212.163.566739 1.371516 3896.744 4173.377 213.524.581257 1.378337 3833.619 4111.628 214.586.595620 1.383298 3769.869 4048.878 215.359*609849 1.386455 3704.869 3984.515 215.850.623961 1.387852 3639.869 3919.797 216.068.637976 1.387531 3574.243 3854.107 216.018.651910 1.385523 3507.368 3786.827 215.705s665779 1.381856 3440.493 3719.212 215.134.679602 1.376547 3373.618 3651.266 214.308.693396 1.369611 3306.118 3582.367 213.228.707182 1.361051 3238.618 3513.140 211.895.720979 1.350866 3170.492 3442.960 210.309.7348C9 1.339042 3102.367 3372.450 208.469.748698 1.325558 3034.242 3301.605 206.369.762673 1.310376 2966.117 3230.418 204.006.776761 1.293452 2898.617 3159.504 201.371.790989 1.274733 2830.492 3087.604 198.457.805387 1.254148 2762.366 3015.327 195.252.819988 1.231615 2694.866 2943.281 191.744.834840 1.207010 2627.991 2871.444 187.913.849998 1.180183 2561.741 2799.782 183.737.865509 1.150975 2491.7&1 2723.891 179.190.881418 1.119221 2427.366 2653.111 174.246.897798 1.084675 2365.490 2584.268 168.868.914751 1.047006 2309.240 2520.420 163.003.932353 1.005916 2259.240 2462.132 156.606.950670 .961075 2222.365 2416.213 149.625.969814 .912064 2206.115 2390.077 141.995.989826 .858603 2227.990 2401.169 133.672
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ROCKET SYSTEM CALCo-OOFX FOR CHOPPED SIN RSSO01 05/11/64
Y/L FIY/D FEX/D Y/D12 QY Q REB/D

1.000000 2.750610 O 786.456 16464.16 0. 393564
s878957 2.410644 -o332930 691s264 16048.82 -415.34 399342
.829700 29268871 -e468409 652o528 15648.14 -816.02 405262
*791986 2.159310 -*572143 622.868 15255.74 -1208.42 411335
*760206 2.066444 -. 659552 597.876 14870.22 -1593.94 417568
*732183 1.984225 -o736630 575.838 14490.68 -1973.47 423972
s706794 1.909529 -. 806462 555o872 14116.41 -2347.75 430558
o683371 1.840491 -. 870889 537.451 13746.80 -2717.36 437335
.661475 1.775889 -. 931113 520.231 13381.36 -3082.80 444317
.640802 1.714872 -. 987974 503.974 13019.66 -3444.50 451514
.621130 1.656816 -1.042081 488.504 12661.34 -3802.82 458941
.602292 1.601252 -1.093895 473.689 12306.08 -4158.08 466611
o584158 1.547821 -1.143772 459.428 11953.66 -4510.49 474541
.566628 1.496235 -1.191989 445.642 11603.92 -4860.24 482746
.549618 1.446266 -1.238774 432.265 11256.70 -5207.45 491245
.533062 1.397723 -1.284313 419.244 10911.89 -5552.27 500057
o516901 1.350447 -1.328764 406.535 10569.40 -5894.76 509203
.501088 1.304305 -1.372257 394.099 10229.14 -6235.02 518707
.485582 1.259183 -1.414907 381.905 9891.07 -6573.09 528593
.470346 1.214981 -1.456813 369.923 9555.13 -6909.02 538889
*455348 1.171611 -1.498064 358.129 9221.29 -7242.87 549625
.440561 1.129000 -1.538735 346.500 8889.51 -7574.64 560835
.425961 1.087083 -1#578893 335.018 8559.83 -7904.33 572554
.411526 1.045801 -1.618598 323.665 8232.24 -8231.92 584824
.397234 1.005103 -1.657906 312.426 7906.76 -8557.40 597688
*383068 .964940 -1*696870 301.286 7583.39 -8880077 611198
.369009 .925266 -1.735540 290.229 7262.14 -9202*02 625408
o355039 e886037 -1.773965 279.243 6942.99 -9521.16 640382
.341141 .847216 -1.812191 268.313 6625.97 -9838.19 656189
o327300 .808766 -1.850260 257.428 6311.07 -10153.09 672910
9313497 .770645 -1.888226 246.573 5998.24 -10465.92 690633
.299712 .732809 -1.926142 235.732 5687.39 -10776.77 709463
.285925 .695219 -1.964062 2249890 5378.45 -11085.70 729517
.272117 .657832 -2.002041 214.031 5071.35 -11392.81 750932
.258265 .621294 -2.0.40141 203.138 4765.96 -11698.19 769584
.244339 .583902 -2.078443 192.186 4462.05 -12002.11 795610
.230314 o546559 -2.117019 181.157 4159.47 -12304.69 823905
.216163 .509221 -2.155942 170.028 3858.12 -12606.04 854789
.201858 .471848 -2.195288 158.778 3557.89 -12906.27 888648
.187367 .434394 -2.235145 147.382 3258.68 -13205.48 925962
.172656 .396811 -29275608 135.813 2960.37 -13503.79 967328
.157664 .359000 -2.316844 124.023 2662.44 -13801.72 1013504
.142339 .320889 -2#358994 111.971 2364.67 -14099.49 1065472
.126642 .282447 -2.402170 99.626 2067.20 -14396.95 1124531
.110522 .243633 -2.446508 86.949 1770.16 -14693.99 1192432

.093882 o204321 -2.492276 73.863 1473.00 -14991.16 1271614
.076617 .164401 -2.539765 60.285 1175.38 -15288.78 1365581
.058678 .123926 '-2.589105 46.178 878.28 -15585*87 1479558
*039982 .082933 -2.640527 31.475 582*46 -15881.70 1621741
.020389 .041433 -2.694418 16.067 288.25 -16175.91 1805787

-. 000041 0. -2.750610 0. -. 56 -16464.71 2056414
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ROCKET SYSTEM CALCo-(OOFX FOR CHOPPED SIN RSSO01 05/11/64

ALPHA E NU K
1/DEG F PSI BTU/IN-SEC-F

°28GOOE-05 #14000E 07 .33000E 00 *7000nE-03

D V
IN*
.100 o300

STRESS CALCULATIONS FOR ZERO STRESS GRADIENT AT R=B
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ROCKET SYSTEM CAI.C*-QOFX FOR CHOPPED SIN RS5001 05/11/64

XL P PD SIGO SIGZ SIGR
PSIA MW/FT3 PSI PSI PSI

0. 743.975 0. -744.0 0. -744.0
.1210 824o736 32.446 -463.1 163.8 -82407
.1703 855.259 76.921 2.0 388@3 -855.3
02080 877.700 989385 218o7 496.7 -877.7
92398 895.970 114.711 382.4 579.1 -896.0
o2678 911.585 128.070 515.6 646.6 -911.6o2932 925.326 139.398 628.1 703.7 -925.3
*3166 937.654 149.208 725.1 753.3 -937.7

-3385 948.870 157.819 809.9 796.7 -948.9
.3592 959.184 165.446 884.6 835.2 -959.2
.3789 968.747 172.243 950.8 869.6 -968.7
.3977 977.671 178.323 1009.6 900.3 -977.7
.4158 986.045 183.771 1061.9 927.8 -986.0.4334 993o937 188.654 1108.5 952.4 -993.9
o4504 1001.402 193o026 1149.7 974o5 -1001.4
.4669 1008.486 196.930 1186.1 994.2 -1008.5
.4831 1015.225 200.402 1218.1 1011.7 -1015.2
94989 1021.652 203.471 1245.9 1027.2 -1021.7
.5144 1027.792 206.162 1269.7 1040.8 -1027.8
o5297 1033.669 208.496 1289.8 1052.6 -1033.7
95447 1039.302 210.492 1306.5 1062.7 -1039.3
e5594 1044.708 212.163 1319.7 1071.1 -1044.7
o5740 1049.904 213.524 1329.6 1078.0 -1049.9
.5885 1054.900 214.586 1336.5 1083.3 -1054.9
.6028 1059.710 215.359 1340.3 1087.2 -1059.7
.6169 1064.343 215.850 1341.1 1089.7 -1064.3
o6310 1068.809 216.068 1-339.1 1090.8 -1068.8
.6450 1073.116 216.018 1334.2 1090.6 -1073.1
o6589 1077.273 215.705 1326.6 1089.0 -1077.3
o6727 1081.286 215.134 1316.2 1086.1 -1081.3
.6865 1035.162 214.308 1303.1 1081.9 -1085.2
o7003 1088.908 213.228 1287.3 1076.5 -1088.9
.7141 1092.529 211.895 1268.9 1069.7 -1092.5
.7279 1096.031 210.309 1247.7 1061.7 -1096.0
.7417 1099.419 208.469 1223.8 1052.4 -1099.4
.7557 1102.700 206.369 1197.1 1041.8 -1102.7
.7697 1105.875 204.006 1167.6 1029.9 -1105.9
o7838 1108.948 201.371 1135.2 1016.6 -1108.9
.7981 111i.923 198.457 1099.7 1001.9 -1111.9
.8126 1114.803 195.252 1061.1 985.7 -1114.8
o8273 1117.591 191.744 1019.2 968.0 -1117.6
.8423 1120.291 187.913 973.8 948.7 -1120.3
98577 1122.904 183.737 924.7 927.6 -1122.9
.8734 1125.434 179.190 871.5 904.6 -1125.4
.8895 1127.878 174.246 813.9 879.7 -1127.9
.9061 1130.241 168.868 751.6 852.5 -1130.2
.9234 1132.524 163.003 684.0 822.9 -1132.5
.9413 1134.724 156.606 610.5 790.6 -1134.7
.9600 1136.839 149.625 530.6 755.4 -1136.8
o9796 1138.868 141.995 443.5 716.9 -1138o9

1.0000 1140.802 133.672 348.9 674.8 -1140.8

D-60



ROCKET SYSTENI CALCr-OOFX PO CHOPPED SIN RSSOO1 05/11/64
XL SIGST SIGSTP SIGSVI SIGSE SIGDEPSI PSI PSI PSI PSI0. 491.0 -498.5 744.0 861.2 700s5.1210 588.8 -726.0 988.5 899.3 815.891703 669s9 -984.1 1243.6 1049.8 1038.1*208C 714.2 -1113.3 1374,4 1186.4 1185.2.2398 748.46 -1213s3 1475.1 1306.4 1306.292678 777.2 -1295,1 1558.1 1412.1 1409s6.2932 801.8 -1364.9 1629.1 150599 1499.7*3166 823o4 -1425o5 1690.9 1589.6 1579.1*3385 860.1 -1479.1 1758.8 1664.7 1649.9*3592 925o5 -1526o7 1843.8 1732.4 1713.4o3789 983o5 -1569.5 1919.5 1793.5 1770.5*3977 1035.1 -1607.9 1987.3 1848.8 1822.0*4158 1081.2 -1642.6 2048.0 1898.8 1868.5*4334 1122.2 -1674.0 2102.4 1943.9 1910.5.4504 1158.6 -1702.4 2151.1 1984.6 1948.3*4669 1190.9 -1728.0 2194.6 2021.2 1982,394831 1219.2 -1751.1 2233.3 2053.9 2012.8o4989 1244.0 -1771.8 2267.5 2083.1 2040.0.5144 1265.4 -1790.3 2297,5 2108.8 2064.1.5297 1283.6 -1806.7 2323.5 2131.2 2085.2o5447 1298.7 -1821.1 2345.8 2150.6 2103.595594 1311.0 -1833.7 2364.4 2167.0 2119.1e5740 1320.4 -1844.4 2379.6 2180.5 2132.1o5885 1327.1 -1853.4 2391.4 2191.3 2142.696028 1331.2 -1860.8 2400.0 2199.4 2150.796169 1332.8 -186695 2405.5 2205.0 2156o5w6310 1331.8 -1870.7 240799 2208.0 2160.0.6450 1328.5 -1873.3 2407.3 2208.6 2161.3.6589 1322.7 -1874.4 2403.9 2206.9 2160.496727 1314.6 -1874.0 2397.5 2202.7 2157.4o6865 1304.2 -1872.2 2388.3 2196.3 2152.3o7003 1291.4 -1869.0 2376.2 2187.7 2145.297141 1276.4 -1864.3 2361.4 2176.8 2136.0*7279 1259.0 -1858.1 2343.7 2163.7 2124.8*7417 1239.3 -1850.6 2323.2 2148.4 2111.6*7557 1217.2 -1841.6 2299.8 2130.9 2096.3*7697 1192.7 -183191 2273.5 2111.2 2079.097838 1165.6 -1819.0 2244.1 2089.3 2059.6e7981 1136.0 -1805.5 2211.6 2065.1 2038.1.8126 1103.7 -1790.3 2175.9 2038.6 2014.4.8273 1068.6 -1773.4 2136.8 2009.9 1988.498423 1030.5 -1754o7 2094.1 1978.7 1960.2.8577 993.0 -1734.2 2050.5 1945.0 192994.8734 988.4 -1711.6 2030.1 1908.8 1896.2*8895 983.3 -1686.8 2007.6 1869.9 1860.2o9061 977.5 -1659.6 1982.8 1828.4 1821.4.9234 970.9 -1629o8 1955.4 1784.0 1779.5.9413 963.6 -1597.1 1925.3 1736.7 1734,4*9600 955.4 -1561.2 1892.2 1686.7 1685.9.9796 946.3 -1521.8 1855.7 163490 1634.01.0000 936.2 -1478.6 1815.6 1579.2 1578.7
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:ROCKET SYSITM CALC*-QOFX FOR CHOPPED SIN RSSO01 05/11/64

L TE TR SR SE BO
IN. IN. IN. 1/CM2

49e620 1.181 3.150 .900 *900 0.

RAD AC EWTC EWTR EWTE EWTT
IN* FT2 LB LB LB LB31.30 6.41 6393.88 1984.12 218o19 8596.18

D-62



ROCKET SYSTEM CALC,-OOFX FOR CHOPPED SIN RS3001 05/11/64
NPR NPU NOR JULIE N1 1 250

TSE PSE WA TSR! PSRI TWmDEG R PSIA LB/IN2-SEC DEG R PSIA DEG R4668.000 8009000 0858 400.000 1200.000 0.
CL V D RADIN,. IN0 IN49.620 o300 .100 31.300

PNE VP HP
PSIA FT FT

14.6959' 26000.0 1584000.0
ALPHA E PNU K1/DEG R PSI BTU/IN-SEC.KRS280002-05 ,14000E 07 933000E 00 .70000E-03

TR TE SR SEINo IN*
3.150 10181 o900 .900

RHOPS SIGPS RHON SIGMANLB/FT3 PSI LB/FT3 PSz*48400E 03 *60000E 05 o48400E 03 460000E 05
ISP ISPMAX W/A CME F/A F/A F/A-Po1LB-SEC/LB LB-SEC/LB GM/CM-SEC" GM/CM2 LB/FT2758.380 789,135 60.323 #338291 45748.06 93699.41 *568759
PSM DELPS Pe Pm DELP TE TMPSIA PSIA PSIA PSIA PSIA 0E0 R 0TM R1144.053 344.053 743#975 1140.802 396,827 4597,190 399.765FEL/D FMLD L/DZ2 REBM/D REBE/D 0 QTl/IN.Z 1/IN B/IN 8TU/LB BTU/LB

-2.750610 -1.976105 786.456 2056414 393564 -16464.71 -16464.16
CMM I/IMAX ETATS PSE/PS PDAV TCWAV TWMAX

MW/FT3 DEG R DEG R.060907 .961027 .969890 .699268 155.685 201.699 4800.499TCMAX GWT L/D ACC WPC FPC GV
020G R •IN. IN2 LB/SEC LB

4926,613 .050 496.217 o007853 .006738 5,110162 L793563
RAD AC EWTC EWTR EWTE EWTTIN* FT2 LB LB LB LB31.30 6.41 6393.88 1984o12 218019 8596.18TPS WPS L/D SIGSHM SIGDEM6IN. LB PSI PSI.657 2709.128 .793 2407.896 2161s255
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DT DE AE AE/AT CNL DNLIN. IN* FT2 IN. IN.24.268 172.599 160.605 50.000 38.653 274.925
WNC WND WN PNEX CIEx THRUSTLB LB LB PSIA LB-SEC/LB LB

1260.534 1679,300 2939.814 1.796 839.801 558046.2I" WTP PTP WP WBL YW HPPLB PSIA LB/SEC LB/SEC 
HP3025.657 1521,591 792.224 56.385 .071 100106.4

CHN QAV/A WSYS/Wp WSYS/F P/WSys WPL/WGBTU/HR-FT2 LB-SEC/LB MW/LB117571.2 316784.4 21.8004 .0309 .7401 .1170
EWTT WPS WN WTP WSY$LB LB LB LB LB8596.18 2709.13 2939.83 3025.66 17270.80

I WH2 WTANK WS WE WG WDL WPLLB LB L8 LB LB LB LB
132205o7 2757.5 3528.1 44199.4 176405.1 24171.1 20643.0

CBAR CISP PTANK F/WG RLAM TP RZETFT/SEC LB-SEC/LB PSIA 
SEC22663.5 704.4 20.000 3.163 3.991 166.879 .749

POWER POWERT P/EWTT PT/EWTT P/AC PT/ACMW MW MW/LB MW/LB MW/FT2 MW/FT212781.7 13761.1 1.487 1%601 1993,4END 2146*1
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