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FOREWORD 

This final report is submitted in fulfillment of the radia

tion environment study phase of contract AT(29-2)771. It 

complements the liquid hydrogen feed system development per

formed under this contract for the Kiwi-B2 experiment. 

The radiation environmental analysis of this report was 

carried out for the preliminary K-1 engine system design 

to determine requirements for radiation-resistant compon

ents, to establish the preliminary engine package configura

tion, and to recommend tests of components and parts to be 

performed at the Nevada Test Site as part of the Kiwi test 

series. 

ABSTRA-CT 

The problems of radiation environment in a nuclear rocket 

engine system are analyzed for the K-1 preliminary engine 

design, and an optimum system configuration is obtained 

which incorporates radiation-resistant components and struc

ture throughout. Pertinent test programs are recommended 

for inclusion in the Kiwi-B reactor experiments at the 

Nevada Test Site. 

(Unclassified Abstract) 
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INTRODUCTION 

The Kiwi-B2 Experiment of the Los Alamos Scientific Laboratory employs a 

flyable-type feed system mounted 200 ft away from the test reactor, and 

will utilize a feed system designed, developed and delivered to the test 

site by Rocketdyne in fulfillment of its obligations under the Atomic 

Energy Commission contract AT(29-2)771- This report on the effects of 

radiation environment is also in fulfillment of that contract. 

Rocketdyne-developed components in the B2 feed system have been designed 

to meet all the normal requirements of a flight-weight engine, but the in

tense radiation fluxes present in a close-coupled flight-configuration en

gine make necessary a detailed analysis of the operating conditions imposed 

on the system components by the radiation environment. For this reason, 

the studies described in this report were performed with the objective of 

advancing the Kiwi-B2 technology to meet the requirements of a flyable 

upper-stage engine system. 

The scope of radiation environmental analysis must encompass the effects 

of reactor radiation on all phases of engine system operation and testing. 

It includes the predominant effects of radiation heating, both in the 

tanked propellant and in component and structure. It considers the effects 

of radiation damage to sensitive materials and electronic equipment, and 

the disrupting effect of ionizing radiation on the operation of electrical 

systems. Another important consideration is the radioactivity induced by 

the large neutron fluxes present during engine operation, because posttest 

maintenance, disassembly and inspection will be seriously hampered by the 

radiation hazard to personnel. And, although the engine system may oper

ate successfully in ground tests, there must be assurance that the system 

will function properly in a space environment in the absence of scattered 

radiation from air, ground, and facility, and without the benefit of con-

vective cooling from the surrounding atmosphere. 
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Analysis of these radiation environment problem areas has been carried 

out with the objective of moving the Kiwi-B2 technology forward to meet 

the requirements of a flyable engine system. Foremost among the targets 

of Rocketdyne's analytical efforts has been the preliminary optimization 

of over-all engine system configuration to achieve the most favorable 

balance between reactor-tank separation and shield weight; specification 

of component designs has been based on these results. Individual com

ponent specifications have been developed to meet requirements of light 

weight, radiation resistance and minimum posttest maintenance hazards. 

Finally, a specific objective of this analytical effort was to specify 

those radiation-effects test programs which are required to verify 

analytical predictions and to provide empirical design data for the de

velopment of future nuclear engine systems. 

R-3007 
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SUMMARY 

DESCRIPTION OF ENGINE SYSTEM UNDER ANALYSIS 

The rocket engine analyzed in this study characterizes the first flyable 

nuclear engine capable of performing a useful mission. This engine is re

ferred to as the K-1 throughout the technical tinalysis and P̂ '̂ liminary de

sign which formed the basis for this report. The engine assumes the use 

of the lASL Kiwi-B3 reactor, the Rocketdyne-developed Mark 9 pump and 

turbine, and a modified Kiwi B nozzle. By incorporation of a suitable 

pressure shell and control system, an integrated engine system is obtained. 

Figures 1 and 2 shows the engine system envelope for nozzle expansion 

ratios of 50:1, 75:1 and 100:1. 

The turbine is driven by hot gases which may be produced either by separate 

gas generators or by tapping off from the reactor exhaust. The latter type 

of operation is referred to as the bleed cycle and has been assumed for 

this study. It is also possible to heat gases to drive the turbine by what 

is called the topping cycle, in which propellant flows from the pump through 

the nozzle and reactor and is then expanded through the turbine. The tur

bine then exhausts into the reactor where the propellant is heated and 

ejected through the nozzle. While the gas generator system is a proven 

method of operation, the hot gas bleed system shows performance advantages. 

The topping cycle provides the highest theoretical engine performance but 

was rejected for this study because it lacked over-all engine flexibility. 

In the engine system shown in Fig. 1 and 2, the propellant, under regulated 

tank pressure, enters a low NPSH booster stage before entering the main pump. 

At the main pump exit the propellant flow is distributed through three ducts 

where it is directed so as to cool the lower thrust structure, propellant 

transfer lines, the nozzle, and the reflector and pressure shell as it pro

ceeds to the reactor inlet. The propellant is then heated in the reactor 

R-3007 
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coolant passages and is expanded through the nozzle. Hot gases are bled 

off upstream of the nozzle throat to drive the turbine, after which they 

are directed from the turbine exhaust through auxiliary exhaust nozzles 

to furnish additional thrust. The reactor nozzle assembly can be gimbaled 

to adjust for thrust misalignment. Hydrogen gas is used to operate engine 

controls, thus utilizing available pneumatic power and taking advantage of 

the radiation-resistant features of pneumatic systems. 

Typical operating parameters which were assumed for this engine study are 

listed below: 

Summary of Engine Data 

Reactor Power, Mw I5OO 

Hydrogen Flowrate through Reactor, 
lb/sec 83 

Chamber Pressure, psia 816 

Hydrogen Temperature at Reactor Out
let, R 4500 

During preliminary analysis of the engine system, it became apparent that 

an optimization would be necessary which considered the various ways of 

reducing the heating effect of reactor leakage radiation on the tanked 

liquid hydrogen propellant. It appeared that the feed pump must operate 

with a positive NPSH at its inducer stage to be within the present state 

of the art and to assure a conservative design. Therefore, an optimum 

engine system would incorporate a large separation distance and/or a 

radiation shield to provide radiation protection for its tanked propellant. 

HillNMUiNTMt 
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PNEUMATIC STORAGE PUMP 

•BOOST PUMP 

•UPPER(FRONT)THRUST STRUCTURE 

-TURBOPUMP MOUNTING STRUTS 

•FEED PUMP 

-TURBINE THROTTLE VALVE 

•PUMP OUTLET DUCT 

TURBINE EXHAUST DUCT 

ENGINE GIMBAL ACTUATOR 

TURBINE HOT GAS DUCT 

TURBINE DILUENT (TEMPERATURE CONTROL) VALVE 

NOZZLE STIFFENING BANDS 

75--I E.R. iOO-.l E.R. 

GIMBAL BEARING 

MAIN PROPELLANT VALVE 

PROPELLANT FEED DUCT 

TURBINE EXHAUST EXPANSION JOINT 

TURBINE 

LOWER (COOLED). THRUST STRUCTURE 

Figure 1. K-1 Engine Layout and 

Component Identification 
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Figure 9. K-1 Engine Layout, End View 
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SHIELD SELECTION 

A shield cannot be designed on the basis of radiation absorption properties 

alone. The shield should be light, compact, and strong so as not to require 

heavy additional supporting structure. It will absorb large amounts of 

radiation energy and must have adequate cooling. This requires a material 

with good heat transfer properties and high-temperature strength. It should 

not upset the neutron economy of the reactor or cause unacceptable power 

peaking. Shield materials must be evaluated with regard to attenuating both 

neutron and gamma fluxes, and care must be taken to avoid choosing a shield 

material on the basis of one type of radiation while neglecting the rest 

of the spectrum. Since consideration of component heating can be deferred, 

the foremost problem is that of propellant heating. Therefore, the absorp

tion properties of the hydrogen propellant will tend to determine the shield 

material. Hydrogen is extremely effective in removing neutron kinetic en

ergy through elastic collisions and capture^ which makes effective neutron 

shielding mandatory. With regard to gamma attenuation, all non-hydrogenous 

materials are of about the same relative effectiveness, so the choice of 

shielding material will hinge primarily on its neutron absorption properties. 

A wide variety of shield material was examined by Rocketdyne in order to 

specify the one or two most promising materials. One material, boronated 

graphite, offers most of the desirable properties already mentioned and is 

a good material to use in performing the preliminary optimization. The 

choice of boronated graphite for the system configuration analysis will 

not restrict the resulting system to use of boronated graphite. Other 

feasible shield materials are so similar to boronated graphite in their 

application and effect that the system selection will be unchanged by the 

use of a different material. 
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CONFIGURATION OPTIMIZATION 

A study was made, based on propellant heating, to determine the optimum 

separation of the reactor from the tank and the optimum amount of shield

ing. The following relationships were considered: 

1. Change in tank pressure (to prevent boiling) vs separation dis

tance and shielding attenuation factor 

2. Shield weight vs separation distance and attenuation factor 

3. Tank weight vs tank pressure 

4. Weight of residual gas in main propellant tank vs tank pressure 

5. Interstage structure weight vs separation distance 

6. Thrust structure weight vs separation distance and shielding 

attenuation factor 

An analysis of the above relationships yields three curves representing the 

change in system weight vs reactor tank separation distance. Three curves 

are necessary to represent the three propellant tank flow models which 

appear possible in this design. These curves apply only to a pressure-

stabilized tank in which the pressure required for stability is equal to or 

less than the pressure allowance for initial propellant vapor pressure, 

aerodynamic and solar heating, and NPSH. The following table summarizes 

the minimum system weights and corresponding separation distances and 

attenuation factors which are obtained from Fig. 3 , 4 , and 5. 
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1200 

1200 

1200 

14 

16 

17 

2 

6 

6 

4100 

5200 

5500 

Power Run Separation System 
Flow Level, Duration, Distance, Attenuation Weight, 

Fig. Model Mw sec ft factor lb 

3 Potential 1500 

4 Completely mixed 1500 

5 Recirculating I5OO 

Thus, a separation distance of 17 ft and a shielding attenuation factor 

of 6, using a boronated graphite shield, is indicated for the K-1 engine 

at 1500 megawatts. A separation distance of 14 ft is recommended because 

any reduction in propellant heating would tend to optimize the system at 

a lower separation distance than is indicated by the recirculating flow 

model. The resulting tank pressure rise is approximately 10 psi. 

Figure 6 is a flux map describing the neutron and gamma fluxes in the 

engine system during I5OO Mw operation. Radiation in the vicinity of 

the feed system and propellant tank has been attenuated by a factor of 6 

through the use of a 14-in. 20 percent-void boronated graphite shield. 
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Figure 6 . Isoflux and Isodose Curves for 1500 Megawatt 
K-1 Engine 
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SUMMARY OF RADIATION EFFECTS ANALYSIS 

REQUIREMENTS 

The requirements of the K-1 system demand reliable operation in an in

tense nuclear radiation field for 1200 sec. All parts of the system will 

endure high rates of internal heat generation, especially those near the 

reactor or those not protected by the shield. The high flux levels will 

tend to disrupt the operation of electrical equipment, while the inte

grated radiation dose is sufficient to cause changes in many organic 

materials. Not only must all parts of the system meet these operating re

quirements, but they must not become so radioactive as to impede disassem

bly and maintenance after developmental static tests. 

RADIATION HEATING IN TANKED PROPELLANT 

An upper-stage nuclear vehicle is subject to five major mechanisms of pro

pellant heating from the time tanking on the launch pad is completed. There 

will be heat transfer from the surrounding air as the vehicle goes through 

the launching procedure, and aerodynamic heating as the vehicle is accele

rated through the atmosphere. During operation of the nuclear engine, the 

propellant will be heated by nuclear radiation and by heat transfer from 

the hot gas used to pressurize the propellant tank. As the nuclear vehicle 

is programmed to shut down and pass into a coast phase before restarting, 

solar radiation and "earthshine" will add more heat to the remaining pro

pellant. 

Of these five heating mechanisms, three are primarily dependent on the 

vehicle's tank insulation and the characteristics of its mission. They 

R-3007 13 
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do not influence the reactor-tank separation in this study. Heat trans

fer from hot pressurizing gas has been found to have a negligible effect 

on the reactor-tank separation. The remaining mechanism, nuclear radia

tion heating, is a strong function of reactor-tank separation distance 

and plays a major role in determining the optimum system configuration. 

The important parameter for determining the separation is the tempera

ture of the propellant flowing into the pump inlet, and this is strongly 

dependent on the flow pattern of propellant in the tank. The simplest 

model for propellant flow in the hydrogen tank, without radiation, is 

essentially nonviscous potential flow in which each particle of fluid 

moves evenly down the tank and into the pump. If the radiation heat gen

eration were superimposed on this flow pattern, a steady state would soon 

develop in which radiation energy is removed at the same time rate at 

which it was being added. A plot of typical propellant exit temperatures 

as a function of engine operation time with this flow situation would 

follow the Potential Flow curve of Fig. 7 • This can be considered to 

be an ideal case which cannot be achieved in practice because fluid in 

some streamlines receives more energy in its path to the tank exit than 

does other fluid. 

Flow in the presence of strong radiation is not likely to be so favorable 

as the potential flow model would indicate. Figure 7 shows two other 

flow models which are more realistic. Tlie two other flow models are 

termed Completely Mixed Flow and Recirculating Flow. In the former model, 

it is assumed that the energy deposited is uniformly distributed through

out the remaining propellant. Although this is an unrealistic model of 

real tank flow, it serves to show the large increases in propellant temper

ature that result from nonpotential flow. 

nniirmrimti ^~^°^^ 
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POTENTIAL FLOW 
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OPERATION TIME, SEC 
1200 

Figure 7. Typical Temperature Rise of Propellant Exit Flow as a 
Function of Engine Operation Time 
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Recirculating flow considers a realistic heat transfer mechanism within 

the propellant: that of convection currents. Convection currents were 

calculated which move up the tank walls and recirculate warm propellant 

to the top of the remaining fluid. The neutron flux causes most of the 

propellant heating in the first few inches of liquid hydrogen and is of 

prime importance in forming recirculation currents. The gamma heating, 

from both core gammas and capture gammas born in the first few inches of 

propellant, is distributed throughout several feet of fluid and is likely 

to be swept into the pump. The shape of the temperature curve therefore 

resembles the potential flow model early in the run, because the neutron 

flux energy is being convected upward and the rest of the propellant be

haves as if it were in potential flow. When the fluid which recirculated 

at the beginning of the run again reaches the tank exit, the temperature 

of propellant entering the pump jumps sharply. Then a portion of this 

fluid is again recirculated and the process continues until the tank is 

empty. 

It is not clear which of the three flow models best describes the con

ditions that will be realized in a real tank. It may be feasible to use 

baffles to reduce or prevent recirculation currents and bring the pro

pellant exit temperature history closer to that of the potential flow 

model. This is discussed further in the Analysis section. In the ab

sence of the results of such a research program, the problem of choosing 

the correct flow model remains. For the configuration analysis to have 

the widest possible range of applicability, both extremes plus the com

pletely mixed model were considered. 

Figures 8, 9) and 10 show the change in tank pressure required to prevent 

boiling vs shield attenuation factor and separation distance (core center 

to tank bottom) for the potential, completely mixed, and recirculating 

flow models at a power level of I5OO Mw and a run duration of 1200 sec. 

16 R-3007 ........miMm^-.-.: 
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Figure 8 Pressure Rise (TO Pre
vent Foiling)vs Attenua
tion Factor and Separa
tion Distance (Potential 
Flow Model with Power at 
1500 Mw) 

ATTENUATION FACTOR 

Figure 9• Pressure Rise (Xo Pre
vent Boiling)vs Attenua
tion Factor and Separa
tion Distance (Comj)lGtelj 
Mixed Flow Model with 
Power at 1500 Mw) 

RECIRCULATION FLO* l*OD£L 
POWER (500 M« 
RUN DURATION 1200 SEC 

Figure 10 

ATTENUATION FACTOR 

Pressure Rise (To Prevent 
Boiling) vs Attenuation 
Factor and Separation Dis
tance (Recirculation Flow 
Model with Power at I5OO Mw) 

ATTENUATION FACTOR 
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RADIATION HEATING IN COMPONENTS 

The heat generation effect of reactor radiation is shown graphically in 

Fig. 11. Lines of constant heat generation rate are shown on the left 

half of the diagram, and lines of constant adiabatic final temperature 

are shown on the right. Gamma heating from all important sources has 

been considered, including core gammas, capture gammas from the core 

support plate and from the tanked propellant, and capture gammas arising 

within the system components. Both halves of the figure were calculated 

assuming no self-shielding and no flux perturbations from components or 

structure, and are therefore the maximum possible values at each location 

within the system. The heat generation rate plot is roughly applicable 

to all nonhydrogenous materials, although it was calculated for iron-

nickel alloys. However, the temperature rise plot applies only to iron-

nickel alloys. It is based on the heat generation rates of the other 

plot, on a 1200-sec run at I5OO Mw, and on the specific heat of Inconel X. 

The values of temperature rise apply to a thin absorber, perfectly in

sulated, which assures that they represent the upper limit in any practical 

situation. 

Figure 12 shows the heating rates for most metals at varying distances 

above the reactor core. The contributions of several radiation sources 

are shown on this plot as well as the sum of their effects. This curve 

serves to illustrate the relative importance of the secondary radiation 

sources exterior to the core as well as the attenuation of radiation with 

increasing distance from its source. 

The following components of the engine system under consideration were 

analyzed with regard to their internal heat generation and heat removal 

problems. All are located externally to the reactor and pressure shell 

and were illustrated in Fig. 1. 

18 --^ R-3007 
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HEAT GENERATION RATE IN 
METALS AT 1500 MEGAWATTS 
BTU/LB-SEC 

ADIABATIC TEMPERATURE 
RISE IN 1200 SECONDS 
FOR IRON-NICKEL ALLOYS.F 

Figure 11. Engine Thermal Environment 
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Pneumatic Storage Tank 

If the gas contained in the tank as well as the tank itself are assumed to 

be in thermal equilibrium, the surface temperature at the end of 1200 sec 

of 1500 Mw operation will be 825 R for the toroidal vessel. An initial 

temperature of 56O R is assumed. 

Thrust Structure 

The structure closest to the reactor carries propellant from the feed pump 

and is thereby cooled. The forward thrust structure is not provided with 

such forced convection cooling but does, however, lose considerable heat 

by thermal radiation to space. 

The hottest parts of the mount structure will be the pins used to join the 

pump and uncooled portions of the structure. These pins are essentially 

insulated and will not radiate their heat. Because the contact resistance 

of the pin-structure joint is difficult to predict, it must be assumed 

that no heat will be transferred to the thrust structure members. If the 

temperature of these components is approximately -I50 F at reactor start

up, the final temperature of the pin will be 270 F and the hot end of the 

strut will be 180 F. 

The clevis at the pump mount joints will be the hottest portion of the 

cooled thrust structure, but the presence of cold hydrogen in the struts 

will hold the maximum clevis temperature to approximately -370 F. 

R-3007 
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Development Test Pad Tank Support Strut 

If atmospheric convection cooling is neglected, the tank support struts of 

the engine system test facility must be assumed to heat adiabatically. 

The temperature of the struts at the end of a 1200-sec engine run will be 

270 F. 

Turbopump Mount Struts 

These struts are similar to the uncooled thrust structure members in their 

environment, and undergo thermal radiation cooling. If they are initially 

at -I5O F, their final temperature after 1200 sec will be 300 F. 

Turbopump 

The Rocketdyne Mark 9 turbopump assembly which was used for this analysis 

is susceptible to radiation heating in the region of its turbine rotors. 

These parts operate at high design stresses and an increase in temperature 

of only a few degrees will cause a relatively large decrease in the design 

safety factors. Analysis indicates that if all heat generated in the rotors 

is transferred to the gas stream through the blades, the maximum temperature 

at the last stage wheel hub will be about 120 F above the turbine gas 

temperature. Any leakage of drive gas through the interstage seals will 

decrease this temperature difference. 

Turbine Exhaust Expansion Joints 

The center-tie components of this joint are immersed in turbine exhaust 

gas which provides adequate forced convection cooling. The maximum tempera

ture in the tie components will be about 5 F above the gas temperature. 

^^ R-3007 
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The expansion bellows is also cooled by the exhaust gas but the heat gen

erated in the outer extremities of the convolutions must be conducted to 

the inner surfaces before being transferred to the gas stream. The maxi

mum bellows temperature will therefore exceed exhaust gas temperature by 

about 14 F. 

Main Propellant Valve 

Cold hydrogen flowing through this valve will provide a heat sink for the 

heat generated in most of the valve components. It was found that the 

probable maximum temperatures during engine operation will not exceed 

150 F in either the aluminum or steel valve parts. 

Duct Support Brackets 

Aluminum brackets are used to support the hydrogen ducts which lie along 

the pressure shell. One end is cooled by virtue of being welded to the 

pressure shell, and the bracket will not exceed 400 F. 

Turbine Inlet Temperature Control Valve 

This valve is located on top of the reactor dome and is internally cooled 

by the flow of liquid hydrogen. Maximum temperatures in its aluminum parts 

will remain within 50 F of the coolant temperature. Steel parts remote 

from the hydrogen will be as high as 300 F above coolant temperature. 

R-3007 
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Turbine Throttle Valve 

Turbine inlet gas flows through this valve during engine operation and 

removes radiation heat. In the zone containing the valve body, the maxi

mum temperature will exceed the hot gas temperature by about 100 F. 

Temperatures will be lower in regions closer to the gas passage. 

The zone containing the valve gear boxes will undergo a maximum temperature 

increase of 450 F. Forced cooling with gaseous hydrogen will reduce this 

maximum temperature. 

Gas Generator Expansion Joint Bellows 

This component will be included if a turbine gas generator should be used 

in the system, but it is not shown in Fig. 1. The heat generation pro

blems are similar to those of the turbine exhaust expansion joint, and 

the maximum bellows temperature will occur at the outer convolutions and 

will be about 19 F above the turbine gas temperature. 

Gimbal Bearing 

The temperatures attained by the components of the gimbal bearing are criti

cal because of the strict dimensional tolerances required. High tempera

tures and temperature gradients are not acceptable because of subsequent 

deformation which would impede reliable gimbal operation. 

The temperature rise in the pilot bolt was found to be about 400 F and this 

temperature can be further reduced if a coolant flow passage were drilled 

through the bolt. Hydrogen coolant must be directed toward the central 

region of the gimbal block to prevent this component from reaching excessive 

r= mmmt 
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temperatures. Several coolant passages should be provided to maintain 

the gimbal bearing dome below 1000 F and these can also be used to direct 

additional coolant to the gimbal block. The bellows and volute will be 

adequately cooled by the hydrogen flow during engine operation. 

Gimbal Actuator 

The actuator and associated moving parts are located approximately 100 in. 

from the center of the core, while the actuator base assembly is attached 

to the reactor dome. Cooling of the actuator components and base assembly 

is facilitated by allowing a fraction of the actuator operating gas to 

leak through the system. The gas flows through the total length of the 

system and is dumped into the reactor dome. The maximum temperature of 

the uncooled actuator would reach 600 F at the end of the engine operation 

if 10 percent of the actuator flow were used for cooling, and the actuator 

body temperature would be held to 300 F. 

Flexible Metal Hose 

The flexible metal hose which carries pneumatic supply gas to the various 

actuators will reach temperatures which are a function of the outside metal 

braid wire and the braid wire emissivity, and are essentially independent 

of the hose diameter in the range considered. Depending on the emissivity 

assumed, the braid temperature will lie between 230 F and 460 F. 

Nozzle Stiffening Bands 

The stiffening bands oriented transverse to the nozzle wall tubes are cooled 

by the hydrogen flow within the nozzle, and the band temperatures will not 

exceed -100 F. 

R-3007 
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Exhaust Gas Instrumentation 

Thermocouples in the nozzle throat section extend from the nozzle wall into 

the exhaust gas. Besides the heat load imposed by the exhaust, the trans

ducer assemblies are subject to high radiation fluxes. Heat rejection by 

thermal radiation to the nozzle wall and conduction through the brazed 

mount will not prevent temperatures in excess of 4000 F after 1200-sec 

operation unless a cooled shroud is provided to enclose the transducer 

assemblies. 

Destruct System 

A birdcage-shaped series of tubes containing shaped charges of high ex

plosive is planned to completely encircle the reactor pressure shell. The 

tubes, containing a 1-in. diameter TNT charge, have a cross section resem

bling a disc with a 60-deg "pie slice" removed from it. If uncooled, 

the TNT would reach the autodetonation temperature in a very short time, 

but a manifold can be added to cool the explosive with either gaseous or 

liquid hydrogen. A flow of 0.20 lb/sec will limit the surface temperature 

of the explosive to 0 F at 1500 Mw reactor power. 

Radiation Shield 

At full-power engine operation, the maximum thermal gradient in the shield 

is about 33 F. With full propellant flow through the shield, the gas-film 

temperature drop is about 120 F, causing a maximum material temperature of 

about 400 R. This is easily within the capability of the boronated graphite 

shield material. 
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RADIATION DAMAGE 

Effects on Electrical Equipment 

Transient radiation effects, which are rate-dependent and present only dur

ing reactor operation, are caused by ionization in the absorbing material. 

The high dose rates present during the short-duration reactor operation 

will have considerable effect on electrical equipment. Current leakage 

paths will be induced in insulators and spurious voltages will be caused 

in electronic equipment. Some specific examples of electrical equipment 

disruption are listed below. 

Solenoid Valves and Servovalves. Coil assemblies may be shorted out by 

the breakdown of insulation, and the ionization of gases surrounding coils 

and wiring will introduce random noise into the control system. 

Solid-State Electronics and Feedback Loops. Semiconductors are particularly 

susceptible to radiation because of the mechanism on which these devices de

pend for their operation. Free electrons produced by the ionizing radia

tion will introduce a preponderance of new charge carriers and thereby 

change the minority carrier into a majority carrier or create an avalanche 

of charge that blocks out the desired signal. Solid-state devices must be 

located in an area of low radiation intensity such as provided by the 

shield and by the propellant in the tank itself. Potentiometers employed 

in feedback loops may malfunction from false or erratic signals caused by 

radiation, and it may be necessary to provide these unit with individual 

shields. 
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Temperature Measurement Devices. Thermocouples in the thrust chamber must 

withstand elevated temperatures and high gas velocities while maintaining 

adequate electrical stability in the high radiation fluxes. Structural 

integrity of the thermocouple probe can be obtained by supporting the probe 

insulation in a tungsten sheath and the best insulation at the present time 

appears to be beryllium oxide. 

Turbine inlet gas temperature measurement can be accomplished with the 

same type of thermocouple used in the thrust chamber because the conditions 

of temperature and radiation at the turbine inlet are not so stringent. 

It appears that the temperature of the cryogenic propellant can be measured 

with platinum resistance bulbs. If the instrumentation development pro

gram shows these devices to be seriously radiation-sensitive, it may be 

possible to substitute thermoelectric alloy thermocouples such as gold-

cobalt-copper and copper-constantan. 

A number of surface temperature measurements will be necessary to determine 

the operating temperatures of critical components. Thermocouples are the 

best choice of instrument for this application. 

Pressure Measurement Devices. Pressure transducers are available which 

utilize several different principles for operation. Tests performed by 

Atomics International as part of the KEWB program indicate that strain 

gage-type transducers and quartz piezoelectric transducers are the most 

radiation resistant of the types tested. 
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Flow Measurement Devices. Consideration of six different types of flow 

meters indicates that the turbine-type flow metei; used with a separate 

determination of density by measurement of temperature and pressure, is 

the superior device. This instrument is cooled by liquid hydrogen, is 

not affected by radiation-induced changes in mechanical properties, and 

its output is not sensitive to small changes in the magnetic and electrical 

properties of either the detector device or the transmission system. 

Strain Measurements. While some problems exist in the application of 

resistance-type strain gages in the K-1 environment, these gages remain 

the logical choice. Difficulties may arise in attaching the gage to the 

component in which strain is to be measured. Ceramic adhesives appear 

the most promising, but they must be applied or cured at elevated tempera

tures. To avoid the long high-temperature curing cycles in shop or field 

applications, the gage may be attached in the laboratory to a thin metallic 

carrier of the same material as the test hardware. This assembly may then 

be spot welded to the test hardware during the assembly buildup. 

Acceleration Measurements. Radiation tests by Atomics International indi

cate that quartz piezoelectric properties are unaffected by the radiation 

doses expected with the K-1 engine, but little information exists with 

which to evaluate the magnitude of dose-rate effects. These effects, along 

with radiation-induced interference in connecting cables, may be very dif

ficult to compensate for because of the high internal impedance of the 

crystal and the high input impedance required at the preamplifier. These 

crystals are also temperature-sensitive and it may be necessary to pro

vide cooling for them. 
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Damage in Mechanical Components 

Wherever possible, components containing organic parts should be examined 

for the possibility of substituting other materials or eliminating the 

organic parts altogether. Devices which may be susceptible to integrated-

dose radiation damage are described below. 

Bearings. Turbomachinery using liquid hydrogen as lubricant and cool

ant require a ball-retainer material which resists galling and is not 

affected by cryogenic temperatures. Glass-impregnated Teflon has been used 

successfully by Rocketdyne in the Mark 9 liquid hydrogen pump, but a sub

stitute material such as carbon must be developed to meet the requirements 

of the K-1 engine system. 

Seals. Seals of the Naflex type which have been developed by 

Rocketdyne will be suitable for use in all flanged joints of the K-1 

engine system. The standard Naflex seal has a thin Teflon facing, but a 

soft metal foil has been successfully used in its place at temperatures 

from -320 F to 1200 F. 

Explosive Devices. Reactor safety systems employing explosives to 

break up and disperse the reactor core in event of malfunction must be 

protected from overheating and integrated-dose radiation effects. The 

aromatic structure of TNT makes this explosive superior in radiation re

sistance, but a development program must be carried out to assure that 

this material will function properly in the K-1 environment. 
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Solid Lubricants. Solid-state lubricants are somewhat radiation sen

sitive but appear to retain their properties at doses exceeding those 

expected in the K-1 application. Methods of dry lubrication which should 

be evaluated are carbide coating, nitriding, sintered metal surfaces, and 

bonded graphite-MoS2 surfaces 

NEUTRON-INDUCED RADIOACTIVITY 

Exposure of components and structural materials to neutrons escaping from 

the reactor during engine testing will result in an important source of 

long-lived radiation. Although the sum total of this induced radioactiv

ity is inconsequential compared to the prompt radiation emitted during re

actor operation, and also small compared to that emitted by fission products 

after shutdown, it can be large enough to present a considerable radiation 

hazard during maintenance operations. 

Calculations of induced radioactivity assumed no self-absorption in the 

radioactive material, and a point-source geometry. The resulting activities 

for several components were calculated for a distance of 1 ft from each 

component at varying times after shutdown and are listed in Table 1 . 

The decay of radioactivity with time for a number of alloys is shown in 

Fig. 13 • It is seen that the sum of induced activity falls rapidly during 

the first few days and then reaches a more constant value which is determined 

by the most dominant long-lived isotope. In the case of the turbopump, 

which contains Hastelloy C, cobalt is the source of the dominant activity 

after 10 days of cooldown. The dose rate from the turbopump at that time 

is sufficient to give a worker his full permissible weekly dose in about 

six minutes of close work. Even higher dose rates will actually be present 

because of radiation from other nearby parts of the engine system. 

R-3007 
pnyrmryrm 

31 



•? 1 f." o*-, *-^ .^-»R-M"AV,?T-, • A*-r*A* V o " 

rniiinnrNTi^i 

TABLE 1 

COMPONENT ACTIVATION LE\^1£ 

Component 

Turbine 

Thrust Nozzle 

Forward Thrust Mount 

Aft Thrust Mount 

Reactor Assembly 

Hot Gas Duct 

Temperature Control Valve 

Afterheat Coolant Valve 

Main Propellant Valve 

Gimbal Actuators 

Roll Nozzle Assembly 

Turbine Exhaust System 

Dose Rate 
3 Days, 

R/hr at 1 foot 

16 

100 

1.0 

0.1 

4 X 10^ 

5.0 

0.03 

0.002 

0.007 

5.7 

0.2 

0.7 

Dose Rate 
10 Days, 

R/hr at 1 foot 

0.5 

85 

0.5 

0.01 
4 

2 X 10 

1.0 

0.02 

0.001 

0.004 

4.0 

0.1 

0.4 

NOTE: 

Components subjected to flow of gas from the reactor may 

accumulate fission products, and exhibit actual dose rates 

several orders of magnitude greater than those listed prior 

to decontamination. 
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The disassembly and maintenance problems presented by induced activity 

may be lessened through close attention to material selection and operational 

procedures. Reactor-grade materials should be specified wherever possible 

and strong radiation sources should be removed from the system before 

maintenance work is begun. A boron-containing shield may also be used in 

certain components that must undergo extensive handling. 
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RECOMMENDED DEVELOPMENT TEST PROGRAM 

EXPERIMENTAL OBJECTIVES 

Research experiments are essential for obtaining basic data to verify cal

culated results and will furnish an empirical basis for component radia

tion analysis. Development testing experiments will serve to prove out 

the fully engineered engine system and its components. The tests outlined 

here cover both types of experiment, although emphasis is placed on the 

final phase of component and system development which will utilize the 

radiation of the Kiwi-B reactor experiments at the Nevada Test Site. 

AREAS OF EXPERIMENTAL INVESTIGATION 

Reactor Leakage Flux 

Considerable uncertainties exist in the calculation of radiation leakage 

fluxes. Therefore, instrumentation should be provided at all reactor experi

ments to record the magnitude and spectral distribution of neutron and 

gamma fluxes. Other instruments should be included to provide data on 

heat generation rates and temperature gradients in the components and 

materials of the engine system. 

Shield Performance 

The radiation shield controls heating within the tanked propellant as well 

as within the components of the engine system. The performance of the 

shield must be verified by testing it in an intense, highly directional 

radiation flux such as exists in the beam port of certain research reactors 

or in the leakage flux from the Kiwi-B experiments. A shield intended 
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for testing in the Kiwi-B environment must be internally cooled and should 

be mounted as closely as possible to the reactor core. Heat generation 

rates and temperature gradients within the shield should be recorded, as 

well as data on heating of components and structure located behind the 

shield. 

Propellant Heating 

Because of the importance of radiation-induced propellant heating, fluxes 

should be measured at various locations within a liquid hydrogen tank 

located close to the experimental reactor. Determination of convection 

currents and flow patterns within the propellant tank will require other 

means of investigation. Experiments during early stages of development 

must be performed under controllable, repeatable conditions in which the 

test system may be easily altered. One such early experiment might be 

performed with a tank of noncryogenic fluid heated by a nonnuclear energy 

source such as infrared lamps. Later tests might be performed in a re

search reactor and would utilize a mockup partial tank and liquid hydrogen 

flow system to duplicate the conditions of radiation and propellant flow 

which are expected in the nuclear engine system. Such an experiment could 

be performed in a pool-type reactor, and would have the advantage of 

allowing convenient access to the test system after it had been raised 

from the pool and the reactor covered with water. 

A prototype tank, developed through these experimental programs, should 

be ready for testing with the rest of the engine system at the start of 

the nuclear engine system tests. 
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Cavitation Studies 

Low tank pressure is a desirable objective to achieve minimum tank weight 

and pressurant weight requirements, but radiation will make pressure in

creases necessary. Cavitation may occur in the pump inducer if pump in

let conditions do not meet the required levels of NPSH. Reactor leakage 

radiation will tend to heat propellant as it flows into the inducer, and 

the effect of heating on tank pressure has been analyzed in this report. 

Other phenomena may also be theorized concerning changes in propellant 

phase due to deposited radiation energy. If the liquid hydrogen being 

pumped is in a metastable state, radiation may initiate transition to 

equilibrium, causing point pressure discontinuities from which cavitation 

may arise. Another concept is that the benefits arising from evaporative 

cooling, which would normally prevent cavitation in the inducer, may be 

counteracted because of radiation heat generation. 

Experimental data can be obtained during Kiwi-B experiments by performing 

cavitation tests on an inducer-pump assembly on an adjacent test car or 

pad. This test would provide cavitation data as well as performance data 

on the feed system components used in the test. If test facility limita

tions prevent operation of an inducer test, useful data may be obtained 

through use of a cavitating venturi. Information from this test will show 

if a relationship exists between cavitation in the hydrogen propellant 

and the presence of strong radiation fluxes. 
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Component Tests 

Those components which contain parts subject to radiation damage should 

be tested in existing test reactors where the advantages of convenient 

scheduling and repeatable conditions allow more control of testing than 

is possible with the Kiwi-B experiments. Initial attention would be 

concentrated on integrated-dose radiation damage in mechanical components 

and on dose-rate effects in electrical equipment. Test reactors such as 

Godiva and KEWB are the only present sources of radiation fluxes approach

ing that of a propulsion reactor, and they should be utilized as much as 

possible during early electrical system development. 

Testing in the radiation of Kiwi-B is hampered by the presence of atmo

spheric convection cooling as well as air and ground scattered radiation. 

It is possible that certain components which will function satisfactorily 

in ground tests will overheat and fail in flight tests for lack of atmo

spheric cooling. However, the results of these studies show that the 

most serious heating problems exist in components which are forced to 

operate at high temperatures by the nature of their function. Such 

components include the turbine rotors and the hot gas throttle valve. 

Tests of these components in the Kiwi-B radiation will be valid, however, 

because they are not appreciably affected by atmospheric cooling. 

Valuable data on induced radioactivity will be provided by the test of 

a mockup feed system in spite of the limited integrated neutron flux avail

able. Induced activity may be scaled with reactor power and run duration 

to determine the effect of a full-power, full-duration engine run. 

High-Speed Bearings. The critical importance of turbomachinery bearings 

from a system reliability standpoint make an intensive development program 
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necessary to assure that these components will operate successfully in 

the K-1 radiation environment. Hydrogen-cooled bearings have, up to 

now, employed glass-reinforced Teflon ball retainers, but development 

of a substitute material may be necessary. Initial bearing development 

should include materials testing in testing reactors, and perhaps bear

ing tests should be conducted both in radiation and at cryogenic tem

peratures. If it is found that the effects of radiation and cryogenic 

temperature are not synergistic, the latter tests may be omitted. 

Reactor Fragmentation Devices. High-explosive shaped charges and ex

plosive projectiles have been proposed as safety systems with which 

to break the reactor core into subcritical fragments. It is impera

tive that the explosives be completely reliable throughout the operation 

of the nuclear engine. Environmental testing of these explosives will 

provide data on the changes in explosive efficiency, sensitivity, and 

brisance at the radiation doses and operating temperatures of the K-1 

application. 

Control Components. Individual parts of the control system which may be 

sensitive to radiation damage should be tested separately before the con

trol subsystems are operated in the environment of an experimental propul

sion reactor. When this preliminary development has been accomplished, 

functional tests may be performed in the environment of Kiwi-B. 

System development should include both calibration testing and functional 

testing in radiation. 

Those control components which are presently available for testing should 

be incorporated into experiments which will check the functioning of their 

electrical equipment. Insulation breakdown under operating voltages and 

a high electrical noise level will indicate that further development is 
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necessary. All components should also be tested for their resistance 

to radiation heating. 

Flight Instrumentation. Early development of instrumentation should be 

conducted in testing reactors to prove the equipment's resistance to 

integrated-dose radiation damage as well as to rate-dependent ionization 

effects. Final proof of the adequacy of flight instrumentation will be 

obtained by testing in the Kiwi-B experiments. All instrumentation 

should be calibrated before and after exposure, and data obtained during 

reactor operation will be compared with data from reference instruments. 

All instrumentation which supplies control information for system operation 

should be included in this development. These items include chamber tem

perature thermocouples, turbine inlet thermocouples, propellant temperature 

thermocouples, pressure transducers, flowmeters, strain gages, and accel-

erometers. 

Integrated Feed System Tests. The final test of component and subsystem 

radiation resistance would be the operation of a complete feed system in 

the radiation of Kiwi-B. Although the test would be too short for accumu

lation of an appreciable integrated radiation dose, and atmospheric con

vection would furnish cooling which would not be present in a space en

vironment, the information on rate-dependent radiation effects would be 

quite valuable. However, limitations of the existing test facility and 

the hazards associated with a turbopximp failure under radiation testing 

make such a feed system test infeasible. Difficulties in testing a com

plete turbopump system may be greater than the test information which 

would be obtained. 

Many of the feed system components which may be radiation sensitive can 

be tested separately in testing reactors or in early Kiwi-B tests, and 
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it is believed that the pump will not be critically sensitive to radiation. 

However, the turbine appears to be a critical component from the standpoint 

of radiation heating. If a test of the turbine alone could be conducted 

during reactor operation, this data (combined with the results of radiation 

tests of other feed system components) will provide enough information to 

assure the success of a prototype engine system using the full feed system. 

The turbine test should be conducted as part of a subsystem test which 

employs much of the engine system control equipment. Inlet gas can be 

obtained from the bleed manifold, and all associated piping and valves 

should be included. This test allows the reactor experiment to continue 

in case of turbine failure by means of valves which would direct the 

reactor bleed gas into an orificed duct which would vent to the atmos

phere. Fire and blast danger is minimized by the absence of the large 

quantities of hydrogen needed for a pump test. 

Considerable difficulties exist in absorbing the turbine power and there

fore a locked rotor turbine test appears desirable. A locked rotor has 

the particular advantage of allowing temperature measurements over the 

entire turbine shaft assembly, and in this way operating temperatures 

in the radiation environment may be obtained and conclusions may be drawn 

about the probability of successful operation at design speeds. 

In spite of the difficulties associated with a turbopump or turbine test 

in the Kiwi-B environment, a certain amount of testing of these systems 

under strong radiation must be accomplished before the feed system is 

entrusted to supply propellant to the first prototype engine system. Con

siderable expenditure of effort is justified for the purpose of providing 

assurance against unforeseen failure of the reactor-turbopump system. 
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ANALYSIS 

REACTOR RADIATION LEVELS 

RADIATION SOURCES 

Gore Gamma-Ray Spectrum 

To determine the radiation environment associated with the K-1 engine 

design it is necessary to know the magnitude and spectral distribution 

of the gamma-ray energy released from the reactor core. The sources of 

gamma radiation considered within the core are fission, decay of fission 

products, neutron captures in the fuel and other materials, and decay of 

capture products. Gamma rays from inelastic scattering in uranium and 

niobium are not considered because of their relatively low intensity and 

the complexity involved in their determination. The spectrum generated 

from each of the reactions considered is discussed below. 

Prompt Fission Gamma Rays. The spectrum of gamma rays emitted within 10 

seconds of fission has been measured by Maienschein, et al. (Ref. 1 ) 

and by Skliarevskii, et al. (Ref, 2 ). The former authors cover photon 

energy ranges from 0.3 Mev to 7-3 Mev while the latter are concerned with 

photons of energies between 0.020 Mev and 0.26 Mev. Thus, the energy re-
—8 

leased within 5 x 10 seconds of fission and within the energy range from 

0.020 Mev to 7.3 Mev is 7.44 ±0.8 Mev/f. In addition Maienschein has 
—8 

measured delayed gamma rays in the region between 5 x 10 seconds and 

10 seconds after fission. The intensity from this is reported to be 

5.7 ±0.3 percent of the more prompt radiation or about 0.42 Mev/f. Thus 

the total energy released within 10 seconds is about 7-9 Mev/f. The 

spectrum is shown in Fig. 14 . A graphical integration of this spectrum 

over 1 Mev intervals gives the Mev per fission at average energies of O.5 

Mev, 1.5 Mev, 2.5 Mev, etc. These values are shown in Table 2 . 
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TABLE 2 

COBE GAMMA-RAY SOURCES, MEV PER FISSION 

Mev 

Sourc.-' 

Prompt Fission 

Fission Product 

U^^® Capture 

Carbon Capture 

Nb Capture 

Û -'̂  Capture 

H Capture 

U^^^ Decay 

Total Mev/Fission 

Mev/cc-sec xlO 
at 1500 Mw 

f 

0.5 

3.06 

1.00 

0.09 

0.01 

0.20 

. . 

1.3x10' 

4.36 

2.47 

1.5 

2.49 

2.10 

0.08 

2.5x10' 

0.03 

0.60 

-3 

5.30 

3.01 

2.5 

1.28 

1.10 

0.04 

-4 

0.03 

0.91 

5x7x10' 

3.36 

1.91 

3.5 

0.59 

0.58 

0.01 

5.6x10' 

0.16 

0.60 

-4 

1.94 

1.10 

4.5 

0.26 

0.23 

0.01 

"'• 1.8x10' 

0.11 

0.20 

. . 

0.81 

0.459 

5.5 

0.16 

0.13 

. . 

'3 

0.06 

. • 

0.35 

0.198 

6.5 

0.060 

. . 

0.07 

. . 

0.13 

0.074 

7 

9 

9 

0 

5 8.5 9.5 

. 

. 

. . . . 

4x10"' 6.9xl0"' . . 

. . . . 

. . . . 

4x10""' 6.9x10"' . . 

0053 0.0039 

Total 

7.90 

5.14 

0.23 

2.6x10 

0.49 

2.51 

5.7x10 

1.3x10 

16.27 

9.23 
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Fission Product Gamma Rays. The fission product gaimna-ray spectrum 

for infinite operation time and zero cooling time is shown in Fig. 15 . 

This figure was obtained by extrapolating the photon - intensity - time 

distributions of Maienschein (Ref. 1 ) from 1 second to zero, then in

tegrating from zero to 1800 seconds. The contribution from 1800 seconds 
7 7 

to 5 X 10 seconds (there is essentially no change between 5 x 10 seconds 

and infinity) was calculated separately using the data of Blomeke and Todd 

(Ref. 3 ). The sum, covering the energy range from 0.3 to 5.0 Mev, is 

6.5 Mev/f. An estimate of the contribution from energies less than 0.3 

Mev was obtained from the lowest energy group of Perkins and King (Ref. 4 ) 

which extends down to 0.1 Mev, This gives an additional increment of about 

0.3 Mev/f, bringing the total to 6.8 Mev/f. The curve is arbitrarily nor

malized to 7.0 Mev/f. A graphical integration of the curve shown in Fig. 15 

gives the Mev per fission at 1 Mev intervals for energies up to 5 Mev. 
87 90 

The isotopes Br and Rb , emitting gamma rays of 5-4 Mev and 5.3 Mev, 

respectively, were not included in any of the mentioned references.. Their 

contribution is included in the average energy group of 5-5 Mev. The 

total fission product energy release for infinite operation and zero cooling 

is 7.14 Mev/f. 

To obtain comparable values for a finite operating period and zero cooling 

time, the following expression for the total fission product energy release 

can be used 

E(T,t) = E( 00,t) - E [C0,(T + t)] , (1) 

where 

E(T,t) = Mev/f for operating time T and cooling time t, 

E [ CD , (T + t)j = Mev/f for infinite operation and 

cooling time T + t. 
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For a finite operating period of 900 seconds and zero cooling time 

Eq. (l) becomes 

E(900,0) = E( 00 ,0) - E ( 0 0 ,900) 

The operating time of 900 seconds was chosen to obtain a mean value for 

the fission product energy release during a full duration test. In re

ality, the fission product energy release varies as a function of oper

ating time, however, from about 200 to 1200 seconds it increases by only 

a small amoxuit. 

The value of E( 00,O) is the 7.14 Mev/f discussed above. The value of 

E( 00,900) was obtained from Perkins and King (Ref, 4 ). The spectra 

for E( CO,0) and E( CO ,900), and the resulting spectrum for E(900,0) are 

shown in the following table: 

Average 
Energy, 

0.5 

1.5 

2.5 

3.5 

4.5 

5.5 

Photon 
Mev 

Energy 
E( CO ,( 

1.96 

2.77 

1.44 

0.61 

0,23 

0.13 

Rel ease per Fi 
E(00,900) 

0.96 

0.67 

0.34 

0.03 

- -

- -

ssion, 
(900, 

1.00 

2.10 

1.10 

0.56 

0.23 

0.13 

Total 7.14 2.00 5.14 

Thus, 5.14 Mev are released for each fission taking place at 900 seconds 

of reactor operation. This value was used in the core gamma-ray source 

strength. 
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Capture Gamma Rays. The number of captures in each element of the 

core per 100 neutrons born is given in the neutron economy table shown 

in Table J. With the exception of iJ , the capture gamma-ray spectrum 

for each of these elements was obtained from Groshev et al. (Ref. 5 ) 

and Deloume (Ref, 6). The values are normalized to the binding energy 

for the particular element involved. The gamma-ray spectrum for u 

has not been measured. Groshev, et al. (Ref. 7 ) have measured the 

general shape of the (n, V ) spectra for even-even nuclei like u 

They have shown that the continuous spectrum starts roughly at 1.5 Mev 

below the binding energy, increases to a maximum at about 2.5 Mev, and 

then decreases to zero. On this basis an approximate spectrum for v" 
I N 236 

(n, y ) U can be constructed and normalized to the binding energy of 

6.42 Mev. Figure 16 indicates the shape of this proposed spectrum. 

Graphically integrating this curve over 1 Mev intervals gives the required 

energy breakdown. The values shown in Table 2 for the capture gamma 

sources are merely a product of the captures per fission and the Mev per 

capture. 

Decay of IT' The nonfission capture of a neutron by \f leads 

to the following reaction: 

u 2 3 8 ^ ^ _ ^ 3 9 0^074 Mev.. ^ 239 0.̂ 5 Mev , ^ 239 
23.5 niin p 2.33 days u 

From this it may be seen that at saturation (T » 2.33 days) there are 

about 0.42 Mev per capture in the 0-1.0 Mev energy group. For a 900 

second operation the above values are corrected as follows: 

Mev/cap = 0.074 
- X , T 

1-e ] .o. 35 
1-e 

X,T 

X 

- X^T - X T 
e 2£ 

X2 ~ Xi 
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TABLE 3 

NEUTRON ECONOMY TABLE 

Core Source Neutrons 

Core Reactions: 

Fission IT 
U258 

Captures U^'^ 
u^5« 

C 

Nb 

H 

Leakage: 

Radial 

Axial 

Tot 

41.71 

0.04 

15.57 

1.71 

0.01 

4.36 

0.01 

26.01 

10.58 

al 

100.00 

41.75 

21.66 

36.59 

100.00 
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where 

f^ , = decay constant for IF 

\ 239 
A = decay constant for N 
2 p 

T = operating time, i.e. 900 seconds 

-4 / Solving the above expression we get 2.2 x 10 Mev/capture due to the 

decay of U^^^ and N ^^^. 
P 

The capture gamma-ray spectrum for the reference core is summarized in 

Table 3. 

Secondary Sources External to Core 

There are several secondary sources of radiation which exist in the struc

ture of the engine system surroimding the reactor core. They are created 

by the interaction of primary core radiations with nearby materials. Al

though they are small relative to the primary core fluxes, there are in

stances in which they are extremely important. If secondary radiation 

issues from a part of the engine not covered by shielding, the radiation-

sensitive parts of the system will be subjected to an additional source 

of damaging flux. Many of these external radiation sources will persist 

long after the reactor is shut down; this will cause difficulties in post-

test disassembly and handling. Other induced sources may tend to disrupt 

the neutron economy of the reactor core. 

The major sources of radiation external tothe reactor core are: 

(l) neutron capture reactions, (2) neutron inelastic scattering, (3) 

gamma-ray Compton scattering and pair production, and (4) photoneutron 

effect (especially in beryllium). 
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Neutron capture reactions result in several important effect^. During 

engine operation, the (n, V ) capture reaction is of primary concern be

cause the hard, penetrating, capture gammas are capable of contributing 

a significant amount of radiation to the existing environment. The gamma 

energy released in this reaction is dependent on the sum of the binding 

energy for an additional nucleon in the target nucleus and the kinetic 

energy of the incident neutron. This energy is released as gamma photons 

which may have energies as high as 9 Mev, as is the case with nickel. 

Although the energy can be released as a single photon, other decay schemes 

are more probable, and the result is a broad spectrum of gamma energies 

ranging from the soft continuum to energetic hard photons of several Mev. 

In general, medium and heavy target nuclei release the neutron capture 

energy promptly as they decay to their ground energy state. Capture-gamma 

fluxes must therefore be considered in the calculation of the total engine 

system radiation environment. This is accomplished with the following 

relationship: 

S . - E -, 
v,x 7 .i'^i Z ^a,g ^n,i (3) 

where 

S . = gamma-ray source strength of _ith gamma energy interval, 

Mev/cc-sec 

E . = average capture gamma-ray energy of Ĵ th interval, Mev 

7'^ 
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V 

1 
a , g 

' n , i 

= number of gammas having energies in ̂ th interval pro

duced per neutron capture 

= macroscopic neutron absorption cross section for 

neutrons in jgth energy group 

= neutron flux in ̂ th energy group 

The AIM-6 code (Ref. 8 ) was used to compute neutron fluxes. Macroscopic 

neutron cross sections for this calculation were obtained from the AIM-6 

data library. The calculation was performed in the course of reactor leak

age flux determination and shield analysis. 

Although the majority of neutron captures result in prompt gamma emission, 

there are a nxunber of target isotopes which decay with an appreciable half-

life, and this fact gives rise to engine maintenance and disassembly prob

lems after testing. This hazard is primarily a biological one, and is dis

cussed in detail in a subsequent section of this report. 

The relationship describing the buildup and decay of a radioactive isotope 

is as follows: 

dN 
dt = (1-e Z_/ a,g n,i (4) 

where 

dN 
dt 

X = 

decay rate of isotope, disintegration/sec 

decay constant, sec 

reactor operating time, sec 

time from reactor shutdown, sec 

R-3007 
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- X tg 
The term e is unity at all times while the reactor is operating. 

Delayed radioactivity has little effect on engine system operation rela

tive to the prompt capture effects. 

Other important neutron capture reactions are those which result in the 

emission of particles other than gamma rays. A notable example is the 

(n, Q ) reaction in B . This material is useful as a control rod mate

rial and a thermal neutron shield. The 2.38 Mev of kinetic energy re

leased in the reaction is absorbed within the emitting material because 

of the very short range of the Of particle. A small amount of gamma energy 

(0.5 Mev) is also released by the decay of the metastable Li daughter 

nucleus. Reactions such as these are treated with a relationship of the 

same form as Eq. 3, with the additional assumption that all energy not 

released as gammas is deposited in the emitting material as heat. 

Another neutron effect for consideration is inelastic scattering. In this 

reaction, the fast neutron transfers some of its kinetic energy to the 

target nucleus, thus raising it to a higher energy level. The nucleus sub

sequently decays to its ground state by emission of a gamma photon. Be

cause certain threshold energies exist for the exitation of target nuclei, 

only that part of the fast flux above the threshold need be considered. 

There are cross sections for inelastic collisions which allow calculations 

to be made with Eq. 3, although the contribution of gammas from this source 

is usually negligible in relation to the core and capture gamma components. 

Rough calculations for the materials considered in the engine system show 

the effect to be unimportant. Therefore this effect is not a primary 

factor in the preliminary system calculations. 
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The effect of gamma rays in producing secondary radiation can be divided 

into two areas; electron interactions, and nuclear interactions. With 

electron interactions, the only effect of interest outside the target 

material is Compton scattering, in which the incident photon is scattered 

by an electron and continues through the material at a reduced energy and 

at an angle determined by the Klein-Nishina formula (Ref. 9 )• The energy 

of the electron is quickly absorbed within the material, and the scattered 

gamma is accounted for by the use of buildup factors. In nuclear inter

actions, either pair production or photoneutron emission may result. Pair 

production occurs when a gamma photon interacts with the target nucleus 

such that the gamma energy is transformed into an electron-positron pair, 

each with the same kinetic energy as dictated by conservation of momentum. 

The threshold energy for this reaction is that determined by the rest-mass 

energy-equivalent of the two particles, 1.02 Mev, and any additional energy 

appears as kinetic energy in the pair. This kinetic energy is quickly dis

sipated within the target material, and the positron annihilates another 

electron to form a pair of 0.51 Mev gammas, each equivalent to the rest mass 

of one of the annihilated particles. 

The ejection of neutrons from target nuclei by gammas is an effect which is 

important in few materials. Beryllium, used extensively in the Kiwi reactors 

is one of these materials, therefore the photoneutron effect is significant 

in the engine system design. The effect of photoneutrons in adding to the 

external radiation flux is negligible compared to the primary leakage flux. 

The reactivity of the core will be slightly higher due to the additional 

neutrons born in beryllium, but is small enough to be ignored in a prelim

inary design. In reactor kinetics the photoneutron effect is a major 

criterion. Although the majority of photoneutrons are caused by prompt-

fission gammas, there are sufficient delayed gammas to create a delayed 

photoneutron flux which forms an important addition to the normal delayed 

neutrons provided by neutron precursors. 
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The gammas released in fission product decay after reactor shutdown pro

vide a small photoneutron flux which follows the decay curve of the fission 

products themselves. These neutrons are able to maintain a small fission 

rate in the reactor for the period the gaimna flux is capable of producing 

them. While this fission rate is extremely small, and provides less power 

than the fission product afterheat, it does maintain a measurable neutron 

flux for several hours after shutdown. This makes reactor restart simpler 

and more rapid because there is no uncertainty about the rate of power 

increase in the core. 
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Core Neutron Flux Spectrum 

As discussed in the previous section, it is generally found that capture-

gamma radiation generated exterior to the reactor core is an important 

consideration in determining the amount and type of shielding required 

for a reactor system. To determine the magnitude and distribution of 

this source of radiation, it is necessary to know the thermal neutron 

flux distribution throughout the system. The degree of accuracy of this 

distribution will then be reflected in the subsequent capture-gamma ray 

analysis. For an engine system of the type being considered here, the 

heat generated in the propellant by kinetic energy loss of fast neutrons 

must also be evaluated. This consideration requires a detailed determina

tion of the fast neutron flux distribution exterior to the core. 

Thermal-Neutron Flux. The first step in determining the thermal-neutron 

flux distribution in the engine system is to evaluate the fast-neutron 

flux distribution using the removal theory (Ref. 10 , 11 , and 12). 

This calculation is performed with either the GRACE-I (Ref. 13 ) or the 

GRACE-II (Ref. 14 ) code as described in another section. A sixteen-

group neutron diffusion code, AIM-6 (Ref. 8 ) is used to calculate a 

fast- and thermal-neutron flux distribution for the system. It is then 

assumed that, in the hydrogenous regions, the correct attenuation and 

magnitude of the fast-neutron flux is given by the removal theory 

(Ref. 10 ), and the equilibrium ratio between fast and thermal flux is 

computed correctly by diffusion theory. Thus, as equilibrium is ap

proached, the thermal-neutron flux is obtained by multiplying the fast-

neutron removal flux by the ratio of fast to thermal flux obtained from 

AIM-6. In the nonhydrogenous regions of the system the thermal-neutron 

flux distribution is assumed to be as predicted by diffusion theory. 

This method has been shown to be reasonably accurate for systems of this 

type (Ref. 11 and 12). 
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Fast-Neutron Removal Flux. The use of the removal theory (Ref. 10 ) to 

calculate the fast-flux distribution first requires the specification of 

a neutron attenuation kernel which describes the attenuation of fast 

neutrons in a hydrogenous medium from a point isotropic fission source. 

The fast-neutron flux distribution is then obtained by integrating this 

kernel over the source volume. Thus, the fast flux distribution is given 

by: 

4>^ ' L dV, (4) 

where: (I) _ 

n 

fast neutron flux, n/cm - sec 

fast flux attenuation kernel 

distance from the differential source 

volume to the detector, cm 

fission neutron density, n/;ir^sec 

The attenuation kernel chosen for use in Eq. 4 was represented by the 

expression: 

N U ) - ^ 1 f exp [- I k , n N.(H) + I CT^ N^k)] r. 1 
n=l n |_ i ^ k - ' J 

(5) 

where: 

^eff 

n 

a constant representing an effective number of 

fast neutrons produced per fission 

constants obtained by fitting the fast neutron 

removal kernel to moments data 
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TABLE 4 

MICROSCOPIC REMOVAL CROSS SECTIONS 

Element 

H 

B 

Removal Cross 
Section, barns 

O'H.I = 1.56 

^H,2 = 1.04 

^H,3 = 0.70 

1.07 

0.81 

B 

^1 

F 
e 

N. 
1 

Z 
r 

W 

U 

Ke rnel Cona tants 

0.92 

1.31 

1.98 

1.89 

2.35 

2.51 

3.60 

Vett = 1.8, F^ = 1, Fg = 6, F^ = 300 
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^ H, n = fitted removal cross sections for hydrogen, barns 

^ k = removal cross section for element k, barns 

N.(k) = number density of the kth element in the ith 

"*" 2 
shield region, atoms/cm 

A kernel of this form was chosen so the integration could be performed 

using one of the existing (21A.CE codes (Ref. 13 and 14 ), both of which 

are readily adaptable to an exponential kernel of this type. Values of 

7/ „ „, F , and CT „ were obtained by fitting Eq. 5 to moments method ^ eff n H, n 

data foi* H, H^O, C, CH, and CH^ (Ref. 15 ). The fast neutron fluxes in 

these materials were obtained by numerically integrating, above 0.8 Mev, 

the differential energy spectra data obtained from the moments method 

calculations. The values of the fitted constants along with the removal 

cross sections (Ref. 16 ) for the other materials used in this study are 

given in Table 4 . The results obtained by using these values in eval

uating Eq. 5 were found to be in close agreement with moments calculations 

in the materials mentioned. 

DESCRIPTION OF COMPUTER PROGRAMS USED 

IN ATTENUATION CALCULATIONS 

Two codes, (JRACE I and GRACE II, have been used extensively throughout 

this analysis for calculating radiation attenuation and heating effects. 

A detailed description of these codes follows. 

GRACE-I Code 

GRACE I (Ref. 13) is a multigroup, multiregion, gamma-ray attenuation code 

written in FORTRAN for the IBM 709- The code was designed primarily 

60 R-3007 
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for computing gamma-ray heating and gamma-ray dose rates in multiregion 

finite or semi-infinite slab shields; however, it can also be used to 

calculate fast neutron fluxes and dose rates by substituting removal 

cross sections for the gamma-ray attenuation coefficients. 

The basic equations used to compute the flux distribution in a multi-

region slab shield were taken from a compilation of formulas given by 

Foderaro and Obenshain (Ref. 17). Approximations to the exponential 

integral functions, E,(x), for positive and negative values of the 

argument in the range 10 < 1 x I < 110 were taken from a compilation by 

Gannon (Ref. 18 ). A brief description of the equations follows. 

Using the notation shown in Fig. 17 , the gamma-ray flux at the apex of 

a shielded truncated-cone source of uniform source intensity is given by 

S (O) V^ A 

' s n-I n 
E2(b,^)-E2(b2^) 

E2(b^^sec 9 ) E^(b^^sec 6 ) 
•*2̂  2n 

sec 6 sec e (6) 

T 
hs 

1 

- ' ^ . 

Ms 

^ S , ( . ) 

N 

X 

I ' 

REGION 

J S H J 

1 

J r ^ 
1 

d 

* 

•r-i 

Mr-i 

^ 

> 
\ 

1 

r . 

Mr 

SP 

^ 

1 

1 '^" 
' 

1 

1 
1 

Figure 17. Shield Geometry for GRACE-I Code 
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-1 

where: 

<p = gamma-ray energy f lux , Mev/cm -sec 

S (o) = A, <PJ.U ( O ) ^ V ' ' ? ~ gamma-ray source s t r e n g t h of volume 
•z 

distributed source, Mev/cm -sec 

2J = macroscopic thermal neutron absorption cross section, cm 

(p., (o) = incident thermal neutron flux, n/cm -sec 
E-, = capture gamma-ray energy, Mev 

7^ = number of gamma rays of energy E y produced per thermal 

neutron capture 

IJL = linear absorption coefficient of source material, cm 

A , Q = coefficients used in double exponential representation of 

the point isotropic buildup factor 

E^(b) = b°-^J°°t-° e"* dt. n > 0 

=̂ I^r^r r 

+H -1 
U, = linear absorption coefficient of r shield region, cm 

t = thickness of r shield region, cm 

b, = b(l + a ) In n' 
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b_ = (b + LL t )(l + a ) 2n ^ "s a'̂  n' 

t = thickness of source region, cm 
a 

Q = tan~-^(h /d) 

h = source radius, cm 
s ' 

d = distance from detector to edge of source region, cm 

In the expression for the flux (Eq. 6 ) , as in those which follow, the 

buildup factor has been represented by a double exponential expression 

of the form 

2 

I 
n=l 

2 

B(/Xr) = Z A^e "^ (7) 

where: 

A = 1-A 

For an exponential distribution of the source intensity, i.e., 

S^(x) = S^(0)e Kx (8) 

the flux at the apex of the cone becomes 
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4> 
S (0) 

V exp 
-| ^ A r 

LL ^ r'-a s'̂  ifel 1 + a 1^ 2n ' n'' 
s n _ M, 

F - ( b , , a ) -
V I n ' n ' 

F - ( b - sec u , a / s e c 6/ ) F , ( b , sec Q , a / s e c Q ) 1^ 2n n ' 1^ In n ' 

(9) 

see 9 sec 0 

where: 

a 

<^th(* . ) 
-r— /̂ \ = inverse relaxation length of source 
9th^"^ ,. , ., ,. -1 

distribution, cm 

FJCT, a) = e*^ E, (b) db 

a = 
n K/ H-s^'^^j] 

Note, that since sec Q ia infinite for u = 7r/2, the gamma-ray flux 

from an infinite slab source may be obtained by setting the laat two 

terma in Eq. 6 and 9 equal to zero. 

The gamma-ray flux at a point within a aemi-infinite slab source of 

uniform source intensity ia given by 

4> 
sjo) I. A 

y ' ^H-, " 1 i+a„ 1 ^ ' ^2 

[ ^P F . (^^ . -d ) ( l+ 

/ i . 3 d ( u a ^ ) 

V]} 
(1() 
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For an exponential source diatribution the flux becomes 

4> y ' 2/x 

S (O) Kt v̂  ' s e 
V A r r 

r4 u V i ^ H-s^^'^^r?' \ 

^ [/^s^^s-'^)^^-^ ° n ) ' ^ 

(11) 

Note that the flux within a truncated cone is not defined. 

•fhe function F, ( "̂ , a) is evaluated by use of the following expres

sions (Ref. 17): 

Fj( T, a) = i j e*'^Ej(T) - E^ ^T (l-a) - A l a - H l , a ^ O or l.TjiO 

= e'^Ej(T) + i n ( r ) + 0.577216, 

= 1 - E 2 ( T ) 

a = 1. T = 0 

a or T = 0. 

For the numerical calculation of E^(x) the two equations 

£3(1) = e""" - X Ej(x) and £^(0) = 1.0 

are employed. 

Equations 6 , 9 , 10 and 11 are used to compute the gaimna-ray flux distri

butions from slab and truncated-cone sources in multiregion slab shields, 
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The flux diatributiona obtained are converted to dose rates or heat 

generation rates by use of the relation 

D = i^) •^r^^l'Py (̂ )̂ 

where: 

D = gamma-ray dose rate of heat generation rate 

U, = energy absorption coefficient, cm 

p= material density, gm/cc 

k = conversion factor from gamma-ray energy flux to dose rate 

C. = 0 for doae rate calculationa 

C- = 0 for heat generation rate calculations 

For each shield region either a uniform or an exponential source dis

tribution may be specified. Furthermore, by specification of a radius, 

h , for a given source region, the truncated-cone calculation is auto-
s 

matically performed when the detector is located outside the source 

region. Since the detector must be located at the apex of the cone, 

the cone angle, C7 , for a given aource radius h , is defined by 

9 = tan-l f , (13) 

where d is the distance from the source to the detector. Note that the 

cone angle for a given source region varies with detector position in the 

shield. For those positions where h /d is greater than 5, i.e., within 
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or relatively close to the source region, or when h is set equal to zero, 
s 

only the semi-infinite slab calculation is performed. Since the value of 

h is specified by source region, any source geometrv which can be approx-

imated by a series of disc or truncated-cone sources may be handled by 

the code. 

One of the important features of the GRACE-I code is the method used to 

specify the buildup factor. In computing the flux distribution at a par

ticular location in the shield from a given source region, a single-material 

buildup factor is used. However, this buildup factor may be specified in 

two ways depending upon the specific shield arrangement being investigated. 

In the first, a single buildup factor is assigned to each region in which 

the flux distribution is desired. This buildup factor is then used to 

calculate the flux distribution in that region from every source region 

in the shield. In the second, a set of buildup factors is assigned to 

each region, each member of the set corresponding to a different source 

region. The flux distribution is then computed using the buildup factor 

associated with each source. In this way, the code attempts to alleviate 

some of the problems which arise when a shield consists of materials of 

widely varying atomic number. 

GRACE-II Code 

The GHACE-II code (Ref. 14) was also written in FORTRAN for the IBM 709. 

However, this code computes the total dose rate or heat generation rate 

in a multiregion shield along the radial centerline of either a spherical 

or cylindrical source volume. The source, containing up to 20 gamma-ray 

energy groups, may be located in either the central region of the system 

or in the first concentric shell surrounding it. Dose rates or heat gen

eration rates are calculated at detector points within the source volume. 
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or in as many as 20 concentric or semi-infinite slab regions located out

side the source volume. The source and shield geometries are shown in 

Fig. 18 and 19 • A brief discussion of the equations follows. 

The gamma-ray flux at any position, P, in a shield (Fig. 19 ) because of 

a volume distributed source in the shield, can be described by the ex

pression 

r B{U,X) S e'M-^ 

î  dv (14) 

where B{jJijL) is the point isotropic buildup factor and^j^represents the 

total penetration distance from the differential volume element to the de

tector. Using the notation of Fig. 18 and 19 , and substituting r =^ 

and dv = 2 TT r sin 9 drd Q into Eq. , the flux distribution from a 

spherical volume or shell source becomes 

Cjby (sphere) = l / 2 j sin ^ d ^ / B(b) S^e'^ dr (l5) 

Similarly, substituting r = Jl cos \U and Ax = jL dv / /dc7dr into Eq. 14 , 

the flux distribution from a cylindrical volume or shell source becomes 

•^o 
(̂  y (cylinder) - -jf \ A. 9 \ d r j B(b sec V|/ ) S^e 

-b sec ^ dV|/ 

(16) 
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Figure 1 9 . C y l i n d r i c a l Geometry for GRACE-II Code 
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where vl/ = tan (h /2r). For computational purposes \J/ is set equal 

to 7r/2 when h /2r > 10. The values for the limits on the U and r 
' s' 

integrations and the value of b in Eq. 15 and 16 depend upon the region 

in which the source is located and upon the detector position. Further

more, the value of b depends on whether the shield regions outside the 

source volume are represented by concentric shells or semi-ibfinite 

alaba. 

Aa in the GHACE-I code, the buildup factor, B, is represented by a double 

exponential expreaaion of the form 

B (IJLP) =A^e l"^"^ + (l-Aj)e ^ ^ "^ (l7) 

where A,, Q,, and Q are the energy dependent material constants. 

Although a single-material buildup factor is used in calculating the 

flux distribution in any region of the shield, a different buildup 

factor may be assigned to each region in which the dose rate or heat 

generation rate is being computed. 

The diatribution of the aource atrength, S , in the source volume may be 

uniform or variable in either or both the radial and axial (in the cylin

drical case) directions. The variation in the radial direction ia given 

by either an exponential or a polynomial of the fourth degree. In the 

axial direction, only the polynomial variation is allowed. Thus the 

source strength (including a term for the axial variation in the cylin

drical case) may be described by either 

•K-(R -a) 
4 

-KKH -a; Y^ 
S^=Sj0)e « L Az°, (is) 
V V' ~-l n 

n=0 
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or 
4 

S = S (O) 2^ R (R -a) 
V v^ "̂  n=0 n̂  s ' 

4 

" z —« A z-n=0 n (19) 

where a is the radial distance from the center of the source to the dif

ferential volume element (Fig. 18 ), K. is the inverse relaxation length 

of the aource, and A and R are the axial and radial polynomial coeffi-
' n n '^ •' 

cienta, respectively. The polynomial coefficients are obtained using 

weighting factors in conjunction with a least-squares subroutine which 

haa been built into the code. 

Equationa 15 and 16 are aolved numerically uaing Simpaon'a Rule. The 

order of the integration ia aa indicated. The flux distributions ob

tained are then converted to dose rates or heat generation rates in the 

aame manner as for GRACE I (see Eq. 1^. 
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Basic Gamma-Ray Data 

A 10-group energy separation has been used for the majority of the gamma-

ray attenuation calculations described in this study. The basic gamma-

ray data for these calculations are given in Table 5. Only data for 

those materials considered in this study are presented. A brief descrip

tion of these data follows. 

Total Gamma-Ray Attenuation Coefficients. The product of these numbers 

and the material density give the total gamma-ray cross section. These 

data were compiled from Ref.19. 

Energy Absorption Coefficients. Only a fraction of the events repre

sented by the total attenuation cross section actually remove the gamma-

ray. In particular, Compton scattering can cause a change in the 

direction and the energy of a photon without absorbing it. The energy-

abaorption coefficient ia a measure of the fraction of the gamma-ray 

energy which is converted from radiant energy into heat. Thus, the 

product of the gamma-ray flux and the energy absorption coefficient gives 

the heat generation rate in the material. The energy absorption coeffi

cients shown in Table 5 were also taken from Ref. 19-

Buildup Factor Constants. Because not all gamma interactions are absorp

tive, and some scattered radiation may ultimately penetrate a shield, a 

numerical correction is commonly used in attenuation calculations. The 

uncollided flux is calculated using total cross sections, and then mul

tiplied by the appropriate buildup factor to give a more realistic value 

1 itUWiwmjb 
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for the transmitted flux. Buildup factors have been determined theoret

ically by the method of moments (Ref. 20 ). The buildup factor is a 

function of distance into the shield, measured in mean free paths, as 

well as the particular material and gamma-ray energy. Table 5 gives the 

constants for a double-exponential analytical fit to dose and energy-

absorption buildup-factor data. Buildup-factor data are not available 

for all materials; however, graphite buildup factors can be used for 

hydrogen, beryllium, and air, aliuninum buildup factors for ordinary con

crete, and iron buildup factors for Inconel, steel, and zirconium 

hydride with little resulting error. The data shown were taken from 

Ref. 17 and 21. 

Capture Gamma-Rays. The prompt capture gaimna-ray spectra from thermal 

neutron capture were taken from Ref. 5 and 6. These data have been 

normalized to the neutron binding energy for the nucleus involved. 
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*̂  TABLE 5 

BASIC GAMMA-RAY DATA* 

(Gamna-Ray Energy, Mev) 

Material 

Hydrogen 

HP 
P^'^/p 

MEV/Capture 

Be^yiliUB ^ ^ ^ 

P-e/P 

MEV/Capture 

Graphite 

P-fP 

P-^/P 
MEV/Capture 

Ad 

aid 

a 2d 

0.5 

0.1730 

1.5 

0.1030 

0.0596 0.0512 

2.5 3.5 

0.0775 0.0630 

0.0450 

2.23 

0.0773 0.0459 0.0348 

0.0266 0.0218 0.0203 

0.0377 

0.0287 

0.0172 

1.70 

4.5 

0.0535 

0.0340 

0.0250 

0.0157 

5.5 

0.0475 

0.0310 

0.0223 

0.0148 

6.5 

0.0425 

0.0282 

0.0203 

0.0138 

5.12 

7.5 

0.0390 

8.5 

0.0360 

0.0263 0.0248 

0.0188 

0.0132 

0.0870 0.0576 0.0393 0.0327 0.0285 0.0258 0.0237 0.0221 

0.0298 0.0257 0.0225 

7.00 

-0.260 -

0.50 

7.80 5.60 

0.0194 

1.10 

4.80 

-0.0879-0.O68O-O.0580-

0.0730 0.1018 0.1122 

0.0186 0.0174 

3.46 

4.20 

-0.0532-

0.1190 

3.80 

-0.0530-

0.1220 

0.0164 

3.40 

0.0156 

3.10 

-0.0483-0.0460-

0.1250 0.1265 

9.5 

0.0335 

0.0234 

0.0176 0.0162 

0.0125 0.0120 

0.0209 0.0199 

0.0150 

2.90 

-0.0440-

0.1284 

0.0146 

2.76 

-0.0420 

0.1300 



TABLE 5 

(Cont.) 

Ad 

a id 

a 2d 

Ae 

a i e 

a 2 e 

Tungsten 

P-fP 

P-^IP 
MEV/Capture 

Ad 

a i d 

a 2d 

Zirconium 
Hydride^^/^ 

p^e/p 

MEV/Capture 

10.00 7 .53 5.71 4 .40 3.70 3.28 2 .92 2 .60 2 .35 2 .10 

-0.0940 

0.0184 

-0 .0794-0.0720-0.0725-0.0755-0.0788-0.0800-0.0830-0.0865-0.0905 

0.0365 0.0530 0.0629 0.0659 0.0658 0.0640 0.0614 0.0540 0.0430 

15.90 8.40 5.32 3.90 3.10 2.60 2.30 2 .00 1.75 1.60 

-0.0950 

0.0365 

0.1260 

0.0800 

0.89 

3.10 

-0.058 

0.185 

0.0840 

0.0340 

-0 .0805-0.0755-0.0808-0.0835-0.0850-0.0862-0.0880-0.0900-0.0935 

0.0615 0.0810 0.0930 0.0990 0.1010 0.0995 0.0940 0.0830 O.O63O 

0.0493 0.0416 0.0402 0.0406 0.0414 0.0423 0.0433 0.0440 0.0458 

0.0312 0.0277 0.0300 0.0335 0.0345 0.0365 0.0382 0.0400 0.0418 

1.50 1.50 1.28 0.77 0.58 0 .33 0 .33 

3.10 2.80 2 .40 1.80 1.35 1.10 0.80 O.6O O.6O 

-0 .058 -0 .078 -0 .099 -0 .132 -0 .159 -0 .181 -0 .199 -0 .210 -0 .214 

0.185 0.164 0.101 0.045 0.003 0.009 0.035 0.072 0.118 

0.0460 0.0372 0.0346 0.0340 0.0336 0.0338 0.0340 0.0343 0.0350 

0.0229 0.0220 0.0240 0.0255 0.0264 0.0275 0.0285 0.0295 O.O306 

0.12 1.85 0.60 0.41 0.25 0.27 0 .04 0 .03 



0^ 
TABLE 5 

(Cont . ) 

Ae 

a i e 

a2e 
Aluminum 

P^/P 

P-^/P 

MEV/Capture 

Ad 

a i d 

a 2d 

Ae 

a l e 

a2e 

Inconel 
or S tee l 

^/P 

P-'^-IP 

MEV/Capxure 

11.00 8.80 

-0 .134 -0.0800 

0.0662 

0.0840 0.0500 

0.0290 0.0248 

0.14 1.78 

12.50 6.45 

-0 .1130-0.0915 

0.0060 0.0730 

12.00 6.75 

-0 .1390-0.0942 

-0.0800 0.0660 

0.0825 0.0486 

0.0295 0.0239 

6.40 

-0.0632 

0.0950 

0.0382 

0.0238 

0.85 

4.98 

-0.0780 

0.1062 

5.10 

-0.0780 

0.1039 

0.0382 

0.0208 

5.35 

-0.0540 

0.1078 

0.0328 

.0 .0216. 

1.14 

4.10 

-0 .0700 

0.1230 

4.20 

-0 .0707 

0.1226 

0.0340 

0.0172 

0.17 

4.50 

-0.0498 

0.1158 

0.0296 

0.0197 

1.82 

3.60 

-0 .0645 

0.1370 

3.52 

-0 .0653 

0.1369 

0.0320 

0.0158 

0.37 

4.00 

-0.0460 

0.1218 

0.0274 

0.0192 

0.48 

3.30 

-0.0640 

0.1480 

3.02 

-0.0640 

0.1488 

0.0309 

0.0142 

0 .63 

3.60 

-0.0439 

0.1230 

0.0258 

0.0190 

0 .63 

2.80 

-0.0635 

0.1540 

2.77 

-0.0619 

0.1525 

0.0302 

0.0127 

1.20 

3.21 

-0.0420 

0.1298 

0.0248 

0.0186 

2.65 

2.42 

-0.0624 

0.1530 

2.68 

-0.0600 

0.1246 

0.0298 

0.0118 

1.50 

3.00 

-0 .0415 

0.1310 

0.0240 

0.0179 

2.20 

-0 .0615 

0.1460 

2.54 

-0.0588 

0.1151 

0.0298 

0.0110 

4 .61 

2.80 

-0.0398 

0.1320 

0.0234 

0.0167 

2.20 

-0 ,0605 

0.1348 

2.27 

-0 .0596 

0.1300 

0.0299 

0.0107 

0.17 



I 

o o 
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TABLE 5 

(Cont.) 

Ordinary 
Concrete 

P-lP 

P-^l'P 

MEV/Capture 

Air 

P-IP 

0.0875 

0.0302 

0.12 

0.0870 

0.0522 0.0408 

0.0260 0.0236 

0.58 1.27 

0.0516 0,0394 

0,0340 

0,0212 

0.96 

0.0329 

0.0304 

0.0200 

1.51 

0.0289 

0.0280 

0.0192 

0.74 

0.0263 

0.0265 

0.0185 

0.74 

0.0243 

0.0251 

0.0180 

0.71 

0.0228 

0.0242 

0.0176 

0.04 

0.0217 

0.0235 

0.0174 

0.03 

0.0208 

*Dose buildup factor constants are subscripted with a "d" and energy absorption buildup 

factor constants are subscripted with an "e" 
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The AIM-6 Neutron Diffusion Code 

The one-dimension multigroup diffusion theory approximation to the Boltz-

man equation in plane, cylindrical, or spherical geometry is aolved by 

AIM-6. The code handles up to 18 lethargy groups, 101 space points, 20 

material regions and allows for downscatter to as many as five groups. 

Microscopic cross sections (l6 and 18 group) are available, and are de

rived from LASL internal document N-2-753 and LAMS -2255, respectively. 

Any combination of three homogeneous, and one inhomogeneous boundary con

ditions, is available at either the interior or exterior boundary. 

The principal features of the code are: 

1. Calculation of fluxes and eigenvalues 

2. Fixed source distribution problems 

3. Criticality calculations on the transverse buckling, homogeneous 

poison, and critical radius 

4. Search on the critical concentration of one or two elements 

5. Location of a poison boundary, and a fuel boundary 

6. Calculation of adjoint fluxes 

7. Changes to library at time of execution 

8. Calculation of group-dependent extrapolation distances 

9. Data edit giving peak-to-average-power, percent fissions and ab

sorption, and mass by per element per region, median fission 

efflux, and absorption energy for core and by mesh point, leakage 

and absorption rates per region, integrated fluxes per group per 

region, etc. 

Several AIM-6 decks are available for special purposes. 

78 R-3007 

ULUlHUcn!RM.<b«.. 
• • • • »^W • • • ^F • < • • • • 



• • • • • • • • • • • • • • • • • • 
A D I V I S I O N O F M O R T M A M E R I C A N A V I A T I O N I N C 

lUNnllEN I IHL 

SHIELD MATERIAL SELECTION 

SHIELD PHILOSOPHY 

A shield designed for use in a nuclear rocket engine system is very dif

ferent from the sort employed in conventional ground-based nuclear reactors. 

Its primary purpose is to absorb heat-producing radiation from the reactor 

with little concern for reducing escaping fluxes to biologically permissible 

levels. The rocket engine shield must be narrowly directional to conserve 

weight, therefore providing protection only to those parts of the rocket 

vehicle which require it. It must be relatively compact, and have a cool

ing system capable of absorbing the tremendous quantities of radiation 

energy generated within it during operation of the engine. 

Shielding is necessary because the rocket engine system cannot be designed 

to operate efficiently in the powerful unattenuated heat-generating radia

tions of a propulsion reactor. The two areas of the engine system most 

in need of protection are components and atructure located cloae to the 

reactor, and propellant in the vehicle's tanks. 

Some leeway for the accommodation of nuclear heating exists in the design 

of components and structure: cooling can be provided for the individual 

parts, or local shielding can be added in special cases, but the propel

lant heating problem does not lend itself to such a variety of solutions. 

The temperature rise due to radiation in propellant entering the feed pump 

is a function only of radiation flux levels, reactor-tank separation dis

tance, and propellant flow patterns within the tank. In consideration of 

these facts, it appears that propellant heating is the more inflexible 

problem, and that both shield material and shield design should therefore 

be based on it. This shield will also provide considerable protection to 
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components and structure, while still allowing the designer to use all the 

weight-saving artifices and techniques possible to assure the functioning 

of all equipment in the radiation field. 

An optimum shield material or composite of materials must offer the best 

possible combination of neutron and gamma attenuation with respect to both 

the reactor radiation spectrum, and the relative contribution of each type 

of radiation to propellant heating. For this reason a propellant heating 

attenuation factor which allows a useful comparison between different 

types of shields has been devised. This factor is defined as the ratio of 

the unshielded integrated heat generated in an infinite column of fluid 

to that in the same fluid with the addition of a shield. Such a defini

tion takes into account the primary gamma radiation from the core, any 

neutron capture gammas from shield, the rapid absorption of fast neutron 

kinetic energy in hydrogen, and the isotropic nature of the hydrogen cap

ture gamma. Almost half the capture gamma energy escapes from the tank 

because the neutron flux is attenuated in the first few inches of propel

lant. This definition also serves as a general guide to the reduction of 

heat generation in components and structures. 

The strong directionality of radiation escaping from the reactor means that 

a shield need only be large enough to fill the solid angle subtended by the 

propellant tank relative to the reactor. Since shield thickness is only a 

function of the attenuation factor required, it is clear that the minimum 

shield weight will be obtained when the shield is mounted as close as pos

sible to the source of radiation. This means that the shield should be 

located inside the reactor pressure shell. Cooling can then be provided by 

the full flow of high-pressure propellant, and a separate pressure vessel 

is not required. There are some disadvantages to this location. The high 

heat fluxes, temperature gradients, and thermal stresses created by such 

close proximity to the reactor will demand a shield material with good heat 

transfer properties and adequate strength at high temperatures. The shield 
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should have no other undesirable effects, such as altering the power pro

file in the reactor core due to a change in neutron economy near its upper 

surface. All of the shield materials considered will be evaluated with 

regard to these requirements. 

SHIELD MATERIALS 

The range of possible shield materials can be divided into a few broad 

classes. Neutron attenuation favors the choice of light nuclei, and thus 

hydrogen deserves consideration either in its liquid form or as a hydride 

with other materials. Light elements such as lithium, beryllium, and 

carbon form another group. A final class of shield materials would en

compass the dense, heavy metals such as iron, tungsten, and uranium. 

Those of the latter group cannot be used alone because their high thermal-

neutron capture cross sections would cause large secondary gamma fluxes 

and lower the efficiency of the shield. It is desirable to "load" them 

with boron which removes thermal neutrons through the (n, a) reaction in 

B . Capture reactions within the propellant are similarly reduced. 

Attenuation properties of the 12 most promising shield materials have been 

calculated and are listed in Table 6. They are compared against a refer

ence material (graphite) for convenience in evaluation. The tabulated values 

show the relative weight and thickness of each material as compared to a 

graphite shield of the same attenuation factor. 

The values in this table demonstrate the relative merits of several of the 

most promising materials. The game;, attenuation numbers are based on the 

linear mass attenuation coefficients of the respective materials for a gamma 

energy of 2 Mev, the approximate mean energy of gamma radiation escaping the 

shield. Neutron attenuation values have been obtained through the use of 

fast neutron removal cross sections because it is the fast spectrum which 

is most important in propellant heating. These numbers are very valuable for 

comparing the attributes of a wide variety of different shield materials, but 

of course they do not take the place of a detailed analysis for evaluating 

the total effect of the shield on the engine system. 
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TABLE 6 

EQUIVALENT WEIGHTS AND THICKNESSES OF POSSIBLE SHIELD 

MATERIAIB AS COMPARED TO BORONATED GBAPHITE 

Shield 
Materials 

H 

LiH 

C 

Be 

2^^1.8 
Zr 

Steel 

W 

u 
Be + Steel 

Be -f U 

Density, 
gm/cc 

0.069 

0.82 

1.70 

1.85 

2.51 

5.60 

6.50 

7.80 

19.30 

18.90 

3.72 

3.50 

Required Weight of Shield 
Material Per Unit Weight 
of Boronated Graphite 

For Equivalent 
Fast Neutron 
Attenuation 

0.065 

0.26 

1.00 

0.57 

0.80 

1.49 

2.62 

1.91 

4.96 

4.49 

0.36 Be -1- 0.70 Fe 

0.51 Be + 0.51 U 

For Equivalent 
2.0 Mev Gamma 
Attenuation 

0.51 

1.00 

1.00 

1.13 

1.06 

0.94 

0.96 

1.03 

1.02 

0.92 

0.36 Be + 0.70 Fe 

0.51 Be + 0.51 U 

Required Thickness of Shield 
Material Per Unit Thickness 

of Boronated Graphite 

For Equivalent 
Fast Neutron 
Attenuation 

1.60 

0.55 

1.00 

0.52 

0.54 

0.46 

0.69 

0.42 

0.44 

0.40 

0.33 Be + 0.15 Fe 

0.47 Be + 0.046 U 

For Equivalent 
2.0 Mev Gamma 
Attenuation 

12.45 

2.08 

1.00 

1.04 

0.72 

0.29 

0.26 

0.23 

0.089 

0.083 

0.33 Be + 0.15 
Fe 

0.47 Be + 
0.046 U 

o o 
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As shown in Table 6, liquid hydrogen is by far the best shield material 

on the basis of shield material weight alone. Its atomic weight of 1 

makes it theoretically possible to remove all of a neutron's kinetic energy 

in one elastic collision. Its charge-to-mass ratio is approximately dou

ble that of any other material and makes it the best possible gamma shield 

on a per-unit-mass basis. These desirable atomic and nuclear properties 

are outweighed by the problems of utilizing liquid hydrogen for use as a 

single material shield. For example, a hydrogen shield to provide an 

attenuation factor of 6, the value resulting from the configuration analysis 

discussed in the next section, would have to be 11 ft thick. This would 

necessitate relocation of the turbomachinery from its central location and 

addition of a quantity of complex high-pressure ducting. 

Hydrogen's greatest disadvantage is in the removal of energy absorbed by 

the liquid shield; the only means of removing heat at low pressures is 

through boiling. An attempt to run full propellant flow through a low-

pressure hydrogen shield and into the feed pump would present even more 

undesirable pump inlet conditions than an unshielded configuration. If 

5/6 of the radiation energy entering a 40-degree solid angle at I5OO mega

watts was used to vaporize hydrogen, the total boiloff during a 1200-second 

run would be 25OO pounds, assuming the shield were continuously replenished. 

This loss is more than twice the weight of a boronated graphite shield de

signed for the same purpose. The shield boiloff is not hot enough to be 

considered as a tank pressurant; even if part of the flow were passed 

through a heat exchanger and heated to 56O R, there would still be 2140 

pounds more than is needed for tank pressurization. The only propellant 

bleed in the entire system which approaches the mass flowrate of shield 

boiloff is the turbine cold gas bleed, but this must be at the nozzle in

let pressure or above. A high-pressure liquid hydrogen shield would not 

allow heat removal through boiling because the fluid would be supercritical, 

and the pressure vessel needed to contain it would be prohibitively heavy. 
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Clearly, liquid hydrogen is not feasible for use by itself as a radiation 

shield. However, this does not rule it out for use in a composite shield 

employing another material to supply the majority of the attenuation. 

This possibility is discussed in a subsequent portion of this section. 

Other shield materials in Table 6 incorporate hydrogen as a hydride, and 

possess some of hydrogen's excellent neutron attenuation properties with 

the additional advantage of high density. They will make efficient, 

compact shields with good attenuation of both neutron and gamma fluxes. 

Table 6 would indicate that lithium hydride is the better of the two 

hydrides listed, but it must be ruled out because of its tendency to dis

sociate at high temperatures and in strong radiation fields. It might 

find use as an auxiliary neutron shield in combination with another mate

rial. Zirconium hydride may be employed as a single-material shield with 

no serious problems. 

Of the nonhydrogenous materials, only carbon and zirconium (Table 4 ), 

do not have troublesome high capture cross sections for thermal neutrons. 

Consequently, the high-cross-section materials cannot be used without 

some means of disposing of thermal neutrons before they are captured and 

create a secondary source of hard gammas. The best way of accomplishing 

this is to employ boron either as an alloy, as a mixture, or as boral 

(boron-aluminum) plates. Most of the thermal neutrons will then be re

moved in the (n,d) reaction in B , which deposits more energy in the 

shield but prevents it from reaching the rest of the vehicle. It is advis

able to use boron loading in any shield that tends to reduce neutron fluxes 

to thermal energies, because this will substantially reduce capture-gamma 

reactions in the hydrogen propellant. The amount of boron loading required 

to reduce capture-gamma fluxes to an order of magnitude less than the 

attenuated primary fluxes is only a percent or two by weight. 
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Carbon, beryllium, and boron carbide (B.C) stand out among the non-

hydrogenous shield materials as combining good neutron attenuation prop

erties with fair gaimna attenuation. However, because of the low thermal 

conductivity of boron carbide (about one fourth that of graphite) only 

carbon and beryllium have adequate physical and mechanical properties to 

permit their use in a compact shield mounted within the pressure shell. 

Although beryllium is preferable to carbon for neutron attenuation, this 

advantage is offset by carbon's superior gaimna attenuation. Therefore, 

since carbon and beryllium are so similar in their densities and total 

attenuation properties, other factors must be considered in choosing be

tween them. The most important of these is cost; a beryllium shield to 

provide an attenuation of 6 would cost approximately $150,000 for the 

material alone. Graphite (with the previously mentioned boron loading) 

is therefore the most promising of the single-material shields, although 

beryllium should be reconsidered for use as an auxiliary neutron atten

uator in a composite shield. 

To choose a composite shield, the materials must provide better radia

tion attenuation in combination than could be provided individually. 

Although it may not be appreciably lighter than one of the better single-

material shields such as graphite, a more compact shield may 

be obtained. The desirability of locating the shield within the pressure 

shell again disqualifies liquid hydrogen and lithium hydride, although 

the hydrogen coolant passing through the shield will provide a small 

amount of additional attenuation. Beryllium remains as the logical 

choice for the neutron attenuating component of a composite shield. The 

gamma attenuating component could be any of the relatively heavy elements 

listed in Table 6, because they have similar gaimna attenuating proper

ties and are dense enough so the difference in thickness of the result

ant shields would be unimportant. Iron (steel) has markedly superior 

neutron attenuation properties, is easier and less expensive to fabricate, 

and therefore is the best choice. 
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The optimum proportions of iron and beryllium in the composite shield 

are determined by the resultant heating effect of the attenuated flux 

in tanked propellant. Theoretically, the optimum composition would be 

that in which the same reduction in heat generation is obtained from 

the addition of a small additional amount of either material. Although 

the calculations necessary to precisely determine the ideal composition 

are lengthy, an approximation which is sufficiently close for the pur

poses of this analysis can be obtained. In view of the similar gamma 

attenuating properties of the two materials, iron would be the material 

chosen on the basis of gamma absorption alone because of its high 

density and low cost. Beryllium, on the other hand, is by far the 

superior neutron shield and is employed primarily for this purpose. 

Then, an approximation to the ideal composition can be obtained by 

simply adding to an existing iron shield an amount of beryllium neces

sary to reduce the neutron-caused propellant heating to some arbitrary 

fraction of the gamma effect. If the proportion of beryllium chosen is 

small relative to the iron fraction, the error in the required weight 

of beryllium will be quite small relative to the total weight of the 

shield. It is assured that the iron-berylliimi shield chosen for compar

ison with the other possible materials is representative of the best 

possible combination of the two constituents. For this analysis, the 

proportions of beryllium and iron in the resulting composite would atten

uate gammas and neutrons in the same ratio as would graphite. This com

position contains 34 percent beryllium by weight; an amount that is 

probably several percent more than the true optimum for approximate at

tenuation factors of 6, but which will cause very little error in the 

resultant over-all shield weight because of the similar gamma shielding 

properties of the two components. 
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The list of possible shield materials has been reduced to the three most 

promising types: zirconium hydride, graphite, and iron-beryllium. All 

three will employ boron loading to capture thermalized neutrons as was 

previously explained. It is now necessary to perform detailed propel

lant heating calculations with each of these shields to demonstrate the 

superiority of one type. Table 7 outlines the various shields which 

will be analyzed with respect to their effects on propellant heating, 

TABLE 7 

SHIELD MATERIALS AND COMPOSITIONS USED 

Shie ld 

Zirconium 
Hydride 
(ZrHi.8) 
Containing 1 w/o 
Boron 

Graphi te 
Containing 
1 w/o Boron 

Borated S t ee l 
followed by 
Beryl l ium con
t a i n i n g 2 w/o 
Boron 

Composition 
dens i ty , 
gm/cc 

5.6 

1.7 

3.72 

Element 

H 
B 
Zr 

B 
C 

S tee l 
B 
Fe 
Ni 

Beryll ium 
B 
Be 

Number Densi ty , 
Atoms/cc X 10"^^ 

0.0654 
0.00312 
0.0363 

0,000945 
0.0854 

0,00434 
0,0665 
0.0160 

0.001029 
0,1239 

Thickness 
Considered, i n . 

3 and 5 

9,88 and 
16,47 

1.41 S tee l + 
3,11 Be 

2,35 S tee l + 
5,18 Be 

An attempt has been made to choose these examples so the results will 

show the relative merits of the three shield types in the range of at

tenuation indicated by the optimization analysis. It is likely that the 

attenuation properties of the three will be very similar, therefore other 

criteria must be considered in the final material selection. The carbon 

shield may be too thick for convenient mounting, while the zirconium hy

dride shield may suffer from its relatively low thermal conductivity and 
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need for protective cladding. The extremely high cost of beryllium will 

be a factor against the iron-beryllium shield, other things being equal. 

All of these considerations which are factors in the design of the re

actor-reflector-pressure-shell assembly are weighed and evaluated in the 

next section. 

Optimum Shield Material and Design. The primary criterion used for shield 

evaluation to this point has been the attenuation factor obtainable with 

minimum shield weight. Thus it has been assumed that the important radia

tion effect on propellant is the integrated energy deposition; no impor

tance was attached to the relative amounts of propellant heating supplied 

by neutrons and gammas. This assumption is acceptable for the preliminary 

analysis and design, but it must be discarded when the nature of tank in

ternal flow patterns is used as a determining factor. 

If the propellant flowed evenly out of the tank and into the feed pump 

(the potential flow model described in this report) then the integrated 

energy deposition concept would be valid. But potential flow does not 

appear likely in view of the large amounts of radiation energy absorbed 

by the propellant, especially in regions near the tank bottom. A large 

proportion of the total absorbed radiation energy is deposited in the 

first few inches of propellant above the tank bottom and will cause con

vection currents within the tank. Because the fast neutrons are the pri

mary cause of this localized heat generation, there may be considerable 

advantage in shielding fast neutrons preferentially. 

Several of the previously mentioned shield materials are suitable for use 

in a composite shield to reduce fast neutron fluxes preferentially. Ber

yllium was employed for this purpose in the iron-beryllium shield, and 

additional beryllium would reduce the neutron-to-gamma ratio still further. 
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An auxiliary neutron absorber positioned above the primary shield, is 

subject to far less internal heating and can be made of a material such 

as lithium hydride which would otherwise be unsuitable for use as a 

single-material shield. Only small weights of additional absorber would 

be needed to cut the fast neutron heat generation at points within the 

propellant to valves less than those due to gammas. Even high pressure 

hydrogen cannot be discounted, since only a few inches may be sufficient 

to achieve the desired attenuation. 

Large system weight reductions will be realized if the propellant flow 

pattern resembles the potential flow model. Weight savings will result 

from the reduction of tank pressure and shield requirements, and the 

entire engine system will become lighter and more compact. Preferential 

neutron radiation absorption represents a feasible method of preventing 

propellant recirculation currents, but other possibilities exist through 

the utilization of internal tank baffles. Such baffles are described 

in the next section of this report. Because such great advantages lie 

in obtaining a desirable mode of tank flow, it should be the object of 

intensive research and development. 
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RADIATION PROBLEM AREAS AND MEANS OF SOLUTION 

PROPELLANT HEATING 

Nuclear Heat Generation in Propellant 

The objectives of the analysis described in this section are (l) to describe 

the calculations performed to determine propellant heating rates result

ing from radiation escaping the reactor vessel, and (2) to utilize the re

sults of a parameter study on the effectiveness of several shield materials 

from the standpoint of minimum shield weight. 

Heat generation rates in propellant with and without shielding were cal

culated. Results of these calculations were made for the shield mate

rials and thicknesses are shown in Table 7 . The analysis was performed 

for a separation distance of 14 feet; however, propellant heating at 

different separation distances can be determined by applying an inverse 

square correction to the results. Total heat generation rates for the 

shields considered are summarized in Fig. 20 for a reactor power level 

of 1500 megawatts. 

The fast and thermal neutron flux distribution in the propellant tank was 

determined using the methods described previously. The fast neutron flux 

was calculated with the GRACE I code. To account for the axial power dis

tribution in the core , the core region was divided into 6 axial subregions 

of exponentially varying power distribution. The radial power distribu

tion for the core was assumed constant. The ratio of fast to thermal flux 

in the propellant was calculated with the AIM-6 code. In obtaining this 

ratio, the fast flux was defined as the total flux above 0.8 Mev, and the 
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thermal flux as the total thermal absorption rate divided by the 2200 cm" 

value of the macroscopic absorption cross section. This definition of the 

thermal flux provides a convenient method for determining the capture 

gamma-ray source strength in the propellant without having to account for 

the large changes which take place in the thermal neutron spectrum with 

increasing penetration into the tank. Although this approach is not ab

solutely correct, it is believed to be sufficiently accurate for this 

analysis because, as will be shown later, the propellant capture gammas 

are not the prime contributor to propellant heating for a shielded 

system. Furthermore, some conservatism exists in the predicted thermal 

flux distributions. This conservatism is a consequence of assuming the 

propellant to be composed of normal hydrogen, i.e., 75 percent ortho-

hydrogen and 25 percent parahydrogen. In reality the propellant is com

posed of 95 percent parahydrogen, a result of the cryogenic temperature 

of the fluid. Since the transport cross section for parahydrogen is con

siderably less than the corresponding value for orthohydrogen, the neutron 

leakage in the propellant should be greater than calculated, and therefore 

the predicted thermal flux distributions should decrease. Thus, the con

tribution to propellant heating from hydrogen capture gammas has been 

overestimated. 

The fast and thermal neutron flux distributions in the propellant tank 

are shown in Fig. 21 , 22 , and 23 . To evaluate the effectiveness of 

the boron in the shield materials, the thermal neutron flux in the pro

pellant with and without 1 weight percent boron in a 3-inch zirconium 

hydride shield was calculated (Fig. 22). For this particular case the 
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boron reduces the thermal neutron flux in the propellant; hence, the 

gamma-ray source strength is reduced by a factor 3 to 6. Thus, with no 

boron in the shield, the increase in the total heat generation rate is 

in excess of 50 percent. And, it was concluded that boronation of the 

shields is required for maximum shield effectiveness. 

Determining accurately total heat generation rate in the propellant 

because of kinetic energy loss by fast neutrons is an extremely diffi

cult problem. However, with a number of simplifying assumptions a 

reasonable estimate of its magnitude and distribution can be made. The 

assumptions utilized for this calculation were: 

1. The magnitude of the fast neutron current at any position in 

the propellant is equal to the magnitude of the fast neutron 

flux ( > 0.8 Mev) at that point. 

2. The average fast neutron energy is 2.0 Mev. 

3. Each neutron removed from the fast neutron current by elastic 

scattering with hydrogen loses all its kinetic energy at the 

point of removal. 

Thus, the heat generation rate in the propellant resulting from the 

absorption of 2.0 Mev of kinetic energy for each neutron removed from 

the fast neutron current, is: 

H (x) = 6.9 X 10"^^ X 2.0 X ̂  [ V cf)j (x)] (20) 

= 1.38 X 10 •13 cp. (x) Btu/lb-sec, 

R-3007 

eSNFIBENfm: 
95 



A D IV IS ION OF" N O R T H A M E R I C A N AVIATION INC O F N O R T H A M E R I C A N AV 

CQyr|nr||Ti|i 

-14 / / 
where 6.9 x 10 is the conversion from Mev/gm to Btu/lb, Thus, for a 

propellant density of 0.067 gm/cc and a fast neutron removal cross 

section, X. , of 0.0651 cm 

H (x) = 1.3 X lO"-̂ ' ̂ f(x) Btu/lb-sec 

The core gamma contribution to the propellant heat generation rate was 

calculated using the GRACE I code. The axial power distribution in the 

core was included in the same manner as described for the fast neutron 

flux calculation. The core gamma-ray spectrum was represented by the 

10-group spectrum given in Table 5 • 

The contribution to propellant heating from hydrogen captures in the 

tank was also calculated with GRACE I. The tank diameter was assumed 

to be 260 inches. The source distribution was obtained by multiplying 

the thermal flux distribution in the tank by the 2200 m/sec macroscopic 

absorption cross section for the propellant and by the 2,23 Mev gamma-

ray energy produced per hydrogen capture. 

Using a borcnated shield material it was found that capture gamma rays 

produced in other materials in the system would be negligible. 

The heat generation rates in the propellant for the different shield 

materials considered are shown in Fig, 24 through 30. The results 

are summarized in Fig. 20 , It was found from these results that, 

regardless of the shield material and thickness considered, the total 

heat generation rate in the tank at 1500 megawatts as a function of 

distance above the bottom of the tank can be approximated by: 

• ^ t 

H (x) = 95.0 
d 2 
s 

e-1-59^ + 0.338e-«''6^o.378e-<'-219xl 3^^^^^^ 

(21) 
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where: 

H(X) = heat generation rate at I5OO megawatts, Btu/lb-sec, 

d = separation distance, feet, 

X = distance into propellant from bottom of tank, feet, 

t = shield thickness, inches 

o = attenuation coefficient for the shield material considered, 

inch 

The values of fS for each shield material are: 

Material 

Zirconium hydride 

Borcnated graphite 

Banmated steel and beryllium 

A. in. 
-1 

0.519 

0.1622 

0.288 

The total amount of heat deposited in the propellant per square foot of 

tank bottom is 

S=P j 2(x) dx = ̂  = e-^* Btu/ft^ •sec. (22) 

The attenuation factor for a given shield is defined as f(t) = ei^ . 

This factor is shown graphically in Fig. 31 for each of the three 

shields considered as a function of O t, i.e., the average shield den

sity times the shield thickness. From this figure, it is readily seen 

that a boronated graphite shield is slightly better than a boronated 

zirconium hydride shield, and that both of these shield materials are 

considerably better than a shield composed of boron steel and boronated 

beryllium. 
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Propellant Flow and Convection Currents 

Liquid hydrogen contained in the propellant tank may be heated by several 

mechanisms. These include; 

1. Nuclear radiation absorption during nuclear rocket engine firing 

2. Heat transfer by convection and thermal radiation from the ground 

atmosphere before flight 

3. Aerodynamic convection heating while in flight in the earth's 

atmosphere 

4. Solar radiation, particularly during the coast phase of the flight 

5. Heat transfer from hot tank pressurizing gas to cold propellant 

This section is restricted to consideration of the effect of nuclear radia

tion heating discussed previously. 

The magnitude of the liquid hydrogen temperature rise, due to nuclear 

radiation heating as it discharges from the tank, depends on the type of 

liquid motion in the tank. Three possible flow models are considered 

here: (l) potential (or nonviscous) flow with buoyant forces and thermal 

conduction neglected, (2) completely mixed flow in which the temperature 

of the fluid leaving the tank at any instant is equal to the uniform fluid 

temperature within the tank, (3) recirculation flow in which the nuclear 

radiation absorbed near the bottom of the tank sets up a natural convec

tion current which carries heated propellant up the inside walls of the 

tank to the top of the fluid level where it forms a stratified layer. 

The recirculation-flow model results in the largest propellant temperature 

rise as complete tank drainage is approached. This model is also the most 

realistic of the three models in a simple tank because of the relatively 

R-3007 103 
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low bulk propellant velocity in the tank except near the bottom of the 

tank axis, and the great tendency of liquid hydrogen to form natural con

vection currents due to its relatively high coefficient of thermal ex

pansion and its low kinematic viscosity. However, as discussed below, 

it may be possible with a properly designed tank baffle to prevent the 

formation of a natural convection current and, thereby, approach the 

potential-flow model. 

Potential-Flow Model. A typical propellant tank is shown in Fig. 32, 

The assumption of irrotational, potential (or ideal, nonviscous), in

compressible, steady-state flow with no vortex motion throughout the 

tank, leads to the following differential equations (Ref, 22) in cylin

drical coordinates for describing the velocity distribution. 

Continuity. 

(3 v v ^ v 

~5T "--^ -"-^ = ° (23) 

Momentum ( E q u a t i o n s of M o t i o n ) . 

r a d i a l d i r e c t i o n 

O V dv g i 
r r c o p 

V — 3 + V = ^ ^ 
r TT ^ \ -57- = -?" "ar (̂ '̂^ 
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DRAIN TIME 

•• 260 IN. 

20 DEC 

85.3 LB/SEC 

Figure 32, P r o p e l l a n t Tank Example 1500 Megawatt Reactor 
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vertical direction 

av 
+ V 

fc ±2. 
P dz 

(25) 

where 

g = Acceleration due to gravity (may vary from approximately 

0,5 to 1.5 times normal value at sea level for a nuclear 
\ / 2 rocket engine), ft/sec 

Conversion factor 32.17 Ibm-ft/lbf-sec 
c 

P 

z 

z 

Pressure, Ibf/sq ft 

Distance in radial direction, ft 

Velocity in radial direction, ft/sec 

Velocity downward in vertical direction, ft/sec 

Distance downward in vertical direction, ft/sec 

The solution of Eqs.23to25is subject to the boundary conditions of the 

flow. For the tank shape shown in Fig. 32 , these conditions present 

considerable difficulty in obtaining an analytical solution in closed 

form. Therefore, the equations were solved graphically by means of a 

two-dimensional electrical field plot using conducting paper. This 

necessitated the assumption that the velocity ratio (velocity at any 

radius, r, divided by the mean velocity at that vertical distance, z) 

for the actual situation is the same as that for the two-dimensional case. 

However, the maximum error due to the use of the two-dimensional field 

plot was estimated from Ref, 23 to be only about five percent. The 

results of the calculations for the tank shown in Fig. 32 and a hydro

gen flowrate of 85.3 lb/sec are shown in Fig, 33 and 34. These 
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Figure 33 . Potent ia l Flow Velocity Distr ibution 
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Figure 34 , Potential Flow Velocity Distribution 
(Vertical Component) 

R-3007 

{^niirinrNTiAt i\m\ HIkl! I IfHI;. 
107 



• • • • ••• • • • • • • • • • • • • • • • • « » . . • • • • -h C^ BC te '%?^li'VrFm TE. 
A D IV IS ION O F N O R T H A M E R I C A N AVIATION INC 

' uUnHoLiiTln^ 

curves are valid only vhen the fluid level is above the bottom of the 

cylindrical section of the tank. In Fig. 33) ^̂ he absolute fluid 

velocity is plotted against tank height with a parameter of stream sur

face location. For example, the 60-percent stream surface refers to the 

surface of a stream tube outside of which 60 percent of the flow occurs. 

Therefore, the tank centerline is 100 percent, and the tank wall zero 

percent. Figure 34 presents the vertical component of the fluid 

velocity plotted against tank height with a parameter of stream surface 

location. As can be seen from Fig. 33 , the velocity at a given tank 

height varies considerably over the cross section. For example, at an 

elevation of 2 feet, the centerline velocity is 0.85 ft/sec, while the 

wall velocity is only 0.132 ft/sec with a vertical component of only 

0.064 ft/sec. As will be discussed in the portion on the recirculation-

flow model, the tendency toward relatively low velocities at the tank 

wall permits upward-flowing natural convection currents to form due to 

nuclear radiation heating. 

!« calculate the propellant temperature rise due to nuclear radiation 

heating during tank discharge for the potential-flow model, a modifica

tion of the short method of Graves and Streetman (Hef. 24 ) may be used. 

The modification consists of transforming the tank bottom shape shown in 

Fig. 32 to a square-bottom configuration shown in Fig. 35. 

Then, neglecting leakage of nuclear radiation out of the tank, the tem

perature rise of the propellant is given by a heat balance: 

47rD^(l - cos a ) O H. xdx 
mCpdT = -/OSH^^^dx = - . Lii- (26) 
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Figure 35. Transformation to a Flat-Bottom Tank 
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where 

C = Propellant specific heat, Btu/lb-R 

H 
(x) 

L 

m 

S 

T 

a 

= Separation distance from the center of the reactor 

core to the bottom of the tank, feet 

= Heat generation rate, Btu/lb-sec 

= Initial height of propellant in tank, feet 

Propellant discharge rate from tank, lb/sec 

Cross-sectional area of propellant tank, sq ft 

Temperature, degrees R 

Depth of penetration of nuclear radiation into propel

lant, feet 

= Half angle (Fig. 35) 

The maximiun temperature rise, which occurs \vhen the last bit of propel

lant drains from the tank, is therefore. 

AT a 47rD (1 - cos a ) P 
max 2 m C 

H/ X dx 
(xj 

(27) 

But by the transformation shown in Fig. 23 

1 - cos CL /N; 
2 ~ 16 (d D -(- D ) 

(28) 
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where 

d = diameter of cylindrical section of propellant tank, feet 

Therefore Eq. 27 may be written as 

2 2 
^ ^ ~ TT D d n 

max '— 
4(d D + D ) m C o 

P 

L 

(x) 
dx (29) 

The equation presented for the heating rate in the section Nuclear Heat 

Generation in Propellant may be written for I5OO megawatts as 

H 91. 
(-) " D^ A 

^-1.59 X -0.46 X _ „_ -0.219 X 
e + 0.338 e + 0.378 e 

(30) 

where 

-P' 
= Attenuation factor 

If Eq. 30 is substituted in Eq.29 and the resulting integral is evaluated, 

the result is 

AT ^ 
957rd p 

max 4(d D + D ) m C A 
P 

T39 <•'-
•1.59 L 

) 

0.338 /, -0.46 Lx 0.378 /, ^ -0.219 Lx 
(31) 
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For a given separation distance, D, and attenuation factor, A, Eq. 31 may 

be used to determine the maximum propellant temperature rise, A T , for 

potential flow. The exponentials involving L vanish for values of initial 

propellant height, L, greater than about 30 feet. 

Equation 31 gives the maximvun temperature rise of the propellant. It is 

the temperature rise of that portion of the propellant which is initially 

at the top surface and, has a residence time in the tank approaching the 

full-drain time period. To calculate the temperature rise as a function 

of time, the factor, L, in Eq. 31 niay be replaced by 

where 

t = time from start of draining, seconds 

t̂  = time to completely drain tank with initial level at 
L 

L, seconds 

The derivation of Eq. 31 neglects the effect of heat transfer in the 

vertical or axial direction. This is justified by the following theo

retical consideration. Since the fluid is assumed to be in streamline 

flow, any heat transfer will take place by thermal conduction. Thus, an 

additional term for conduction may be added to Eq.26 for the heat balance 

giving 

2 
m C dT = - /OSH, X dx + kS ^ dx (32) 

P ^ ' dx 
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where 

k = propellant thermal conductivity, Btu/hr-ft-R 

Equation 32 may be rearranged to 

dT + P ^(x) / kS \ d^ T _ 
dx m C " i m C 1 , 2 ~ 

p \ p / d X 
(33) 

The order of magnitude of the conduction term may now be compared. This 

is most conveniently done at the bottom of the tank where the temperature 

gradient and thus, the tendency for thermal conduction to take place, is 

greatest. If thermal conduction is important then the third term must be 

of the same order of magnitude as the first and second terms. Thus, 

dS P ^(x) 
—r- must be of the order of —r-^—'-
dx^ ^ 

For liquid hydrogen 

p= 4.3 Ibm/cu ft 

k S 0.00002 Btu/ft-F-sec 

A typical value for H/ \ at the bottom of the tank would be 

H/ X = 0.2 Btu/lbm-sec (x) '' 
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Therefore, 

dx^ 
must be of the order 

4.3) (0.2) 
0.00002) 

= 43,000 
sq ft 

in order for thermal conduction to be important. This is not the case, 

however, because without thermal conduction, it can be seen from Eq. 33 

that 

dT ^ _P_^M. 
dx m C 

p S (95) 

m C D^ A 
P 

-1.59 X „ „_ -0.46 X e -̂  -f 0.338 e -i-

0.378 e -0.219 X 

Therefore, taking the derivative. 

d̂ T 

dx , 

x=o 

p s(95) 

m C D^ A 
P 

[l.59 + (0.46)(0.338) + (0.219)(0.378)] 

Using v a l u e s of 

p = 
s = 
m = 

P ~ 

D = 

A = 

4.3 Ibm/cu ft 

40 sq ft 

85.3 Ibm/sec 

2.5 Btu/lbm-R 

10 feet 

4 

c = 

114 
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we o b t a i n . 

4 1 - <'-279 ^ sq f t 

This is a very small value compared to 43,000. If thermal conduction 

were important, the value of 0.279 would even be lower. Therefore, it 

must be concluded that thermal conduction in the axial direction can be 

neglected. 

Completely-Mixed-Flow Model. During the tank drainage period of the com

pletely-mixed-flow model, the propellant in the tank is completely mixed. 

Thus, although the magnitude of the nuclear radiation absorption decreases 

exponentially with depth into the propellant as seen in Eq, 30 the mixing 

action instantaneously distributes the heat uniformly throughout the pro

pellant. The temperature of the propellant leaving the tank at any in

stant is equal to the mixed temperature of the propellant in the tank. 

(̂t) 
.2 ,2 TTJ) d p H, X 

rr^^ d X d 
4(d D + D ) 

(34) 

where 

¥ = weight of propellant in tank at time, t, Ibm 
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The maximum temperature r i s e i s t h e r e f o r e , fo r a I5OO me;gawatt r e a c t o r 

t . ^x 

AT S 
9^^'^V r T '̂He-̂ -̂ 9x ^ ,^333^-0.46x ^ ^^3^3 -̂0.219x) 

4(dD + D^) Cp A J^ 0/0 

dx d t 

\f 
(35) 

Both the weight of propellant in the tank, W, and the elevation of propel

lant in the tank at any instant, x/,\, are related to the time by the 

expressions 

W = W (1 - ^ ) 
0 ^ t.' 

L 
(36) 

(̂t) = L (1 - - r ^ ) (37) 

Substitution of Eq. 36 and 37 into Eq. 35 gives 

A T S 
95 d^ TT /D 

4(dD + D ) C A 
•P 

L( l - - ^ ) 
L ( -1 .59x „ , , 0 -0 .46x ^ „ „ -0.219x') 

\ e + 0.338e + 0.378e ^ / 

fO OfQ V (1 ̂  , 
0 ^ t. 

dx dt 

(38) 

To facilitate the integration, it is worth\diile to make the following 

transformation of variable in Eq. 38. 

*i = ^ - - t : 
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Then, integration of Eq. 38 with respect to x gives 

AT = 
95 d TT p 

4(dD + D ) C Am 
P 

L̂ 1 [ -1.59 Lti ] 0.338 f -0.46Lti 1 

0.378f -0.219Lt^ 
0.219 \ - 1 dt. (39) 

The following additional transformations are made on Eq. 39 to obtain a 

readily integrated form 

tg = 1.59 Lt^ 

t = 0.46 Lt 

t, = 0.219 Lt, 4 1 

In addition, the upper limit of time is taken at t̂  which corresponds to 

the maximum A T. Then, Eq 39 becomes 

AT ^ 
95 d TT yO 

max 4(dD + D ) C Am 
P 

1.59 
e-^2 dt. 

'1.59L 1.59L 
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0-338 
0.46 

"3 \ ̂  0-378 
t_ j ̂  0.219 

e 4 ,, dt. 

0.46L 0.46L 0.219L 0.219L 

(40) 

Equation 40 contains three pairs of improper, indeterminant, integral 

expressions of the general form 

-z 
dz dz 

0 0 - 0 0 (41) 

These i n t e g r a l s a r e f i n i t e , however, and may be eva lua ted by w r i t i n g 

Eq. 41 i n the equ iva len t form 

,C0 

dz + 
- z 

- 2 — dz -H - z 
e dz 

00 

1 

dz^ dz 
z 

(42) 

Now 

- z 
dz - dz dz dz = 

jl^fU Z - y ^ O - Z -I-

2 3 
z z 

Z - TT-TT. -I-2'2 | 3-3! 
( - i ) V 
n • n I 

., 1 

= 0 . 7 9 7 (43) 

-•o 
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Thus, the log terms cancel and the remaining series is rapidly convergent. 

Therefore, Eq. 40 becomes 

AT 
max 

95 d'̂  TT P 

4(dD -f D^) C Am 
P 

1.59 

00 

e 2 

1.59L 

dt. 
*2 ^ 

00 

/

oo 

• 0.219L ^ 

• M - 2 dt. . 

, ^ ( 0 . 2 1 9 L ) ) + 3-089 (0.797) (44) 

max 

For a given separation distance, D, and attenuation factor. A, Eq. 44 

may be used to determine the maximum propellant temperature rise, A T 

for completely mixed flow. The integrals in Eq. 44 may be evaluated 

using the curves in Ref. 25 . For a value of initial propellant height, 

L, greater than about 30 feet, the three integrals involving L as part 

of the lower limit tend to vanish. 
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Equation 39 niay be developed, as follows, into a form suitable for cal

culating the temperature rise for completely mixed flow as a function of 

time. In this case, the same transformations as used above lead to the 

equation 

AT S 95 ^ TT P 

4(dD + D^) C Am 
p 

1.59 

il.59L (1 
/ -z 

1.59L 

L 1 
dz + 

0.338 
0.46 

0.46L (1 - T^) 

0.46L 

0.219 (l - -^) _| 

^^\, , £ ^ ff^-^) dz 
z z / 0.219 o/ \ ^ ^ / 

0.219L 

(45) 

where z = variable of the transformation. 

The integrals in Eq. 45 are not improper and, therefore, do not present 

the difficulty of evaluation that was discussed in connection with Eq. 40 

Reference 25 may be used again to evaluate the exponential integral 

noting that 

00 CO 

dz dz -z 
dz 

It should be mentioned that the above model of completely mixed flow is 

identical to the solution of a potential-flow (non-mixed) model where 

the thermal conductivity of the propellant is infinite. Of course, such 

is far from the actual situation with liquid hydrogen, as we have seen. 
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Recirculation-Flow Model. The basis for the development of the recircula-

tion-flow model is the recent experience reported in the literature (Ref, 26) 

concerning stratification in cryogenic propellant tanks caused by aerodynamic 

heating. Here, the fluid adjacent to the warm tank wall is heated, causing 

it to rise to the top of the tank by natural convection where it remains essen

tially as a stratified layer at a higher temperature than the main bulk of 

propellant below. As discussed above, the relatively low thermal conductivity 

of cryogenic liquids prevents any appreciable heat exchange by conduction be

tween the layers. 

In a similar manner, natural convection currents can be established in 

the propellant tank by nuclear radiation heating (mainly the leakage 

neutron contribution which is largely localized to the first several 

inches of propellant depth at the bottom of the tank) provided that the 

upward buoyant force of the natural convection current tending to form 

is high enough to overcome the downward inertia force of the flowing 

propellant. 

The usual criterion for natural convection, in the absence of boiling, 

is the dimensionless Grashof number, N„ which is defined by the 
Gr 

equation 

N, 
Gr 

L ^ ^ g /3 ( A t) 

2 
(inertia force) (bouyant force) (Lf,) 

(viscous force) 
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L = 

P-
At . 

Some characteristic dimension, feet 

Coefficient of thermal expansion for the fluid, R 
-1 

Temperature differential between fluid next to the warm wall 

and the bulk of the fluid, R 

U. = Fluid viscosity, Ibm/ft-hr 

Under conditions of a zero free-stream or bulk fluid velocity, the usual 

range of Grashof number for a fluid with a Prandtl number of about one 

is (Ref. 27 ) shown below. 

Flow Regime 

Tlaminar free convection 

Turbulent free convection 

^Gr 1 
Vertical Plate 

4 9 
10 to 10^ 

10^ to 10^^ 

Horizontal Plate 

10^ to 2 X 10^ 

2 X 10^ to 3 X 10^° 

For liquid hydrogen at a temperature of 40 R, 

p = 4.24 Ibm/cu ft 

p. = 0.029 Ibm/ft-hr 

P = 0.0106 R"-̂  

Also, 
8 2 

g = 4.17 X 10 ft /hr. This value, that of gravitational accel
eration on the earth's surface, was chosen as typical of that 
during flight of a missile using the K-1 engine. 
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And i f L and A t are taken as 

L = 1 foot 

A t = 1 deg, R 

then, the Grashof number is 

N, 
Gr 

(1)^ (4.24)^ (4.17 X 10^) (0.0106) (l) ^ ^^^ ^ ^^10 

(0.029)^ 

This value is in the turbulent free convection region. In this region, 

some idea as to the order of magnitude of the velocity in the free con

vection zone may be obtained from Ref. 28 . The following equation is 

given for the maximum velocity in the boundary layer on a vertical, flat, 

heated plate: 

u = 0.636 
max T. ''^'''' 1 + 0 . 4 9 4 (Np^)^/^ 

1-1/2 
(47) 

Using the values of pL , O , L and N^ given above and a Prandtl number, 

1/2 

N , of 1.05, the maximum velocity is 

U = (0-636)(0.029)(9.46xlO^Q)^/^ [-̂  ̂  ̂ ^^^^ (1.05)^/^' 

4.24 (1) max 

= 1080 ft/hr 

= 0,3 ft/sec 
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As can be seen from Fig. 33 , this velocity la considerably larger 

than the potential flow velocity near the wall at distances greater 

than about two feet above the tank bottom. 

The above considerations are strictly applicable only viien the free-stream 

velocity approaches zero. When the free-stream velocity la finite, an 

analysis of the boundary layer equations in dimensionless form as given by 

Eckert and Drake (Ref. 29 ) shows that the criterion for the influence 

of natural convection is 

^Gr ^g/^( ^^^ (bouyant force) , , 
,—;2 = 2 " . ,. , . (̂ 8) 
(,N„ ; V (inertia force) 

where 

Np = Reynolds number 

V = Downward free-stream velocity, ft/sec 
z 

Using the values cited above and a value of 0,054 ft/sec for v (which 
z 

corresponds to the propellant flow velocity in the cylindrical section of 

the tank), Eq. 48 gives 

^Gr ^ (1) (32.2) (0.0106) (1) ^ ^̂ ^ 

{^^f ~ (0.054)2 

This is a rather high value. As pointed out by Acrivos (Ref. 30 ), for 

upward, external flow over a flat, heated, vertical plate, free convection 

predominates (if N- « l) at values of N„ /( N „ ) above about 2. If the 
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same result is assumed to apply for downward, external flow, then, except 

in the region very close to the discharge point of the propellant tank, it 

appears that the bouyancy force is large enough to indicate that a tur

bulent, natural convection layer will tend to form next to the tank wall 

near the bottom of the tank and carry heated propellant to the top of the 

tank. This view is also supported by the rather large Grashof number 

for liquid hydrogen and the resulting relatively large maximum velocity 

of the natural convection boundary layer. 

Based on the above evidence that a natural convection layer will tend to 

form next to the propellant tank wall, a recirculation-flow model may be 

developed as follows. As with the potential-flow and completely-mixed-

flow models, the transformation shown in Fig. 35 for converting to a 

square-bottom tank is again used. It is then assumed that all the nuclear 

radiation absorbed in the first foot of depth, x, (from Eq.2l)is effective 

in promoting the natural convection layer. At a depth of one foot there 

is a relatively sharp break in the heat-generation-rate equation. This 

layer flows radially out along the inclined tank bottom and subsequently 

up the wall of the tank. The remaining nuclear radiation is absorbed in 

the downward flowing propellant above the 1-foot depth. This main region 

of propellant flow is of the potential-flow type. It is assumed there is 

no thermal interaction between the upward-flowing natural convection layer 

and the downward-moving, main potential flow. This is shown in Fig. 36. 

Depending on the rate of circulation by natural convection, a stratified 

layer builds up above the, as yet, uncirculated propellant. After a cer

tain time period the bottom of the stratified layer reaches the bottom of 

the tank and a second circulation can begin. For example, if the net 

propellant discharge rate is 100 Ibm/sec and the circulation rate is 

20 Ibm/sec, then by the time the tank is 5/6 empty, the bottom of the 

first stratified layer will reach the bottom of the tank. 
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Figure 36. Recirculation Flow Model 
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When the propellant level in the tank drops to the point where propellant 

remaining in the tank fills only the bottom head, it is assumed that 

interaction between the natural convection flow and the main downward 

bulk flow becomes appreciable and a completely mixed flow then takes 

place until the tank is empty. 

The calculation of the maximum propellant temperature rise for the recircu

lation-f low model consists of adding together the various contributions 

according to the equation 

AT 
max 

A T ^ + AT^ + AT. (49) 

where 

A T , = temperature rise of the discharging propellant due to 

nuclear radiation absorption in the potential flow 

(effective from 1 foot on out) from time zero until 

the stratified (or circulated layer) reaches the 

bottom of the propellant tank 

A T = Additional temperature rise due to nuclear radiation 

absorption in the natural convection layer and in the 

downward flowing stratified layer (in potential flow) 

until the remaining propellant just fills the bottom 

head 

A T = Additional temperature rise due to nuclear radiation 

absorption in the completely mixed flow while the 

bottom tank head is draining 
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The first step is to calculate the time, t„, required for the propellant 

level to reach the top of the bottom head and the corresponding equiva

lent head height for a flat-bottom tank with the same head volume. For 

the tank geometry shown in Fig, 32 , the result is 1066 seconds 

(based on t, = 1200 seconds) and 7.23 feet (based on a propellant flow-
Li 

rate of 85.3 Ibm/sec). 

The next step is to estimate the circulation rate in the natural convec

tion layer. By a material balance at the end of one complete circulation 

W 
W = Rt = R 

R -I- m 
(50) 

where 

R = circulation rate, Ibm/sec 

t = time, sec 

At the end of two complete circulations. 

W = 

R W 
o 

R -(- m 
R 

R + m 
o "̂  R + M 

(51) 

Successive application of Eq. 50 to n circulations leads to the 

equation 

W 
V = 

( 1 . ^ - ) R 

(52) 
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The circulation rate is assumed to be the same for each circulation. By 

a heat balance on the natural convection layer 

RC A T 
P (53) 

where 

q = Nuclear heat absorbed in first foot of penetration, Btu/sec 

A T = Net temperature rise of propellant in passing through the 

natural convection zone during one circulation 

The heat absorption rate is obtained by the application of Eq.29 and 30 

Thus, for a 1-foot penetration 

q = 
4( 

^^ '^^ P / / -1.59X _ ___ -0.46x . ___ -0.219x^ - . . . 
2 / \^ + 0.338e -I- 0.378e j dx (54) 

dD -F D ) A J 

I n t e g r a t i o n of Eq, 55 l eads t o 

q = 

95 7rd^yO (1.110) 

4(dD -f- D^) A 
(55) 

The temperature rise, A l , may be approximated by considering turbu

lent, natural convection. It is assumed that the available relations for 

natural convection heat transfer from a hot wall apply to the case of 

natural convection due to a heat source within the fluid. Some evideftce 

that this may be a fair approximation is given by Randall and Sesonske 

(Ref. 31 ). According to McAdams, for either veitical or horizontal 

(facing up) hot plates, the heat transfer coefficient for turbulent, 

natural convection is 

0,135 i\J (NpJ Gr Pr' 

1/3 
(56) 
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where 

/ 2 h = heat transfer coefficient, Btu/hr-ft -R 

N- is given by Eq. 46 

It should be noted that Eq. 56 is independent of the length dimension, 
3 

L, because L appears in the numerator of the Grashof number. In 

addition 

= h A T = a function of ( A t ) (57) 

where 

At = temperature drop across the natural convection layer, R 

q = heat absorbed, Btu/sec = q/3600 

Figure 37 is a plot of q/S vs A t as calculated from Eq. 56 and 57 

Now, A T in Eq, 53 is the average bulk temperature rise in the natural 

convection layer. It can be determined from the velocity and temperature 

distributions given by Eckert and Jackson (Ref. 28 ) as follows: 

Aty= At[l - (-|)'^^] (59) 

'^° n n i i n n r M T i u ^^007 
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where 

u = constant 

c\ = Boundary layer thickness, feet 

y = Distance from wall, feet 

AT At 
A t u d y 

'o . J 1. 
ave d y 

^ , . . 1 / 7 

AT = 

1/7 

^in) (^-i)][^-(i) ]^^ 
Cor 1/7 4 1 

(60) 

Integration of Eq. 60 gives 

A T = 0.25 A t (61) 

Thus, for a given separation distance, D, and attenuation factor, A, the 

circulation rate, R, can be calculated from Eq. 53, 55, 56, 6I, and 

Fig. 37. 

With the circulation rate, R, known, the quantity A T , in Eq. 49 can be 

calculated from Eq.29 where m is replaced by (m + R) and the lower limit 

of zero is replaced by one to give 

A T , S 

TT J)^ d^ p 

^ 4(dD -f D ) (m + R) 0 •r- (x) 
dx (62) 
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where H/ >. is given by Eq, 30 for 1500 megawatts 

Integration of Eq. 62 gives 

AT, S 
95 IT d" p 

1 ~~ 2 
4(dD + D ) (m + R) C A 

L1.59 ^ 
-1.59L 

) . 

0.338 i -0.46 - 0 . 4 6 L ) 0.378 f -0.219 0 . 2 1 9 L \ ] 

0.46 ^^ " ^ ' ^ 0.219 ^^ " ^ ' • ' (63) 

In Eq. 41, the exponentials involving L vanish for values of initial pro-

pellant height, L, greater than about 30 feet. By a modification some

what similar to that discussed for Eq.31, Eq.63 can be used to calculate 

the propellant discharge temperature as a function of time until the 

stratified layer reaches the tank bottom. 

The quantity AT_ in Eq. 49 depends on the number of circulations, n. 

With the circulation rate, R, known, n can be calculated from Eq. 52 

which can be rearranged to 

A 
n 

^̂ L " *H 
(64) 

H^^^) 
As mentioned previously, for the propellant tank shown in Fig. 32. 

1200 sec 

t„ = 1066 sec 
n 

m = 85.3 lb/sec 
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and the value of n is calculated to be approximately equal to one over 

a wide range of separation distance and attenuation factor. For only 

one circulation, the quantity A T is most conveniently determined by 

noting that the propellant is assumed to become completely mixed just 

as the propellant level drops to the point where the bottom head is 

filled. Then, if the heat appearing in the discharged propellant up 

until the time, t , is Q,, Btu, and the total heat absorbed by the pro-
n i 

pellant (both that discharged and that remaining in the tank) in Q^, 

Btu, then AT,, is given by 

•H' 

AT^' 
Q H - Q I 
W C (65) 

where 

W = p r o p e l l a n t conta ined in the bottom head = 8 5 . 3 (l200-1066) 

11,440 Ibm 

The hea t , Q , may be c a l c u l a t e d from a hea t balance 

'H 4 ( d D + D ^ ) Jo Jo ^""^ 
dx d t (66) 

where 

L ( 1 - - ^ ) 
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Substitution of Eq,30 for H/ \ and subsequent integration gives 

''H 

L 

95 TT d yO 

4(dD + D^) A 
3.089 tg + 

H ^-1.59L „-1.59L (l - :^ ) [̂ -0.46L ^-0.46L (l 

(1.59)' 
+ 

(0.46)' 

* ; 

-0,219L _ ̂ -0.219L (l - •:̂  ))-i 

(0.219)' 
(67) 

The quantity Q̂  is given by 

2 2 
D TT d /O m 

*H ^ L (1 - vi) 

4(dD + D ) (m + R) 
Ef s dx dt 
(x) 

L 

(68) 

An i n t e g r a t i o n s i m i l a r t o t h a t for Eq. 66 g ives 

2 r -1 .59 
/ ^ N 95Trd P [, x^ ^ 

0.378 -0 .219 
0.219 ^ 

4(dD + D ) A v̂  L 

( l _ e-1-59 (L-1) 

, 0.338 -0 .46 
•"I r. , r e + 

+ t 

1.59 0.46 

(^_^-0 .46 ( L - D ) 
0.338 

( 1 . 5 9 ) ' ( 0 .46 ) ' 

0.378 ( ^ _ ^-0.219 ( L - l ) ) l 

(0 .219) ' 
(69) 
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Thus, from Eq. 65, 67, and 69, A T can be calculated. For only one 

circulation, this A. T occurs as a sharp, instantaneous rise at t = t . 

The last quantity, A T , for the additional temperature rise occurring at 

the completion of draining of the bottom head, is calculated from Eq. 44 

with L = 7.23 ft. To calculate the additional temperature rise during 

this completely-mixed-flow period of the recirculation-flow model as a 

function of time, Eq. 45 may be used with L = 7.23 ft, t = 134 sec 

and with t replaced by 1200 - t. 

With values for AT,, AT , and A T , the total maximum temperature rise 

for recii'culation flow may be obtained from Eq. 49. A temperature rise 

vs time plot may also be calculated as outlined above. 

Comparison of Models. Figure 38 presents a typical plot of temperature 

rise vs time for a propellant tank similar to that shown in Fig. 32 with 

a separation distance of 12 feet, an attenuation factor of 4, a propellant 

rate of 104 Ibm/sec and a drain time of 900 sec. Curves for all three 

flow models are shown. The maximum temperature rises for the three models 

are 

Model A T max, R 

Potential Flow 1.08 

Completely Mixed Flow 4,0 

Recirculation Flow 5 45 

Based on the tendency of liquid hydrogen to form a natural convection 

layer next to the tank wall, the recirculation-flow model is perhaps the 

most realistic model if a baffle (as discussed below) is not used to 

prevent the formation of a natural convection current. The recircula-

tion-flow model calculations presented here are based on only one 

« rOMEiDCNBAIr 
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circulation. For more than one circulation, the A T for recirculation 
max 

flow will be reduced and will tend to approach the completely-tnixed-flow 

model. If some method of baffling can be devised to prevent the upward 

flow of the natural convection layer, then the motion in the tank should 

approach the potential-flow model. This would be highly desirable. 

Tank Baffling. The relatively large propellant temperature rise for the 

recirculation-flow model as compared to that for the potential-flow model 

suggests the possibility of providing a tank baffle to prevent the form

ation of the natural convection current. As discussed above, the upward 

natural convection current forms in the region near the tank bottom where 

the nuclear radiation absorption is high and the downward propellant stream 

velocity is low. If the downward propellant stream velocity in this re

gion can be greatly increased, natural convection will be suppressed. 

A baffle design which accomplishes this objective is shown in Fig. 39 

for a spherical-bottom tank. As the downward flowing propellant approaches 

the discharge, it is blocked from entering the discharge pipe and is 

thereby forced to flow, at considerably increased velocity, upward through 

a channel until the angle of tangency shown is reached. Then the propel

lant turns and flows downward through an adjacent channel which follows 

along the tank bottom. The velocity and pressure drop in the channel de

pend on the separation of the baffles. Figure 40 shows the propellant 

velocity as a function of angle from the vertical. For a baffle separa

tion of 4 inches, the propellant velocity in the channels is 1-ft/sec or 

greater with a pressure drop of only 0.012 psi. This velocity is some

what greater than the anticipated natural convection velocity. 
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Figure 39. Tank Baffle to Eliminate Recirculation 
Currents Caused by Radiation Heating 
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Furthermore, the criterion for the influence of natural convection in 

the presence of a finite free stream velocity is 

N. 
Gr 

(NR y 

(1) (32.2) (0.0106) (1) 
0.34 

This value is less than 2 and, as discussed above, it appears that 

under these conditions the natural convection currents would be suppressed. 

Although a constant baffle separation distance was used in the above 

analysis, a tapered separation could also be used. This would provide a 

more uniformly high velocity than that shown in Fig. 40. 

Conclusions 

The relatively large spread of the values for the temperature rise as 

calculated for the three models indicates that the propellant heating 

problem requires careful consideration. The use of a baffle to obtain 

high propellant velocities so as to suppress natural convection near 

the tank bottom offers a means to approach the potential-flow model 

and its corresponding relatively low temperature rise. Further theo

retical studies and experimental research are required to gain further 

insight into the nature of the fluid motion within the tank during 

draining. 
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REACTOR, TANK SEPARATION BASED ON PROPELLANT HEATING 

During operation of the K-1 engine, nuclear radiation will heat the 

propellant while it is still in the main tank. This heating reduces the 

NPSH that is available to the engine feed system for a given tank pres

sure, or at a fixed NPSH can considerably increase the required tank 

pressure. Use of heavy reactor shielding and large separation distances 

between the tank and reactor would lessen this problem but may give a 

large reduction in payload. Therefore, a study was made to determine the 

optimum separation of the reactor from the tank and the optimum amount 

of shielding, based on propellant heating. The following variables were 

considered: 

1. Change in tank pressure (to prevent boiling) vs separation dis

tance and shielding attenuation factor. 

2. Shield weight vs separation distance and attenuation factor 

3. Tank weight vs tank pressure 

4. Weight of residual gas in main propellant tank vs tank pressure 

5. Interstage structure weight vs separation distance 

6. Thrust structure weight vs separation distance and shielding 

attenuation factor 

These variables will be discussed in the above .order and applied to the 

restartable K-1 engine based on a total thrust period of 1200 seconds. 

Propellant Heating 

The important parameter for determining the separation is the temperature 

of the propellant flowing into the pump inlet, and this is strongly de-
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pendent on the flow pattern of propellant in the tank. The simplest model 

for propellant flow in the hydrogen tank, without radiation, is essentially 

nonviscous potential flow in which each particle of fluid moves evenly 

down the tank and into the pump. If the radiation heat generation were 

superimposed on this flow pattern, a steady state would soon develop in 

which radiation energy is removed at the same time rate at which it was 

being added. A plot of typical propellant exit temperatures as a function 

of engine operation time with this flow situation would follow the Poten

tial Flow curve of Fig. 38 . This can be considered to be an ideal case 

which cannot be achieved in practice because fluid in some streamlines re

ceives more energy in its path to the tank exit than does other fluid. 

Flow in the presence of strong radiation may not be as favorable as the 

potential flow model would indicate. Figure 38 shows two other flow 

models which are more realistic. It should be noted that while the three 

models are different, the area under their A T curves from engine start 

to burnout must be the same. The energy absorbed at any time is a func

tion only of the cmount of propellant remaining; thus, a tank which 

empties at a constant rate will absorb the same total amount of energy 

with any internal flow pattern. 

It is not clear which of the three flow models best describes the con

ditions that will be realized in a real tank. It may be feasible to use 

baffles to reduce or prevent recirculation currents and bring the propel

lant exit temperature history closer to that of the potential flow model. 

Figure 39 shows a possible arrangement that may prevent recirculation 

currents and thereby approach the potential flow model. A preliminary 

calculation indicates that a payload increase (or reduction in system 

component weight) of 700 pounds could result from this baffling arrange

ment. Reliable answers to these and other propellant heating problems 

will require a broad program of analysis and research utilizing model pro

pellant tanks having close dynamic similitude with the actual nuclear vehicle. 
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In the absence of such a research program, the problem of choosing the 

correct flow model remains. On the one hand, the best possible condi

tions are given by the potential flow model. At the other extreme is 

recirculating flow, which is a good approximation of the most undesirable 

flow patterns which are likely to occur. For the following configuration 

analysis to have the widest possible range of applicability, both ex

tremes plus the completely mixed model will be considered. The conclusions 

from these parallel studies will then be evaluated to determine how much 

effect the uncertainty in propellant flow behavior has on the minimum-

weight engine system configuration. 

Figures 41 , 42 , and 43 show the change in tank pressure required to pre

vent boiling vs shield attenuation factor and separation distance (core 

center to tank bottom) for the potential, completely mixed, and recircula

ting flow models as a power level of I5OO megawatts and a run duration of 

1200 seconds. 

The radiation environment is a factor in determining the optimum engine 

system configuration. Reactor-tank separation distance is one independent 

variable, and the factor by which a shield reduces the heat-producing ra

diation is another. Heat generation problems in individual components can

not be evaluated until the general configuration of the engine system is 

specified. 

Shield Weight 

A wide variety of shield material was examined by Rocketdyne in order to 

specify the one or two most promising materials. One material, boronated 

graphite, offers most of the desirable properties already mentioned and 

is a good material to use in performing the preliminary optimization. 
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Figure 41 . Pressure Rise (TO Pre
vent Foiling) vs Attenua
tion Factor and .Repara
tion Distance (Potential 
Flow Model with Power at 
1500 Mw) 

ATTENUATION FACTOR 

Figure 42 Pressure Rise (TO Pre
vent Boiling)vs Attenua
tion Factor and Separa
tion Distance (Complotelj 
Mixed Flow Model with 
Power at I5OO Mw) 

Figure 43 

ATTENUATKM FACTtM 

Pressure Rise (To Prevent 
Boiling) vs Attenuation 
Factor and Separation Dis
tance (Recirculation Flow 
Model with Power at I5OO Mw) 

ATTENUATKW FACTOR 
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Graphite has excellent moderating properties. The addition of boron pro

vides a means of absorbing the moderated neutron flux through the (n, Q ) 

reaction which leaves its energy in the shield and does not create second

ary gammas in the process. Graphite also has a relatively high mass 

attenuation coefficient in the range of most prevalent gamma energies ('̂  

2 Mev). Graphite possesses good strength and thermal conductivity at high 

temperatures, is not susceptible to radiation damage, and is easy and in

expensive to fabricate. The choice of boronated graphite for the system 

configuration analysis will not restrict the resulting system to use of 

boronated graphite. Other feasible shield materials are so similar to 

boronated graphite in their application and effect that the system selec

tion will be unchanged by the use of a different material. The results 

of the propellant internal heat generation calculations were reduced and 

simplified to an empirical formula (Eq. 21 ) for use in this optimization 

analysis. 

Another necessary relationship is the manner in which shield weight varies 

with reactor tank separation distance. Shield diameter increases as the 

tank is brought closer because of the increasing solid angle which the 

tank and shield subtend relative to the reactor. Since shield thickness 

is constant for a given attenuation, the shield weight decreases as it is 

moved closer to the reactor. Therefore, an optimum system would incorpor

ate the shield close to the reactor core, preferably within the reactor 

pressure shell. This allows the shield to be cooled by the full propel

lant flow, and eliminates the separate pressure vessel and associated 

controls needed for an auxiliary cooling system. The reference shield of 

boronated graphite can provide radiation attenuation factors up to approxi

mately 15 without having to extend the pressure shell unreasonably. 
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The variation of shield weight with reactor-tank separation distance for 

various values of attenuation factor is shown in Fig. 44 . Separation 

distance is defined as the length between the reactor center and the 

bottom of a hemispherical-end propellant tank. Attenuation factor is de

fined as pertaining to the reduction of heat generation in propellant 

only. A given shield would have a slightly different attenuator factor 

for radiation heating in metals. In calculating Fig. 44 a simple geo

metrical approximation was made which assumed a constant-thickness slab 

shield. The reflector was assumed to effectively shield any radiation 

from the sides of the reactor core. This preliminary calculation is 

subject to errors arising from the simplified geometry and the assumed 

flat radial core power distribution with no side leakage, but it is 

adequate for preliminary optimization. 

Tank and Residual Gas Weight vs Tank 

Pressure 

Figures 45 and 46 contain information used 

in optimizing reactor-tank separation and 

shield attenuation for tank weight, and 

weight of residual gas vs tank pressure, 

respectively. 

Interstage Structure Weight vs Separation 
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structure weight as a function of engine- vs Tank Pressure 

tank separation distance, a study was made of vehicle axial and bending 

loads for a Saturn upper-stage nuclear vehicle. The following assumptions 

were made for this study: 

1. Tank diameter is 260 inches 

2. Pressure stabilized tank 

3. The interstage structure is of truss-core sandwich construction. 
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4. The skin temperatures encountered permit use of aluminum for inter

stage structure material. 

5. Gross takeoff weight of Saturn S-I stage is 709,500 lb. 

6. Gross weight of Saturn S-II stage is 325>650 lb. 

7. Gross weight of nuclear third stage is approximately 160,000 lb. 

8. Payload weight is 40,380 lb concentrated at nose cone base. 

Figure 47 shows the geometry and loading diagram of the reference vehicle, 

and includes the air load distribution under maximum dynamic pressure con

ditions, the accompanying vehicle stabilizing force, and the resulting 

inertia loads. The resulting shear and bending moments are shown in Fig. 

48 . The sandwich panel selection for the interstage structure was made 

on the basis that both general and local instability failure modes occur 

at the same unit loading. The critical stress for general instability 

was determined from Fig. 49 . The critical crippling stress for the ele

ments comprising the sandwich panels was obtained from Fig. 50 . The re

sulting interstage structure weight is shown in Fig. 51 as a function of 

its length. 

Thrust Structure Weight vs Separation 

Distance and Attenuation Factor 

In order to determine the effect of engine thrust structure on separation 

distance between the tank bottom and center of reactor core, a study was 

made to determine the weight of the thrust structure as a function of sep

aration distance and shield attenuation factor. Figure 52 presents the 

results of this study. 

The basic thrust structure consists of an aft-cooled and a forward uncooled 

space frame. Cooling of the aft section with liquid hydrogen is necessary 

because of the radiation heat flux encountered near the reactor. Figure 53 

shows a simplified layout of the basic engine thrust structure. 
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The following assumptions were made in determining the weight of the engine 

thrust structure: 

1. The aft section is made of stainless-steel tubing cooled with 

liquid hydrogen. 

2. The forward section is made of pin-connected Inconel X tubing. 

3. The diameter of the vehicle attach points is constant. 

4. The maximum allowable temperature in the uncooled Inconel X 

tubing is I5OO F. 

For the purpose of this study the aft-cooled section of the thrust struc

ture was varied from approximately 2 to 3-l/2 ft. The uncooled forward-

thrust structure section was varied to make up the total length of thrust 

structure being considered. 

The temperature rise in the uncooled section because of nuclear radiation 

was computed at the point of connection between the uncooled and cooled 

sections. With an attenuation factor of 2, and below a separation distance 

of 13 ft, the maximum allowable temperature of the uncooled material was 

exceeded. 

Change in System Weight vs Separation Distance of 

Reactor Core Center to Tank Bottom 

The variable weights previously discussed are used as follows to determine 

the separation between the center of the reactor core and the tank bottom. 
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Utilizing the tank weight curve and the propellant weight for a 1200-sec 

run duration yields the tank weight per unit of tank pressure. Multiply

ing this factor by a particular A p (to prevent boiling) value taken 

from Fig. 41 through 43 yields the change in residual pressurizing gas 

weights for a given attenuation factor and separation distance. 

Figure 52 gives the change in thrust structure weight vs separation dis

tance and attenuation factor for I5OO megawatts. The weight of the inter

stage structure shown in Fig. 53 for I5OO megawatts power level is multi

plied by an exchange factor to give the equivalent interstage weight effect 

on the third-stage payload. This factor is approximately O.362 for a 2.6-

day lunar mission. For other missions investigated, this factor does not 

change significantly; therefore, the reactor-tank separation and the shield

ing attenuation factor will remain approximately the same. 

Summarizing the above curves with shield weight (Fig. 44 ) yields the 

change in system weight vs separation distance (Fig. 54 through 56 ) for 

the three tank flows models investigated. These curves apply only to a 

pressure-stabilized tank in which the pressure required for stability is 

equal to or less than the pressure allowance for initial propellant vapor 

pressure, aerodynamic and solar heating, and NPSH. 

Conclusions 

The following Table 8 summarizes the minimum system weight and the corres

ponding separation distance and attenuation factor for Fig. 54 through 56 . 
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TABLE 8 

SYSTEM WEIGHT, SEPAEATION DISTANCE, 

AND ATTENUATION FACTOR 

Power Run Separation System 
Attenuation Weight, 

factor lb Fig. 

54 

55 

56 

Flow 
Model 

Potential 

Completely 
mixed 

Recirculating 

Level, 
Mw 

1500 

1500 

1500 

Duration, 
sec 

1200 

1200 

1200 

D istance, 
ft 

14 

16 

17 

6 

6 

4100 

5200 

5500 

Thus, a separation distance of 17 feet and a shielding attenuation factor 

of 6, using a boronated graphite shield, is indicated for the K-1 engine 

at 1500 megawatts. A separation distance of 14 feet is recommended be

cause any reduction in propellant heating would tend to optimize the sys

tem at a lower separation distance than is indicated by the recirculating 

flow model. The resulting tank pressure rise is approximately 10 psi. 

The flux map (Fig. 57 ) shows the intensity of gamma and fast neutron 

radiation in the region of the engine system during I5OO megawatt operation. 

Heat generation and electrical disruption are proportional to the gamma 

fluxes on this plot, while heating in hydrogen is more a function of the 

fast neutron flux. Figure 58 shows the heating rates (Btu/lb-sec) for 

most metals at varying distances above the core. The latter curve illus

trates the magnitude of the radiation heating problem as well as the radia

tion attenuation with distance. 
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COMPONENT HEATING 

The core gamma flux generates heat directly in components and structure 

and therefore lends itself to straightforward calculation, but the neutron 

flux generates heat through the capture gamma reaction. Each region of 

the engine system is a secondary gamma source which must be considered 

separately. The neutron flux also produces some heat directly through 

elastic and inelastic collisions, but this effect is so small in non-

hydrogenous materials that it is disregarded. 

Above the pressure dome, two of the neutron capture secondary gamma sources 

can be considered to be part of the primary core flux because they issue 

from within the reactor pressure shell. They are the capture gammas from 

the aluminum-core support plate and the 0.5 Mev gammas resulting from the 
7 10 

decay of the Li isotope formed by the (n, CL ) reaction in B in the 

shield. A strong secondary source is also created in the propellant tank 

from the 2,23 Mev hydrogen capture gammas, and this radiation must be con

sidered separately because it reaches components from a different direction. 

Neutron captures also occur within the components themselves, and the re

sulting gammas add to the heat generation in that component as well as in 

other nearby components. Thus, there are five distinct radiation sources 

which must be considered in the analysis of each component located between 

the pressure dome and the propellant tank: 

1. Core gammas 

2. Captures in aluminum support plate 

7 10 

3. Li gammas from neutron capture in B 

4. Capture in tanked propellant 

5. Captures within components themselves 

R-3007 
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The engine design for which these sources were calculated is that described 

in the summary. The 260-inch diameter tank was assumed to be flat-bottomed 

for simplicity, and the shield employed was 13 inches of boronated graphite 

with 20 percent void and 1 percent of natural boron. 

The internal heat generation from the above sources is shown in Fig. 58 

for a thin (no self-shielding) slab of Tnconel located at varying distances 

from the reactor. Units of this curve are Btu/lb-sec, and their similar 

gamma absorption properties make this curve apply to aluminum and steel 

as well. It should be noted that the heating from hydrogen capture gammas 

becomes greater as the component is moved nearer the tank, while the other 

contributions decrease approximately with the inverse square of their dis

tance from the reactor. 

To find the heat generation at points within thicker components, the 

self-shielding factors of Fig. 60 are used in conjunction with Fig, 58. 

The factors are plotted as functions of t, the thickness of material be

tween the point of interest and the surface upon which the radiation is 

incident. Two curves are plotted to account for the difference in absorp

tion properties between aliuninum and iron-nickel alloys. If the component 

of interest is shielded by other materials, the product of two or more 

self-shielding factors can be used to adjust the original thick slab heat 

generati on. 

Calculation of the gamma heating caused by neutron captures within the 

components themselves is made very difficult by the neutron captures in 

one component tending to affect the heat generation in another. In general, 

the capture rate will be proportional to the thermal neutron flux, and this 

is highest near the propellant tank where backscatter of thermal neutrons 

is significant. The capture rates can be calculated at this point, and 
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they can be estimated at other points by rough calculation. If the heat

ing contribution from this source can be shown to be insignificant for the 

components of interest, then the problem of heating from captures within 

the components themselves can be safely neglected. 

The dashed curve on Fig. 58 shows that this is indeed the case for all 

components located in the high-flux region close to the reactor. Con

servative assumptions have ensured that the values on this estimated curve 

are higher than will be realized in practice. The capture rate at the 

tank face was calculated using the neutron flux at that point, and a thick 

slab of steel was used for calculating the volume-distributed source. Ge

ometric attenuation then reduces the heat generation rate near the reactor 

from this source to values that are small relative to the other sources. 

Values on these curves are typical, and may have ±30 percent error. Com

ponents that are only partly shielded or which have odd geometries require 

separate analysis, but the curves can be used for preliminary design. 

Critical areas in the final design should be checked with a Monte Carlo 

analysis. 

The heat generation rate below the core along the axial centerline of the 

nozzle is shown in Fig. 59- In this case, only the gamma rays escaping 

from the core make a significant contribution to the heating. Self-

shielding effects in the nozzle region are not important because of the 

small thicknesses of the materials located in this region. 

Component failures from radiation heating are caused by decreased strength 

at high temperatures, thermal stresses, and thermal expansion of parts 

whose dimensions are critical. Space environment will not provide the at

mospheric convection cooling of ground tests, and radiative cooling will 

be small except at prohibitively high temperatures. Therefore, resistance 
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Axial Centerline Below Core 

to nuclear radiation heating must be 

inherent in the design of each com

ponent. The designer may reduce 

heating rates in components by locat

ing them farther from the reactor or 

in the "shadow" of another component. 

The designer may (l) provide thermal 

capacitance by including heat sinks 

and paths of heat conduction, or (2) 

cool the components with propellant 

flow. 

Since the physical location of the 

various components is primarily dic

tated by convenience, plumbing re

straints, or component geometrical 

restraints, most of the components 

must endure whatever radiation dose 

rate is present in their assigned 

location (Fig. 1 ). Figure 58 indicates that some rates will be excessive 

for structural materials in many locations in the absence of heat sinks. 

In this figure the heat generation effect of reactor radiation is shown 

graphically. Lines of constant heat generation rate are shown on the left 

half of the diagram, and lines of constant, adiabatic final temperature are 

shown on the right. Gamma heating from all important sources has been con

sidered, including core gammas, capture gammas from the core support plate 

and from the tanked propellant, and capture gammas arising within the system 

components. Both halves of the figure were calculated assuming no self-

shielding and no flux perturbations from components or structure, and are 

therefore the maximum possible values at each location within the system. 

The heat generation rate plot is roughly applicable to all nonhydrogenous 
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materials, although it was calculated for iron-nickel alloys. However, 

the temnerature rise plot applies only to iron-nickel alloys. It is based 

on the heat generation rates of the other plot, on a 1200-second run at 

1500 megawatts, and on the specific heat of Inconel X. The values of 

temperature rise apply to a thin absorber, perfectly insulated, which 

assures that they represent the upper limit in any practical situation. 

As has been shown, the propellant tank must be provided with a large 

amount of radiation shielding. This same shield will reduce the radiation 

dose rates for many of the components. Figure 61 indicates the decrease 

in temperature rise in the region above the core due to the shielding 

effects. 

Although a radiation shield will undoubtedly be provided, many of the com

ponents will still undergo excessive temperature rise rates during the 
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Figure 61 . Engine Thermal Environment 
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1200 sec operating time. Rather than increase the shield necessary to 

limit the maximum temperature in these components, it is convenient to 

provide heat sinks of one form or another. The hydrogen propellant can 

be used to advantage to carry off much of the heat generated in the com

ponents. Enclosed parts of the lower thrust structure, for instance, 

would reach a temperature on the order of I5OO F without some means of 

enhancing the transfer of heat. Utilization of the thrust structure to 

transport the hydrogen propellant from the pump to the gimbal bearing 

offers a convenient method of cooling the structure members. Likewise 

the gimbal bearing and other components are sufficiently cooled as will 

be shown in following paragraphs. 

In some cases thermal radiation to space provides adequate heat transfer 

to sufficiently limit a component's maximum temperature. Figure 62 

indicates the effects of thermal radiation and shows the temperature which 

a part (c =0.39 Btu/lb- F, /3= 0.1 Ib/in.^) will attain in 900 sec as 

a function of its emissivity, density, specific heat, and surface-to-

volume ratio. This figure combines the effects of the heat capacity of 

the part and the effects of thermal radiation to space. It assumes uni

form heat generation throughout the part (equivalent to infinite thermal 

conductivity) and an initial temperature of 40 F. 

In order to account for the effects of radiation attenuation through a 

thick metal part and the subsequent nonuniform heating of a part with fi

nite thermal conduction. Fig. 63 was constructed. This provides a cor

rection factor for the ultimate temperature predicted in Fig. 62 • The 

result is the temperature of the edge of a "thick" (l/4-in.) metal part 

nearest to the radiation source. As can be seen in the figure,the cor

rection factor is a function of part material and its thickness in the 

direction of the radiation current. This figure is the result of a digi

tal computer evaluation involving a theoretical equation for the case of 
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nonuniform heat generation in an insulated metal slab with the heat genera

tion rate varying exponentially with distance. Figure 63 must be used 

with caution since variations will occur due to radiation scattering, inter

section of radiation with the sides of the object due to nonpoint source 

geometry or component alignment, and proximity of object to the reactor. 

However, for use with objects two core diameters or more from the core 

center the figure can be used as presented. 

COMPONENTS IN THE FLIGHT SYSTEM 

The following are components in the flight-type system which were analyzed 

with regard to their internal heat generation and heat removal problems. 

All are located external to the reactor pressure shell as in Fig. 1; 

the components therein are treated separately. 

Pneumatic Storage Tank 

The tank well and contained gas are assumed to be in thermal equilibrium 

and the material convection coefficient between well and gas can be 
1/3 approximated by h = I6 A T ' 

4 
Heat lost by thermal radiation = <T 6 A T 

•' s 

Heat input from solar radiation = Q a A 
^ s p 

Heat input by nuclear radiation = W Q + W Q 
1 1 G G 

r dT 
Heat storage in the gas = q = W C ^ Q « W^ C^^ -^ if T^ = T^ 

n dT Heat storage in the metal = q = W C -—^ 

The heat balance = 

q in = q out + q s t o r ed 

smmm »• ••• • • • ••! • • • • • • • • • m • • • • • • • • • . . » • « • • ••• • • • • • • • ! • • • • • • • • • • • • • * • »• ••• • ••• • • •• •• • • • ••• ** 



• • • • • • • • • • • • • • ••• 
• • • • • • • • • * 

A D I V I S I O N O F N O R T M A M E R I C A N A V I A T I O N I N C 

ftnunnrkiTiAi 

dT 
(^e ^ G •" ^T S ^ ^ + O- € A^ T^ = Q^ a A^ + W^ Q^ + Ŵ , Q T ̂ T G ̂ G 

where 

C 

Q ^s 

Q 

T 

W 

a 

e 

e 

projected surface area towards sun (ft ) 

total surface area (ft ) 

absorptivity 

specific heat (V = constant volume) (G = Gas) 

o 
solar heat input = (Btu/hr ft ) 

nuclear heat input (T = metal, G = gas) 

temperature (R) 

weight (lb) 

Stephan-Boltzman constant 

emissivity 

time (hr) 

Torus weight, lb = 850 

Torus pressure, psi = 3000 

2 
Torus surface area, ft = 117 

2 
Torus projected area, ft = 24 

Torus stored gas weight,lb = 36 
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and emissivity of the titanium walls is 0.3 to O.5, then the surface tem

perature at the end of 1200 sec operation of the I5OO Mw reactor will be: 

torus surface temperature = 825 R 

An initial temperature of 560 R is assumed. 

Thrust Structure 

The front thrust structure is not provided with forced convection cooling. 

It does, however, lose considerable heat by means of thermal radiation to 

space. With the hot end of the Inconel structure members situated about 

110-in. from the core center the heating rate (Fig. 61 ) is about 0.035 

F/sec or a final adiabatic temperature change of 420 in 1200 sec. These 

members have a surface to volume ratio (A/V) of 8 indicating a reduction 

in the final temperature of about 90 F or a total temperature change at 

the hot end of the tubular members of 330 F. 

The hottest parts of the front or uncooled thrust structure will be the 

pins used to join the turbopump mount structures. Since this pin is 

essentially insulated it will not radiate its heat. Also, since contact 

resistances to heat flow are difficult to predict, in this case a con

servative assumption is that no heat will be transferred to the thrust 

structure members. It can then be assumed that the pin will undergo a 

temperature rise of up to 420 F. If the initial temperature of these 

components is approximately -I5O F at time of reactor start-up, the final 

temperature of the "hot" end of the strut will be 180 F and the pin will 

reach about 270 F. 
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The high-temperature portion of the cooled thrust structure will be the 

clevis at the pump mount joints. By virtue of the cold hydrogen flowing 

through the tubes and the fairly short heat transfer distance (l.5 in.), 

the maximum temperature of the joint clevis will be approximately -370 F. 

Development Test Pad Tank Support Struts 

No thorough analysis has been performed on the free convection cooling of 

the development site tank support struts. However, the adiabatic tempera

ture rise rate in these struts (aluminum at 25 ft from the core) will be 

approximately O.I7 F/sec, causing a 210 F temperature rise and a final 

temperature of about 270 F. Free convection air currents will reduce this, 

Turbopump Mount Struts 

Analysis of the six uncooled 1-3/4 in. OD by O.IO7 in. wall Inconel X struts 

3-I/2 ft (closest portion) from the reactor dome was performed. In this 

region the heat generation rate is approximately O.O5 Btu/lb-sec. The 

maximum adiabatic temperature rise is reduced approximately I5 percent due 

to thermal radiation having a "hot end" rise of 5OO F. With an initial 

temperature of -I5O F to -200 F the final 1200-sec maximum temperature 

will be 300 F to 350 F. 

Turbopump 

The most sensitive components in the Rocketdyne Mark 9 turbopump assembly 

are in the region of the turbine wheels. The wheels and blades all operate 

at fairly high design stresses. Therefore, an increase in temperature of 

even a few degrees will represent a relatively large decrease in the design 

safety factors. 
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The two Inconel X turbine wheels are the most critical items. They are 

3 in. thick from shaft inner surface to blade root and average 3/4 in. 

deep. The wheels are cooled by conduction to the blades and to the shaft, 

by exhaust gases across the rear face of the sixth-stage wheel, and by 

leakage gas from the blade region across the other faces. 

The heat generation rate on the rear face of the sixth stage is approxi

mately 0.033 Btu/lb-sec. The first stage will be shielded by the other 

wheels and will be subject to an average heating rate of about 0.002 

Btu/lb-sec. 

Since there are large uncertainties in the amount of gas flow which will 

leak through the blade seals to cool the wheels, the first-stage analysis 

was performed without considering this as a heat sink. It was assumed in

stead that the first-stage wheel would reach equilibrium by transferring 

its heat to the blades. It was further assumed that the sixth-stage wheel 

would be cooled by forced convection of the exhaust gas over its entire 

rear face. 

The analysis indicates that the heat generated in the first-stage wheel 

will cause the wheel temperature to rise only 20 F. This will be negligible 

relative to the inlet gas temperature. 

The temperature drop due to conduction across the sixth-stage wheel will 

amount to about 15 F if all of the heat generated within this wheel is 

assumed to be conducted to the rear face and then to the exhaust gas. 

Some of the constants of the heat transfer coefficient are uncertain without 
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some empirical data. However, exclusion calculations have shown that the 

wheel surface temperature should be limited to within 100 F to I50 F 

above the final exhaust gas temperature. As with the first-stage wheel, 

interstage seal leakage will further reduce this temperature. 

Turbine Exhaust Expansion Joint 

This joint is an internally tied bellows located in a region where radia

tion flux causes a heat generation rate of about O.O5 Btu/lb-sec. ,The 

component is fabricated of Inconel X throughout. 

The center tie components are immersed in the exhaust gas which provides 

adequate forced convection cooling. The maximum temperature in the tie 

components is on the order of 5 F above the gas temperature. 

The bellows is also cooled by the exhaust gas. A conservative analysis 

was performed on the bellows regarding the heat transfer across the surface 

film. Since the flow patterns and velocities within the convolutions are 

unknown it was assumed that the total heat transfer area was 0.2 in. of 

the bottom of each convolution. This amounts to about 20 percent of the 

total exposed surface area. The heat generated in the outer extremities 

of the convolutions thus must be conducted to the inner surfaces before 

being transferred to the exhaust gas. This conduction path plus the film 

resistance produces a temperature drop of about 14 F. The maximum temper

ature of the bellows will then exceed the exhaust gas by about 14 F. Con

vection currents within the convolutions will probably reduce this somewhat. 

R-3007 lyr: 

m\mM,.. 



A D I V I S I O N O F N O R T H A M E R I C A N A V i A T I O N I ̂ J C 

IflnHBLiTTiHL 

Main Propellant Valve 

The main propellant valve is to be located beside the gimbal bearing. It 

is constructed primarily of aluminum except for the piston, bolts, washers, 

etc., which are steel. The incident heat generation rate at this location 

is 0.15 Btu/lb-sec. Cold hydrogen flowing through the valve will act as a 

heat sink for most of the valve components. 

An analysis of the valve assembly indicates that the maximum possible tem

perature increase attainable after 1200 sec of heating will be 750 F in 

the aluminum parts and 1120 F in the steel parts. With an initial tempera

ture of -360 F this would result in maximum temperatures of 390 F in the 

aluminum and 76O F in the steel. However, because of self-shielding effects 

and thermal conduction in the components it was found that the probable maxi

mum temperature with hydrogen flowing would be closer to about I50 F in both 

aluminum and steel parts. 

Duct Support Brackets 

Aluminum brackets 0.02 in. thick are assumed to be used to support the hy

drogen ducts mounted beside the pressure shell. Since these brackets will be 

in a rather high radiation flux (a heat generation rate of 4.0 to 4.5 

Btu/lb-sec), the length will have to be limited and at least one end will 

have to be cooled. Welding the bracket to the pressure shell, the surface 

of which will be maintained at about 300 R, will satisfy the latter requirement. 

Assuming a maximum temperature of 400 F for the extreme end of the bracket 

and assuming no heat transfer to or from the duct so all heat generated with

in the bracket flows to the pressure shell, a simple conduction solution 

with internal sources indicates that the maximum bracket length must not 

exceed 2.4 in. which appears to be a mechanically useful length. 
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Temperature Control Valve 

The temperature control valve is located on top of the reactor dome about 

5 ft from the core center. Heat generation rate at this location is about 

0.15 Btu/lb-sec. The working fluid is liquid hydrogen at 5O R. 

The material used will be primarily aluminum; some parts such as the piston 

and liner will use Inconel X. An alternate design may use aluminum for 

the piston material with steel piston rings. 

Maximum temperatures in the aluminum parts will remain within 5O F of the 

coolant temperature; the steel parts remote from the hydrogen will run 

somewhat higher. If the use of steel is limited to the piston and liner, 

the maximum temperature will be within 3OO F of the fluid temperature. 

Turbine Throttle Valve 

The turbine throttle valve is located about 4 ft above the reactor dome. 

Turbine inlet gas at 1200 F flows through it during reactor operation. It 

is constructed primarily of InconeJ X. 

The temperature analysis was done by dividing the valve into two heat trans

fer zones separated by a "thermal barrier". In the zone containing the 

valve body through which the hot gas flows, the maximum temperature will 

be about I3OO F. This will occur approximately 1-in. from the periphery 

of the hot gas passage in the valve body and in the shaft. Temperatures 

will be lower in regions closer to the gas passage as well as outside of 

the 1-in. region, dropping to about 600 F at the thermal barrier. 

The zone containing the gear boxes will undergo a maximum temperature rise 

of about 450 F. An initial temperature of -250 F will allow a maximum 
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temperature in this region of 200 F. Forced cooling with gaseous hydrogen 

at 100 R will reduce the maximum temperatures to as low as 100 F. 

Gas Generator Expansion Joint Bellows 

This component will be included if a turbine gas generator is used in the 

engine system. The analysis is similar to that for the turbine exhaust 

expansion joint. Location and geometry differences cause a maximum temper

ature at the outer extremities of the bellows slightly higher than for the 

turbine exhaust bellows. This temperature is about 19 F higher than the 

gas temperature, or about 1419 F. 

Gimbal Bearing 

The temperature levels attained by the components of the gimbal bearing 

are critical because of the strict dimensional tolerances required. Although 

the Inconel X parts (pilot bolt, bearing and gimbal block) would still have 

useful strength at temperatures above 800 F, such a temperature is not 

acceptable since large thermal gradients and subsequent stresses would 

impede reliable gimbal operation. 

Analysis of the pilot bolt indicates that the shielding effects of the 

gimbal block and cooling of the ends of the bolt with liquid hydrogen at 

50 R will limit the maximum bolt temperature rise to about 400 F, produc

ing a maximum temperature of about 0 F. This temperature can be further 

reduced if a coolant flow passage is drilled axially through the bolt. 

Hydrogen coolant must be directed toward the central region of the gimbal 

block below the pilot bolt to maintain the gimbal block near room temper

ature. This component could reach 900 F in some places without such 

cooling. 
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To maintain the upper region of the dome below 1000 F, several coolant flow 

passages should be provided. These passages can also direct additional 

coolant to the top of the gimbal block. 

The bellows and the volute will be adequately cooled by the hydrogen flow. 

Their temperatures will be about -300 F and -400 F, respectively. 

Gimbal Actuator 

The gimbal actuator is composed primarily of Inconel X and steel. It is 

operated by a Lear pneumatic actuator using 0.08 lb/sec of hydrogen at 100 F 

and 1000 psia. The Lear actuator and associated moving parts are located 

approximately 100 in. from the core center while the base assembly is 

attached to the reactor dome. The highest temperatures will appear in the 

base assembly. 

To facilite cooling of the actuator components, including the base assembly, 

a fraction of the operating gas is allowed to leak through the system. 

This gas, bled from the supply duct in the upper regions of the actuator, 

flows through the total length of the system and is dumped into the reactor 

dome. In the absence of this coolant, and disregarding thermal radiation, 

the actuator base assembly would reach temperatures in excess of I5OO F 

from the heat generation rate of about 1.3 Btu/lb-sec in this region. The 

temperature limit in the base assembly with the coolant gas is of course 

a function of the flowrate and will vary from about 5OO F with 100 per

cent of the total actuator flowrate used as coolant to about 640 F with 

50 percent, 800 F with 25 percent, and 980 F with 10 percent. 

The temperatures in the actuator will be substantially lower because of 

distance attenuation. The uncooled maximum temperature would be about 600 F. 

With 10 percent of the actuator hydrogen flowrate bled off, the actuator 
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temperature will be about 300 F. Actual design of the cooling passages 

in the actuator will of course influence this temperature. 

Flexible Metal Hose 

The flexible metal hose which carries the 100 F pneumatic supply gas to 

the various actuators was analyzed for radiation heating. The model used 

for analysis was the Flexonics Co. Rex-Flex RF-51 with a single braid cover

ing. It was assumed that the center portions of the hose would be main

tained at near the 100 F gas temperature. 

The outside metal braid temperature is a function of the braid wire emis

sivity and heat generation rate and is essentially independent of the 

hose diameter in the 0.218-in. to 0.500-in. range considered. Calculations 

of equilibrium temperatures resulting from the 0.15 Btu/lb-sec and thermal 

radiation to space and the inner tube,which is assumed to have an outside 

surface temperature of 200 F, result in the following maximum wire braid 

temperatures for a range of emissivities: 

Emiss iv i ty 

1 

0 

0 

0 

5 

25 

Max Braid Temperature (F) 

230 

330 

460 

These values appear to bracket reasonable values for emissivity and indi

cate noncritical temperature levels for the wire braid. 
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Exhaust Gas Instrumentation 

Thermocouples are used to measure the propellant temperature in the nozzle 

throat section. The thermocouple hot junction is subjected to 4500 F gas, 

and its leads are enclosed in a 0.25-in. OD tungsten tube. This tube ex

tends through the nozzle wall where it is brazed to a stainless steel tube. 

Besides the heat load imposed by the hot exhaust gases, the transducer 

assemblies are subjected to nuclear radiation heating of about 0.72 Btu/ 

lb-sec. The only possible heat rejection other than by thermal radiation 

is to the nozzle wall which is composed on Inconel X tubes with 5O to 100 R 

hydrogen flowing through them. However, high contact resistance can be 

expected between the transducer and the wall. 

With thermal radiation providing the major heat sink, the assembly will 

achieve a temperature in excess of 4000 F in 1200 sec of operation. Since 

this is too high for anything but the tungsten parts, a cooled shroud 

obviously must be provided to enclose the transducer assemblies. 

Destruct System 

An external destruct system designed to open the pressure shell and expose 

the reactor core for further demolition has been designed. It consists 

of a birdcage-shaped series of tubes completely encircling the reactor 

pressure shell. These tubes house a 1-in. diameter linear shaped charge 

of TNT. The cross section of the charge resembles a disk with a 60 degree 

"pie slice" cut from it. This pie slice is replaced with a similar one 

of aluminum, located to leave a l/S-in. gap between it and the charge for 

cooling purposes. 
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The system is mounted within a few inches of the pressure shell in a radia

tion flux, causing an average heat generation rate of about 2.5 Btu/lb-sec. 

Uncooled, the TNT would reach its autodetonation temperature in a very 

few minutes. 

Heat transfer analysis has shown that if the surface of the charge is 

cooled the centerline temperature in steady state will be approximately 

380 F higher than the surface. Since limiting the maximum temperature to 

400 F is desirable, the surface temperature should be no higher than to 0 F. 

There are two potential sources of cold hydrogen for this cooling purpose. 

One method is to tap the liquid hydrogen off the main propellant feed line, 

direct it to the destruct system and exhaust it to the nozzle coolant 

discharge area. Flow required would be 0.12 lb/sec. Pressure loss 

through a l/8-in. annulus would be about 0.01 psi. The second method 

would be to tap gaseous hydrogen from the nozzle coolant discharge and 

exhaust it to the reactor inlet area. With this method the required flow 

to maintain 0-deg surface temperature would be about 0.20 lb/sec with a 

pressure loss of 0.20 psi. In both cases the flowrates specified would 

sufficiently cool the steel outer tube. 

Shield Heating 

In a previous section it was shown that, of the three shield materials con

sidered, the boronated graphite shield and the boronated zirconium hydride 

shield are the most effective from the standpoint of minimum shield weight. 

One of the considerations in determining which of these materials will pro

vide the best shield design is the magnitude and distribution of the heat 

generation rates in these shields. This information is necessary to estab

lish the shield cooling requirements and is used in the engine design. 

/ 
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Heat generation rates were calculated for 3- and 5-inch zirconium hydride 

shields and for 9-88- and l6.47-inch boronated graphite shields. The re

sults are shown on Fig. 64 through 67 • The core gamma contribution was 

calculated in a manner analogous to the calculation performed for the 
10 7 

propellant. The heat produced by the B (n, Q ) Li reaction was calcu

lated with the aid of the AIM-6 diffusion code. The capture rate in boron 

as a function of distance into the shield was obtained from the l6 group 

output of the AIM-6 code. Since the total energy released per boron cap

ture is 2.88 Mev (2.40 Mev kinetic energy and 0.48 Mev gamma energy), the 

heat generation rate resulting from boron captures is 

16 

H (t) = 6.9 X 10"-̂ ^ X 8.6 X ̂ 5 l 2 a,g (̂  (t) Btu/sec-lb, 

where 

H (t) = heat generation rate, Btu/lb-sec 

t = distance from the bottom of the shield 

p = shield density, gm/cc 

<o a,g = macroscopic absorption cross section for boron in group g, 
-1 

cm 
.p 

(T) (t) = spatial distribution of the flux in group g, n/cm -sec 

The energy release resulting from neutron capture in materials other than 

boron outside the core are negligible contributors to the shield heating. 

Furthermore, the contribution from fast neutron heating can be neglected. 
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The shield chosen for heating analysis consists of graphite with 1 percent 

natural boron. It is assumed to be positioned 1/2 in. above the active core 

and is 13 in. thick. Coolant holes penetrate the shield directly over the 

core and are chevron-shaped in elevation to prevent radiation streaming. 

Each leg of a chevron forms a 20-deg angle with the core axis. The coolant 

holes comprise 20 percent of the total shield volume. 

The heat generation in a 9-9-in.shield is shown in Fig. 66 as a function 

of location. With a graphite thermal conductivity of I3O Btu/hr/ft/F at 

400 R, and a hydraulic diameter of l/2 in. in the coolant holes which are 

spaced on a 1.1-in. pitch, the maximum thermal gradient in the shield 

material is about 33 F. With about 80 lb/sec of 250 R gaseous hydrogen 

flowing, the film temperature drop is about 120 F, causing a maximum mater

ial temperature of about 400 R. These temperatures and gradients are 

easily within the capabilities of the material in this application. 

Nozzle Stiffening Bands 

The stiffening bands oriented transverse to the nozzle wall tubes are bra

zed to these tubes every 0.244 in. with a 0.003-in. thick braze 0.1 in. 

wide. The bands are assumed to be Inconel X and are 0.040 in. thick with 

the maximxua conduction path about 0.78 in. long. The band closest to the 

core is placed 20 in. downstream of the nozzle throat and is subjected to 

a radiation heat generation rate of 0.3 Btu/lb-sec. 

Heat transfer analysis indicates that the nozzle coolant (-300 F in the 

tubes) will limit the band maximum temperature to about -100 F. 
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RADIATION LEVELS FROM RADIOACTIVITY 

INDUCED in MATERIALS AXD COMPONENTS 

Exposure of components and structural materials in the static test area 

to neutrons escaping from the reactor during a test will result in an im

portant source of radiation. Most materials subjected to a neutron flux 

become radioactive by the transmutation of some stable atoms into one or 

more unstable types. With thermal neutrons, the usual reaction is a neu

tron capture by the target nucleus followed by the immediate ejection of 

a gamma ray (n, y). Fast neutrons can cause a wider variety of reactions 

such as (n, 2n), (n,p) and (n, CL ). Although the sum total of this addi

tional radioactivity is insignificant compared to the prompt fission ra

diation emitted during reactor operation and also small compared to that 

emitted by fission products after reactor shutdo\vTi, it can be large enough 

to present a considerable radiation hazard in itself under certain con

ditions . 

Considering only the gamma radiation emitted during deca}- of the induced 

radioactivity, the following general expression is applicable: 

-2 M v̂  
D„ = 2.33 X 10 f Z f 
K t m m 

r 

X t . -X, CF F A - A t . - A - t -

^ ^ t h "w" " ( ^ - '') ̂  
n n 

(71) 

where: 

D„ = Radiation level from irradiated object (r/hr) (assuming no 

self-absorption in the material and point source geometry) 

M = Weight of object (pounds) 

r = Distance from object (feet) 
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cnM 

m 

m 

4> t h 

W 

X 

Element 

Weight fraction of element m in object (fraction) 

Reaction 

Thermal neutron flux level at object position for (n,y) 

reaction 

y^ = Fast neutron flux level for (n, Q. ), (n,p) and (n,2n) reactions 

(n/cm /sec) 

J- = Activation cross section of reaction, n (barns) 

F = Isotopic abundance of target isotope of reaction, n, 

(fraction) 

A = y J. K(E). where 
n ZJ 1 ^ ' 1 

Energy E of photon emitted from product isotope 

E e 

/hr 

J. = Number of photons of energy E emitted per disinte
gration for reaction n 

K(B). = Conversion factor ( p 
photon/cm -sec 

•) 

Atomic weight of target isotope of reaction, n, (grams) 

Disintegration constant associated with product isotope 

(seconds ) 

Irradiation time or reactor operating time (seconds) 

Decay time or time after shutdown (seconds) 

The assumption of a point source geometry in the radiation level calcula

tions will result in an overestimate of the dose rate at distances that 

are small compared to the largest physical dimensions of the source. If 

a high degree of accuracy is needed in a particular case, the specific source 

geometry and distance must be treated in a more complicated manner. 
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The assumption of no self-absorption in the source material will also 

result in an appreciable overestimate of the dose rates when massive 

sources are involved. No general rule can be given, but for large 

objects (i.e., several hundred pounds) the reduction by self-absorption 

approaches a value of about 10. As with the source geometry factor, 

particular cases have to be treated in detail if greater accuracy is 

desired. 

Table 9 lists the constituent elements and impurities in the alloys 

under consideration in this investigation. The weight fraction of each 

element and impurity in the alloys was obtained from this table and used 

as the fixed parameter, f , in Eq.^l. 
m 

Table 10 lists the most important neutron-induced reactions and product 

isotopes expected from the elements in the alloys listed in Table 9 • 

The basic nuclear reaction and product data for the various radioisotopes 

are also presented in this table. The following were obtained from the 

table and used as fixed parameters in Eq. ^1. 

C (activation cross section) 

F (isotopic abundance of target element) 

W (atomic weight of target isotope) 

J (number of photons of energy E per disintegration) 

K (conversion factor to change flux to r/hr) 

X (disintegration constant or 0.693/half-life) 

Table 11 shows the specific radiation levels (r/hr/lb) from one pound 

of a basic element for selected times after shutdown. Table 12 gives 

the same data for some reactor-grade materials. The tabulated values 

for each element were calculated from Eq. 71 using the following assumed 

conditions: 
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TABLE 9 

COMPOSITION OF ALLOYS (iN PERCENT) 

Df KlMfMUM a Hnji^^^M 

A L L O Y 

t. 
H 

Be 

B 

C 

N 

M9 

A l 

S I 

P 
5 

ri 
V 
Cr 
Hn 
Fe 

Co 
W/ 
Cu 
Z n 
Z r 

CbCMfc) 

^^i!;i 
Mo 
Cd 
Sn 
Sb 
I d 
w 

(0 

0 

H 

' 2 

O.OXO 
0.05 • 

0 . 5 * 

0 . 0 1 ^ 

" / 4 

o.a* 
2 . 5 * 

uc * 
B A L . 

°'^^:2 

• • % 5 

^• ;^ ,5 

Jx.|̂ >r 

S 

2 

0.10* 

• ^ ^ . 0 

0.75* 

0.03'* 

" % 3 

'V21 
c,s* 
B A L . 

i.o'^ 

^ 5 5 
0.7s* 

•3%iJ 
' ^ 3 

t'i'. 

J 
U) 
1 
0 

"i 

0.15"* 

0 .50^ 

0 ^ / 5 * 

'V«7 
i o ^ 

6 / / 0 

\.o^ 
7 2 ° 

O.S0* 

-J 

2 

8 

" 2 

0,C8* 

o 4 — 
- i T o 

0 . 5 ^ 

0.0 z*' 

- 2 7 5 

»V,7 
1.0* 

V5 
1.0* 

7 0 « 

0.5C?* 

5 ^ 

to.!)* 

8 

•1 
< 

2 

0.Q5'' 

1 . 0 * 

O.OA^ 

0 , 0 3 " 

0.20.^ 

1 . 0 ^ 

1 . 0 * 

V7 
; ' , ' . * 

BAL. 

3<b 

> q 

< 
•X 

2 

O.08* 

1.0* 

O . O * ' * 

0.03* 

0 . S 5 * 

I . O * 

V7 
2 . 5 * 

BAI_ . 

'?^7 

y^.5 

J 

*i 

0,25 

V 4 
/.o* 

— T : ^ 

1.5* 

2.0'' 

1.0 

'V70 
BAL., 

8 

1 
2 

-—oT72 

'%5 

'f.o 

'V«. 

KO"^ 

& A L . 

2 ^ 

3/ /0 

< 
J 

u 
2 

"2 

' 0 , O f o 

0.O5 

O.CCS 

0.Z5 

0,15 

».o* 
99.45 

O.OS" 

(0 

0 Q; 

2 

0 . 0 0 & 
0 . 0 2 0 

o.io 

S.B/ 

o.s^ 

0 . 0 1 5 * 

0 . 3 5 
0 . 9 O 

" / ' 4 
o.e* 
a , 5 ^ 

0 .1 

B A t , 

O.OS 
0 , 2 . 

" ^ 

0 . 1 * 

opo 

H 

2 

0 . 1 0 * 

' ' ' ^ . 0 

0 . 7 5 * 

0 0 5 * 

'^•M.i 

'7/2; 

0 . 5 * 

B A U . 

o.\ 

= % ? 

0.75** 

i%7i 
^ : ^ ^ 3 

Q l * 

•7 ^^ 

i 

0 . (5) 

0 . 5 a * 

o.a^ 

'V17 
l.o'' 

/̂p 
0.1 

7 2 ° 

0 , 5 ^ 

".0 

8 ^̂  

2 

0.C6* 

°';̂ <> 
0.50* 

0 . 0 1 * 

-2T75 

'V,7 
1 . 0 * 

V9 
o , | 

70° 
o.5<:? 

^ ' 7 / . ^ 

0 . 1 * 

S 0 

"i 

cos* 

1.0* 

0 .04* 

0.03'* 

0 . 2 0 -
o.e»c 
/ .o* 
1.0^ 

^-7 

0 . 1 * 

< >̂  
a: 

* — 

2 

0.08^ 

1 .0* 

0.04-* 

0 0 3 * 

0 .35* 
1 4 . 5 -

1 6 . 5 

1.0* 

^-7 
0 . 1 * 

B A i - . B A t - . 

3 6 .5 -17 

3-4,5 

0.Z5* 

2 - 4 

/ .o* 

0 . 2 5 -
1,0 

1.5* 

2 . 0 * 

o . f * 

^Vc 
BAL. 

Ul 

Ql 

1 
2 

0 .003-
o . o i 

O J i * 

•i:« 
0 . 5 * 

0 . 0 1 5 * 

3-3.3 

13'ZC 

o.\* 

5 * 

1 0 - 1 2 

SAL

S'10,5 

a. 

f 
<3 

1 

2 

O.OrtS 

0 . 1 * 

••f.s 
0 . 7 5 * 

O . O i * 

2 . 2 -
.?-f i 

l S - ^ / 

I.C* 

z * 
/2.-/S 

B A L . 

0 . 5 ^ 

0,ocS 

^i?€ 

0 

0 

V 
2 

0 , 0 0 3 -
o.o\ 

O.i* 

fii^ 
c.-icT 

o,o>^ 
2 . 5 -

3 . Z 5 

(fo-2<3 

0,l<f 

2 * 

•6 -20 

BAL. 

0 . 1 * 

3-5 

vn 

I 

2 

0.007 

a/* 

25-29 

0 ^ 1 ^ 

3 * 

B A L . 

1.7s-
3 , 7 5 

5 - 6 

»0 
1 

q : 

3 
1 

2 

0 . 4 5 -
0,55 

C.l* 

6.of^ 

CoA* 

2 4 . 5 -
zto.5 

0 . / " ^ 

a*' 
B A L . 

9S-
\\.5 

7-a 

• 

• " 1 

0 

< 

'f 
0.003-

0.02. 

0.15* 

0 . 0 7 * 

-4-fe 

B A L . 

0 ,3* 

( 7 . ^ 

2-3 

> 
T 
< 

h 
0.0/& 

a 0 6 * 

o-os** 

5 , 5 -
6 . 5 

BAL. 

^;^s 

0 .25* 

CO 

2 5 0 
pprvi 

Ci£i^ 

0.0^ 

3 

BAL. 

I3.S 

I I 

TunrlBcNtlBt» 
••• • ••• • •• •• • • •• • • • • • • • • • • • • • • •• 

• • • • 

•• • • 
• • •• • • 

» • • •• • • • • • • » • • • • • • • • • • • 

R-?oo7 



CDNIIUENIIMr 
* • • • « 

• • •• A •IVlaiON OF NORTH AMER•CAN./t"^TJfSN;l^igr . . • ' . 

TABLE 9 

(Continued) 

R-3007 ••• • •• •• » • • • ••• •• 
• • • • • • • • • • • • • • 

ALU3Y 

H 

B e 

B 

C 

M 

M3 

Al 
5.-
P 

5 
T\ 

Kl 

Cr 

Mn 

1 ^^ 
Cc 
KJi 
CJUL 

Zk) 

Zr 
CbOvJb l̂ 

1 Mo i 
C£< 1 

SK) 

Sb I 
Ta 
W ' 

< 

0 .08* 

0 , 4 -
1.0 

0.04* 

C.O^ 

1.9-3,3 
0 . 1 -

0.5 

13.5-
16 

1-2 
B A L . 

24-27 

••°.:5 

CO 

0-06* 

1.0^ 

0 . 0 4 " 

0 . 0 3 * 

0 . 4 

'7-'9 

2 . 0 * 

B A U . 

< ? - " 

0 

»0 

0.Z3* 

. . 5 ^ 

0,04* 

0 ,03* 
r ' 

24-26 

o . / o 

1.0* 

0,04* 

O . O b * 

17-«9 

2 ,0 * i 2 / 0 * 

B A L , i B A L . 

19-22 9-12 

« 

^ 

vn 
vn 

0,0a* 

1.0* 

0 , 5 ° 

i 7 - ' 9 

2 . 0 * 

B A L . 

9-/3 

0.6° 

OA* 

VA 

ojoi* 

1 , 0 * 

0 , 0 3 * 

0 . 0 1 5 

1/9-2./ 

1.0* 

BAL. 

23-32 

3-4 

1 . 0 * 

2 - 3 

V 
0 

vO 

0 . 9 5 -
I.ZO 

1,0* 

0,04* 

0 . 0 ^ 

i^-ig 

1 . 0 * 

B A L . 

0,7^ 

OtA' 
o,c» 

t 
en 

v/̂  

0.25-
o ,as 

X 

5 

vr> 
V/l 

O.Z8-

<5.3 - i O . 3 -
0 , 5 , o . f l 

0 . 0 / ''0,04* 

0.0^ \o,o^ 

o>S5 

\8-Z\ 
0,75-
t>50 

B A L . 

0 . 4 -
0.75 

15-2/ 
0 . 7 s -

/ . 5 0 

B A L . 

8'l\ 

C.5* 

0 . 2 5 -
0 . 6 O 

• . ^ 7 5 

I-/.75 

,5-'< 
0 . 5 * 

- ' ^ - i 

/ -L75 

( 

N 

vn 
i f) 

0 , ; 2 * 

1 <3''"« 
0 . , 9 

0 . 3 -
0.8 

0,C4* 

0 , 0 ^ 

'Ks 
z* 

BAL.. 

2 4 - 2 7 

C.5'' 

5 . ^ 1 

0 
i ^ 

1 

0 , 4 3 

J 
Ul 

1 

0 .30 

i 
! 

0 . Z -
0 . 3 5 1 

0 . 0 4 * ! 

0 . 0 4 * 

^•^oTe 
o. fe5-
0 . 8 5 

B A L . 

l .feS-
2.0 

0 . 3 

;.o 
0 . 5 0 

B A L . 

o.z 

vO 

V9 

< 

O / f l -
/.2. 

B/^L. 

v9 

< 

m 
0 

< 

1,4 2.3 

B A L , B A L . 

\0'4~ \0.9- 1 ^ = * 

0 . ' 5 * 

© . I S 
C' .3S 

0 . / 5 * 

0 , 7 * 

0 . 1 5 -
0 . 4 o 

0 , 2 5 * 

o,7d* 

o.A'' 
c.b-

0 . S * 

"'?.> 
0.2^ 

1 

O . Z * 

%^4-

0 . 3 * 

0 . 7 * 

I . Z -
z .o 

^i:i 

^ 

<? 

< 

" ' 1 . 8 

B A L . , 

, o , s -
/ .2 

0 . / 5 * 

0 . 1 0 * 

0 , 4 -
I 'Z 

1.0** 

3 . 5 -
ff.O 

O.-z^ 

3 

< 

/ . 2 -
(.<9 

BAL. 

0 . 5 * 

o . / d * 

i-i,i 
0 , 5 * 

4 . 3 

0 . 2 ^ 

1 

in 
2 

< 

\ 

<3.\-
0.3 

0 . 4 -
0.6 

BAL, 

""^Tz 

0 , 4 * 

1 

^ 
^ N 

< 

0 
1 
(J 

eft 

1 ^ 

2 , 0 

Cb 

97.7 

1 "̂  
01 
u. 

99.92 

! 

1 

6 
i 
i 1 

0.5 1 1 

39.5 

•• ••• • 
•• • • • • • • • • • • •• •• • • • •• 

f t .} f it 1 ,T .1 I t^Vj I I ,111 

rfturinriiTiii uuniwciniiit 

• •«« 

file:///0.9


TABLE 10 

NUCLEAR REACTIONS AND PRODUCT ISOTOPE DATA 
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SPECIFIC RADIATION LEVELS FROM ELEMENTS PER UNIT FLUX 
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SPECITIC RADIATION LEVELS FROM REGULAR 

AND REACTOR GRADE ( R . G . ) ALLOYS 
(A COMPARISON) 
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CONflDENTtAL 

t. = 900 sec (reactor operating time or irradiation time) 

tp = 0, 5) 10, 15, 30 days (time after shutdown) 

r = 1 foot (exposure distance) 

Y = 1 (thermal neutron flux level) and/or 1 (effective fast neu

tron flux level) 

The technique of analyzing induced radioactivity in an actual component 

is demonstrated by the following illustrative example. It is desired 

to know what levels of radiation are induced in the turbopump assembly, 

what materials are responsible for the majority of this activity, and 

the time required for the intense short-lived radiations to fall below 

the level due to isotopes with long half lives. The neutron flux at 

the turbopump consists of direct reactor leakage flux and neutron back-

scatter from the propellant tank. The thermal portion of neutron flux 

induces about ten times as much activity as does the fast flux, so the 

latter may be neglected in preliminary calculations. Because the prim

ary thermal flux from the reactor is almost all absorbed in the boron-

containing shield, the thermalized backscatter from the propellant is 
12 12 

dominant. This flux falls from 4.6 x 10 to I.5 x 10 nv (thermal) 
in the distance from tank to reactor dome, and it is an adequate 

approximation to assume an av( 

throughout the engine system. 

12 
approximation to assume an average value of 3.0 x 10 nv (thermal) 

The amount of each kind of material used in the turbopump is then tabu

lated as in Table 13 . Where many of the materials are very similar 

and are used in small quantities (such as the carbon steels) they can 

be safely lumped into a single item. If a large bulk of material is 
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TABLE 13 

TURBOPUMP MATERIALS LIST 

Alloy 

310 stainless steel 

K-Monel 

Hastelloy C 

Inco 718 

A-286 

Inco 713 

321 stainless steel 

Stellite 21 

Al 2024 

Inconel 

440 C stainless steel 

4130 stainless steel 

4340 stainless steel 

Inconel X 

410 

416 

302 

52100 1 

Carbon 

Weight, Pounds 

118.3 

98.2 

58.5 

33.0 

8.4 

5.8 

4.6 

3.8 

2.1 

1.8 

1.5 

0.9 

0.9 

0.6 

0.4 

0.3 

0.3 

0.2 

0.1 

Equivalent, Pounds* 

30 

30 

20 

10 

4 

^Reduced Weight Because of Self-Shielding Effect 
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encountered, its weight must be adjusted by a factor to obtain an equiva

lent weight which takes into account internal self-attenuation of the in

duced radiation. A factor of roughly 0.3 has been used in this example 

for massive parts, but experimental evidence will be required to substan

tiate these calculations. The curves of Fig. 68 can now be used to ob

tain the induced activity in each material (after adjusting the numbers 

for the difference in integrated flux). The resulting activity for each 

material is calculated for a distance of 1 foot from the turbopump at 

varying times after shutdown, and is shown in Fig. 69 . The activity 

in several major components is shown in Table 14 

It is seen from Fig. 69 that the sum of induced radioactivity falls 

rapidly during the first few days, and then reaches a more constant value 

which is determined by the most dominant long-lived isotope. In the case 

of the turbopump, cobalt in the Hastelloy C is the source of the dominant 

activity after 10 days of cooldown. The dose rate at that time is suffi

cient to give a worker his full weekly dose in only 6 minutes of work 

close to the turbopump. Even higher dose rates will be present if radia

tion from other parts of the engine system is added. 

The disassembly and maintenance problems presented by the presence of in

duced activity may be lessened through close attention to material selec

tion and operational procedures. Reactor-grade materials should be speci

fied wherever possible and strong radiation sources should be removed from 

the system before maintenance work is begun. A boron-containing shield 

may also be used in certain components that must undergo extensive handling. 
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TABLE 1^ 

COMPONENT ACTIVATION LEVEIS 

Component 

Turbine 

Thrust Nozzle 

Forward Thrust Mount 

Aft Thrust Mount 

Reactor Assembly 

Hot Gas Duct 

Temperature Control Valve 

Afterheat Coolant Valve 

Main Propellant Valve 

Gimbal Actuators 

Roll Nozzle Assonbly 

Turbine Exhaust Syst«n 

Dose Rate Dose Rate 
3 Days, 10 Days, 

R/hr at 1 foot R/hr at 1 foot 

16 

100 

1.0 

0.1 

4 X 10^ 

5.0 

0.03 

0.002 

0.007 

5.7 
0.2 

0.7 

0.5 

85 

0.5 

0.01 

2 X 10^ 

1.0 

0.02 

0.001 

0.004 

4.0 

0.1 

0.4 

NOTE: 

Components subjected to flov of gas from the reactor may 

accumulate fission products, and exhibit actual dose rates, 

several orders of magnitude greater than those listed prior 

to decontamination. 
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RADIATION DAMAGE 

Effects on Electrical Equipment 

The predominant mechanism of nuclear radiation attenuation is ionization 

which creates difficulties in operating electrical equipment. Two dis

tinct phases of damage occur: the rate-dependent transient effects which 

are only present during reactor operation, and the permanent effects which 

accumulate as a function of the integrated radiation dose. 

Calculations based on the K-1 preliminary design indicate that only a 

few sensitive components will receive an integrated dose sufficient to 

appreciably alter their physical properties. But the high dose rates pres

ent during the short-duration reactor operation will have serious effects 

on electrical equipment, introducing current leakage paths in insulation 

and causing spurious voltages in conductors. 

The means of preventing electrical breakdown due to the ionizing effects 

of radiation lie in shielding, radiation-resistant insulating materials, 

and the use of low-voltage, low-impedance circuitry in all instrumentation 

and control. Some specific examples of electrical equipment disruption 

and preventive measures are listed below. 

Solenoid Valves and Servovalves 

These components are subject to failure through the shorting of coil 

assemblies by the breakdown of insulation in the nuclear radiation. There 

may also be spurious voltages induced by ionization of gases surrounding 

coils and wiring which will introduce a degree of random noise into the 

control system. It is expected that coil insulation will be made of a 
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ceramic material, possibly a mineral oxide or, in the case of aluminum, 

an anodized insulation. The high rates of heat generation associated 

with the intense radiation necessitates this type of material. However, 

ceramic materials are subject to considerably greater electrical break

down in radiation than organics because of the nature of their ionic bond. 

The free electrons created by ionization in conventional organic insulat

ing materials have much less mobility within the insulator, and therefore 

present a greater degree of resistance to leakage currents than do ceramic 

insulations. But, by careful design of adequate insulation and the use 

of low-impedance circuit design, the signal-to-noise ratio will be main

tained at a useful level and the device will function satisfactorily. 

Solid-State Electronics and Feedback Loops 

Solid-state electronics are particularly susceptible to transient radiation 

damage effects as well as permanent integrated dose effects because of the 

mechanism on which semiconductor devices depend for their operation. Free 

electrons produced by an ionizing radiation field tend to introduce a pre

ponderance of new charge carriers into the junction region of the semicon

ductor, thereby changing a minority carrier into a majority carrier or 

creating an avalanche of charge that blocks out the desired signal. Because 

of the severity of this effect, solid-state devices must be located in an 

area of low radiation intensity such as provided by the propellant shield 

and by the propellant itself. These devices need not be located in close 

proximity to the reactor, and therefore are best placed near the top of 

the propellant tank. Solid-state amplifiers are employed as components 

in control feedback loops which also utilize a position-indicating potentio

meter which is subject to malfunction from false or erratic signals caused 

by induced currents and high electronic noise level. The potentiometers 

should be fabricated from high-resistance nickel-chromium-alloy wire to 

^-5007 ^^..„.*«.*..I 203 
it m ••• •• Ik* • • • • m 



• • • • « • c r » f lErnr jOTfcT r%Li^ 
A D I V I S I O N O F N O R T H A M E R I C A N A V I A T I O N I N C 

Cn u n n r i i T i i i 

reduce the effects of temperature, and the circuitry should again be of 

low impedance design to increase the signal-to- noise ratio. It may be 

necessary to protect the position-indicating units with individual shields 

or cooling to maintain their temperature at a reasonable level. 

Motor-Driven Valves 

The K-1 engine system will utilize valves which contain geared-down di

rect current motors for actuation. The motors are subject to the same 

type of failure as the solenoids and potentiometers previously mentioned. 

Adequate electrical insulation and heat protection can be supplied through 

the use of ceramic insulating materials and careful attention to insulation 

design. 

Chamber Temperature Thermocouples 

The design of the high-temperature thermocouples is by far the most diffi

cult task which must be undertaken in the temperature measurement system. 

The major design requirements can be classified in three areas: (l) selec

tion of the thermoelectric materials which will develop an adequate out

put and maintain their thermal electric integrity over the entire tempera

ture and nuclear environment range, (2) designing the thermocouple probe 

to maintain sufficient mechanical strength at the elevated temperature to 

withstand the gas velocities, and (3) maintaining adequate electrical in

sulation at the elevated temperatures and high nuclear radiation ionization 

rate. 

Investigation of high-temperature thermoelectric materials revealed two 

promising combinations. They are rhenium-tungsten and tungsten-26 percent 
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rhenium-tungsten. A plot of the outputs of these two combinations over 

their reported operating ranges is given in Fig. 70 . The electromotive 

force-temperature relationship for the rhenium-tungsten combination was 

stopped at 4000 F since considerable electromotive force scattering has 

been reported above this temperature. The sensitivity of the tungsten-26 

percent rhenium-tungsten combination is approximately 7/i,'̂ /*ieg at 4000 F 

(the primary control point), while the sensitivity of the rhenium-tungsten 

combination is approximately 2.6 fjy/deg at the same temperature. For 

this reason, the tungsten-26 percent-rhenium-tungsten is preferred for 

this application. 

It is assumed that a reliable welded thermocouple junction can be achieved. 

In the high-temperature thermocouple studies conducted at LASL, as part of 

the Kiwi program, reliable welded junctions have not been achieved because 

of the recrystallization of the tungsten; hence mechanical junctions have 

been used. Due to the improvement in time constant and the reduction in 

thermal radiation and nuclear heating errors which can be achieved, welded 

junctions must be given further study. This is particularly true in light 

of the successes which have been reported in welding other combinations 

of metals with some of the newer welding techniques such as electron-beam 

welding. 

The structural integrity of the probe can be obtained by supporting the 

thermocouple probe insulation in a tungsten sheath. The best choice for 

insulation at the present time appears to be beryllium oxide. Since the 

resistivity of beryllium oxide decreases rapidly at the elevated tempera

ture, investigation of other insulating materials must be continued. 
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Turbine Inlet Thermocouples 

While the thermocouple for turbine inlet gas temperature measurement could 

be the same as for the chamber temperature measurement, other alloys, 

which are more readily available and less expensive, will give higher 

sensitivities and more dependable service in this temperature range. 

Figure 71 shows the temperature-electromotive force relationship for 

chrome1-constantan which is an excellent choice for this measurement 

since it has the highest sensitivity of the readily available alloys, is 

stable in a hydrogen atmosphere over the temperature range and is not sub

ject to atmospheric corrosion. 

Magnesium oxide is an excellent insulator for this thermocouple provided 

it is of high purity and is protected from moisture. Use of alloys which 

are easier to form for the sheath material also will be possible. 

Cryogenic Temperature Measurement Devices 

Platinum resistance bulbs have given excellent results in measuring cryo

genic temperatures on all past programs at Rocketdyne. They have been 

successfully employed in measuring the pump inlet and outlet temperatures 

on the Rover program and the fuel temperatures on the J-2 program. On 

both of these programs the propellant is liquid hydrogen. However, none 

of the service has been in the nuclear environment expected in the K-1 

program. Little information is available in literature regarding the nu

clear effects on platinum at cryogenic temperatures. At ambient tempera-
19 

tures, little effect has been reported for integrated fluxes below 10 

nvt. However, due to the low operating temperature, self-annealing may 

be reduced to a level where significant changes occur. This effect can

not be determined analytically and must be determined by tests. In case 
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Figure 71 . Temperature-EMF Relationship for Chromel-
Constantan (Reference Junction at 32 F) 
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platinum resistance bulbs cannot maintain their stability in the nuclear 

radiation field, thermocouples must be considered for the propellant tem

perature measurements. Two thermoelectric alloy combinations can be con

sidered for these measurements. They are gold cobalt-copper and copper-

constantan. The sensitivity of a gold cobalt-copper thermocouple at 350 R 

is approximately 18 LLv/R, while the sensitivity of copper-constantan at 

the same temperature is approximately 7 AJ-V/R. These thermocouples do 

not have the stability of platinum resistance thermometers for cryogenic 

applications in nonnuclear environments, hence are not desirable. 

Surface Temperatures Measurement Devices 

Difficulty in analytically predicting the heat transfer characteristics 

and the nuclear heating rates on the components and the structural members 

will make a number of surface temperature measurements necessary to deter

mine the operating temperatures of critical components. Thermocouples are 

the best choice of sensors for this class of measurements since they are 

relatively inexpensive, radiation resistant, can be attached to the compon

ent with the least amount of difficulty, and are adaptable to the broad 

range of temperature which is of interest. 

Pressure Measurement Devices 

As a part of the KEWB program, Atomics International conducted an investi

gation into commercially available pressure transducers suitable for use 

18 

in nuclear environment up to 10 nvt. A summary table, showing the re

sults of test conducted on 10 different transducers is reproduced herein 

as Table 15 . Four of the 10 instruments tested show promising results 

in the radiation environment in which they were tested; three of the four 
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TABLE 15 

TRANSDUCER CHARACTERISTICS 

Manufacturer 

Hodel Nusber 

Type 

Natural Frequency 

Reaponae Tine in 
HicroaecondH 

"trnml i v i t \ (Approi ) ^ 

Ng DynauJir M iin 11 i v i l y A 

Sena i t i v i l j ^ 

Radiation Inaenait ive 
( y , . - no) 

10'» „ /c .» 
C i a u l i t i v . 

Radiatlgn 10 ' n/ca 

l o " n / c ' 

Lxploalon Heaiatant 
100'C 

Teaperature 
E f f . c t . , ^ . ^ 

C«rroileii RvtlatAat in 
UOjSO^ . H,90^ 

"Clean" Rlnginf 
( y . i - no) 

C«l ikr«t l«n (a) Stat ic 
N«anB 

(jtaa - na) (k ) Ojrnaatc 

IbMr i ia 

Atlantic 
llea«arch 

LD-ao 

1«ad Zirconate 
Piazovleciric 

~ I 0 0 0 he 

0 t 

T nv/pai 

I 07 av/pal 

2 71 nv/pal 

No 

20-2;:! loaa of 
output 

rai lod 

No teat 

Tea 
No teat (aae 

lJ>-77) 

No teat (aaa 
LD-77) 

Not OTallakla 

No 

No 

Yeo 

Atlant ic 
Reaearch 

111-77 

Lead Zirconate 
Pleeoeleetrlc 

~ 1 0 0 0 ke 

0 ^ 

0 01 v/pal 

No I r a t 

No teat 

No 

No teat 

No teat 

V>t loaa of 
output 

Yen 
'Jfi loao of 
output 

W;! loaa of 
output 

Not a r a l l a t l e 

No 

No 

Tea 

SMporaodad bjr 
U)-80 

Pynlaco 

P7A1N 

linbonded Stra in 
Wire 

18 kc 

8 

W, / l v / p « i ' 

bO (i ^ v / p a i 

71 2 / i v / p a l 

Yea ( « l t h 
car r ie r ) 

No teat 

No teat 

None 

Yea 

None 

^ loaa of 
output 

Yea 

Yea 

Yea 

laa 

Indevco 

2501-
1000 

Piezoelectr ic 
Ceronic 

luu kc 

2 

C*! mv/ pal 

0 «)7 av/pal 

1 bf .Y /pa i 

No 

None 

None 

fi% loaa of 
output 

Yea 
15% loaa of 
output 

No teat 
poaaibla 

Not ayailabla 

No 

No 

Yea 

Kai iaiB 
rated t f « -
perataro la 
110* C Caklo 
aborted kotoro 
IV>*C uaa 
reached 

t r i c h Broaa 

6 0 U 

Quartz 
Piezoelectr ic 

95 kc 

« 
2 >v/pal 

2 •>') . v / p a l 

2 6« n / p a l 

No 

~10) l loaa of 
f i r a t peah 

No additionol 
change 

No teat 

Yea 

None 

Na teat 
poaaiblc 

Not available 

No 

Yea 

Yea 

Cable fuaad 
at 1)0* C 

Noroood 

EPK-IOOO 

Bonded Strain 
Wire 

l<li kc 

8 

W M v / p a i 

1.2 ; t v / p a i 

57 / i v / p a i 

No 

<10) l loaa of 
output 

None 

No teat 

Yea 
•if loaa of 

output 

•S% loaa of 
output 

Not avoilable 

Yea 

Yea 

Yea 

Nltruien 
cooled during 
toaparaUre 
t e a U 

« m ( K l a t l e r ) 

PZ- l t 

ijuartz 
Picaoeleetrlc 

t j he 

h 

2 t av/pal 

5 75 av/pal 

t »5 av/pal 

No 

No teat 

No teat 

None 

Yea 

None 

None 

Not available 

Yea 

Yea 

Ye. 

StaUiaa 

PA-217TCa-lM-
150 

Unbonded Strain 
Wire 

27 kc 

10 

5 8 A t v , p a l -

1.4 ^ . / p a l 

W / l » / p a i 

Yea ( v l t h 
car r ie r ) 

None 

None 

No teat 

Yea 
10^ loaa of 
output 

10^ looo of 
output 

Yea 

Yea 

Yea 

Yea 

eoaponaated 

htathaa 

PA-217a-lH 
550 

Unbonded Strain 
Wire 

52 kc 

10 

2 5 > » . / p a l . 

No teat 

No teat 

No teot 

No teat 

No teat 

ra i led elec
t r i c a l l y 

Yea 
50^ gain in 
output 

No teat 

No 

Yea 

Yea 

Yea 

r i r a t aoaol 

Oaega 

21-10 

Variable 
Capacitance 

80 he 

5 

2 1 wv/pal" 

2 q . v /pa l 

1 9 av/pal 

No 

lOi loaa of 
output 

•jO% loaa af 
output 

No teat 

Yea 
20:1 loaa of 

output 

50;l loaa of 
output 

Not available 

Yea 

Yea 

Yea 

Haa 25 ac 
c a r r i e r , 
aaturation 
offacta above 
500 pal 

*8iatle ealibrailan carra. 
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were strain gage-type transducers and the fourth was quartz piezoelectric 

transducers. While the test conditions (flux rate and gamma heating) were 

not so severe as expected on the K-1 program, the results do indicate 

the types which have the greatest potential for being developed into sat

isfactory transducers for this program. 

Variable Reluctance Transducers. A noticeable omission in the types of 

transducers tested on the KEWB program was the variable reluctance trans

ducer. While this type of transducer has been successfully employed in 

a number of applications, alternating current operational devices are 

expected to be considerably more unstable in a high-radiation field than 

direct current devices. This is because of the change in dielectric con

stant and ionization currents for insulator materials located in a radia

tion field. Temperature-induced capacitance changes in the transducer 

and its electrical cable have also limited the precision of variable re

luctance measurement systems on chemical rocket testing where the opera

ting conditions are considerably more favorable. 

Piezoelectric Transducers. Piezoelectric crystals, basically a charge de

vice , are adaptable to making dynamic measurements but are of limited 

value in making static measurements. They have the additional disadvantage 

of having a high internal impedance which will accentuate any radiation-

induced noise in the system. 

Strain Gage Transducers. From the data available, strain gage-type trans

ducers show the most promise. Two types of strain gage pressure transducers 

are available commercially; they are: (l) bonded strain gage pressure 

transducers and (2) unbonded strain gage transducers. The difference be

tween the two is, as the names imply, the method utilized in attaching 
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the strain element to the sensing element. While many of the operating 

characteristics of the two types are similar, there are basic variations 

which must be considered. 

Bonded Strain Gage Transducers. Bonded strain gage transducers, manu

factured by the Taber Instrument Corp., have been extensively employed at 

Rocketdyne for the measurement of pressure. These units were chosen, 

basically, because of their mechanical ruggedness and their calibration 

stability. While this transducer has been well proven in the nonnuclear 

environment, several modifications may be necessary for satisfactory 

operation in the nuclear environment which will be encountered on the 

K-1 engine. The two major areas of modification which can be foreseen 

are (l) the method of bonding strain gages and (2) extending the tempera

ture operating range and/or providing cooling methods. 

Bonded strain gage techniques utilized in nonnuclear environments have not 

proved entirely satisfactory in nuclear environments and must be modified 

for this instrument to perform in the K-1 environment. A more complete 

discussion of bonded strain gages is given under the Strain Measurements 

heading. 

The present upper-temperature operating limit of the Taber pressure trans

ducer is between 250 and 300 F which is far below the temperatures expected 

if the transducer is not shielded or cooled. While one of the factors 

limiting the upper temperature limit is the strain gage bonding material, 

whose temperature characteristics must be improved along with radiation 

resistance, it is very difficult to obtain stable zero and sensitivity 

characteristics during transient temperature operation. Therefore, shield

ing and/or cooling will be required on this program to obtain accurate in

formation. Other modifications in the design should include the use of 
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spot-welded electrical junctions and elimination of organic materials 

throughout the system exposed to the nuclear environment. 

Unbonded Strain Gage Transducers. Although it eliminates the bonding pro

blem, the unbonded strain gage has limitations of its own. These limita

tions are:(l) the strain wire is not continuously supported, hence it is 

subject to high-frequency excitation from acoustical or mechanical sources, 

(2) the unsupported sections of the strain wire are difficult to cool— 

particularly true when the strain element cavity is referenced to 0 psi, 

and (3) coolant gases cannot be passed around the unbonded strain gages. 

Coolant would cause extraneous stresses in the gages, possibly cause 

physical damage, and very likely change the transducer stability by chang

ing the insulation resistance between elements of the bridge. Gas ioniza

tion around the uninsulated strain wires could also be a limiting factor 

in the application of unbonded strain gages. 

In addition to the factors discussed above, Rocketdyne's experience on 

past chemical rocket engine programs has shown bonded strain gage trans

ducers are more reliable than unbonded strain gage transducers , hence the 

bonded strain gage transducer should be given primary emphasis in this 

program. (Ref. 32). 

Flow Measurement Devices 

Flowmeters. The following types of flowmeters are promising in their pres

ent state of development: 

1. Ultrasonic flowmeter 

2. Turbine-type flowmeter 
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3. Variable head flowmeter 

4. Li radial flowmeter 

5. Drag disk flowmeter 

6. Axial momentum flowmeter 

Each of the above types of flowmeter represents a method for mass flow 

measurement, but there are significant problems as well as advantages with 

each. 

Ultrasonic Flowmeters. The ultrasonic flowmeter employs crystal drivers 

to propagate sound waves through the fluid. Vector addition to the fluid 

velocity to the propagation velocity produces an electronic signal propor

tional to the fluid velocity. Since the mass flowrate is proportional to 

both density and velocity, a separate determination of density must be made. 

The ultrasonic flowmeter requires relatively complex electronic circuitry 

and its operational characteristics depend upon the physical characteristics 

of the crystal units, including their holders, the coupling coefficient 

between the crystal and the fluid and the electronic circuitry. Radiation 

effects on the crystals and the electronic circuitry due to the K-1 nu

clear field would complicate the use of this type flowmeter. 

The advantages of the ultrasonic type are: (l) it integrates the effects 

of the fluid stream velocity profile, (2) it presents no flow obstructions 

in the fluid duct, and (3) it does not present a sealing problem. 

Turbine Flowmeters. The turbine-type flowmeter contains an axially-mounted 

rotor which translates fluid velocity into rotor rotation. A detector, 

normally a magnetic proximity device, produces an ac electrical output which 
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is proportional to rotor angular velocity. This type of meter has been 

widely used by Rocketdyne in cryogenic application where precisions of 

better than ±0.1 percent have been demonstrated. The precision obtain

able in a well designed installation is largely a function of the calibra

tion capabilities. The principle of operation is relatively simple and 

no electronics or power supply are required. 

The disadvantages of the turbine meter are: (l) it is slightly sensitive 

to fluid viscosity, (2) it is seriously sensitive to fluid phase, (3) it 

is subject to damage by excessive gas flows, and (4) it requires a separate 

determination of fluid density to obtain mass flowrate. Another variation 

of the turbine-type flowmeter is the double rotor meter manufactured by 

Potter Aeronautical Company. This device employs two rotors of different 

blade pitch mechanically coupled by a torsion member. By utilizing the 

angular displacement between the two rotors a relationship with mass flow-

rate can be derived. (A 4-in. flowmeter of this type is presently being 

procured by Rocketdyne for testing in liquid hydrogen over a flow range 

compatible with the K-1 requirements.) The results of these tests will 

determine if this technique is superior to a separate determination of den

sity by pressure and temperature. The accuracy of this device appears to 

hinge upon the stability of the torsion member; this is particularly true 

in a radiation environment. 

Variable Head Flowmeters. The variable head flowmeters use a restriction, 

usually of classic design, in the fluid duct. The conversion of fluid 

static head to velocity head is proportional to the liquid density and velo

city squared (kinetic energy). The output is usually taken as the pressure 

drop across the restriction. In classical form, these devices are subject 

to fluid characteristics and to piping effects. Because of the rv depend

ency a separate determination of density must be made. Since the restrictor 
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itself can be made relatively insensitive to the nuclear environment, the 

nuclear radiation will present problems only in measuring the differen

tial pressure and in determining the density. These devices have been 

less precise than turbine flowmeter for measuring flowrate on chemical 

rocket engines. 

Li Radial Flowmeters. In the Li radial flowmeter, the flow is directed 

radially outward using a vaned, driven casing much like a centrifugal pump. 

The fluid is then redirected inwards and reacts against another set of 

radial vanes. It can be shown that the torque generated at the second 

set of vanes is proportional to mass flowrate and the speed of rotation 

of the unit. If the casing is driven at constant speed, the torque is 

proportional to mass flowrate. The torque measurement depends upon the 

angular deflection of the rotor at its mount strains. Since the mount then 

becomes the measuring mechanism, its spring rate is important. The most 

serious problem with this flowmeter is the dynamic seals at each end of 

the casing, which are necessary for coaxial rotation. In addition, the 

unit must be driven at constant speed; a difficult task even where weight 

and complexity are not a factor and where a nuclear environment is not 

present. The salient feature of this device is that it depends upon in

tegrated angular momentum, therefore its performance is not adversely 

affected by the fluid phase. 

Drag Disk Flowmeters. In the drag disk flowmeter, a resistive element is 

suspended in the liquid conduit. The drag force acting upon the element 

is proportional to the fluid density and the velocity squared. In combina

tion with either velocity measurement (such as the turbine-type flowmeter) 

or density measurement it yields mass flowrate. The practical feature of 

this device is that it can be made to have an essentially constant drag 

coefficient, which is an improvement over the single-valued discharge 
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coefficients of classical head-type devices. In addition, response is in

creased since the drag force is measured, usually by strain gages bonded 

to the drag disk support. The principal is simple and valuable; however, 

the device is subject to vibration, acceleration and temperature errors, 

all of which would be difficult to compensate for in this application. 

Axial Momentum Flowmeters. The axial momentum flowmeter is similar in 

principle to the Li radial flowmeter, except the fluid is directed into 

the bladed annulus of a drum-shaped rotor which is driven at constant 

speed. As the fluid leaves the rotor it is traveling in a helical path 

with some angular momentum. Another drum-shaped bladed annulus, immedi

ately downstream, receives the fluid and removes its angular momentum. 

In so doing it generates a torque in the compliant restraint attached to 

the downstream annulus. The generated torque is proportional to mass 

flowrate and rotor speed. The advantage and disadvantages of this flow

meter are similar to those of the Li radial flowmeter with one or two 

exceptions. These exceptions are: (l) there are no casing seals, only 

the dynamic seals for the impeller input (at least one company is attempt

ing to eliminate this seal by installing a constant speed motor within 

the housing) and (2) there is the possibility of hydraulic coupling be

tween the two annuli. 

Flow Measurement Systems. To reiterate, all of these devices possess merits 

as well as serious problems. Hence, the most prudent approach is to select 

that system which in its present state of development is the most capable 

of reliable and precise flow measurements. Rocketdyne's experience shows 

this to be a volumetric flow measurement with the turbine-type flowmeter 

and a separate determination of density by the measurement of temperature 

and pressure. Such a mass flow measuring system for liquid hydrogen is 

presently under development for the J-2 program which has a nonnuclear 

environment. 

R-3007 gxt-MMT 217 

:fiWIH8HffWL: 



A D I V I S I O N O F N O R T H A M E R I C A N A V I A T I O N I N C 

AnurinruTiai 

The problems presented by the nuclear environment will be present to some 

degree with the turbine-type flowmeter; however, there are several reasons 

why they may be easier to solve for this type flowmeter than any other 

transducer: (l) the flowmeter is cooled by the liquid hydrogen, hence nu

clear heating will not be a serious problem, (2) since the device is dis

placement or velocity sensitive, it is not affected by changes in mechanical 

properties caused by neutron or gamma ray bombardment; and (3) since the 

output signal is frequency modulated, the measurement will not be subject 

to moderate change in the magnetic and electrical properties of either 

the detection device or the transmission system. However, special pre

cautions in the design of the detector must be taken. These precautions 

include nonorganic insulation and welded terminals. Induced radioactivity 

should be considered in the selection of all the materials. 

Strain Measurements 

The literature contains a number of reports on different principles which 

have been investigated for use in making strain measurements and include 

resistance gages, inductance gages, capacitance gages, optical techniques 

and stress coatings. The resistance strain gage has been exploited the 

most, mainly because it is more adaptable to field installation than the 

other types. While some problems exist in the application of the resistance-

type strain gage in the K-1 environment, it remains the logical choice. 

Resistance Strain Gages. Strain is measured with the resistance strain 

gage by attaching a wire filament securely to the component being analyzed 

so a strain occurring in the test hardware is transferred to the filament. 

Strain in the filament changes the electrical resistance which is measured; 

usually the filament is connected into a Wheatstone bridge circuit. 
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The five basic variables which enter into the resistance strain gage opera

tional characteristics are (l) the material of the filament wire, (2) the 

filament construction, (3) the method of attaching the filament to the 

hardware under test, (4) the lead wire construction and (5) the circuit 

in which it must operate. 

Filament Material. The best choice of filament material is dependent upon 

the environment in which it must operate. In the low and moderate-temper

ature range, up to 300 F, constantan has been widely employed. For higher 

temperature operation up to 700 to 1000 F, unannealed Karma wire has given 

satisfactory results. The effects of the K-1 nuclear environment on 

these materials is unknown at this time and must be determined by tests; 

it is not expected to be a serious problem, however, especially at the 

higher temperatures. 

Filament Construction. Two methods are commonly employed in making the 

filament grid. One method is to employ a fine wire wound to form the grid 

shape desired. This form requires a carrier (grid holder) to retain the 

structural and electrical integrity of the grid. The grid holder may be 

paper, bakelite, mica, etc. While all of these materials are satisfactory 

in certain applications, the organic materials must be avoided on the 

K-1 program. Although the filament is normally bonded to the carrier 

with an adhesive or is embedded in the material, one company makes a 

resistance strain gage in which the filament is affixed to a metallic carrier 

by an extrusion process in which magnesium oxide is swaged completely around 

the strain wire to form the electrical insulation and the mechanical bond. 

This type of construction seems to be desirable for the K-1 environment; 

however, tests must be conducted to verify this conclusion. The second 

method of grid construction is accomplished by etching the grid from a 
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thin foil or film. In the case of the etched foil gage the filament can 

be attached to a permanent carrier, as in the case of the wire filament, 

or it can be attached to a temporary carrier and transferred during in

stallation. 

Gage Attachment. The most commonly employed method of attaching the 

gages (with or without holders) to the test hardware is with some type of 

bonding agent. A large number of adhesives have been tried and are being 

used with various results. Bonding is usually referred to as an art 

rather than a science since the results are influenced by the technique 

used in the mixing of the bonding materials, the method employed to pre

pare the surfaces to be bonded and the curing cycle. The nuclear environ

ment and the high temperatures expected limit the number of adhesives 

which can be employed. Ceramic adhesives are the most promising, but in 

general they must be cured or applied at elevated temperatures. Long, 

high-temperature curing cycles, undersirable for shop or field applica

tions, can be avoided by bonding the strain gage to a thin, metallic 

carrier of the same material as the test hardware . This is done in the 

laboratory under favorable conditions, before spot welding the carrier to 

the test hardware during the assembly period. This relatively new tech

nique is very desirable since it allows laboratory-controlled conditions 

during the critical operation and reduces installation time during com

ponent or engine buildup. The one disadvantage of this technique is that 

it cannot be used on very thin components where the metallic carrier can 

alter the stress in the component under test. 

Lead Wire Construction. The gage lead wire construction is important since 

it is the means of making electrical connections to the filament. The 

electrical junction must be capable of withstanding the environment; hence. 
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spot welding or mechanical junctions must be used. One of the main causes 

of electric discontinuity in a resistance strain gage installation is 

lead wire failure caused by fatigue or tension which surpasses the yield 

strength. The lead wire must therefore be given particular attention 

and care to protect against damage. 

Bridge Circuits. In general, gages will be wired to form complete four-

arm-bridge circuits. If only one or two active gages are employed in the 

measurement, dummy gages mounted near the active gages will be used to 

complete the bridge. Even though the individual gages are temperature 

compensated, the additional compensation provided by this circuit arrange

ment will be required because of the temperature fluctuations expected 

on the K-1 engine components. 

Acceleration Measurements 

Rocketdyne has employed piezoelectric accelerometers exclusively on past 

chemical rocket engine development programs. These units were employed 

because of their small size, light weight and excellent frequency response 

capabilities. Weight and size are important since it is desirable that 

the instrumentation installation does not change the operating character

istics (mode or frequency of vibration) of the component under test. Size 

is of added importance since bulky units cannot be physically mounted in 

some of the locations encountered on a rocket engine. 

Irradiation tests conducted on pressure transducers as part of the KEWB 

program by Atomics International indicate that quartz piezoelectric prop-

18 
erties are unaffected by an integrated flux of 10 nvt, while other pie
zoelectric materials failed at equal or lower doses. Thus, while it can 
be reasonably expected that the quartz crystal will not be permanently 
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damaged by radiation imposed by the K-1 engine, little information 

exists to evaluate the magnitude of the dose rate effects. Transient 

radiation effects in a piezoelectric material may reasonably be expected. 

These effects along with the prompt radiation effects in the connecting 

cables, may prove to be very difficult to handle because of the high 

internal impedance of the crystal and the high input impedance required 

at the preamplifier. One additional disadvantage of piezoelectric de

vices is their temperature sensitivity. However, their small size may 

offset this disadvantage in some locations; if they are mounted on a 

cooled part, thermal conduction will dissipate the radiation-induced 

heat. Within the past year, an unbonded, air-damped strain gage accelero-

meter with improved frequency response characteristics has been intro

duced on the commercial market. These devices appear to be the most 

promising for operation in the K-1 environment. The effects of the 

nuclear environment on this instrument can be expected to be similar 

to that of the unbonded strain gage pressure transducers. 

Permanent Damage in Mechanical Components 

Reference to the radiation dose plot of Fig.57 indicates that the 

accumulated radiation dose in certain areas of the engine system will 

exceed the tolerance of most organic materials. In the unshielded areas 

of the engine system, integrated radiation doses of 4 x 10 nvt and 5 

X 10 r will accumulate in 1200 sec engine operation. In the shielded 
5 7 

regions above the reactor core , doses of 5 x 10 nvt and 3 x 10 r can 

accrue. Indications are that certain organic materials will tolerate 

this dose in limited applications, but considerations of reliability and 

the desirability of later uprating to accomodate higher reactor power re

quire that the K-1 engine system be as radiation resistant as possible. 

Wherever possible, components containing organic parts should be examined 
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for the possibility of substituting other materials or eliminating 

the organic parts altogether. Areas of an engine system which commonly 

employ radiation-sensitive materials are seals, electrical insulation 

and the reinforced Teflon bearing cages of liquid hydrogen-lubricated 

turbomachinery. It was previously mentioned that the combination of 

high-temperature and radiation damage dictate the replacement of organic 

insulating materials with ceramic counterparts. Other devices which are 

susceptible to integrated-dose radiation damage are described below. 

Bearings 

At the inception of Rocketdyne's program to develop liquid hydrogen pumps, 

the use of conventional lubricants for bearings and gears was recognized 

as impractical. The close proximity of the bearings to the low-tempera

ture region would require large heat inputs to maintain fluidity, thereby 

imposing weight and complication on the system. The premise adopted was 

that a lighter, more compact and simple pump could be achieved by the 

elimination of an external lubrication and heating system. 

An intensive program was conducted at Rocketdyne to develop the capability 

of bearing lubrication using the propellant being pumped. Liquid hydrogen 

was among the first of the various propeHants studied, and test perform

ance proved the feasibility of the concept. Subsequently, ball bearings 

with races and balls made of 440 CRES, and outer-land-riding cages made 

of glass-impregnated Teflon have been successfully tested during numerous 

component tests and during the Rover pump test program. 

The liquid hydrogen-lubricated bearing demands a cage which will retain 

its anti-friction surface properties throughout a wide range of tempera

tures without being brittle or having other undesirable properties. Un

fortunately, Teflon is one of the most radiation-sensitive engineering 
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materials that can be used in this application. Reinforced Teflon possibly 

will be adequate in the K-1 application but its strength will rely en

tirely on the nature of the reinforcement. Also, the integrity of its 

surface has not been proven at the radiation dose expected. Advanced nu

clear engines with higher powers and higher integrated doses must utilize 

a more radiation-resistant material than this, and it is therefore wise 

to develop a replacement as early as possible. Other promising materials 

include the calcium fluoride-Teflon and calcium fluoride-Kel-F "alloys", 

and radiation-resistant base materials with Teflon applied by a surface 

copolymerization process. Polystyrene might be used in this application 

as the base material. Graphite is perhaps the most resistant to radiation 

damage, although its brittleness presents design limitations. 

In view of possible effects of radiation on the glass-impregnated Teflon 

cage material, a test progreun is being conducted to evaluate graphite cages. 

To date, three bearings have been tested in liquid hydrogen at shaft speeds 

of 26,000 and 33,000 rpm. One bearing was tested for 1-1/2 hr at 26,000 rpm. 

Two other bearings were tested at 33,000 rpm. One unit accumulated 6-1/2 hr 

of testing in six starts, while the second accumulated 5 hr of testing in 

five starts. The longest single-duration test was 2-1/2 hr and was made at 

33,000 rpm. The tests have been performed at a radial load of 190 lb and 

an axial load of 400 lb. 

Seals 

Flanged joints requiring static seals should be kept to a minimum. They 

will probably be used only at the tank attach point and at the hot gas 

throttle valve. 
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The Naflex pressure-actuated seal (Fig. 72 ) developed at Rocketdyne is 

suitable for all flanged joints used in the engine system. This seal is 

currently operational in all cryogenic bolted joints in the Atlas and 

Saturn engine systems. Outstanding improvement in sealing of cryogenic 

liquids has been achieved by its use. 

The operation of a pressure-actuated seal may be explained briefly by a 

schematic diagram. The figure shows a Naflex seal installed in a flange. 

The flange and seal tolerances are such that torquing of the flange bolts 

(not shown) causes the seal legs to deflect. This deflection causes the 

seal to exert a preload or spring force at A. As fluid pressure P is 

built up the unit loading at A is increased and at about 600 psi (depend

ing on temperature and flange deflection) begins to exceed the spring 

load. The resulting high unit loads at A,in conjunction with the soft 

facing material,effects sealing. The success of the Naflex seal at low 

pressures and temperatures, compared with other pressure-actuated de

signs, is due to the combination of preload and facing material. 

The standard Naflex seal has a thin Teflon facing. Since Teflon is sub

ject to radiation damage, soft metal foil can be used in its place. An 

extensive development program now under way in connection with the Kiwi-B 

program has shown excellent results at temperatures from -320 F to 1200 F 

for the all-metal Naflex seal. 

Naflex seals of Inconel X and Inco-718 with copper facing have accumulated 

a total of 14,000 sec sealing hot gas combustion products at 1200 F and 

500 psi. During the 47 tests involved only a few cases of detectable leak

age occurred, and in these cases the leakage was negligible. In labora

tory tests, helium at 900 F and up to 1000 psi was sealed repeatedly 

using copper-faced Naflex seals. Equal success was experienced in seal

ing liquid nitrogen at pressures up to 2000 psi. In all test fixtures a 
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32-microinch finish with concentric machining grooves was used on the 

flanges. 

Copper, nickel, silver and gold are being considered as materials for 

the foil facing; however, the present emphasis is on copper which has the 

desired softness, ductility and ease of handling. Plating with various 

soft metals offers an alternate method for coating the seal face. How

ever, plating has these drawbacks which must be overcome: (l) plating is 

usually harder than foil and (2) it is difficult to maintain the close 

control on plating thickness, mechanical properties and finish which is 

needed for sealing. 

The Naflex seal has been designed for maximum resilience through the use 

of high-strength metal and an optimum stress configuration. This re

silience allows the use of minimum-weight flanges since the seal can 

accommodate some flange deflection. If heavier, more rigid flanges are 

used, the flexibility adds a margin of safety. 

Explosive Devices 

The safety system of the K-1 engine may employ destruction devices which 

utilize high explosives to break up and scatter the reactor core. These 

devices will probably be located in the region of highest radiation flux 

and must retain the highest degree of reliability in view of their critical 

importance to the engine test safety program. The effects of radiation on 

explosives are in two areas: (l) explosive efficiency may be decreased 

as the evolution of gas indicates changes in the chemical structure of the 

explosive and (2) the explosive may be made sensitive and unstable and 

may exhibit a tendency to predetonate. 
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studies reported by the Radiation Effects Infomiation Center of Battelle 

Memorial Institute have shown that of the high explosives tested TNT 

exhibits the greatest radiation stability. Gas evolution, the predomin

ant radiation-induced effect in these explosives, is shown in Fig.73 

which was excerpted from REIC Memorandum 2-C of June 15, 1959. TNT shows 

a flat, linear gas-evolution curve up to a total gamma dose of 10 ergs/ 

gm (c). The maximum dose expected at the horizontal centerline of the 

K-1 pressure shell is 10 erg/gm (c), but the extrapolation of these 

data appears to be justified by the superior radiation resistance of TNT's 

aromatic structure. Neutron effects must also be considered but there is 
14 / \ 14 little hydrogen in TNT to absorb neutron energy and the N (n,p) C 

reaction appears to be insignificant, in view of the large gamma doses. 

Other studies have shown that Tritonal has approximately the same radiation 

resistance as TNT. 

Solid Lubricants 

Although solid-state lubricants have been shown to be more radiation sensi

tive than other nonorganic materials they appear to keep their lubricating 

properties up to doses far exceeding those expected in the K-1 application. 

The Radiation Effects Information Center of Battelle Memorial Institute 

indicates that a graphite-MoS^ lubricant which is bonded to the bearing 
l6 8 

surface as a ceramic coating can withstand at least 10 nvt and 10 r. 

Other methods of dry lubrication and lubricants which should be evaluated 

are carbide coating, nitriding and sintered metal surfaces. Selection of 

a material will be dependent upon its resistance to both temperature and 

radiation environments. 
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TEST PROGRAMS 

EXPERIMENTAL OBJECTIVES 

There are two distinct types of experimental investigations which will be 

required in the development of a flight prototype nuclear engine system 

and its feed system components. The first type, research experiments, 

are for the purpose of obtaining basic data to verify calculated results 

and to furnish an empirical basis for further component analysis. The 

second type, developmental testing, serves to prove out the fully engi

neered feed system and its components and assures that they meet their 

design requirements. The tests outlined in this section cover both areas 

of experimentation, although more emphasis is placed on the final phases 

of component developments which will be performed in the radiation environ

ment of the Kiwi-B experiments at NTS. 

AREAS OF EXPERIMENTAL INVESTIGATION 

Reactor Leakage Fluxes 

Considerable uncertainties exist in the calculation of radiation leakage 

fluxes from a propulsion reactor. The magnitudes of all radiation effects 

depend on these fluxes and therefore an accurate knowledge of the environ

ment is necessary for system development. Adequate instrumentation should 

be provided at all Kiwi-B experiments to record the magnitude and spectral 

distribution of neutron and gamma fluxes. Detectors should be placed rela

tive to the reactor in positions which approximate the location of system 

components in the prototype engine. Other instruments should be included 

to provide data on heat generation rates in several engineering materials 

at different locations within the envelope of the engine system. These 

data will serve not only as a verification of calculated values but will 

be the empirical foundation on which to base further analysis and develop

ment. 
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Shield Performance 

The radiation shield is of critical importance in controlling the vapor 

pressure of the tanked propellant, and therefore the NPSH at the inducer 

stage of the pump. It also determines the rate of radiation heating in 

the components of the engine system. The calculated performance of the 

shield must be verified by testing it in a highly directional radiation 

environment such as exists in the beam port of research reactors or in 

the leakage flux from the Kiwi-B reactor experiments. 

Testing in the Kiwi-B environment would be the final phase of shield 

development. The test shield must be internally cooled with a cooling 

capacity designed to match the predicted heating rates, and it should 

be mounted as close to the reactor as is consistent with facility de

sign and the available coolant supply. Instrumentation should be pro

vided to record information on the heat fluxes and internal tempera

tures within the shield. Heat generation rates in shielded equipment 

should be recorded to determine the effectiveness of the shield, and 

the heat generation in shielded propellant is, of course, of primary 

interest. Temperatures of the hydrogen coolant should be recorded at 

various locations within the shield to provide additional data on heat 

fluxes and shield effectiveness. 

As shield development continues, more advanced reactor experiments will 

employ the shield mounted in the bottom of the reactor assembly so that 

the propellant flow is directed through the shield just as it will be in 

the flight-type engine system. The shield coolant flow will issue from 

the reflector and will discharge directly into the reactor core. Instru

mentation for this test will be as for earlier shield experiments; the 

leakage fluxes and heating rates will be determined and the shield tempera

tures will be recorded in order to calculate thermal stresses and heat 

fluxes within the shield. 
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Propellant Heating 

Because of the importance of radiation-induced propellant heating, fast 

and thermal neutron fluxes and gamma radiation should be measured at 

various locations in the liquid hydrogen. Typical measurements in the 

propellant for fast neutrons, starting from the bottom of the propellant, 

are every 2 inches for the first 2 feet followed by one every foot for 

the next 2 feet. Thermal neutrons and gamma intensity would be measured 

every foot for the first 10 feet. Instantaneous measurements are required; 

therefore, ion chambers are necessary. Small "pencil" ion chambers have 

been developed for use at cryogenic temperatures and can be used for 

this purpose. 

The Kiwi leakage flux data will supply valuable information concerning 

the magnitude of the propellant heating problem. However, knowledge of 

the convection corrents and flow patterns of a propellant tank subject to 

radiation heating requires other means of investigation before an operat

ing prototype may be built. Undoubtedly the final testing of the propel

lant tank design will be the flight configuration engine similar to the 

proposed K-1 engine system, but extensive research and development must 

be done first in order to design the developmental system. Experiments 

in early stages of development must be performed under controllable, re-

peatable conditions in which the test system may be easily varied and 

altered as more information is obtained concerning the phenomenon under 

study. 

One such experimental facility is the propellant tank heating analog which 

has been constructed by Martin Denver, In this system a model tank is 

filled with fluid which simulates propellant and radiant energy is beamed 

into the tank by a bank of infrared lamps. The fluid which represents 
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propellant is chosen to allow a visual study of convection patterns as well 

as to provide data through conventional instrumentation. Such experiments 

are valuable in uncovering the fundamental problem areas of tank design 

but are not sufficiently close to the actual propellant heating situation 

to be used in designing a prototype engine system. Difficulties in simu

lating the penetrating gamma radiation as well as the short-range neutron 

flux hinder the realistic simulation of reactor radiations. The properties 

of the fluid in the analog tank make it difficult to simulate the actual 

fluid dynamics of liquid hydrogen in a large rocket vehicle tank. 

The next step in propellant tank development should be the utilization of 

a powerful testing reactor as a radiation source for studying the effects 

of radiation heating on a liquid hydrogen test loop. An obvious experi

ment would make use of a vacuum-jacketed model propellant tank suspended 

over a reactor such as that used by Convair Ft. Worth for shield testing 

during the ANP program. Although some of the ANP experiments were con

ducted with the reactor operating in the open air at ground level or 

suspended from cables to avoid ground scatter, the cryogenic propellant 

heating experiments might better be performed in a pool-type testing re

actor such as the Convair3Mw unit. This reactor is capable of providing 

up to 10 n/cm sec. In the vicinity of the reactor beam tube this 

flux is comparable to the flux calculated at the tank bottom in the pro

posed K-1 engine system. A large vacuum-jacketed tank instrumented 

for obtaining velocity and temperature data at several locations would 

be used to evaluate the effectiveness of different tank configurations, 

baffle designs and controlled boiling schemes. 

The advantages of a pool-type reactor stem from the ease with which the 

test equipment may be serviced and replaced, A cryogenic loop can be lowered 

into the pool for testing, and removed again at the conclusion of the ex

periment. The displaced water then re-enters the pool to shield the reactor, 
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and development work on the test tank can proceed immediately. 

A whole model tank need not be built for this test, because the phenomena 

of radiatioHf-induced convection may be observed in a partial section of 

the tank which duplicates the conditions of radiation heating and pro

pellant flow found in the real tank. The configuration of the tank's 

vacuum jacket can be designed to provide varying thicknesses of water 

between the reactor and points along the tank bottom, and in this way the 

distribution of radiation intensity may be altered to duplicate that of 

the real engine system. Instrumentation would provide temperature and 

flow velocity data at various points within the model tank. 

A prototype tanli which had been developed through these experimental pro

grams would be ready for testing along with the rest of the engine system 

at the start of the nuclear engine test program at NTS. 

Component Tests 

Radiation testing will be required of those components which contain parts 

which are subject to deleterious effects in a strong radiation environ

ment. The effects anticipated will consist of radiation damage to certain 

susceptible parts of the feed system components, and disruption of the 

functioning of electrical equipment through the generation of spurious 

voltages and leakage paths through insulation and surrounding atmosphere. 

A final and extremely important effect is that of radiation heat generation 

in components located close to the reactor core. 

Preliminary testing in radiation sources other than the Kiwi experiments 

will aid in the early development of radiation-resistant feed-system com

ponents. Tests investigating radiation damage from integrated dose effects 
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should be done in existing test reactors where the advantages of more 

convenient scheduling of tests, controllable and repeatable test con

ditions, and a large and variable integrated dose are more easily ob

tainable than with the Kiwi-B experiments. Initial research and develop

ment should be done in these test reactors on seals and on organic com

ponents. Certain electronic equipment should also be tested to ascertain 

the effects of integrated-dose damage. Final stages of component develop

ment may then be done in the environment of the Kiwi-B experiments to 

establish the effects of dose rate in components which otherwise will 

have been well proven. 

To investigate the transient effect of high radiation dose rates, strong 

fluxes must be available in which to carry out component development tests. 

Rate effects are most predominant in electrical equipment, instrumentation, 

and control components where the voltages and leakage paths induced by ion

ization will have the most serious effect. Test reactors such as Godiva 

and KEWB are the only present sources of high-intensity radiation fluxes 

approaching that of a nuclear rocket engine system. These reactors 

should be utilized as much as possible during the early phases of the elec

trical system development, but the more advanced phases of development must 

be carried out with the Kiwi-B radiation environment. 

Critical instrumentation and control components should be mounted as close 

to the radiation source as the facility permits so that the radiation 

levels of the flight prototype engine may be approximated. In the case 

of tests utilizing Kiwi-B radiation, the controls should be cycled both 

during and after the reactor test. Instrumentation equipment should be 

calibrated before, during, and after the reactor test. Later tests may 

incorporate complete electrical subsystems which would be operated in the 

radiation environment after each of their component parts has been proven 

through previous testing. 
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The radiation heating problem areas which arise in certain components re

quire testing in a strongly directional, high-intensity source to prove 

out initial design calculations. Existing research reactors are not cap

able of the high fluxes required for realistic testing, and it is there

fore necessary to utilize the fluxes from Kiwi-B. Testing in the latter's 

radiation is hampered by the presence of atmospheric convection cooling 

as well as air and ground scatter, but the most critical problem areas 

will probably not be alleviated. The results presented in the previous 

chapter show that the most serious heating problems exist in components 

which are forced to operate at high temperatures by the nature of their 

function, such as the turbine rotors and the hot gas throttle valve. 

In a ground test, these parts will absorb additional radiation from 

scattered radiation which bypasses the shield, although the atmosphere 

will scatter some radiation away from components as well. However, the 

parts most likely to become overheated lie within the components subjected 

to the hot gas stream and are not affected by the presence of atmospheric 

convection cooling. 

Results of the early Kiwi-B experiments will furnish radiation flux inform

ation which will provide data on radiation heating and reduce the number of 

radiation heating tests required later in the engine program. In spite 

of the limited integrated neutron flux available, valuable data on induced 

radioactivity will also be provided by the test of a mock-up feed system. 

Induced radioactivity may be scaled with reactor power and run duration 

to determine the induced fluxes which will be experienced with the flight 

prototype engine. 
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Cavitation Studies 

An understanding of the phenomenon of cavitation is important for per

formance optimization of any rocket engine which employs a propellemt pump. 

Cavitation may occur if the pump inlet conditions do not meet required 

levels of net positive suction head, which is a function of fluid static 

pressure and velocity head less the vapor pressure. Low static pressure 

is a desirable design objective to achieve minimal tank weight and pres-

surant requirements. In a nuclear radiation field, propellant vapor pres

sure will tend to be undesirably high because of nuclear energy deposition, 

and this problem is better understood than others. Some adverse phenomena 

that may be theorized are associated with transitions of propellant state 

and phase. One possibility is that if liquid hydrogen is being pumped in 

a metastable state, nuclear radiation interactions may speed the treinsition 

to an equilibrium state, leading to point pressure discontinuities from 

which serious cavitation may arise. One may also theorize that the energy 

of nuclear interactions at the pump inducer inlet may counteract idiatever 

benefits may be attributed to evaporative cooling, and will result in an in

crease in the tendency toward cavitation. 

Cavitation data should be obtained during Kiwi-B reactor experiments by 

testing propellant flow hardware on an adjacent test car or pad. An experi

ment could be performed with a Rocketdyne Mark IX liquid hydrogen pump 

driven by a gaseous hydrogen-powered Mark III turbine as utilized in Rocket-

dyne's Kiwi-Bl Feed System. This test would provide specific data regarding 

cavitation as well as the performance of several other feed system components 

and assemblies. Figure 74 is a schematic representation of the proposed 

test, indicating orientation of the radiation effects assembly. The test 

car will hold the pump and turbine while other system components can be 

installed within the test cell. 
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In the event that the test facility liquid hydrogen flow capacities and 

other modification requirements are not provided, an alternate test is 

proposed utilizing a cavitating venturi. The data obtained with this 

configuration will be only partially applicable to the problem, but will 

indicate the effects of radiation on cavitation tendencies of the hydrogen 

propellant. Figure 75 is a schematic of the alternate test mode. The 

merits of this test are based upon simplicity of the system and deletion 

of high liquid hydrogen flow requirements. 
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COMPGNENT RADIATION TEST PROGIIAMS 

Hi^h Speed Bearings 

The liquid hydrogen feed systems developed by Rocketdyne will employ 

hydrogen-lubricated bearings in their high speed turbomachinery. This 

lubrication system answers the need for a simple, reliable lubrication 

system which can function at the extremly high speeds and low temperatures 

required for a high performance liquid hydrogen pump. 

An essential feature of these antifriction bearings is the material from 

which their ball retainers are made. The bearing cages are constructed 

of glass-fiber reinforced Teflon at this stage of development. Teflon, 

unfortunately, is seriously weakened at the radiation doses expected from 

the K-1 engine system and a substitute material must be developed. 

Alternate cage materials were mentioned in the Radiation Damage section 

of this report, but it is not apparent at this time which of the alternate 

materials is superior. Many successful tests have been completed at 

Rocketdyne using cages made of graphite, and this material may be the best 

for this purpose. 

However, the critical importance of the turbomachinery bearings from a 

system reliability standpoint make a complete development program neces

sary. Initial bearing cage development should provide for irradiation 

in materials testing reactors and subsequent testing in operating turbo

machinery. It may eventually be of value to conduct bearing cage tests 

both under radiation and at cryogenic temperatures, but no indications 

exist at this time that the adverse effects of radiation and cryogenic 

temperatures in bearing cage materials may be synergistic. 
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Reactor Fragmentation Devices 

Proposed reactor safety systems employ high-explosive shaped charges and 

explosive projectiles to break the reactor core into subcritical fragments 

in case of an aborted mission. The nature of this safety system makes it 

imperative that the explosives employed are thoroughly reliable during all 

stages of the vehicle's flight. The development program for these safety 

systems must be completed before their test in the enviroimient of an 

operating reactor. It is evident that a premature detonation during a 

full reactor test would be extremely costly in terms of both time and money. 

The effects of nuclear radiation on explosives include two possible deleter

ious effects: (l) decreased explosive efficiency, (2) change in sensitiv

ity or possibility of predetonation. The developmental program should be 

conducted in a materials testing reactor to determine effects of radiation 

on the efficiency, brisance, sensitivity, and stability of the explosives 

under development. The effects of temperature on the functioning of 

shaped-charge explosive devices should also be the object of a development 

program. These data will provide information on the operating limitations 

of the reactor fragmentation safety system. 

As mentioned in the radiation damage section, it appears that TNT is the 

most promising of these explosives but further experimentation and develop

ment is necessary. The irradiation test doses of small 5-gram samples of 

explosive should be equal to and above those expected in the K-1 appli

cation. The test apparatus should maintain the explosive within the antici

pated K-1 temperature range and the gases evolved during and after irradia

tion should be analyzed. In addition, sensitivity to impact should be 

measured, and comparative determinations of the brisance of irradiated and 

unirradiated explosive should be made with a standard sand test device. 
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Control Components 

Individual parts of the control system which may be sensitive to integrated-

doae radiation damage should be tested separately before the components 

and subsystems are operated in the radiation fluxes of experimental pro

pulsion reactors. When this preliminary development has been accomplished, 

the components and subsystems may undergo functional tests in the environ

ment of Kiwi-B test reactors for resistance to radiation heating and dis

ruption of electrical systems. 

System development should be planned to include pre-exposure calibration 

testing as well as operational function testing in the Kiwi-B environment. 

The control elements will be tested again after the radiation test to ob

tain further information on transient and permanent effects. 

The following list of presently available control elements mentions the 

radiation test objectives of particular importance for each device. 

1. Solenoid valves and servovalves. Tests will incorporate checks 

for electrical noise level and insulation breakdown under opera

ting voltage. This procedure will point out necessary design 

modifications for the solenoid valves and servovalves planned 

for use in the K-1 electropneumatic systems. 

2. Feedback potentiometers. Operating loads should be imposed on 

these devices to check for insulation breakdown and excessive 

noise generation in the feedback signal. 

3. Direct current motors. Several control devices employ dc motors 

for operation. Motors should be tested for electrical breakdown, 

maintenance of operating torque, and overheating. 
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4. Amplifiers. Control amplifiers, perhaps with built-in radiation 

and temperature compensation features, should be tested in fluxes 

equal to those encountered in engine operation. The proper 

functioning of the amplifiers and their compensation should be 

determined. 

5. Voltage regulators. A test for proper functioning under radia

tion should be performed, and noise generation should be checked. 

6. Step switches. These switches should be operated and checked 

for possible shifts in the triggering signal and for switch lockup 

caused by junction breakdown. 

7. Electrical wiring in gaseous hydrogen-filled conduit. Tests 

should be made at maximum operating voltage to determine the noise 

level and leakage currents resulting from gas ionization and in

sulation breakdown. 

The following are among the control system components which are not as 

yet available but must be tested in the high radiation fluxes of Kiwi-B 

before their reliability may be specified. 

1. Rod actuator system 

2, Engine gimbal actuator system 

3. Pressure regulators 

4, Electrical power supply 

Flight Instrumentation 

As in the case of control components, radiation-sensitive flight instrumenta

tion should be tested in a materials testing reactor early during development. 
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These tests will prove the equipment's resistance to integrated-dose 

radiation damage, and provide assurance of reliability for the full-power, 

full-duration K-1 engine run. Electrical disruption, the other aspect 

of radiation damage, must be examined under radiation conditions simulat

ing a propulsion reactor, but few materials-testing reactors are able to 

supply these fluxes. Therefore, the sensitivity to radiation-dose rate 

of instrumentation and related circuitry must be tested in specialized 

reactors such as the prompt-critical test facilities of Godiva and KEWB. 

The radiation burst duration of these reactors will tend to limit the 

scope of tests for the slower transient effects. Final proof of the 

adequacy of flight instrumentation will be obtained through testing in 

the Kiwi-B reactor radiation in which suitable instrumentation will he 

calibrated before and after exposure, and data obtained during reactor 

operation will be analyzed in comparison to data obtained with reference 

instruments. 

EquiiMnent which should be included in the development of radiation-resistant 

flight instrumentation is listed below: 

1. Chamber temperature thermocouples. These transducers are of 

extreme importance for the control of the engine system because 

they are a part of the primary engine control instrumentation. 

They must be checked under operating conditions for adequate out

put signal, electrical stability, and ability to withstand ele

vated temperatures and gas velocities. Thermocouple leads must 

maintain adequate resistance to radiation-induced voltages and 

leakage paths. 

2. Turbine inlet thermocouples. Although the conditions of radia

tion and high temperature are not so demanding in this applica

tion as they are for thrust chamber temperature measurement, 

special attention should be paid to the thermocouples used here. 
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Rapid response and a high degree of accuracy are necessary in 

these instruments which also provide inputs for the engine con

trol system. 

3. Cryogenic thermocouples. The combined effects of nuclear radia

tion and cryogenic temperatures may have an influence on cryogenic 

temperature measurement that is unknown at this time. The plati

num resistance bulbs (or other devices) contemplated for use in 

measuring cryogenic temperatures must be tested at low tempera

tures and relatively high thermal neutron fluxes which will be 

found near the bottom of the propellant tank. 

4. Pressure transducers. Several types of pressure measurement de

vices described previously may be sensitive to high-radiation 

dose rates. These instruments comprise a vital link in primary 

feed system control and must be highly reliable. Organic mater

ials in these instruments should be avoided, or the transducer 

should be tested sufficiently to ensure successful operation. 

Transient effects will depend on the type of instrument and 

associated circuitry. 

5. Flow meters. The turbine-type flow meter is seen as superior to 

the other varieties currently available. Nonetheless, this in

strument must be tested for the ability of its electrical and 

magnetic components to resist radiation damage and for the main

tenance of a usable signal-to-noise ratio under high radiation 

fluxes. 

6. Strain gages. These instruments may possibly be sensitive to radia

tion damage through changes in the resistance of strain wires, de

gradation of the cement used to attach them, and electrical leak

age in their insulation. Similar changes may occur in the rest 

of the strain gage circuit, and the high temperatures of the in

strumented members under radiation may affect the performance of 

the gages. 
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7. Accelerometers. Crystal accelerometers should be tested for 

permanent damage to the crystals as well as for transient effects 

manifested by the creation of spurious voltages and electrical 

leakage. Those accelerometers located in regions of high tempera

ture and high-radiation dose rate will be subject to the additional 

problem of maintaining a safe operating temperature to avoid 

crystal damage. 

Integrated Feed System Tests 

The culmination of the various individual component and subsystem radiation 

tests would be the operation of a complete feed system in the radiation en

vironment of Kiwi-B. It would be a final test of radiation resistance and 

would verify the component operating points. The test would be too short 

for accumulation of an appreciable integrated dose, and atmospheric con

vection would furnish unrealistic cooling for structural components, but 

the information on transient and rate effects would be extremely valuable. 

Unfortunately, limitations on existing facilities will make such a feed 

system test infeasible. 

The propellant requirements for running a pump test simultaneously with a 

reactor experiment will require curtailing the duration of one or both 

tests. A large additional amount of vacuum-jacketed propellant lines would 

also be required. Another disadvantage of conducting a pump test during 

a reactor firing is that the possibility of a catastrophic failure of the 

turbopump under radiation testing would endanger not only the feed system but 

the reactor and test facility as well. Only an expensive, carefully de

signed blast shield and a fail-safe propellant cutoff system could provide 

absolute protection for the reactor in event of a serious malfunction. 
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Difficulties in conducting a test of the complete turbopump system may be 

greater than the value of the test information which would be obtained in 

such a test. With the exception of certain feed system parts which might 

be susceptible to integrated dose radiation damage (and would have been 

replaced during the course of pump development) the pump is not critically 

sensitive to radiation. However, the turbine is a critical component from 

the standpoint of radiation heating and may experience overheating and 

consequent loss of strength in its second-stage rotor. If a test of the 

turbine alone could be conducted during reactor operation, the data ob

tained would provide important information on the functioning of the 

complete feed system under radiation. The results of this test, when 

combined with the results of radiation tests on other feed system compon

ents, will provide information which will assure the success of prototype 

engine system tests using the full feed system. 

The turbine test would be accompanied by as much of the engine system con

trol equipment as could be used, including the turbine inlet gas temperature 

control system. The turbine would be operated on gases from the bleed 

manifold on the nozzle under test, and all associated piping and valves 

would be included. This test has the advantage of allowing the reactor 

experiment to continue in case of turbine failure. Should it be necessary 

to terminate the turbine test, valves would be provided to direct the bleed 

gas from the reactor manifold to an orificed duct which would vent the gas 

to the atmosphere. 

The turbine test with reactor bleed gas and as much of the associated con

trol system as possible would very nearly simulate the operation of the 

full engine system. But there are also difficulties associated with the 

turbine test. It will require design and fabrication of special equipment 

if the turbine is to be rotating during the reactor test, and the develop

ment effort required for a device to absorb the turbine power will be con

siderable. The extremely high speed of the turbine plus the intensity of 
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the associated radiation environment will make the design of rotor temper

ature instrumentation and a dynamometer or brake device very difficult. 

The possibility exists that a pump may be altered to pump liquid nitrogen 

instead of the liquid hydrogen for which it was designed, and, if this 

were done, a test would be obtained which might approach turbine operating 

loads and thermal stresses. The requirements of liquid nitrogen for this 

application will require additional equipment, although not so much as 

would be used for hydrogen. 

It may be infeasible to actually run the turbine in the Kiwi-B radiation 

environment. If this is the case, valuable experimental data may still be 

obtained by performing a locked rotor test in which the turbine shaft is 

held stationary while the full turbine bleed gas flow is maintained. The 

locked rotor has the particular advantage of allowing temperature measure

ments over the turbine blades and wheels. Information on turbine operating 

temperatures in the radiation environment may be obtained in this way and 

conclusions drawn as to the probability of successful turbopump operation 

at high speed. The locked rotor test will be unrealistic in some ways 

because it will not provide the thermal contact at the blade roots that 

would be present at operating speeds, ajid the gas temperature at the 

second stage will be somewhat higher than under true operating conditions. 

If calculations show the turbine stall torque to be excessive under full 

gas flow conditions, a dummy turbine rotor can be substituted which has 

blades with a zero angle of attack. Thermocouple leads would pass through 

the shaft and out the rear of the turbine. The operating temperatures of 

the turbopump can be simulated in radiation testing by providing a jacket 

of liquid propellant at surfaces where the turbine mates with the pump. 

In spite of the difficulties associated with a turbopump or turbine test 

in the Kiwi-B environment, a certain amount of testing of these systems 
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under strong radiation must be accomplished before the feed system is en

trusted to supply propellant to the K-1 prototype engine system. Con

siderable expenditure of effort is justified for the purpose of providing 

assurance against unforeseen failure of the reactor-turbopump system. 
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