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1.0 ABSTRACT

Progress which is being achieved in analyzing- nuclesr-heat-power engine
systems is presented.

Preliminary examinations and conclusions are reached for the various
nuclear-heat-power reactors now under development, design and construction
Uses for nuclear-steam generators and steam power machinery for trans-
portation purposes appear to be limited to application where size and
welght are not critical and where shaft horsepower outputs are in =xcess
of 10,000. Primery emphasis is directed to nuclear reactor concepts

which can generate heat at high temperatures. ©Such high-temperature heat
sources are analyzed in a preliminary way as a part of a heat engine
cycle. Preliminary systems' analyses for a simple four-component cycle
is presented. This approach suggests continuous correlation of nuclear
parameters with heat transfer, fluid flow, thermal stress, and mechanical
development. The progress which is being made indicates that certain
guides with respect to component efficiencies will be helpful to outline
needed areas of investigations. Planning suggests that as more detailed
multi-group nuclear calculations are made, efforts be conducted to

reduce such results to parameters which can be correlated with power
plant engineering.
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INTRODUCTION

Contract relationships between the Chrysler Corporation and the University
of Michigan involve studies Tor determining applications of nuclear enaviy
for transportation purposes. As partial fulfillment of the scopes of wory
outlined in task 2.5, title of the proposal "Applications of Nuclear lnersy
to Transportation”, dated July 13, 1955, a portion of the work is in pro-
gress to evaluate the nuclear engine cycles and as a component of such
heat engine cycle. To date this work nas considered a nuclear power
reactor as a heat source in an integrated heat engine cycle. A discussion
is presented on the cycle and the nuclear reactor separately. This report
endeavors to present the first preliminaries of a system analysis. To
date it has been possible to evaluate theoretically the complete systems
of most of the simple heat engine cycles and the components therein;
namely, the four-component system comprised of:

2.1 A nuclear reactor as a heat source.
2.2 A turbine for the production of useful work.
2.3 A heat exchanger to serve as a heat sink.

2.1 A compressor to recover the pressure level necessary at turbine
inlet.

It is believed that the system analyses conducted to date and presented
herein, can serve as valuable guide-posts in evaluating specific nuclear
heat generating devices, and the given power plant equipment associated
therewith, when studying mobile propulsion over wide ranges of shaft
horsepowers. It should be noted that the major portion of the work pre-
sented herein, involves systems analyses of working fluids which do not
undergo phase changes, although a discussion is included of a phase change
system mainly to serve as a case of comparison. The primary reason in
delineating the work on phase change cycles is that the development
currently being carried on by the United States Atomic Energy Commission
in the field of nuclear technology has had as its general objective the
achievement of large stationary power plants in which the nuclear reactor
being substituted for fossil fuel fired steam boiler will undoubtedly
result in the development of nuclear steam power plants.

Although mobile propulsion units permits consideration of steam cycles as
a means of producing useful work, it is unlikely, that economical
installations of nuclear steam generating heat engine devices can be
achieved for applications where power outputs are under 10,000 horse-
power. The first steps in nuclear steam power plant development and
engineering appear to be the achievement of operating plants for in-
stallations where size or weight of power plant is not an important
consideration, other than economy; where conservation of nuclear fuel is
not a major consideration; and where reprocessing of nuclear fuels is
somewhat dependent upon isotopic compositions of fissionable materials
produced in power generation.
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In the general field of nuclear development, relatively minor efforts are
being conducted to achieve nuclear heat engines which can operate con-
tinuously at high temperatures, at optimum efficiencies, and where size
and weight are of primary importance. If the nuclear energy sources are
to have application for transportation devices such as merchant ships,
aircrafts, land vehicles such as locomotives, it appears that research and
development must be correlated continuously with programs of system
analyses. Such a program must have as an ultimate aim the development

of the entire propulsion equipment with the nuclear heat source as an
integral part.

It is the object of this report to serve as the initial step in placing
into proper perspective development programs concerned with the development
of an integrated nuclear power plant which will permit a nuclear heat
engine operation at optimum efficiencies over the necessary ranges of
horsepower output required by transportation vehicles.
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3.0 GENERAL OBJECTIVES AND ENGINEERING PHILOSOPHIE

Efforts are made to establish concepts for nuclear-heat-power engines,
which have application as propulsion units for mobile transportation.

Preliminary analyses of reactor development programs places nuclear-heat-

power sources in several categories:

3.1 Nueclear Heat Sources Generating a High Pressure Saturated Steam

Nuclear heat power units of relatively proven design can be built and
operated now to generate high pressure saturated steam. These systems

have utilized high pressure water as a primary coolant to transfer
heat to a steam generating heat exchanger boiler. Such a system
has resulted in the production of steam at pressures between 500
and 600 psig as the optimum for the heat engine cycles. Such re-
actors produce steam at temperatures which are maximum and limited
by saturated conditions. It does not appear likely that plants
employing such systems in which water is basically the coolant and
steam the medium can produce operating temperatures beyond G600 F

and pressures beyond 600 psig. The basic deterrent which pxﬁvcntc
the development of higher operating temperatures for nuclear steam
generators lies within the reactor design. It may be considered
that nuclear steam types of systems have reached their ultimate in
development. Further developments of power plants utilizing steam
as the working fluid will require new concepts for the primary

system involving the reactor. Utilizing a new concept in the primary

system may result in higher operating temperatures and greater
efficiencies and the possible application of such systems for cer-
tain types of propulsion units for transportation. Tentative con-

clusions are reached that this type of nuclear heat engine may find
utilization as a propulsion unit where shaft horsepower requirement

in excess of 10,000 are needed, and where size and weight of power
generating equipment is not a primary factor for consideration.

Nuclear reactors utilizing a primary pressurized aqueous system which
appear to have promise as steam generating and propulsion devices in

this general range of conditions are:
3.1.1 Pressurized water circulating reactor.
3.1.2 Boiling water reactors.

3.1.3 Aqueous homogeneous power reactors.

Since the major efforts of the Atomic Energy Commission, as well as

many private industries, are endeavoring to undertake development

of nuclear steam generators and steam propulsion units, the efforts

in this project are limited to remaining abreast of those develop-
ments being undertaken aggressively by others.

3.2 High-Temperature Nuclear Heat Generation
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A report entitled, "Engineering Applications of Nuclear Energy",
dated April, 1955, by H. A. Ohlgren and Marx Weech have ontlined
specifically four types of high-temperature nuclear heat generating
devices worthy of investigation. In this proposal there are out-
lined rather specifically the statements of problems in research

and development which must be investigated before types of high-
temperature nuclear-heat generators can be integrated with a given
power cycle. In addition to a specific research and development pro-
gram which will provide data for nuclear information, heat transfer
and loop studies, working fluids for heat engine, basic materials of
construction, shielding data, etc., programs of engineering studies,
evaluations, and analyses are underway. These programs can be out-
lined into the following area:

3.2,1 Nuclear Reactor Calculations

In order to meet the program outlined in the prcposal, &
definite approach to nuclear reactor calculations has been
taken. This approach consists mainly in the determination
of constants required in the application of reactor theory
for calculations. Upon the completion of the constants, a
calculation utilizing two-group theory will be made. Results
of such calculations will be plotted for various critical
masses and sizes. The resulting curves will serve as a basis
for further investigation of a particular type of reactor for
a given application. Once the range of parameters has been
established for the concepts to be evaluated, resort to one-
group theory for investigating stability, reactor poisoning,
controls, ete. will be made. Because of the type of program
outlined, the initial effort being made is one which results
in a large amount of work before any concrete results are
indicated. Concurrently with the program, an effort is under-
way to utilize digital computers for the evaluation of a
given reactor for a final design. Programing for a digital
computer utilizing multi-group methods will also make use of
the constants that will be developed. When methods and
procedures for conducting calculations of this type are
established, the following types of high-temperature reactor
operation will be investigated.

3.2.1.1 Bismuth uranium, a homogeneous liéuid metal reactor.
3.2.1.2 Fused salt, a homogeneous type of reactor.

3.2.1.3 Fluidized bed U0 high-temperature nuclear reactor.
3.2.1.k Basic nuclear concepts for equilibrium isotope

build-up under fast neutron energy conditions with
U-238 as feed material to the reactor.
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3.2.1.5 Investigations of a potential for equilibrium
conditions of the fission process with thermo-
nuclear fusion.

Although results on the above-mentioned nuclear energy source
will not be forthcoming immediately, future investigations can
be made in a reasonable period of time.

The last two items mentioned in the above list will probably
require a different approach, and an entirely separate effort.
Item 3.2.1.4 is now under a preliminary investigation and
should result in answers that may be integrated with a

given type of reactor.

3f2.2 Investigations of High-Temperature Material for a Nuclear
Reactor

Calculations for a system analysis of nuclear heat engines
are being made at high temperatures which are presently not
under consideration and cannot be currently considered due
to the limitation of the materials of construction. It is
felt that future developments in materials will be able to
resolve high-temperature problems and consequently the
development of the reactor which may operate under these
high temperatures. Concurrent with the development of optimum
temperatures for nuclear heat generation, there must be a
careful evaluation of the maximum temperature limits for a
given power plant so that the materials-requirement for the
power plant can be coordinated with the development of
materials for nuclear heat generation.

3.2.3 Heat Transfer and Loop Study

Primary efforts in engineering studies and evaluations to date
are specifically limited to the evaluation of a heat transfer
loop for the liquid metal homogeneous reactor, employing a
solution of bismuth-uranium in a reflected core. Basically,
two approaches are being considered.

An external double loop employing pumping equipment so that
working fluids for a heat engine will not become exposed to
neutron, thus permitting use of air, nitrogen, COp, etc.,

for more-or-less conventional heat engine application. Ex-
ternal loops and interchange liquid metal systems, however,
require more massive shielding and also considerable mechanical
complexity. Therefore, considerations are being given to
conceptual designs of cartridge type of reactors, in which
working fluids are passed directly through the active core by
suitable heat exchange mechanisms.

In both of these cases the heat transfer studies have been
limited to convective heat transfer. Basic considerations
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are given to high-temperabture nuclear reactor heat generati
in which case possibilities for radisnt thermsl heat transf
are possible.

on
er

2.2.4 Power Plant Devices

Giving consideration to the conversion of heat energy to
mechanical energy, the prime consideration is to coordinate
the maximum ftewperature limits of a nuclear reashtor to the
development ofa heat engine which has a maximum power oubtput
for the miniuum size and weight. In general, the efforts are
to evaluste such power plants with shalt horsepower ranges
from 100 to 25,700, To date, the major investigations hav-
been for heatl engine devices which employ gaseous working
fluids, rather than systems which undergo phase change.

From 2 general copsideration of possible heat engine cycle, it
ig observed that the choice of working fluid can be made
either from those materials which exhibit a phase change
during the cycle or from those which remain gaseous through-
out, and possibilities exist for combinations of one or more
fluids from either, or both, groups. If consideration is
made of present practice with chemical engine for heat
generation, it appears that gaseous fluids are more prominent
in the small tc medivn range of horsepower output. This isg
exemplified by aninternal combustion reciprocating engine anc
gas turbine power plants. Choices of heat engine working
fluids cannot be based simply upon thermodynsmics and
mechanical design considerations, but the arrangements of +the
nuclear reactor must clso be included therein.

Efforts are being made »resently to evaluate the working
fluids and cyecles from thermodynamic viewpoint. It becomes
rather obvious that research and develcpmert are needed b=fore
full consideration to the range of potential working fluids
can be made. From a broad viewpoinh, it appears that the
working fluids for nuclear engines covers the following
materials: water, air, helium, argon, nitrogen, carbon
dioxide, sodium, pobtassium, and others. Basic nuclear
considerations indicate that orly helium can he exposed to
neutrons at high energics and high fluxes withoul becoming
radioactive. However, the possibility of impurities becoming
contaminated in the helium does exist. The heat transfer
properties of helium at high-temperature and high pressure

are rather favorable for closed-cycle gas turbine power plants.
A great number of mechanical, as well as economical, problems
are apparent before helium can be given serious consideration.
It is proposed, therefore, to evaluate carefully all the
working fluids in conjunction with the optimum cooling system
for a nuclear reactor so that each of the components of a heat
cycle can be optimized without affecting or changing the
design criteria for subsequent components.
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3.2.5 Mechanical Developments

Present evaluations indicate that open and closed-cycle gas
turbines in conjunction with high-temperature nuclear heat
generating devices offer attractive potentialities as nuclear
heat engines in transportation devices. 1In the case where
shaft horsepower requirements are relatively high, and where
it is desirable to consider working fluids that have become
radioactive, the closed-cycle gas turbine system for
generating mechanical power appears to have greater advantage.
In the case of a nuclear reactor in which the working fluid
for gas turbines does not becowme radicactive, and where the
shaft horsepower requirements are less than about 8,000, it
appears that open-cycle systems may offer advantages. With
these as general objectives and engineering philosophies, the
progress which is presented in this report endeavors to
present an integrated system analyses of preliminary nature
of the variables and parameters influencing the major
components of a nuclear engine cycle, as well as detalled
studies of specific cycle arrangements.
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L.0 ENGINEERING ASPECTS OF NUCLEAR ENERGY POWER PRODUCTION

4,1 General Discussion

4.2 Principles of Nuclear Power Plant Cycles

Extraction of useful energy in the form of heat from the fission
reaction, which takes place in a nuclear reactor and its subsequent
conversion to useful work, has been under constant development by
national laboratories and recently by industries. More recent em-
phasis on the application of nuclear energy to mobile uses, partic-
ularly the transportation field, has led to the introduction of new
problems imposed by the specific application. These problems are
mainly ones set by the conditions of mobile operations which have

to be satisfied., These are mainly rapid acceleration, deceleration
and idling. The conditions become severe when land transportation
vehicles are being considered. Primarily, the emphasis is placed
on the reduction of power plant size through the optimization of
such engineering parameters which will ultimately lead to such a re-
duction. The best approach is one which follows a coordinated and
integrated analysis program of power plant cycles and nuclear reac-
tors. This is done with the realization that operating parameters
which affect the cycle also affect the reactor. In essence, the re-
actor may be considered the primary operating component with the
power plant components acting as a feed-back loop of the reactor.

This approach allows plant cycle and nuclear reactor to be consid-
ered separately for the purpose of optimization of each. Having
gone through such a preliminary analysis with definite conclusions
on each, the cycle and reactor must then be considered as a single
entity. Final analysis must consider all operating conditions which
are imposed on the power plant as a whole., Once the power plant cy-
cle and type of nuclear reactor are selected, the entire development
program becomes an integrated effort.

This report is devoted to illustrating what has been accomplished in
fulfilling the first phase, namely cycle and reactor optimization.

It is felt that the approaches, methods, and procedures presented
herein serve as a firm basis from which selection of a nuclear power
plant and associated components for a particular application can be
examined and developed. It should be understood that the simplified
cases cited herein cannot be generalized to apply to the more com-
plex physical cases encountered in a specific nuclear power analysis.
This is in keeping with the approach outlined, which states that &
second phase must be considered, namely the specific application.
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The evaluation of nuclear energy application to transportation de-
vices prompts reviews of certain established heat engine criteria
so that the proper perspective can be obtained on high-temperature
operating conditions. Chemical-fueled heat engine development has
resulted in improving efficiencies, with a reduction of power to
weight ratio and an overall economic savings in fuels. A large
percentage of the problems being currently considered in the
development of chemical heat engines have application to nuclear-
heat-power engines. ©Some of these problems will require more ex-
tensive investigations to determine the effects of operating within
a radiation field. Induced activity can readily occur in working
fluids. Radioactivity contributes additional problems such as
damage effects on materials, requirements of health and safety
shielding for auxiliary components, and added complications of
maintenance.

In the numerous considerations which are being given to evaluation
and relations of power plants in conjunction with various types of
nuclear reactors, a portion of the studies are devoted to the
development of thermodynamic expressions for power plant performance.
Particular emphasis is given to the dependence of the power plant

on the performance of a given nuclear reactor. ©So far, criteria
used for such developments have been cycle efficiency and power
output. Efforts are being directed to the correlation of these
criteria with temperature distribution and system pressure losses.

In the sections to follow, the discussion will center sround the
thermodynamic properties of a particular cycle and the effect on
those properties when a nuclear reactor is considered as the heat
source. This approach is taken to point out the ramifications due
to nuclear considerations rather than present a thermodynamic
analysis which can be obtained through straight-forward applications
of known principles. Essentially, three cycles will be discussed,
primerily because of the considerations that have been given to them
by other nuclear study teams. In addition, it is felt that with
present knowledge and the reasonable extension of such knowledge, the
greatest return will be realized by the further development of one
particular cycle. Also, the material presented will indicate which
should receive the greatest development emphasis.

L.2.1 Steam Cycle

Analysis of the steam cycle has been divided into the two
regions represented on a Mollier Diagram, namely, the
saturated and super-heat regions. Operation of the power
plant within the saturated steam region can be accomplished
ideally only through use of an infinite number of extraction
feed water heaters with the consequence of approaching the
ideal Carnot cycle. This form of operation is shown aptly
in Figure 1. However, certain limitations are imposed on
the reactor operating temperature, namely, that maximum

10
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FIG. 2 SUPERHEAT STEAM CYCLE
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temperatures are set by the critical temperature or the criti-
cal pressure of the working fluid. In the case of water, the
critical temperature is T7O05°F, which immediately sets the max-
imum theoretical efficiency which can be obtained. Such con-
siderations are independent of a nuclear reactor. When the
effect of this temperature on a nuclear reactor is considered,
a specific type of reactor must be considered. For example,

a pressurized water reactor, utilizing a steam cycle operat-
ing within the saturated region, might have conditions as fol-
lows:

Inlet reactor temperature, °F 400
Outlet temperature, °F 500
Pressurized water, primary system, psia 1000

Condition at turbine throttle:

Steam temperature, °F 370
Steam pressure, psia 175
Thermal efficiency, % 2k

It is seen that a cycle efficiency of 24 percent is obtained
with a steam temperature at 370°F, which is considerably lower
than the TO5°F critical. It becomes obvious that the critical
temperature was not the determining factor in the attainment

of maximum efficiency. In this case, construction of the reac-
tor fuel elements combined with thermal and pressure stresses
dictated the operating temperature,

The next step is the investigation of the effect of operating
under super-heat conditions. As to be expected, overall ef-
ficiency is improved as indicated by Figure 2. Additional
advantages are obtained, such as higher turbine efficiency, at
essentially the same steam pressures. Unfortunately, disad-
vantages appear when the reactor is considered as a part of the
cycle. The elimination is on the basis that superheat cannot
be obtained on a practical design basis with this type of re-
actor, due to the limitation of operable pressures, imposed by
materials consideration.

A third region may be considered for this cycle and that is
the super-critical water region., Although further cycle im-
provements can be made, the attainable efficiency is consid-
erably below the ideally possible. Practical attainment is
forestalled by the development of equipment to withstand

13
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the very high pressures involved (approximately between 5,000
and 10,000 psi). Assuming such hurdles would be overcome,
consideration of the reactor to supply the cycle would re-
quire the development of a new concept which would not involve
fuel in the form of elements or in some type of aqueous so=~
lutions. The latter type of fuel would involve a considerable
development program on the reduction of corrosion rates of
aqueous solutions at high pressures.

From the foregoing discussion, it becomes obvious that a fluid
is required which would extend the saturation region beyond
the presently available heat source temperature limitations
imposed by material problems. In addition, the fluid must
possess sufficient vapor pressure at the minimum temperature
to allow feasible power extraction through a turbine. Besides
possessing the mentioned characteristics, the fluid must be
compatible to the nuclear reactor, namely low or zero
activation cross-section, low capture-cross section, and
stability under high neutron fluxes.

Since no single-known fluid possesses suitable characteristics
at high and low temperatures, it may be desirable to achieve
results through the combination of several flulds. The next
section will treat this as a separate cycle consideration.

4.2.2. Binary Cycles

Past consideration of the binary cycle has dealt mainly with
the mercury-vapor-steam cycle, with virtually all the develop=-
ment having been conducted by the General Electric Company.
Although this particular combination of fluids in a power
cycle, Figure 3, has resulted in a marked increase in power
plant efficiency, about 46 percent*; nuclear properties of
mercury makes it an undesirable fluid. In order to overcome
the obJjectionable nuclear properties of mercury, a third fluid,
such as sodium, potassium, or sodium-potassium eutectic can
be used in the primary loop. Although this type of cycle may
have some merits, the added cost in additional equipment may
offset any gain to be realized.

A true binary cycle is one that would involve a fluid with
high-temperature properties, no phase change preferable,
transferring the heat of the reactor to a secondary fluid
which may or may not have phase change properties. The
secondary fluid leaves little to choice since only two media, .
namely, air and water, have been utilized in heat-work
conversion equipment. Therefore, the primary fluid becomes

the one which is investigated for its nuclear and heat transfer
properties. Once it has been determined that a particular
fluid is compatible to the required properties, a complete
analysis of the system can be made.

* Kent's Mechanical Engineers' Handbook, Power, 12th edition,
pp. 8-93. - This value is based on the assumption of 100%"boil-
er efficiency” for the 1020°F cycle.
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At the present time, calculations are underway to invastigs

i 2 % E
quantitatively the possibilities discussed in tae fore§01n
Considerations of machinery feasibility, applizable power

Yo 8PP Y
levels, and costs, as well as thermal efficiency will be
3 b

inzluded.

4.,2.3 Open and Clcaed Gas Cycles

Fvaluation o7 aforementioned c=ycles has resulied in a final
consideration as to what type of coclant may te conzidered.
Although all the possible ramifications have not been dis-
cussed, mainly, because progress in the azalysis have not

resched that stage; it has btecome obvicus That what is re-
quired is a fluid Ulaﬁ results in a simple oyole withoubh undue
zomplications.

From this point it is anife natural %o consider the simple
open gas cycle (Figure L wi

Complexity can be introduc to this 3y@‘~m'by the introduction
of such artifices as reheat stages, intersocler snd regenerator
for the purpcese of approachiing the ideal &yulc“

-

th 1ts igur component systen.

c’i“ﬂf)\.,/
o

Il

in order to Lave g basis for compariscn in fubure anslysis,
where bthe devices mentioned will be 1nu:aﬂv;ei4 e Lasl

2

four component syvatem has been evaluated ou &
basis with the following assumptions pertainizg to the Lom-
porents:

™
&
g
©Q
8
:‘
Ty

4,2.5.1 Compressor in which the pr ESEULS lavel of the working
fluid is raised above ambient.

h,2,3.,2 The nuslesr rea
hes

ctor in whioh the wooking fluid is
d to some top temperaturs.
h

h.2.3.3 & turbine by whic
and work dons.

\ e
h.2.3.4 A heat exchanger whish -
again to ambient temperature fox

COMpresscy.

1% will be noticed that assumphion number %.2.3.4  provides
for investigating & clossd-cysle system.  This is dous with
the realizaition that the open-cytle. using alr &5 the working
medium, resulis in the discharge of rad: ive alr. In
essence this is the simplest Thermodyrnami: system capable of
producing work which will permit reaching definite con:lusions
in fubture considerabticns. It is interesting Lo note that a
gag=-cooled reactor considered for airsraeft propulsion closely
parallels the consideration presented herein. , The method of

g

n
approsch and analysis of the simple ges 2yele is presentsd
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in complete deball in Appendix 1.

The aralysls presented in appendiz, has resulited in a set of
curves (Figure 5 ), which shows that the efficienéy reaches
a reglon of wanlshir & enpera it is irnereased
indefinitely. WLt f iong made to
date, 1% 1s scen thabt the power oulpub appesrs Lo riss con-
tinuelly. TH may not be possible %o inerease temperature aslong
g line of conshent ﬁomp0ﬂwrts effi:iezcys ginze 1% 1s quite
pessible fnr tre component efficiency to decrease with the
increesing parature. Conse tly, design of the turbine,
COMDLESS0Ts ,, Neal cxcuﬁﬂgf" velear reactor must be con-
stantly balancad anc xaﬁ:ﬁed in the ~omplete system. Review
of the valeulaticus for “aiidity of asswptions can be
Justifiad by noting thalt 1T the perametsr & is as low as C.75,
e Semperature ratio reg ir'd for the sysien o have a work
ocutput eveater thar zero is shout 11.5 walch means that
with an subient :ewPﬁranura To, of “0“0; e top temperature

..l.

V

U_‘Lf" f':l )

ny prastical de

e

WO

by
.l.

vl

5 7)0'*
8l

feioneies for
_EJ "E;E‘l’ e dr-v

U%CW@WWT&
be gr\.‘(ﬁ, ul":.‘-

ug
e uBe

gas Lurbine pr;,;i temperabure T3t 9, due

e K 2 ot Ll NP T J . - ~f :

S0 the limiting conditions imposad by ma 1s of constructiony
thus the Lowest average comporent efficle carnot be less

e ot 18 a2 amap  cuyamaneben e Sl T T, R D e

chen 85 percent.  Clting curvent Jeb erglne values Tor
aefficiencies sre as follows:

— [a¥ Pal e e 2

e = 0,00 (Compressor)
— g I T I S [P NI
‘)J‘a - 0’9«’ {CQ&!J\AS\;LU.& 208 ﬂ)‘l’lf,
N fm $ gy b
gre = C.00 {(Turbine);
{ & peaen o oom nt 8 amt pean e s
Hp = 00 (Openecyoele, dlsgchargs to atmosphere;
gt
"-»\ -~
H \J,_ng
T . 7 TR Ny 2l o L o oma IR T TP
It can be seen by referring to Figure 5 thal tns average
PN SR S S B et 13 e
efficienny of 90 perzent corresponds to a minimum *empmrc+ure
R I, . h A . J T T T R SR o T B
ratio of 2.4. With an ambient tamperature of TOVF (530 R
) - o o "‘)

. e ez . y 1 < N RN I N £ s .
the temperature st the inlet of the turtine is 12707R or
GLOPF,

In actual design p“acLlﬂe, it is more dﬂﬁﬁui o 3on81der

.

power system from

sign, the
are arranged

"design polnt'.
efficiencies
pulsion devices,

design considera

will e less than the maximan value.

™

Fop
)‘mp anent

"design pOLﬁu operation”
"design point” 12009,

.
18 (1%

Lo dd

bo have maximum values as near as possi 0 the
At gll other conditions the zomponsn t

T

For pro-
ored sircrelt - the "off

dered for charges in

such as nuclear pav
tions" must be

I e
S

-

576 nsi

18




FIG. 5
PLOT OF POWER OUTPUT & CYCLE EFFICIENCIES

VS.
TEMPERATURE RATIO

(o)

JM — 1Nd1NO ¥3IMod

©0

_—

OF SIMPLE GAS CYCLE

-

4~ THERMODYNAMIC PERFORMANCE

"

7 |

100

90

80

% ‘3 - AON3IDI443 312AD

T

TEMPERATURE RATIO,

19



ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN —

speed, altitude, ambient temperatures, cargo loads, etc.
Marginal designs are subject to two limitations:

4.2.3.5 If the "design point", which is assumed is not ac-
hieved because a given component does not perform
adequately, marginal design may not operate at all.

4.2.3.6 Marginal designs in cases of gas turbines will have

poor off-design performances particularly starting
conditions.

Having dealt with the general design performance characteris-
tics of the simple gas cycle it is well to mention some of the
difficulties to be encountered in the nuclear considerations.
Although, the topic has been mentioned only briefly, it is
necessary to give considerations to the selection of the
proper working fluid. This decision is closely interrelated
to the reactor design, since the gas may concelveably be

used as the reactor coolant. Thus the nuclear properties of
the gas, the question of closed versus open-cycle where the
possibility of discharge of radioactive gas to the atmosphere
exists, the operating pressure of the gas, the type of
application (proximity to inhabited areas for example), ete.,
all factors closely involving both the reactor and heat engine
cycle. At first glance it is obvious that a large number

of gases, including air, helium, hydrogen, nitrogen, oxygen,
carbon-dioxide and others might be suitable. Interpretation
of data* is premature at this time, other than to state from a
nuclear consideration helium will give the least amount of
trouble nuclear wise. Final interpretation must be given in
conjunction with a given cycle.

Subsequent cycle analysis will be more specific in that actual
fluids will be considered in the evaluation of practical cycles|

¥ Reactor Handbook, Vol. 2, Engineering, USAEC; AECD-36L46,
Chapters 3.2 to 3.8.
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4.3 Nuclear Reactor Heat Source Considerations

It can be readily established that there is no clear theoretical
upper limit to the rates of energy released of powsr production,

due to fission. In practice, however, the maximum operating power
level of a reactor is frequently determined by the rate at which
convection heat can be removed. Therefore; when considering the
generation of power from the fission process, certain general con-
clusions can be thus established for the basis of evaluating methods
for removing power generated. Some of these are:

4.3.1 Power density is proportional to neutron flux, and density
of fissionable materials.

4.3.2 90 percent of the energy is produced at the point of fission
and about 5 to 10 percent is absorbed in reflectors,
shielding, control rods, and other materials.

L.3.3 Most of the power is produced at the time of fission, with
approximately 6 percent of the energy being delayed which
decays expornentially after shutdown in the nuclear fissicn
reactor.

4.3.4 The critical mass of fissionable matsrials is a function of
the critical radius of the reactor. TFor a given critical
radius, the sriticsl mass is less than for either or smaller
critical radii. The critizal mass and critical radii can be
expressed in terms of a dimensionless, physical, geometrical
parameter.

4,3.5 Excess neutrons over those required for criticality can be
used for converting certain unfissicnable materials into
fissionable materisls. However, for transportation devices
such as compact heat engines, it appears desirable to raduce
the critical mass and geometry of a given power producing
resctor to minimum size and provide means for reflection and
optimum geometry so that the maximum number of reutrons are
absorbed in the fission process. When removing power
generated by the fission process in a nuclear heat power
engine, it is necessary to correlate methods by which such
power is removed with the distribution of energy throughout
the reactor. In general, such energy is removed by hsat
transfer. If the reachtor is operated at high power density;
there will generally be large temperature gradients and large
thermal stresses to be considered. In actual design of the
heat engine utilizing nuclesr power, the thermel efficiency
will depend largely upon the top temperature available at the
exit of the reactor and the optimization of heat transfer
means so that maximum energy levels are available for con-
version of the fission energy te ultimate mechanical energy.
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4.3.6

Thus, it is desirable to evaluate the net gains which can be
achieved by operating a reactor at the limits of creep re-
sistance for high-temperature materials. Since the removal of
thermal energy involves, in most cases, circulating a cool-
ing fluid, it becomes necessary to evaluate the proportion
of pumping power to the total power delivered. Evaluation
of this effect requires the establishment of fluid flow, and
thermodynamic properties of fluids to be considered and the
subsequent correlation of the data with the nuclear properties
of the fluid. Tn giving consideration to heat transfer,
evaluations depending upon temperature limits considered,
radiant heat transfer, conductive heat transfer, and con-
vective heat transfer have to be made. Since the immediate
applications of nuclear energy for transportation devices

are in temperature ranges below the point at which radiant
heat transfer has significant influence, present work con-
ducted in heat engine studies has neglected this effect.
Turther to date, englneering calculations have been made

at or near the limits of known or proven materials of con-
struction for reactor design as well as heat engine design.
Efforts are being made to correlate convective heat transfer
with the limitations of power densities in a given reactor
with the attendent pressure losses due to mass flow of fluids
optimizing heat transfer coefficients. OSince relationships
of fluid flow to film coefficlents are such that heat con-
duction plays an important part in overall heat transfer
mechanisms, continual attention must be given to heat con-
duction problems.

Feat Transfer of MNuclear Reactors

In giving consideration to nuclear heat power systems which
have as general obJjectives the achievement of small packaged
heat sources and minimum size of heat engines for maximum
horgepower, nuclear reactors must of necessity be ones with
high specific power. The heat transfer must be optimized and
the heat engine size reduced so that the nuclear heat engine
natural system is compatible in proportion for transportation
devices under consideration. Such reactors of necessity are
of high specific power, operating at maximum temperatures,
and near the ultimate construction materials. In the case of
heterogeneous fuel reactors with high specific power, special
considerations must be given to the design of fuel rods in
which the energy source is contained in the fuel elements.
The heat must be transferred by conduction so that some suit-
able fluid or circulating coolant can absorb such heat. 1In
the case of homogeneous liquid metal reactors, the heat con-
duction problem is basically associated with the design of
vessels to contain a critical geometry, relationships of

film coefficients for convective heat transfer which heat
conduction in heat exchange equipment, and liquid metal to
gas or working fluid transfer systems. In the event,
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4.3.7

temperatures in excess of 1800°F are achieved as an operating
temperaturs in a nuclear reactor, heat transfer by radiation
must also be given consideration. A portion of the work and
studies being conducted in evaluating nuclear heat engines
involves long-range concepts of high-temperature reactors.

Heat Distribution

o

Problems which have been outlined are basically the general
ones pertaining to the investigation of heat generation in
the reactor. A more detailsd examination of the heat sournes
and their distributicn in the reaztor core ard structure is
one that cannot be neglectsd. Complicatiors arise due to the
+ that the heat is genera*ed in the resschtor by a number
of ways and possesses a distribubion which is not uniform.
The major portions arise from the kinstic energy of the fission
fragments which ususlly manifest itself sz heat produced
entirely within a fusl element or within a fuel solution.
In addition, heat is also produced from the slowing down of
the neubtrons and beta particles, and in the absorption of
various gamms radiations. Since the neutrons and gamma rays
are nod uniformly distributed throughout the reactor core
and structure, the asscciated heat source distribution will
also be non-uniform. An accurate knowledge of neubtron and
gamma ray fluxes is therefore necessary for a complete so-
luticn of the reasctor cocling problem. Consequently, the
investigation of these fluxes becomes guite a difficult
problem, one almost entirely without theorstizal approach.
Consequently, the rsactor designer must rely on data obtained
from experiments performed on operating reactors.

Arother factor which adds to the problem of hesat removal
from a reazbor is that the volumetric heat-release rates may be
higher than for any thermal system desigped for continuous
operation. Thers are two reasons for this. One is the
necessity to keep the size of the reactor small, and two,
the desire increase the core oubput per unit mass of fuel.
The combinabion of high operating temperatures for maximum
thermal oubput of the reactor and maximum thermodynamic
efficiency for ultimate conversion of power and large
volumetric heat sources make special demands upon the design
of the reactor thermal system. Not only do the large source
densities cause stresses due to temperaturs differences with-
in core components to inecrease rapidly as their thicknesses
increase; but the nuclear radiations of high power densities,
high neutron fluxes, may have adverse effects on thermal
conductivity and cther properties of reactor materials. Even
though  +he major advances in reactor design have come from
materials fabrication sources, it is only by optimizing the
reactor systems from the heat transfer standpoint that their
full advantage can be realized.
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4.3.8 Convective Heat Transfer

When considering conductive heat transfer, efforts are being
made to evaluate two quantities, heat transfer efficiency and
power density. EKach of these is dependent on the geometry
of the physical and chemical properties of the cooling fluid,
and the pressure drop or pressure losses encountered in the
heat transfer system. The relationship between heat transfer
and pressure losses determines to some extent a limitation on
the power density available in the nuclear reactor and the
efficiency of operation of the system of which the nuclear
reactor is the heat source.

It should be noted that the limitation placed upon power
density as well as upon thermal stress is under the control
of the designer and the nuclear engineer. Calculations are
being made for various types of loop systems in which the
pressure losses for various temperature levels of a fluid
media extracting heat are being examined. In principle,

the approaches are system-malysis in which pressure drop
correlations are evaluated with respect to the flow of fluid
for various types of geometry. The fluid flow characteristics
are evaluated in terms of heat transfer coefficients in which
Reynolds numbers for various heat transfer geometries must

be considered. Such fluid flow equations in turn are
correlated with the selections of pumping equipment and heat
exchanger surfaces so that optimum selection of systems can
be made in view of specific components which must be
developed for the specific nuclear heat.power system under
consideration. As temperatures in nuciear reactors are
developed to higher levels, it becomes apparent that more
data in fluid flow, heat transfer, and heat engine development
are required. As the progress of work proceeds, efforts

will be made to point up and outline those areas of investi-
gations which are needed for effective engineering design of
nuclear heat engines.
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The methods and approach for the determination of a given critical

size of a reactor for a specific application has been under consideration
with the ultimate aim of setting up a firm foundation from which future
reactor concepts can be evaluated. In order to satisfy the scope of

work outlined in the section 2.3 of the proposal submitted to Chrysler,

a program analysis has been established which will serve as a basis for
reference. Normally the analysis and calculations for the nuclear reactor
is based upon previous studies. This, of course, holds only for reactors
tried and proved, whereas, in the case of new concepts, the entire range
of parameters will be evaluated in order to establish optimum points.
With the above in mind, a program similar to that followed on the nuclear
energy propulsion of aircraft study has been initiated.

A numerical evaluation of the uranium-bismuth type of reactor has been
performed utilizing one velocity, spherical, homogeneous reactor theory.
Calculations were performed for the determination of critical mass and
radii for various U-235 concentrations and U-235 to graphite ratios.
Simultaneously for this initial program of calculations, the mathematical
model has been established for a c¢ylindrical internally moderated,
externally reflected, reactor, and also for a cylindrical, externally
reflected with a central core reflector. This analysis is now nearing
completion and will be submitted for numerical evaluation. In order

to arrive at a complete set of curves which will serve as the basis for
the establishment of a specific design for the LMFR type of reactor,

the following parameters have been considered: U-235 concentration,
operating temperature, carbon to fuel ratio. Prior to the performance

of the calculations; it is necessary to establish group constants, which
will predict accursately the state of the neutrons, st their various
stages in their slowing down process. This determination is by far the
most critical one in any reactor calculation, since the accursascy of the
final results is dependent upon the accuracy of the group constants.

The state of these determinations will be given in the next section along
with the assumptions made. Cne additional step is required before the
calculations can be performed and that is the estimation of the neutron
fission spectrum across the reactor core. Inasmuch as this is an
estimation, it will be necessary, after performing preliminary calculations
by the two-group method, to go back and correct estimated fission
spectrum. The neutron spectrum is used to evaluate the heat distribution
within the core, and also to get a measure of the neutron economy, which in
turn is a function of critical mass requirement.

Although the above program involves a considerable amount of background
work, once having accomplished it, it will be possible to evaluate the
nuclear properties of any specific IMFR design. More specifically, it
will be possible to optimize a reactor design in light of the thermal
effects imposed upon it by the overall heat cycle.
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5.1 Constants of the Theory

The nuclear constants which are independent of the neutron spectrum
are computed for pure bismuth and pure carbon at various operating
temperatures. In addition, a very rough approximation for the
Permi age is given.

It is assumed that
5.1.1 o, follows the 1/v law.
5.1.2 Om =(g, + 0g)only.

5.1.3 Scattering is isotropic in the center of mass system so
that I, = 2/3A.

5.1.4 A is sufficiently large so that ¢ = 2/{A + 2/3).

5.1.5 Dgp and Zé are constant up to 2 Mev in order to approxi-
mate the age.

In computing the constants for pure carbon, assumption (5.1.4) i
not applicable and ¢ =1 4+ [(A - 1) /2A] In [(A - 1) /(A +1)] is
used.

The following equations are used.

og (T) = oq (??) 1/2
° \T,

T, (T) =;1“_§9 5,
O (T) = (op - o)y (1 - i)
Nyp
z%r (T) = E %y
D _ 1
th ~ 3E;r
L2 - Dth/za
.= Den Yn

All equations are from Glasstore and Edlund. The values of O (T)
and g, are from BNL 325. The values for p are from a graph drawn
from pofnts in the "Liquid Metal Handbook" (1952).
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6.0 BIOLOGICAL SHIELDING

6.1

6.2

Introduction

The required shielding for any reactor must be designed for operation
at the maximum operating power level. Under normal working con-
ditions, the design dose rate should be kept below tenth tolerance
(to be defined in following section), while in more inaccessible
areas the dose rate is kept at tolerance. The maximum permissible
exposure levels accepted by the National Radiation Protection
Committee will be used for calculating tolerance dose rates. It
should be understood that this is subject to modification, depending
on the type of service to be considered.

There are four sources of radiation:

6.1.1 The fission process.

6.1.2 Fission products in the fuel.

6.1.3 Neutron activated components of the power plant.

6.1.4 TInduced radiocactivity in the primary coolant. The radio-
activity in the coolant comes both from the activation of the
fuel itself, and the release of delayed neutrons.

These radiations can be dealt with in four ways. Radiation from
the reactor can be attenuated by a combination of light and heavy
density materials, such as carbon, hydrogeneous materials, steel,
and lead. DNeutrons from the reactor are attenuated to the point
when induced radioactivity in components becomes negligible. The
primary circulation loop can be completely shielced. A chemical
separation system can be provided to remove fission products
continually.

Tolerance Dose Rates

The maximum permissible exposure level for civilians accepted by
the National Radiation Protection Committee is given as 0.3 rems
per week or for a h0-hour week, this corresponds to 7.5 mr per hour
of ganma radiation. These quoted levels are naturally on the safe
side, but for the purpose of evaluating nuclear power vehicles or
transportation devices which may have military application, some
new acceptable standard must be established.

A few basic facts have to be established before a reasonable
evaluation can be made. TFirst, it should be pointed out that gamma
ray doses limited to the hand and forearm can exceed the normal dose
by a factor of five, or 0.0375 r per hour. Assuming that the entire
body can receive this without detectable effects, this immediately
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sets an upper limit on the gamma dosage.

The neutron situation 1s not quite so simple, since there are many
ways 1n which the energy can be deposited in the flesh. Dr. Walter
S. Snyder of ORNL has calculated the tolerance dose of fast and ther-
mal neutrons. Although the calculations are probably accurate, they
apply to a collimated beam of neutrons incident normally on a 30
centimeter thick slab of meat. This particular point is of interest
in specifying the dose inside a crew compartment for neutrons arriv-
ing from all directions. The dose for this case is much more Qiffi-
cult to specify.

For laboratory shielding work, Snyder's results serve admirably and
are reported in the following table.

It is surprising that fewer thermal neutrons can be tolerated than

5 KEV. The reason is that the latter have a higher probability for

being reflected from the tissue, doing relatively little harm.
TABIE TIT

NEUTRON FIUXES EQUIVALENT TO 0.3 REP OF GAMMA RAYS
PER L0-HOUR WEEK

Neutron Energy Flux, n/cm?/sec
Thermal 1800
5 KEV 2250
0.5 MEV gl
2.5 MEV 39
5 MEV 25
10 MEV 26

At the Chalk River Conference, it was also agreed that "no manifest
permanent injury is to be expected from a single exposure of the
whole body to 25 r or less."This dose has been used so consistently
since then that it has required varisbility, if not authenticity.
Results will have a large bearing on the proper tolerance to be se-
lected for any transportation device, if not actually set the toler-
ance for all military applications. All of the above facts have to
be taken into consideration on tolerance selection and with this in
mind, a dose rate of approximately 0.07 r per hour is a basis for a
reasonable selected tolerance. This figure was arrived at by con-
sidering what is a practical shield for a transportation device,

For the purpose of evaluating shield design, the gamma flux required
to give a dose rate of 1 r per hour has been determined for various
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energpies where they are tabulated in Teble 'V  and plotted in
3 The surface and volums sources have been tabulated

TABLE IV
CAMMA FLUXES FOR DOSE RATE OF 1 R/IR
I (FoT8), To
. _ p
0.7 - Mev 0.029 7.08 % 107
1.0 0.07 5.33 x 107
1.5 0.0245 3.93 x 107
2,0 0.023 3.13 x 107
3.0 0.0205 2.3h x 107
5.0 0.018 1.60 x 107,
7.0 0.0163 1.268 x 107
TABLE V.
VOLUME SOURCES WHICH GLVE A DOSE RATE OF
1 R/HR AT THE SURFACE OF A SEMT-TNFUHTTE VOLUME
i plair) E Qv Qv (photons/ce/
se)

0.7 - Mev 0.029 7.08 % lO? A lﬂn
1.0 0.027 5.33 % 107 2.88 x 10
1.5 0.0245 3.93 x 107 1.925 x 10"
2.0 0.023 3.13 x 102 L. x 10t
3.0 0.0205 2.3h x 107 .96 x 10t
5.0 0.018 1.60 x 10”7 576 x 107
7.0 0.0163 1.268 x 107 13 % 10t
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APPENDIX I

OPEN AND CLOSED GAS CYCLES ANALYSIS

Tt is assumed that the physical states of the working fluids are
determined completely by the assignments of values of two variables,
temperature and entropy. '

A typical plot of a cycle relating temperature and entropy is shown
below.

TYPICAL TEMPERATURE-ENTROPY RELATION

(1) Compression
(2) Heating
(3) Expansion

(4) Heat Rejection

TEMPERATURE

ENTROPY

If a cycle is to operate continuously, it is obvious that the curve in
this diagram must be closed. Analytically, this can be stated that the
requirements for the existence of a thermodynamic cycle are:

gar = o | | (1)

a s(T)
2 ar f =0 (2)

Equations (1) and (2) establish the relation S = S(T). These ex-
pressions involve such parameters as friction losses in components
which are used to define component efficiency. The cycle efficiency
and power output can be expressed in terms of component efficiency and

temperature ratios across components.

COMPONENT PERFORMANCE

For any thermodynamic process the conservation of energy can be written
as
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dw = dh + dk + de

Q.
R
i

dq = heat allowed to unit weight of fluid.
dw = external work done by fluid.
dh = c¢hange in enthalpy of fluid.
dk = change in kinetic energy.
de = change in potential =nergy.
The conservation of momentum requires

1
-dw = dk + de + = dp + af

where
y = welight density of fluid
p = pressurc of fluid

df = frictional energy dissipated per unit weight of fluid,

fmthalpy by definition is

1 /

1 1
ho= ogu=t = dnpaly)
'i»—d«}zz:l; 7 7

= change in internal energy

(3), the energy equotion can be written an:
. ] , s 1. y N
A - 4w = du+ 1 al=) + = dp + dk + de
Y 4
Subtract equation (h) from (6),

. e ) 1
g + Af = du + 1 d(;}
The change in entropy can be defined as

1
ds = M,Tp_iﬁgzl

Combining equation (7) and (8)

ds = dg + df

ral+

3L

(3)

(8)
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In equation (9) it is necessary to express the frictional loss df in terms
of known energy changes in the cycle. Such known energy changes must be
expressed in terms of temperatures in the cycle. The thermal efficiency of
a cycle or the "mechanical" efficiency of a component can be defined as

the energy output E, from the system to the energy input to the system Eg
thus

(10)

= EO
o= =
E-I;

For example, in a compressor, the shaft work is the input E and an
enthalpy change in the gas is the output E5. In a turbine the reverse

is true, the enthalpy change in the gas flowing through the turbine is the
input and the shaft work is the output. For any given heat cycle, the
energy balance involves the differences between energy input and output,
and for most cases this difference can be defined by the heat rejected to
the environment, here called Ep. For a component, this difference may be
the friction. Thus the efficiency and the energy balance equation can be
combined to eliminate either energy input or output. For a process in a
system where the input is from an external source, such as s nuclear re=-
actor, the relationship between rejected energy and energy input is
obtained from Ey + Ep + Er = O,

as, Ep = -(1-p) By - (12)

For the process in a system where the output is external such as a
turbine or heat exchanger, energy losses in terms of energy output is
expressed by

E. = -(1-p1)E

f 0 (13)

Frictional energy dissipated per unit weight of fluid (af) can be
defined for a process involving work as

afy, = -(1 - ulil) aw (1)

where the positive exponent indicates compression and the negative
exponent expansion. For a process involving heat from a nuclear re-
actor
+1
afy = (1 -py7) da (15)

where the positive sign indicates heat added to the reactor and the
negative sign indicates heat removed from the reactor. The efficiency
referred to in equation (lh)44 is sometimes referred to by gas turbine
engineers as "small stage efficiency”, and is actually the limit of
efficiency for a given stage as the number of stages required to either
expand or compress a working fluid approaches infinity.
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For a process which involves both heat and work at the same time, the
expression in terms of frictional energy losses per unit weight of
working fluid is:

af = -(l-ulﬂ) dw + (1-u2ﬂ> dq (16)
Substituting equation (16) into equation (9),
ds = -(1op, 1) aw + (2 - u.flyag (17)
1 7 2
In terms of power media, S = S(T), changes in work and heat must

be expressed as functions of temperature.

dw

i

- ¥4 (T) ar (18)

and

dq ¥, (T) aT (19)

If over small intervals V., and Wz are constant, work and heat
changes can be expressed a5:

dw = -Cy 4T (20)
dq = Cp ar (e1)
oyl il
IfK = [(1-u )y, + (2-u ) C~),equation (17) for entropy
1 1 2 c
change can be expressed as
\
dg = K ."E@ (22)

For any process, equation (22) can be integrated to give the entropy
difference between process m and process (m-1)

T K

8, - Sp1 = log( -Ti ) (23)
or
T .
(2 )y = - (temperature ratio)
Tn-1 m
and

s -8 = log (7 )K (2k)

m " Pp-1 T 198 m
where Tm = +the temperature at the end of the m.EE process.

(20)
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In the simplified system, there are four discrete processes.
Equation (1) in terms of the four components of compression, heating,

expansion and heat rejection can be expressed in terms of temperature
difference between the m*! and m-1th process as

% (Tg - Tp1) = O

(25)
Equation (25) can be rewritten as
L - Jm, .
T T §$%(m)
m=1 m=0 (26)
Cancelling identities
Ty
ot (27)
In terms of temperature ratios
N
Ty
D P
TO m=1 n (28)
or
L
Y (rg) = 1 (for a four process cycle)
m=1
For a four process cycle equation (2) can be written in terms of
discrete processes as:
L
z (s -8 .) = 0
m-1
m=l (29)
By substituting the wvalue derived in equation (24)
4 o
% log (mY = 0 (30)
m=1
or
4
log & ()¢ = o
=1 (31)
or
¥ K
Lo (rp) =1 (32)
m=1
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Equation (32) and (28) are necessary conditions for the existence of a
power cycle in terms of temperature ratios and process efficiencies
which determine the factor K. Where changes of phase occur (liqpid-
vapor power system) in which temperature remains constant during a
given process (such as evaporation or condensation), a different
approach is required. Therefore, the derivations are applicable to
cycles which employ gases as working fluids. The derivation can be
considered for a simple gas turbine cycle.

For equations (20) and (21) C. and C, are considered constants and
can be evaluated for each of tﬁe four processes in the simple cycle.
For compression or expansion in which no heat is added and changes in
kinetic and potential energy are small. Equation (3) for energy con-
servation can be written as

dw = -dh (33)
If the working fluid can be considered a perfect gas, then,

dh

¢, ar (34)

and.
aw = -C, dT (35)

Thus, for compression and expansion under ideal conditions the constant
Cl , equation (20) for evaluating change in work is an identity with
specific heat a constant pressure.

¢, = G (36)
In the case of heating and cooling in which there is no external work

dg = dh = CpdT (37)
so the constant C, in equation (21) is

C, = C, also (38)
The values for C; and Cp can be used to evaluate the K in equation
(23) and as a result the work done and heat added can be determined.

Consider as examples, an adigbatic compressor, a nuclear heat generator,
an adiabatic turbine, and a heat exchanger. This particular combination
of process is ideal for a closed-cycle gas turbine in which the working
fluid for the gas turbine flows and exchanges heat with the nuclear-
heat power unit.

Although the simple gas turbine with the four simplified processes may be
of little practical value to an actual system, the principles for
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applications to processes, expressions of efficiency, and power
output are identical to actual systems which will be studied in future
work. Consider first the case of the adiabatic compressor:
The value for K, for compressor (39) becomes:
The work done in driving the compressor is

A Ve -Cp (Ty-To)

Cp T, (7a -1) (40)

il

For the case of the nuclear reactor the constant KR can be written
from equation (25) as

KR = (2 - pR) Cp . : (h—l)
Thus, the heat provided by the nuclear reactor is
Agg = Cp (Tp - Ty)
= Cp Ty 7e¢ (TR - l) (}—FQ)

For the case of a simple adiabatic gas turbine; the Ko from equation

(23) is:

K, = (1- %fé ) Cp (43)
The work done by the turbine is
Nig = -Cp (T3 - Tp) (k)
= G 7, g Tp (7p-1)

For the case of the heat exchanger the Ky from equation (23) is

1
KH":(Q-E—}E) CP (1;5)

The heat absorbed by the heat exchange is therefore;

Aq

i

Cp (Ty - T3) (46)

fi

CPTO(TC TR TT)(TH—l)
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The temperature ratio r can be defined as the ratio of the top
temperature at entrance to the turbine to the ambient temperature
T, then

T=Te TR (lI-T)

Then the heat added by the nuclear heat generation from equation (42)
can be written as

Q-fgg = Cp T, (v - ) (48)

The net work done by the cycle is the sum of the turbine work and the
compressor work or

W o= CpTy {mg -1+ (rp - 1) (49)

Since the efficiency is defined as the rate of output energy to
input energy

(Eff) = % = e -1+t (rp o q) (50)

- T
T c

This equation is subject to the condition of equations (28) and (32)
or

ooty = 1 (51)

Eliminating = from (51) and (52)

(Kp-Kg)  (K.-Kg) (KR-KH)

- ‘e . = 1 (53)
Solving for Yoo
- (Kc —KR) - (KR"KH)
Kp-Ky Kp-Kg (54)

= T
T e T

Substituting equation (54) into equation (49) then expression for work
is obtained:

[—<Kc-KR>J [-<KR-KH>J
Wo= -G T [r PR I Kp-Ky ']} (55)
P 7o c c T

Lo




ENGINEERING RESEARCH INSTITUTE -« UNIVERSITY OF MICHIGAN —

The work by the cycle will be maximum when the differential of
change of work with respect to Ta is equal to zero,

) -
e (56)

or

y . KT-KR -KC‘KR*'KT-KH
C-R TKT-KH . KT'KH _
Ky - Kg c = 1 (57)
Solving equation (57) for =,
Kp - Xu (g - Kg)
-Ko=Kg+kp-Kg KKK (58)
Tc = KT - KH T
KC - }(R
Let
a=__Kp-Kp end b= Kp-Ky A(593
an
~Ka-Kp+Kp-Kyg K -Kp+Kp-Kpy (60)
Equation (58) is then
1-b
e = (== & (61)
Equation (54) is
-Q-2)  (a-1)
T = 7T ; -~
T c b T b (62)
Substitute equation (61) in equation (62)
1-b-(1-5b
- N i Y P (65)
Substituting (61), (59) and (60) into the expression for work
- (1 - Db b 1-b-(1-0b
Wo= -0 T {( ~2) f(a-l)+f(T)( ) +(a-1) -1} (64)

 Equation (64{ can be simplified by adding and subtracting the
quantity 2 r /2

r
Wo= Cp T, {:[71/2 - 1.] 2 _ [ P(1-b)P B . 2’1/2] }' (65)

From equation (50) the efficiency of the cycle is now
1/2 2 1 .1/2
Eff) = (+ - 1) - [ — 2 .2
(Eff) bBZl—b)l b (66)

1l - Dbyb
- - D)

8

Values for [a] and [b] are given by equation (59) and (60). If the
L1
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efficiencies of all components were the same and if the specific heat
were constant throughout the cycle certain simplifications result.

COMPONENT PERFORMANCE WHEN C,, IS CONSTANT AND COMPONENT EFFICTENCIES ARE
AT, THE SAME, -

For such a case, equation (60) is

b = 1/2 (61)
The temperature ratio across the compressor is |
T, o= oo (68)
The temperature ratio across the turbine is
e = ow ol (69)
The work output from the cycle is:
W= Cp T, { V2R o, e Tl/"’]} (70)
The cycle efficiency is:
Ee - 2 2 [.~:’ - Y2 (72)
T - T

From equation (59)

1
0 = 14 =—~-1u (72)
2

Solving this for efficiency

wo= 12 (1-2a+\/5-ha+ha ) (13)

If a is near unity
p' o 105 - & (7}+)

The physical interpretation that can be obtained from equation (T4) 1is
that,in the case of a cycle where change in specific heat are not
apprecisble and where the efficiency of each component is the same

as other components, the overall efficiency of the system is sbout
1.5 less the average component efficiency where component efficiencies
are about unity.

It is expected that this case may serve as a guide-post and indicator
to specific cycle performances. The value p to be used is very close
to the numerical average of the actual component efficiencies for the
eycle. It sppears that results using b = 1/2 may be good checks even

Lo
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though b may be quite different from 1/2.

Figure 7 1is a plot of the dimensionless power output from a simple
gas cycle.

Tempersture ratios are plotted against cycle efficiencies and power
output vhere

1 W
We =y
P "0

For comparison the Carnot efficiency is also shown where the Carnot
efficiency is

r =1

T

In the simple gas cycle, equstion (71) for efficiency in the case
where a8 = l/2 and the efficiency of each component is 100 percent
would be:

- The addition of intercooling and reheating features without introducing

pressure losses of large magnitudes permits the efficiency of a gas
cycle to approach more closely the Carnot efficiency.
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APPENDIX II

A SIMPLIFIED RESOIUTION OF REACTOR EQUATION TC DIMENSIONLESS PARAMETER

To illustrate the possibilities for reducing mathematical aspects of
nuclear engineering to parameters which might prove useful to ultimate
design and comparison of nuclear power systems; the work conducted to
dave has been cursory and somewhat superficial investigation relation-
ship which determine neutron flux distribution and density of fissionable
material. IEvaluation of these nuclear parameter requires consideration
of conditione for criticality.

From reactor theory, there can be considered three equations:
3

2 _
Va = 3"% (1)

This equation represents the slowing down of neutrons from energies at
fission to thermal energy limits.
1 ‘72
' - p . Ayl ~
3 0 (nv)  _ L (nv) + pay =0 (23

This equation defines the diffusion of neutrons and the losses of
thermal neutrons due to capture mechanisms.

of = £ tZg (nv) (3)
This equation expresses the production of neutrons in the fission pro-
cess which results from the capture of neutrons by the fissionable
material. The boundary conditions for the slowing down range of neutrons
are provided by equation (2)and (3)

To describe the three equaticns in present by accepted nomenclature the
following definitions should be borne in mind:

TABIE VI

NOMENCIATURE USED IN SAMPILE ANAIYSES AND NUMERICAL METHOLS

q = nvels = slowing down density neutrons /cm3/sec. passing
Y thru energy E.

n = density of neutrons

v = velocity of neutrons

¢ = average logarithmic energy loss per collision.

L5
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TABIE VI. (continued)

gul= beutron age" in slowing

= exp Jr . L ' -
2 (& Ly + y 2*?) down.

vrs

u
D=cedp) -
5 Le + ylg du= resonance escape probability.
Z% = macroseople transport cross-section.
Yo = macroscopic scattering cross-section.

Za = macroscoplc absorption cross-section.

1w = lethargy = loglE )
(E

f=)u = thermal utilization
n = b = neutrons per capture in fissionable material.
¥
3 = fast effect, fissions from fast neutrons.
v = neutrons per fission

The limitations upon the use of theequations s not of concern presently
as the effort is basically to review possible general methods for treat-
ment of problems and to predict certain general limitations of nuclear
reactor characteristics.

It should be borne in mind that equations which express diffusion
approximations to Boltzman distributions are not accurate in ranges where
rapid changes in neutron flux occur. The extrapolation length depends

on the transpcrt mean free path. If in turn, the mean free path is a
function of lethargy or energy ratios, effective reactcr sizes and
geometries can be deduced to be functions of energy. If the energies

of the neutrons are not thermal the energy must be defined in the form of
an integral over the limits of fast fission energies to thermal range
known more commonly as the "slowing down' range. If the transport cross-
section is strictly a function of space variables, the Laplacian for
diffusion should be expressed as:

v{ﬁ_ v@) }

rather than

1 §72(nv)
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Progress to date in the systems analyses of nuclear heat-power engines
have not permitted examinations of all such possibilities on actual fuel
and geometrical requirements for specific reactors. As such data, infor-
mation, nuclear constants, etc. become available and known influences
upon heat cycles are apparent, future progress reports will endeavor

to cover this material.

To evaluate the physical quantities assoclated with nuclear heat engines,
continuing efforts will be made to separate functions with physical
dimensions from numerical constants which can be calculated or determined
through experiment or research.

Equation {1} which represents "slowing down" of neutrons can be expressed
in dimensionless paramefers by multiplying through bg dimensions IOT.

Since the laplacian <V o has dimensions of T, it can be exspressed
as the rgtio of a parameter O and the square of crital
length R for a particular nuclear reactor.
5 2
- = - a L}j
v % o (¥

R

If both sides of equation (4)are multiplied by rtth , it becomes:
q

z
rthVae = rth 99 (5)
q q 9o
which is dimernsionless.
Rearranging equation (5)
— Ttha 2 = dg 1 = d (Ingq) (6)
R q QT P R
7 th th
Equation (6) can be integrated over the range of neutron energies
1 gth
- T~ th [ B T = [ 3{in g} (7
____g_ a2l s [ o N b d N
= a o o ) of
qf

or the ratic of slowing down densities at fission energies to thermal
energies can be expressed ag

r 1

—af = exps rik [ & (1)
q th i B* o Tth (8)

Equation (2) and (3) can be made dimensionless by dividing each by

Al

lg (nv) resulting in:

b7
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V 2{nv -1 4+ pagth = 0 (9)
30k g (0V Ya (nv)
and
pqgf a th = K (10)
q th Lg, DV
The expression p n_th can be eliminated from equations (9) and (10)
nv
giving:
VZ (nv) -1 + pfqg ¢ _ath = 0 (11)
Rt La nv qf

The Iaplacian A (§NQ has dimensions of L‘a, and can be expressed
nv

in terms of a parameter and a crital length K or:
2
Vv, = -p2 (12)
nv R=

Substitution can be made into equation (12) so that

- 3® _ l+pfne ath = 0 (13)
The ratio g th  can be eliminated by recalling equation (8)
qf
g 2 + 1, exp ngh fl a?y . T l.= pfag (14)

It shouid be nobiced that equation (14) is essentially the same as the
Fermi age equation in which

—_— 6 2 = Bz Lz (15)
i’@aa?
T th * aZ T = B? (16)
—= ¢ 9 ( th) Tt
and

L8
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o ¢ \, . 3 4
Bquation (14} can be used to approximate roughly the mass of fissionable
material in a nuclear reactor which is needed for criticality.

(e

j‘:l

(8]
P
et
=
.
3
o]
O
™
D
14y}
'D

illustration, the use of equation {1L), the cross-section

78
can be considered as the sum of absorptionin fissionable
and absorption in all other materials 2; or

(4

2

K ™
P
P

D

C

?

£

Since by 4

finition thermal utilization iz the ratic of 2;;

it can be w?Ltten ag L g
.
f = o /_"Al\m—u (lz}
S‘I. + \‘\/‘1 C:'
Ly L
Since the meoroscoplc cross-section for absorption in fissionable
material 1lg
T = Mu a {20
i 0& = r \ )
Y A
R il
where
o, = ulcroscopic crogs=-section for absorption in fissionable
material
M, = critical mass
& = Avagadro's number
Vg = reactor volume
A . = mass number of fissionable material
IT the reactor volume can be expressed as VF = ij then
X‘d = Ry My a ( 21)
ol I
;ORI A 0
By substituting the values for f in equaticn \lh} and rearranging
ferms, 1t can be written as:
) =
B2 + 1 = 24 pnge -1 {22}
N S =4 S
3, ,yt c R AT
where
1

T = T ihop AP
uwwaﬁté o é(
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or the dimensionless equation which involves the critical mass of a
nuclear heat power rcactor is y
2
+ 1

' 3t e R- (23)
7 Rj A “'I
Py ¢ € -1

£
i
4 Q
F
o
i

iyl 5,
Lo L

In equation (23) note that ¢ , 6 , y are geometrical terms and the
following expressions are physical

o My @
Ye RO A, s

2,
flf 7 E* 3
3

~

A

b 3
! H
€ ;

Accurate values for geometric factors are determined normally by
numerical methods of integrations. In cases of unreflected; spherical
reactors the geometrical factors approached . In cases of systems of
nuclear reactors where dimensionless parameters are the same one group
of integrations will give solutions for the entire group. Equation (23)
can be expressed also by referring each of the dimensionless ratios to
the eritical dimension R. It is desirable to demonstrate that a

minimum value of fissionable mass exists for one value of critical di-
mension. The ratios can be expressed in terms of this minimum.

Iet it be defined thus:

= My R = R
H Mmin ° R min
A = M de Fnir 5 C=Die
a min
B = Auy R minp=
3, aMminl g
. 1 2
— —{J r T
R T I T
‘min o T th
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Equation (23) can be written as

. = _Ap3 +8 o (2%)
Ce - _P
T -1
or
j
Ind= 1In (A‘p;)—t- Bo) -In (Ce ~ 2 -1) (25)

A minimum would occur when the derivative is equal to zero or

d Inp = 0 = 3Ap2 + B - cﬁ:_‘_‘(-z@‘3 e~(§g> (26)
ap Ce_(PP -1)
At this point | and p are equal to 1. Thus a minimun occur when
3A + B - 2D Ce = 0 (27)
A+ B
+ Ce=(D-1)
rewritin%
3 + 1
B = 2 IC (28)
A+l C - &b
B

at the minimum point equation (24) is:

+={po1) ) (29)

Equation (28) can be solved by numerical approximation for the ratio
A and thns obtain the critical radius. Equation (29) can be solved
B for critical mass.

Note that critical mass approaches infinity when ¢ approaches infinity
for which equation (24%) becomes

_ 3
T _ép fou p

If Y. is relatively large and

w = Be for large p
c -1

The second case in which the critical mass approaches infinity is if
Yc is relatively small
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and -
Ce
or ' p2

and
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APPENDIX III

SOME NUMERTCAL METHCDS AS AN APPROACH TO RESOLVING REACTOR PROBLEMS

In reactor engineering calculations, numerical methods are used for
resolution of complex mathematical expressions. In general, the many
types of numerical methods can be separated into two classes.

1) Methods using approximate differentiations.
2} Methods of approximats integrations.

Since analyses ard evaluations of nuclear-heat power-cycles involve
meny parameters and varisbles other than solution to nuclesr equations,
efforts are being made to aschisve a rapid method of approximate so-
lutions for particular resctor configuration and heat cycles. So that
each case dozs not require complicated caleulation techniques; efforts
are being made to use multi-group methods for the complex cases. It
is hoped that framewcrk will be established and constants achieved to
permit the following examples of the two methods for approximating

To illusbrate the numericsl method for approximate differentiation,
equation (1), (2) and (3) can be written in spherical coordinates
for a spherical reactor.

2 ‘
¥ T2 3t
2 .2
where \2°¢ = 1 g (
r dr (ra)
2 (rq-x (rn . ‘

1 ) (-I“Q \’)*.h —E gir W)* + prasm= O (2)
3& ‘:5 5192 e uh
saf = I (g £ (3)

Considering tha sbove in berms of dimensicnless terms; set

Whers A i the parameter which makes ¢ and ¥ dimensionless; let
r = ERK

T o= er

th
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J b ha® e aan <R T . [ K.
Substitution of thess valuss give

AR )V
: 3

T th 4

5 Ro + P ¢4 = C

»2 oow in sulisble form %
y analyze the physizel significance ¢

derivative as

o) — i, o)

]
£ ﬁ
Jd & Ag_) o £k
. e 7o
Then bhe sszcond derivative is defined es, £5)

to apply appra«lmat

tha''s

['\51@) _'\V ( ‘b‘"b E

OF MICHIGAN

.T"i

o (5+Ag,@)-~oc i

b0 L T Ag

{g =0 .
/ 3

If only

u.&&.\\}si_‘l 4._. &I
(e + & gé@) -y ley 0
53k

b}

vels of A E’ ars considered, then approximsetsly

ard
By s gl 3~ 2 Yy (e, ) + ¢l +he, 6
Zvenah. ylotbe s & = 2 v (e 0) + v ik +hg, 8)
d ¢ Lg)e
In & similar marner:
7 7 A y
§¢EL~ = o4k ; o+ A9) s W( E %_G)

A6

By subetibobing sauation
that
2 = E° 1
e 7
(Le)2 T L0
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5 {10) and . 11) into equation { %) and assume .
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Equation { ), becomes:

Wit +AE, Q) +

Qw(g-A e, 0 = v(eo+nr0) (3)

Note the’ equation {13), expresses that the value of ¥ at s point ¢
and an age of 6 + A 6 is given by the average of its values at
t +4 2and & - At at the previous neutron age 6. The intervals
A9 and Ag sre related by the assumption made in equabtion (12) .
The plot given in Figure 8 1llustrates schematically. This plot
iz known ag the "Schmidt Plot". Note that if a given initial con-
dition is known, & later condition can be determined by graphical
means, It is possivle do consider two and three dimensicnal problems.
Thus, the nzutron flux equation would be . ‘

) 0.6t 4 55 w2 9 O°Qr 9 (%)

Q O o O

For a heryllium sxide moderator

Yo = 110 om 2

(333

O

S, = 0.7 emt

= = AE.3 o

¢ &, = .00h52

k. b, CE s k0.0
36, RePs 133

A = 1.28

P 0.60 = 0.70
C = 0.7k

£, = .006L em™t
Critizal mass = 1.0 kg.
Y = 0.97 9

The solubtion of the example is forced to steady sitate operaticn by
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Since the neutron flux at ¢ = O must be finits, i.e.,

@r =0 (19)

At ¢t = 1, the flux is zero, and the covstant A is

1 1
A - - 2 v, t 3
fo=-] dg 5z%§a3q3“3253p\k’th}d§,2 (20)
o O
The problem is to find a numerieal sclubion for equation (18). A wommon

method is iteraticpe, in which wre@t values for the ¢ function are
subgtituted until thay metoh the ¢ caleulated on the left band side
and satisfy bourdary conditions.

Figure O gives the Schmidt Plot for "Slowing Down Density." ( See Page
32 Trempson lachure nobes ).

Tahle VII summerizes thne caloulated data for SELN
By ~onbineal applicaticn of eguation similar Lo those presented to

inﬁr@du =z faobors of changing mabterisl properties, variable extrapolation
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lengths, easrgy changes, et:., 80 that introducehicas of rew systems
) o =) b 9
new gmom_*WiEﬁ, new masses eba., can be evaluated,
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FIG. 9

SLOWING DOWN DENSITY
BY SCHMIDT PLOT
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