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FOREWORD 

This task report is submitted to the U.S. Atomic Energy Commission under 
Contract AT(30-1)-2345. It covers the PM-1 Parametric Studies. 
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ABSTRACT 

This report describes the parsunetric study performed by The Martin Ccmpany 
for the USAEC as a part of Contract AT (50-1)-25̂ +5. The study deals with narrowing 
the range of parameters prior to preliminary design of the PM-1--a factory pre­
packaged, air-transportable, pressurized water, nuclear power plant. The plant is 
to produce 1000 kw of net electrical power and 7,000,000 Btu/hr of space heat 
that is suitable for use with a central heating system. The plant is to be operational, 
at a government site, by 9 March I962. 

The principal conclusions of the study were that the optimum plant design should 
incorporate the following: 

(1) Local boiling in the core 

(2) A 1300-psia primary system pressure 

(5) A single turbine-generator set 

(4) A direct air-to-steam conc'''nsing system. 

The report is divided into the following main areas: 

(1) Primary loop 

(2) Secondary system 

{5) Configuration 

{k) Plant synthesis and description of selected design. 

The data and conclusions resulting from the parametric study will provide 
the basis for the preliminary design of the PM-1 power plant. 
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I. INTRODUCTION 

The objective of the parametric study of the overall PM-1 power plant was 
to provide, by engineering analysis, the data required to select a power plant 
design that would meet all of the PM-1 design requirements and as many of the 
design objectives as possible. Preparation of a preliminary plant design will 
follow, and will be based upon, the results of the parametric study. 

This report presents the parametric study, key results, and key supporting 
data. Work began on March ^, 1959 and was conpleted on June I9, 1959. 

The areas investigated during the parametric study were those set forth in 
the PM-1 Program Plan, Contract AT(50-l)-2545, and are described in Chapter II of this 
report. In addition to the individual studies conducted in the desiftnated 
technical areas, an overall plant synthesis was performed emd a preferred design 
concept established, as summarized in Chapter VI ,B. 

The selection of the "best" or "optimum" system design requires comparison 
of various possible design features on the basis of predetermined objectives. 
The system design most closely meeting these objectives becomes the so-called 
"optimum" design. For the PM-1,there are a large number of criteria which must 
be considered in the selection of an optimum design. These include: number 
of packages, system weight, system reliability, ease of installation, ease of 
operation, plant efficiency, and economics. These criteria, along with other 
plant requirements and objectives, must be approached in a realistic manner. 
In some areas, engineering ccmpromises must be made since the optimization of some 
parameters conflicts with the optimization of others. 

To determine the basis for selection, the following facts are worthy of 
consideration: 

(1) The definition of "optimum" is necessarily arbitrary and depends on 
the proper weighting of many of the features of plant environment 
and operation. It involves, for example, methods for evaluating 
the economic desirability of certain design alternatives. Any sub­
sequent change of method can invalidate the previously selected 
optimum design. 

Emphasis has been placed on a realistic appraisal of the more important 
PM-1 goals that are not subject to change in the near future. These 
provided the real guide to the selection of the preferred design. 
Emphasis has been placed, therefore, on the simplest, most reliable 
design concepts. It has been found that low weight, low cost,and 
reliability are nearly synonymous. 

The details of the plant synthesis and selection are presented in 
Chapter VI , A of this report. 

(2) A number of conditions which might normally have been varied to yield 
alternative designs are PM-1 design requirements which must be met by 
all designs considered. These are summarized in Table I-l. All 
ccmparisons must be made on systems which meet these stated require­
ments to an equal degree. 
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(5) The major PM-1 plant design objectives shown in Table 1-2, are the 
keys to the selection of the optimum plant design. These objectives 
are, to a certain extent, incompatible with each other. Ease of 
operation can, for instance, lead to difficulty in maintenance; high 
power quality leads to additional cost; low capital cost leads to low 
plant efficiency. 

Item 

Net Electrical Production 
(5 cp, 60 cps, itl60 v) 

Process Heat (low pressure steam) 

Plant Type 

Fuel Element Type 

Core Replacement Time 

Design Conditions 

Design Life 

Down Time 

Air-transportable 

Relocation of Plant 

Erection time 

Control Components 

Temperature Coefficient 

Climatic Range: 

Wind load 

Temperature range 

Space heating design ambient 

Snow load 

TABLE I-l 

PM-1 Requirements 
Requirement 

1000 kwe 

7 x 10 Btu/hr 

Pressurized water, with steam-electric 
conversion system 

Tubular, UO dispersion in SS, highly 

Enriched fuel, burnable poisons , 

k days 

70° F, sea level to 65OO ft, no wind, 
70^ relative humidity, full sunlight 

20 yr 

21 days/hr maximum 

C-150 A, 1000-mi range 

Maximum possible 

90 days maximum 

Fail safe 

Negative--assured stability 

100 mph 

125 to -60° F 

-55° F 

30 psf 

MND-D-1852 



1-5 

TABLE 1-2 

PM-1 Objectives 

Item 

Voltage Regulation 

Harmonics 

Frequency Regulation 

Reactor Vessel 

Heat Transfer 

Actuators 

Afterheat removal 

Control Repairs 

Controls 

Shielding 

Vapor Containment design 

Core Life 

Installation Time 

Maintenance Efforts 

Relocation 

Operation 

Cost 

Objectives 

± 1/2^ steady state 
± 2^ maximum, during 30^ step 
transient 

rms ± 2$ maximum, ± 0.75^ single 
harmonic 

± l/h%, steady state, ± 2^ maximum 
during 30^ step transient 

To allow for core variations 

Local boiling permitted if stability 
can be assured 

Maintainable at pressure 

Convection cooling 

Maximum use of plug-in components, 
carded subassemblies 

Solid state, high reliability 

Use local materials 

Air-transportable, no field welding 

2 yr 

Minimum 

Minimum 

Greatest extent possible by C-I3OA 

Minimum crew 

Minimum 

Although weighing the relative merit of various objectives is attractive, 
no system appears sufficiently realistic. Attempts to define exact 
methods beccxne extremely complex and usually degenerate into a series 
of judgments based upon experience. It is not feasible, for example, 
to put relative weighing factors on power quality and on system weight 
and then to pick an optimum point of compromise. One way to reduce 
this problem is to place all features on a common cost basis. However, 
costs must be evaluated in terms of consumption of time, men, and 
strategic materials as well as in terms of dollars. How many dollars 
is it worth to cut installation time in half? The assumptions involved 
in answering such a question are too broad to permit a single realistic 
answer. 
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The end result of these considerations is to design the "best" plant possible, 
for the given cost, meeting all the requirements and the greatest number of the 
objectives of the PM-1 plant. Within this framework, lowest cost still determines 
preferences of design--other things being equal. Where other things are not equal, 
a choice is available between weight and power quality, between short installation 
time and ease of operation, etc. The facts must be assembled and engineering 
judgment applied separately to each choice involving a conflict of objectives. 

In addition to these considerations, there are several practical relationships 
in the PM-1 System that should be noted. First, the plant is quite small and the 
cost effects of such variables as system pressure are correspondingly small. The 
prime objectives of reliability, air transportability and rapid on-site installation 
place emphasis on obtaining a simple system with a minimum number of plant modules. 
This in turn places emphasis on reduced system and component weights. Fortunately, 
light weight means low cost in most cases (e.g., steam generator, system piping, etc. 
Second, a number of design features may be determined with little or no effect on 
the rest of the plant. Thus the choice between one- and two-turbine systems may be 
made without seriously affecting reactor design. Third, a number of design variables 
are very closely related, especially the thermodynamic conditions of the plant. 
For these reasons, this report separates the discussion of parametric study results 
into the following categories: 

(1) General Scope 

(2) Primary Loop 

(3) Secondary System 

(i^) Configuration 

(5) Plant Synthesis and Description of the Selected Design. 

In numerous sections of the report, equipment costs and weights are treated 
as dependent variables to give the reader a feeling for the effect of veirying 
design parameters. In most cases,the cost and weight figures are determined only 
for these equlnaent components which vary with the design parameters and represent, 
therefore, relative rather than absolute values. It must also be recognized that 
the time available for the parametric study was limited and that cost estimates 
had to be prepared using such general methods as cost per pound factors for pressure 
vessels, pressurizers, etc. 

The Project Engineers responsible for various areas of the parametric study 
are identified; the engineers and scientists who have made significant contributions 
are identified by sections. 
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II. GENERAL SCOPE OF PARAMETRIC STUDIES 

A. DIVISION OF EFFORTS 

Work on the parametric study program was accomplished by The Martin Company 
and its subcontractors, Westinghouse Electric Corporation and Gibbs and Î ill. The 
areas of effort were as follows: 

(1) Primary Loop—Martin 

(1) Nuclear studies, including effects of core loading, core size, core 
life, fuel tube size, control rods and burnable poisons, structural 
materials,and nuclear stability with local boiling in the core. 

(2) Heat transfer studies, including relationship of flow, system 
pressure,and water temperature, the effect of the number of coolant 
passes, hot channel factors and hydrodynamics for both non boiling 
and local-boiling cores. 

(3) Design studies, including core configurations, reactor pressure 
vessel and control rod actuators. 

(k) System studies covering pumps, piping, pressurizer, and auxiliary 
equipment as affected by system temperature, pressure^and flow. 

(2) Secondary System Follow-up—^Martin 

(1) Effects of throttle, extraction smd exhaust pressures on system 
performance, weight, cost, etc. 

(2) Effects of type of cycle on system performance, weight, cost, etc. 

(3) Effects of different secondary system equipment on meeting plant 
requirements and objectives. 

(3) Configuration Studies--Miartin 

(1) Design studies of primary system arrangements for contained and 
uncontained plants. 

(2) Shielding studies, including effects on configuration, relocation, 
and activation. 

(3) Secondary system housing and configuration studies. 

{k) Westinghouse Electric Corporation 

(1) Studies on the effect of various steam pressures, turbine exhaust 
pressures, feedwater heating systems, and types of condenser system 
on cycle efficiency, component weight, number of packages, ease 
of installation, reliability, ease of operation,and maintenance 
requirements. 
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(g) Steam generator studies. Including the effects of fluid tempera­
tures, primary system pressure, steam pressure, materials, and type 
of steam generation on size, weight, cost, and operation. , 

(5) Turbine generator studies, including effects of generator voltage 
and frequency, number of units and use of static excitation, 
lightweight materials and planetary gears on unit weight, size, 
performance^and cost. 

(k) Studies of switchgear, motor control center and transformer designs 
to minimize weight. 

(5) Studies of the effects of heat transfer apparatus design variation 
on size, weight, ease of operation,and cost. 

(6) Studies of secondary system piping and wiring requirements, inter­
connections, etc., concerning ease of installation and maintenance, 

(7) Studies of system and equipment arrangement within plant modules. 

(8) Studies of various types of auxiliary power units for plant startup 
and emergency power. 

(5) Gibbs and Hill 

(1) General secondary system consultants to The Martin Company. 

(2) Study of the feasibility of various condenser types. 

(3) Study of methods of attaining required power quality. 

B. RANGE OF OPERATING VARIABLES 

Figure II-l presents a PM-1 plant schematic on which the operating variables 
and their ranges of study are noted. These may be briefly summarized as follows: 

Primary loop pressure 
Primary loop average temperature 
Primary loop flow 
Secondary loop steam pressure 
Turbine extraction pressure 
Turbine exhaust pressure 
Steam flow rate 
Turbine-generator units 
Condenser system type 

900 to 2000 psla 
400 to 550° F 
1000 to 2400 gpm 
200 to 600 psia 
None, 70 or 100 psia 
6 to 11-1/2 in. Hg abs 
51,000 to 58,500 Ib/hr 
one or two 
steam-to-glycol-to-air, 
steam-to-water-to-air, 
steam-to-air 

Details on additional variables studied and the ranges considered are presented 
in Chapters II and III of this report. In general, equipment studies were conducted 
over the entire range of the operating variables. Reactor core analysis and design 
studies covered the entire range of feasible tube sizes and applicable core dimensions. 
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III. PRIMARY LOOP 

Project Engineer: R. Akin 

A. GENERAL 

Primary loop studies were divided into fo\ir sections: 

(1) Nuclear studies 

(2) Heat transfer studies 

(3) Core and pressure vessel design studies 

(4) Primary system equipment studies. 

The nuclear studies were further subdivided into three sections. The first 
of these was a general evaluation of stainless steel, water and uranium dioxide 
systems. This study revealed that, a given inventory, variations, within practical 
limits, of fuel element diameter, fuel element thickness, fuel concentration in the 
cermet, length-to-diameter ratio of the core, tube pitch length or initial boron 
load.ing had little effect on core life. Core diameter and mean teraperatui'e had 
some effect on core life, but only about 15^ over the range studied. The second 
of these was an evaluation of seven rod control systems in a typical PM-1-type 
core. The results indicate that "Y" and cruciform rods are interchangeable--since 
their effectiveness per unit surface is the same--that small diameter cores give 
more control, that there is a radial position for maximum rod effectiveness and 
that core length does not affect rod worth. The third of these was a preliminary 
study of limped burnable poison systems. The results of this study indicated that 
burnable poisons can be expected to improve the reactivity characteristics of the 
PM-1 core and may make it possible to remove the burnable poison from the fuel 
elements. 

The heat transfer studies were further subdivided into two sections. The 
first of these was a study of possible PM-1 cores in which local boiling is not 
permitted. The second was a study of possible PM-1 cores where local boiling is 
permitted. The studies yielded the following general results: 

(1) Local-boiling is feasible for the PM-1. 

(2) Local boiling cores require approximately half the number of tubes 
that nonlocal boiling cores require. 

(3) Single-pass local boiling cores are superior to nonlocal boiling cores 
of two-pass design because their design is less complex and they need 
only one size fuel element rather than the two required by optimized 
nonlocal boiling cores. 

The design studies were further subdivided into two sections. The first was 
a study to determine the fuel element diameter, length,and pitch most s\iitable 
for the PM-1 design. 
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The following values were selected as most suitable: 

Fuel element diameter 0 .500 in. 

Fuel element length 30 in. (active) 

Fuel element pitch length 0.65 in. 

The second was a study (tube center-to-center distance) of the feasibility of 
using various materials for the pressure vessel. The results indicated ferritic 
steels to be preferable for small vessels. The use of austenitic steels and non-
ferrous materials was limited to larger vessels. Austenitic steels may^ however, 
have to be used to overcome radiation damage problems . 

The systems studies were f\irther subdivided into separate sections for each 
major component or subsystem in the primary loop. Each was evaluated on a weight 
and cost basis for various design conditions in the primary loop. 

B. NUCLEAR STUDIES 

R. Hoffmeister E. Scicchitano F. Todt 

1. Scope of Studies 

A preliminary parametric core design study was undertaken to determine the 
more promising areas of interest for the PM-1 plant. To this end, an evaluation 
of the effects of eight independent design variables on core life and other perti­
nent core parameters was lindertaken. The eight independent variables considered 
and the range investigated for each of the variables are given in Table III-l. 

Table III-l 

Independent Variables for Parametric Core Design Studies 

Synthetic Design Levels 

Symbol Design Variable Range -2 -1 0 +1 +2 
X, Core height/ 

diameter 0.85-1.45 0.85 1-0 1.15 1-30 1.45 

Xp Core diameter, 
in. 20-28 20 22.271 24.331 26.227 28 

X^ Fuel tube OD, in. O.3I-O.5O O.3IO 0.3575 0.4050 0.43895 O.50O 

X, Fuel matrix 
t h i c k n e s s , i n . O.OI8-O.O3O O.OI8 0.021 0.024 0.027 O.O3O 

X^ Temperature, °F 400-550 400 437-5 475 512-5 550 
5 

X^ Tube spacing/ 
tube OD 1-1-1-5 1-1 1-2 1.3 1-4 1.=̂  
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Table III-l (continued) 

Synthetic Design Levels 
Symbol Design Variable Range -2 -1 0 +1 +2 
xZ Grams of boron/ 

gm U-235 0-0-0-013 0-0 O.OO325 0.OO65 0.00975 O.OI3 

Xg Weight ̂  UOg in 

matrix 23-3O 23 24.75 26-5 28-25 30 

Using appropriate machine codes and statistical techniques, core life, 
initial K .̂̂  and fuel inventory were obtained as functions of the eight variables -

Curves were plotted defining a series of design cores, each yielding the required 
2-yr life. Data evaluation consisted of determining the fuel inventory as a 
function of the number of fuel elements for the 2-yr core designs, the rela­
tive effects of the different variables on core life, and the variation of core 
life with deviation from the optimum level in the range investigated for the dif­
ferent variables. Sui'ficient data were generated to narrow the range of the 
variables to be considered dinring preliminary design-

The parametric study was performed using uniformly-loaded cores that were 
assumed to burn out uniformly. 

Reactivity calciilations were performed using the IBM-704 machine three-group 

diffusion code. Program C-3. Thermal disadvantage factors, calculated using 
Program 1-2, and calculated reflector savings were used to account for hetero­
geneity and the presence of reflectors- Uniform burnup, using the Fuel Recycling 

Program , was assumed. An average nonuniform burn-up correction (calculated using 

the Nonimiform Burn-up Code in both radial and axial directions) was applied using 
middle range ("0" level, see Table III-2) variables-

Statistical experiment design techniques. Synthetic Design Program (Syd II) , 
mEide it possible to plot core lives from calculations of far fewer points (8I) 
than would be determined by all combinations of the eight independent variables -
Each of the 81 points were calculated and the group was statistically correlated 
by the synthetic design procedure -

Detailed nonuniform burn-up studies were made for three cases; these cases 
and results are described in Table III-2. 

See Appendix A of this report 
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Table III-2 

Core Designs Evaluated in Nonuniform Burn-up Studies 

1 2 _ 3 
Core he ight /d iameter 

Core d iameter , i n . 

Fuel tube OD, i n -

Fuel mat r ix t h i c k n e s s , i n -

Temperature, "F 

Tube spac ing / tube OD 

•^Effective tube spacing/ tube OD 

*«<}rams of boron/gm U-255 

Weight ^ UOp i n ma t r i x 

Fuel t u b e s , no-

Fuel inventory (U-235), kg 

Core l i f e ( a t 9-4 mw), mo 

iM 

20 

0-50 

0.030 

475 

1.3 

1.430 

0.0132 

28.25 

709 

28.9 

42 

1-046 

22 

0-50 

0.030 

475 

1.3 

1.405 

0 -0136 

28-25 

889 

28 .8 

42 

1.25 

24 

0-50 

O-O3O 

475 

1.3 

1.387 

O-OI5I 

23-00 

1086 

56.7 

52 

The nonuniform burn-up studies were performed using the Nonuniform Bum-up 

Code. Six regions in the core were considered in both the radial and axial 
directions. Curves similar to Fig- III-l were obtained showing reactivity versus 
time for both a hot, dirty and a cold, clean core-

To properly evaluate the data obtained, the validity, or degree of acciu:acy, 
of the data generated had to be established. To this end, several studies were 
completed which gave a measure of the error to be expected in generating synthetic 
design curves. 

A series of 20 check points defined by middle-range variables were calculated 
and compared to points established through synthetic design; the differences 
between the points ced.culated and the points established by synthetic design were 
less than the error to be expected in reading the graphs. The graphical results 
of the parametric study may, therefore, be considered to be accurate for all cases, 
in which the independent variables lie between the levels of -1 and +1. 

•̂ Allowance was made for fuel elements removed for control rod channels 
**-Amount of boron necessary to reduce initial K ^„ with equilibrium Xe-135 to 

I-OI5. 
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An additional series of l6 check point cases defined by combinations of 
extreme levels of the independent variables in the range of interest were run-
Maxiraum error was approximately 15/̂ -

The analyses indicate that the nuclear data obtained by the synthetic design 
method comprise a reasonably good guide for the later selection of a preliminary 
design. 

As stated previously, an average nonuniform burn-up factor was calculated from 
a middle-range core design and applied to all cases. This was done to conserve 
machine time in calculating core life. Although not strictly accurate, this 
assumption was believed to be satisfactory for the parametric studies - Results 
of the nonuniform burn-up cases, described in TableTII-2, showed that the core 
lives calculated assuming xiniform burn-up were 20, 10 and l4^ less respectively 
than the core lives calculated assxmiing nonuniform biirnup- Since these cases 
considered as many as four of seven variables at extreme levels, this agreement 
is reasonably good-

A series of core designs, each of which gives the required 2-yr life, 
Eire available. Results shown in the cxu-ves of Number of Fuel Elements vs Fuel 
Inventory indicate that the initial fuel inventory will be 24 to 27 kg of 

U-255 (A typical curve is shown in Fig- III-2-)- The nonlinear slope of the 
curves results from the fact that both inventory and the number of tubes ai'e 
functions of two variables X and X^- Average fuel depletion calculated from 

the nommiformburn-up studies is 1-32 gm U-255'niw day. This amounts to the burn-

up of 9.0 kg of U-2^ during 2-yr of rull-power operation at 9.4 mw. 

The variation of reactor lifetime as a function of each of the independent 
variables for constant values of the other variables was also determined- Typical 
curves resulting from these studies are shown in Figs. III-3 and III-4. For a 
constant inventory, as shown by the points superinrposed on the first graph of 
Fig. III-3, the variation of core life over the entire range of all variables 
except core diameter and mean core temperature was small. These data appear to 
exhibit minima or maxima, but, since the curves are relatively flat, this effect 
is not too important. 

A typlcEuL representation showing the effect of varying Xp, X , X. and X^ 

on reactor lifetime is presented as Fig. 111-5- In this particxilar case, X,, 

X̂ -, X ,and XQ are held constant- Twenty-six other representations were prepared 

^ich indicated the effects on reactor lifetime of varying combinations of the 
other independent variables. To simplify reading the graph, only the extreme 
vsilues of variable X,,̂  were plotted as surfaces; points for the middle surface are 

plotted but not interconnected. 

The dashed lines appearing on some of the surfaces of Fig. III-5 represent 
the intercept of a 24-mo reactor plant core life plane and the surface. It may 
be noted that the intercept is not precisely 24-mo (on the ordinate scale) above 
the surface of the base plane in emy case. This is because certain effects were 
considered in plotting the intercepts of reactor plant core life which were not 
taken into account in the basic plot of reactor lifetime, namely: 

(l) An across-the-board correction of 25/t was applied to account con­
servatively for the effects of nonunifonn burn-up. (This is in 
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addition to the correction applied in the computer code -) As a 
result of this, the 24-mo core life curve would be pargLllel to the 
base plane at a height corresponding to an ordinate reading of 30 mo-

The effect of operating temperature on required reactor power was 
Included by making allowance for the increase of plant thennal ef­
ficiency (Ranklne Cycle) which accompanies an increase in operating 
temperature. Since the reactor operating power necessary to meet 
plant requirements at 475° F is somewhat less than the 10 raw power 
criteria used in the conputer codes, a downward shift of the 24-mo 
core life cvirve from 30 to about 28 mo results -

Figure III-6 is a typical representation of the effect of varying Xp, X , 

X. ,and X^ on U-235inventory- In this particiilar case, X,, X ,and XQ were held 

constant. 

To simplify interpretation of the results in special cases, alternate graphi­
cal presentations have been compiled. These graphs, obtained by cross-plotting 
information from the 27 representations,of which Fig. III-5 is typical, show the 
effect of each individual variable on either reactor lifetime or initial K „„ 

eff 
while all other variables are held at their mean and/or extreme levels - Figure 
III-7; for example, shows reactor lifetime as a function of core diameter, fuel 
concentration and temperature. In graph 1, all other variables are held at the 
-2 levelj in graph 2, all other variables are held at the 0 level; and in graph 
3, all other variables are held at the +2 level. 

In genereil, the overall conclusion is that the effect of all the variables, 
except for operating temperature (hence cycle efficiency) and core diameter, on 
reactor lifetime is small over the range considered. 

Control rod studies.- Control requirements may pose one of the more difficult 
problems to be solved in the IM-1 system. Since the core is physically small, the 
use of a large number of individually-actuated rods is impractical- The follow­
ing stiidy was made to determine the most effective way to use control rods. 
Coiig)arisons were made to the reference design for IM-1, The following eveLluations 
were made: 

(1) A system made up of seven "Y" rods was evaluated. Three possible 
variables were: the pitch circle diameter of the eccentric rods> the 
arm length of a rod and the diameter of the core. Each of these was 
varied while the other two quantities were held constant. The re­
sults are listed as Items 1, 2,and 3 in Table III-3 and in Fig. Ill-8. 

(2) Studies were also made using a system of seven cruciform rods. The 
only parameter that was varied in this system was core length. The 
resiilts are listed as Item 4 in Table III-3 and in Fig. III-8. 

Additional studies will be performed as necessary in the prelimlnaj:y and 
final design phases of the core -

III-12 
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(1) 

(2) 

(3) 

(4) 

Table III-3 

Results of Seven-Rod Bank Worth Studies 
Core 

Core Height Diameter Radius of Eccentric 
Configuration (in.) (in.) Ring of 6 Rods 

Y (Fig- III-9) 

Y (Fig. III-9) 

Y (Fig. Ill-9) 

Y (Fig- III-9) 

Y (Fig- III-9) 
with rod width 
= 3.382 in. 
instead of 
2.927 in. 

Y (Fig- III-9) 

Y (Fig- III-9) 

Y (Fig- III-9) 

Cruciform (Fig. 
III-9) 

Cruciform (Fig-
III-9) 

Cruciform (Fig-
III-9) 

23 

23 

23 

23 

23 

23 

23 

23 

20 

23 

26 

25 

25 

25 

25 

25 

20 

23 

25 

25 

25 

25 

5.0 

6.0 

6.5 

7.5 

5.8 

5.5 

5.5 

5.5 

6-0 

6.0 

6.0 

Rea.ctlvlty 
Worth {%) 

-15.3 

-17.9 

-18-9 

-17,7 

-20-5 

-29-6 

-20.9 

-15.3 

-17,1 

-16.9 

-16.9 

The results of Item 1 show that the maximum rod bank worth for the eccentric ring 
occurs at a radius of 6-75 in. The relative increase of worth obtained by in­
creasing the radius to 6-75 in, is believed due to decreased effects of rod 
shadowing. 

From Item 2, an increase of 0.455 in- in rod width was shown to result in an 
increase of 35̂  in rod bank worth, A 17^ increase in relative rod bank worth 
resulted from changing the £irm width by 15 - 5^. 

Variation in core diameter. Item 3̂  had a significant effect on rod bank 
worth- The core height was found to have no significant effect on rod bank worth-

The relative worth of cruciform versus Y-shaped rods is also indicated from 
Case 2 of studies 1 and 4. The cruciform rods with arm widths of 2.O78 in. were 
worth -16-865̂  as compared to -17-933̂  worth of the Y-shaped rods with arm widths 
of 2.927 in- Since the Y rods evaluated contain 5.6^ more absorber area than the 
cruciform rods and the difference in rod worth is 5-9^^ it appears that both 
shapes of rods are about equally effective -
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The following conclusions can be drawn from this study: 

(1) Either Y- or cruciform-shaped rods may be used interchangeably since 
the effect of geometry is negligible. 

(2) The height of the core has little effect upon rod worth-

(3) A linear change in rod worth can be effected by a linear change in 
absorber surface. 

(4) If the pitch of the rods is optimized for any set core and rod size, 
an increase of several percent in reactivity worth can result-

(5) The rod effectiveness increases quite sharply as the core diameter 
is decreased. 

(6) The placement of rods should be optimized for any particular design 
configuration and the diameter of the core should be kept as small as 
possible, even if an increase in length is required-

Control rod worths were cailculated using the two-dimensional, three-group, 
o 

IBM-704 machine code PDQ in X-Y geometry as described in Refs- 1 and 2- The 
calctilated rod bank worths, 1-e-, the difference between core reactivity with 
and without rods, were corrected for the effect of the step approximation required 
in mapping two of the three arms of the "Y" shaped rods in X-Y geometry. (Note 
that no geometric correction is required for the cruciform rod analysis.) Compar­
ison of analytical results obtained using this technique with experimental results 
of previous studies (Chapter VIII, Ref- l) indicated that the analytical results 

obtained are good within - 10^- For rod design sttidies, the calculated worth was 
assumed to overestimate the worth by 10^, This assumption was considered in pre­
senting the data in Table III-3. 

All indications to date have been that the peak reactivity in the Bt-1 core 
will be approximately 15 to 20^ at the maximum value. The use of binmable poison 
to aid the control rods in suppressing this reactivity peak is being considered. 

Lumped burnable poisons. - The feasibility of using burnable poisons to reduce 
peak control requirements is well known. For reactors having relatively short 
lives, a homogeneous distribution of a burnable poison is adequate for keeping the 
peak reactivity at a relatively low level. However, for reactors having longer 
core lives and in which the maximum poison loading is such that the reactor is 
just criticEil at initial operating conditions, the peak value of reactivity with 
time may be hightr than desired. By luniping some or all of the poison the self-
shielding of the poison so changes its b̂ lrnout characteristics that larger quanti-

Reactor code abstract 8 in Section D. 
Ref. 1: "Zero Power Test Engineering Report," MND-MPR-1646, Dec 1958-
Ref. 2: "Core and Control Rod Studies for the Martin Power Reactor," R. A. Hoff­

meister, W- P. Kutz, E. A. Scicchitano, Trans Am Nuc Society 2,223 
Jun 1959. 
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ties of poison may be loaded InltlEilly, thereby resulting in a lower reactivity 
peak. If the effect on core life is negligible, or if the lowering of peak re­
activity is more desirable than eliminating the additional fuel inventory, the 
use of lumped poisons is justified-

A preliminary study to determine the feasibility and worth of lumping was poisons 
in the PM-1 core was completed. The effective multiplication factor, K „^ was 

calciilated as a fvmction of operating time- Figure III-10 shows the results for 
a core with no burnable poison. Curve 1; for a core with homogeneously distri­
buted poison. Curve 2; for a core with homogeneously distributed lumped poisons, 
Cvurve 3i for several cases involving lumped poisons of different initial con­
centrations (i.e., different initial self-shielding factors) Curves 4, 5̂  6 and 
7; and for a conbinationof the previous loadings. Curve 8. The initial poison 
concentrations for all cases are such that initial K „„ is « 1.015. 

el I 
The approach to the problem used in the preliminary analysis was to calcu-

'̂ eff 
equation: 

late K „„ as a fimction of time for the cases described from the two-group 

vZ vS 
S-i s 1 /, ^,% °2 

(1 -P') 

K 
^^^ " (1 + L^2 ^ B2)(1 + L / ^ B^) (1 + L / B^) 

where: 

Z = fast group macroscopic absorption cross section 
^1 

Z = thermal group macroscopic absorption cross section 
^2 

Zp = fast group macroscopic fission cross section 
1 

Z„ = thermal group macroscopic fission cross section 
2 

V = nimber of neutrons per fission (= 2.46 for U-235) 

\ 
P' = 

% * ̂ a ^1 ^1 

where: 

Zf. = fast group slowing-down probability per unit path length 

2 
L., = fast group diffusion area 

2 
L = thermal group diffusion eirea 
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2 
B = total geometric buckling 

and: 

2 = 2 N^S^ 

i=l 

with: 

N = atomic density for material 1 

5 = microscopic cross section for material 1 

The time-dependent quantities are N ~ -̂  in Z = N " -̂  5„ U-235, 

N ~ -̂^ and N^' in Z = Z N% •̂ , and g (t) the thermal self-shieldins factor-
& St 

other quantities are assumed to remain constant but will be included later if 
found to have a significant effect due to energy spectral shifts- The time-
dependent atomic densities are being calculated from the equation: 

N (t) = N (t-1) - N (t-l)A(« cp. + (t-1)) b cp̂  

a^ 1 a^ d 

where: 

A = time internal in seconds 

cp = group flux at time t 
The time-dependent self-shielding factor, g(t), is essentially a function of 

atomic density, i-e., g(t) = g(N). This function is obtained by calculating the 
ratio of the flux in the poison to the unperturbed flux using multiregion, one-
dimensional diffusion theory- More precise calculations for obtaining the self-
shielding factor will be performed later for detailed work. 

Coapletion of the preliminary study indicated that the use of burnable 
poisons is practical for the PM-1 system. Although the analytical techniques are 
quite involved, it is believed that, with the aid of the results of past and 
future zero power tests, reliable techniques will be evolved. Results to date 
indicate that good control of the reactivity transient can be attained through 
proper selection of the burnable poison system or systems. 

C . HEAT TRANSFER STUDIES 

R- Baer A- Camesale 

Both nonboiling and local boiling cores were investigated in the heat trans­
fer studies. The more pertinent resiilts are: 

MND-M-1852 
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1. Nonboiling Pressurized Water Cores 

The pressiire reqtiired to prevent boiling in a core is a function only of 
the maximum fuel element surface tenrperatinre occurring in the core. An analyti­
cal study was made, therefore, to determine the value of this temperature over 
the range of significant parameters. 

Since reactor power varies only slightly for various secondary loop config­
urations, reactor power was held constant at 10 mw thermal throughout the study 
Core diameters of 22.5 and 25 in- were studied- The smaller of these diameters 
represents about the smallest feasible core size for a pressurized water reactor 
producing 10 mw- The larger core was selected so that the variation of power 
plant cost and weight with core diameter could be obtained when the primary and 
secondsiry loops are integrated. Two values of the ratio of core len^th-to-core 
diameter, 1-00 and 1.25, were included in the study-

Fuel element inside diameters of 0-25 to 1-0 in. were covered in the study. 
This range is sufficient to include all feasible cores for the ran^e of other 
parameters studied- The overall fuel element thickness was held constant at 
O-O3O in- This is permissible since the maximum fuel element surface tempera­
ture is insensitive to element thickness for all reasonable values. Two values 
of the ratio of tube pitch-to-tube OD, 1-2 and 1-5? were investigated-

The primary coolant flow rate was varied from l400 to 26OO gpm. Considering 
the variation of primary loop pressure drop with flow and the consequent pump 
cost, weight, and motor power, this represents the full range of feasible flow 
rates. 

Only two coolant pass cores were included in the study since extensive early 
investigation of one- and two-pass cores demonstrated conclusively that the latter 
is thermodynamically superior. The major advantages of the two-pass system are 
the inherent power flattening in each pass and the increased fluid velocity, for 
a given flow rate, in each pass. For a fixed reactor power output, a reduction 
in primary loop flow rate of the order of 50^ inay be obtained by selecting a two-
pass over a single-pass core configuration. 

The average heat flvix is higher in the inner pass than in the outer pass. 
Therefore, there is a slight thermodynamic advantage in making the inner region 
the first pass. However, nuclear considerations dictate that all the control 
rods be in the inner pass. Thus, if the inner pass is the first pass, the shaft 
of each control rod would have to pass through the flow baffle and require an 
individual seal. This additonal design complexity is not warranted by the slight 
decrease in flow rate which may be obtained with such a design. Flow stability 
in the core under all thermal conditions is also more easily obtained if the flow 
is vertically upward in both passes. In view of this reasoning, all presstirized 
water core configurations investigated had a general flow pattern up the outer 
region of the core, down between the thermal shield and pressiire vessel, and up 
the inner region of the core (see Fig. III-ll). 

All steady-state core thermal calcxilations were made using the IBM-704 digi­
tal computer. The assumptions used in the analysis are: 

(1) Coolant flow channels are well defined. 

(2) Coolant mixing may be neglected. 
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(3) Axial heat conduction in the fuel elements and coolant may be neg­
lected . 

(k) Thermal properties of the fuel element and coolant may be assiomed 
constant. 

(5) Perfect bonding exists between the meat and cladding. 

(6) Axial symmetry exists over the active length of the fuel element. 

(7) A heat transfer film coefficient, representing the resistance to heat 
transfer between the fuel element surface and the coolant, may be 
predicted. 

Since the nuclear and thermal analysis parametric studies were performed 
concurrently, exact heat production distribution data were not available. The 
distribution used in this study was based on a PM-1 type core. Pertinent inform­
ation concerning this distribution is as listed: 

(1) Peak-to-average flux ratio in first pass 2.24 
(including local flux perturbation) 

(2) Peak-to-average flux ratio in second pass I.87 
(including local tlux. perturbations) 

(3) fraction of total power produced in first pass , O.5O 

(4) Fraction of total power produced in second pass O.5O 

For parametric design purposes, hot spot factors are used in the analysis. 
The estimated vaxiations and the resultant hot spot factors for a reactor of the 
PM-1 type are presented in Table III-4. 

The methods of analysis used in the TBH-'JOk code are given in the Appendix. 
The results, plotted in terms of the majcimum surface temperature minus the cool­
ant inlet temperature, are shown in Figs. Ill-12 to III-19. The symbols used on 
these figures are as follows: 

D = core diameter, in. 
c 

jT- = length-to-diameter ratio of core 
c 

T = fuel element majcimixm siirface t empera tu re , "^ max 

9 . = coolant i n l e t teraperat^lre, °F m 

k = fuel element pitch-to-diameter ratio 

ID = inside diameter of fuel element, in. ^ 

OD = outside diameter of fuel element, in. 

N = number of fuel element tubes 
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The infonnation of some of these curves was replotted in a form for use in the 
system integration study (see Fig. III-20). 

Table III-4 

Hot Spot Factors 

Variation (̂ ) 

OB (1) IB (2) J3) M .(5) 

OB 
C0 

IB IB 

Plenum Chamber 
Flow Variation 12 

Velocity Variation 
due to Channel Di­
mension Uncertainty 1 

Velocity Variation 
due to End Spacer 
Dimension Uncertainty 10 

Variation in Meat 
Thickness 3 

Fuel Concentration 2 

Inability to Predict 
Heat Transfer Film 
Coefficient 20 

Inability to Predict 
Neutron Flux Distri­
bution 10 

Uncertainty in Power 
Requirements 10 

10 

3 

2 

20 

10 

10 

1.137 1.117 1.078 1.081 -

1.040 1.024 1.024 1.036 -

1.067 1.043 1.072 1.044 -

1.030 1.030 1.030 1.030 -

1.020 1.020 1.020 1.020 -

1.294 1.300 

1.10 

1.10 

1.326 1.622 1.243 1.600 1.210 Tota l 

(1) Outside Baffle 

(2) Inside Baffle 

(3) Hot Spot Factor to Account for Variations in Bulk Coolant Temperature Rise 

(4) Hot Spot Factor to Accoiint for Variations in the Ten5)erat\ire Drop Across 
the Film 

(5) Hot Spot Factor to Account for Variations in Power 
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Fig. III-12. Maximum Fuel Surface Temperature Minus Coolaint Inlet 
Temperature as a Function of Coolant Flow Rate and Core 
Parameters Outside of Flow Baffle 
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2 - Local Boiling Cores 

A study was performed to determine the raajcimum value of the ratio of actual 
heat flux to burnout heat flux over the range of significant parameters. 

The parameters studied were identical to those considered for pressiirized 
water cores, except that pressure was added as an independent variable. Pressures 
between 900 and 2000 psla were included to treat the entire range of interest, 
Since smaller core diameters are feasible with local boiling, core diameters as 
small as 20 in. were investigated. The effects of all other parameters were 
studied over essentially the same range covered in the pressurized water investi­
gation , 

In local boiling operation, the heat transfer rate from the fuel element to 
the fluid is independent of the coolant velocity. The single remaining advantage 
of a two-pass core is its inherent power flattening. Since the effect of bulk 
boiling in the first pass would cause severe design problems, the benefits to be 
gained from a two-pass design did not seem to warrant the problems that would "be 
encountered- Only one-pass cores were, therefore, included in the local boiling 
study. 

A cursory analytical technique was programmed for the IBM-704 and was em­
ployed in this study- The basic assumptions used in the analysis were that: 

(1 

(2 

(3 

(4 

(5 

(6 

(7 

(8 

(9 

(10 

(11 

The radial peak-to-average power distribution ratio is 2, 

The axial power distribution may be represented as a chopped cosine 
function with an extrapolated length of 1,3 times the active fuel 
element length. 

The maximum fraction of burnout heat flux occurs at a point 65^ of 
the way up the core-

The velocities inside and outside the tubes are equal. 

The heat fluxes inside and outside the tubes are equal. 

A 50^ power increase woiild create incipient bulk boiling at the exit 
of the hot tube -

Twenty-five percent of the coolant flows through empty control rod 
channels. 

Coolant flow channels are well defined-

Coolant mixing may be neglected-

Axial heat conduction may be neglected-

Thermal properties are constant. 

The code was used to determine the inlet, exit,and mean coolant temperatures; the 
point at which local boiling begins; and the binrnout heat flux- The eqiiations 
used in the code are given in the Appendix-
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It was found that, for the range of parameters investigated, the highest 
percentage of burnout heat flux obtained was 29^- In most cases the percentage 
was between 5 and 15^- Since biimout heat flux is the only essentially geometry-
dependent thermal performance parameter, it appears that the thermal performance 
of the local boiling cores studied are independent of core configuration- In 
other words, the mean coolant temperature attainable is a function of the coolant 
flow rate and the operating pressure only and not of the heat transfer character­
istics of the core. This relationship is shown graphically in Fig. III-21. The 
mean temperatures of the primary loop required to obtain various steam pressures 
with various logarithmic mean temperature differences in the steam generator are 
shown-

The problem of flow stability is of extreme iniportance in this type of system 
Although the final determination can only be made through operation, preliminary 
studies indicate that, for the selected system under consideration, no serious 
effects will result from local boiling and that maximum variations in reactor 
coolant flow are not severe. 

In the limiting case for flow within the tubes, when the coolant temperature 
approaches the saturation temperatinre, the ratio of tube wall friction factor 
during local boiling to the friction factor with no boiling is 1-6. Since the 
greater value was used throughout the analysis, results quoted are probably con­
servative . 

The coolant flow outside of the tubular elements is not confined to a single 
flow path- The extremes in the possible flow pattern outside of the elements 
would occiu: when the resistance to flow normal to the elements is either zero or 
infinite -

VThen this resistance is zero, the pressure drop per unit length is equal out­
side of all the elements at any axial location. Relationships for the pressure 
drop per imit length occin-ring in two channels--one in local boiling and the other 
not--were equated and solved for the relative values of velocity- This calcula­
tion showed a reduction in velocity of 23^ in the channel having local boiling-
Preliminary calc;ilatlons indicate that for this decrease in velocity the burnout 
heat flux is lowered by l4^ at the location where the ratio of operating heat fliix 
to binrnout heat flux is a maximum-

The other extreme in possible flow pattern outside of the elements occurs 
•vrtien the resistance to flow normal to the elements is infinite. In that event, 
the coolant is restricted to a single flow path similar to the coolant flow inside 
of the elements and orificing may be used to control the flow- The orifice pres­
sure drop is a function of flow rate only, and not the heat transfer character­
istics of the fuel elements. Hence, orifices will tend to stabilize the flow. 
For example, if the orifice pressure drop is set at foin: times the friction pres­
sure drop which would occur without boiling, local boiling would result in only a 
69̂  decrease in velocity and a negligible decrease in biimout heat flux-

From these results it was concluded that large changes in flow distribution 
will not occur and that these can be minimized by proper design. 
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D. CORE AND PRESSURE VESSEL DESIGN STUDIES 

K- Brainard J. Goeller R. Phipps 

The core and pressure vessel design studies consisted of: selection of the 
fuel element diameter, length,and pitch; and prelimary evaluation ol different 
pressure vessel materials and determination of their suitability to the PM-1 
design. 

The PM-1 will use tubular fuel elements. A fuel element of l/2-in. diameter 
and 30-tn. active length was chosen as the reference design element. This selec­
tion was made as a result of the following considerations: 

(1) From an economic point of view, the number of fuel elements should be 
as small as possible-

(2) The length of the fuel element should be as great as possible to in­
corporate maximum surface area and fuel cermet volume without in­
creasing the number of tubes. 

(3) Tubes as large as 1 in- in diameter and 30 in. in active length can be 
made by the present fuel element process and equipment. 

(4) The length-to-diameter ratio for a fuel element should be limited to 
75^ since some may be used as column-loaded structixral elements-- such 
tubes may not contain fuel-

(5) If local boiling is allowed, the volume of fuel-containing cermet will 
be the criterion which determines the number of tubes - If local boil­
ing is not allowed, an additional criterion, surface area, must be 
added -

(6) Manufacturing considerations limit the maximum fuel-containing cermet 
thickness to O.O3O in-

(7) The preferred design concentration of uranium dioxide in the cermet 
is 25 wt ̂ . It is felt that 3O wt ̂  cermet can be fabricated, but, 
to be conservative, the lower limit has been selected for preliminary 
design purposes. 

(8) The control rod gap increases and the effectiveness of Itmrped burnable 
poison decreases as fuel element diameter increases. 

(9) Although the fuel element size does not affect the required fuel in­
ventory to any great amount, a slight minimum in fuel Inventory does 
exist at a tube diameter of 0-48 in. 

(10) A gap of 0.10 to O-I5 in. between fuel elements is required as a result 
of structural and heat transfer considerations, 

Considering these points, the following conclusions were drawn: 

(1) Although sample fuel elements have been mad.e with diameters of up to 
1 in., the only large-scale experience is with 3/8-in- elements- The 
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closer the selected element is to this size, the more benefit can be 
derived from previous fabrication experience -

(2) Application of structin-al criteria, giving due consideration to clear-
cut dead ends and the desirability of maximizing active length, yields 
minimum fuel element diameters of 0,45 to 0-50 in. 

(3) In nonlocal boiling cores, two sizes of fuel elements are required; 
one of these should be at least 0.45 to O.50 in- for structijral 
reasons -

As a resvilt of these conclusions and those of the nuclear and heat transfer 
studies, a l/2-in- diameter fuel element of 30-ln- active length was selected. 

Using tubular fuel elements, many different types of pitches can be used. 
The two considered for this study were the triangular and the square pitch. The 
following conclusions were reached from a study of each: 

(1) The core diameter using square pitch is greater than the core diameter 
using triangular pitch if the length of pitch and nimiber of tubes are 
the same. The two diameters differ by about 7^. 

(2) If orifices are used each tube must be orificed and the space sur­
rounding each must be orificed. In trismgular pitch this means approx­
imately 3 N orifices, where N is the number of tubes. In square pitch 
this means 2 N orifices, approximately. The size of orifices outside 
of tubes on a triangular pitch will be smaller by 50^ than those outside 
of tubes on a square pitch. 

The orifices used should be at least l/4 in. in diameter - To provide enough 
space to fit these in and still have a sufficiently sound plate, the pitch length 
has been fixed at O-65 in. for preliminary design. Since this gives a pitch 
length-to-tube diameter of 1-3^ there are no serious effects from nuclear consid­
erations . 

1. Pressiire Vessel Evalixation 

An evaluation was made of the effects of various water gaps and thermal shield 
thicknesses on pressure vessels fabricated trom different materials. Some mater­
ials were corrosion resistant, others were not—the latter wotild be clad if se­
lected, but the effect of the cladding was not considered in determining strength-

The following design conditions were assumed: 

Core diameter 23 in. 

Average teiiiperatiire of pressxire vessel wall 600° F 

Weld efficiency 100^. 

The following materials were investigated: 

SA-167, Grade 6,Type 347 

SA-302B 

MND-M-1852 



Ill-40 

*SB-127 (hot rolled Monel) 

*SB-l68 (hot rolled Inconel) 

SA-355. 

Using these materials and conditions stated, the allowable thermal stresses 
were calculated for: 

(1) Different water gaps between the core and the pressure vessel-

(2) Different thicknesses of thermal shields. 

(3) Different internal pressures. 

(4) Different allowable mechanical stresses for a specific material- This 
was considered because the worst mechanical stress occurs at nozzles 
or other discontinuities rather than at the point of maximum thermal 
stress- Larger thermal stresses are, therefore, permissible. 

Neither the effects of cladding nor the effects of neutron flux damage were 
taken into accoimt in this investigation. 

The computed thermal stresses versus water gap for various materials are 
plotted in Fig- III-22. The allowable tension is also shown so that the minimum 
water gap for each material considered can be easily picked from the curve -

Using the two materials, SA-302B and SA-I67, Grade 6,Type 347, which have 
known technology and that appear to have the best and poorest stress qualities, 
and assuming external stresses of either 0 or 3OOO psi, a second plot of thermal 
stress versus water gap was made (Fig- III-23). 

Figtire III-24 is a plot of the same two materials with thermal shield thick­
ness as a variable. 

Figure III-25 is a plot of calculated thermal stresses versus water gap with 
internal pressvire as a variable. 

The computed total stress versus the wall thicloiess is plotted in Fig- III-26 
and Fig- III-27 for SA-302B material and water gaps of 13-5 in- and 6 in-, re­
spectively . 

The allowable thermal stress is shown on all of the figures, and is computed 
under the rules of the ASME Boiler Code, Section VIII, as amended by case rulings-

*Since the annealing temperatures of these materials are about 1000 to l400° F, 
and this temperature would never be reached in service, it was felt that the 
hot-rolled condition could safely be used. However, a complete investigation was 
not conducted; additional problems such as the effects of welding will be consid­
ered if these materials are seriously considered during preliminary design-
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The following relations were used: 

(1) Internal pressure stress -i- external stresses = total mechanical stress. 

(2) Total mechanical stress < allowable stress in the code. 

(3) Total mechanical + total thermal stress <1.5 allowable stress in the 
code. 

The following assumptions were made during this investigation: 

(1) SA-353 material 

E = 25-4 (10) at 600 °F 

H = 0-30 at 600 °F 

Note: See list of nomenclature at end of report for definitions of 
terms. 

(Values for SA-I67,Grade 6,Type 347 and for SA-302B steels were available in the 
literatvire.) 

(2) The static tension allowables given in the ASME Boiler Code apply to 
plates, no matter what the thickness (see Table III-5). 

(3) It is permissible to use a design allowable of I.5 times the static 
tension allowable when combining thermal stresses with mechanical 
stresses (Ref. 6). 

Table III-5 

Tension Allowables 

Material Static Allowables at 600° F 

SA-167,Grade 6,Type 347 14,900 (Ref. 1, p 94) 

SA-302B 20,000 (Ref. 1, p 74) 

SB-127 (hot rolled Monel) 17,000 (Ref. 1, p 87) 

SB-168 (hot rolled Inconel) 20,000 (Ref. 1, p 89) 

SA-353 22,500 (Ref. 1, p 74) 

Two cases were considered: 

Case 1 

If external stresses (piping, fittings, etc.) are assiimed to be zero, one-half 
the static tension allowable is used up by thermal stresses. 
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Case 2-

If external stresses are assumed to be 3OOO psi, the following is true: 

For SA-I67 Grade 6 Type 347 material, these stresses are allowable: 

11,900 psi-mechanical loads 

10,450 psi-thermal loads 

For SA-302B material, these stresses are allowable: 

17,000 psi-mechanical loads 

13,000 psi-thermal loads 

Only the tensile stresses at the inside surface were considered as they are 
maximum at this point -

Thicknesses of the vessel for various materials, external stresses, and 
water gaps were computed by the following formula: 

PT? 

* = SE^ - 0-6P («^^- ^' ^ ^' ̂ 'i 1) 

Thermal stresses for the inside sin-face of the vessel where tension occur 
for the various materials, piping stresses, and water gaps were computed using 
the following formula: 

8 - ^ i ^ 
^ " (1-n) Kp2 

1 ^ . ^ P* R^ (Ref. 2, p 40, Eq 20) 

2. Discussion 

It is interesting to note that both the Monel and Inconel materials appear 
to be competitive with the alloy steels - Althoiigh SA-353 appears to be the most 
promising alloy steel, cladding difficulties were anticipated-

Allowing 5000 psi for external stresses and assuming that these stresses are 
local in nature, is believed to be a good approximation of the actual case. This 
results in a higher allowable thermal stress and reduced water gap, but also in 
a much thicker vessel. 

The use of a thermal shield, as expected, tends to reduce the needed water 
gap (Fig. III-24). Lowering the internal pressure produce the same effect, 
(Fig. III-25)-

Although final vessel design will depend on many variables, including the 
effects of radiation damage, the present study indicates that the use of austeni­
tic stainless steel or nonferrous materials does not minimize reqxiired pressure 
vessel diameter to the extent possible using ferritic steels - The stainless 
steels and nonferrous materials do not, however, exhibit a nil ductility trans­
ition temperature- At high values of nvt, the nil ductility temperature of the 
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ferritic steels is greatly affected (raised). Selection of the final pressure 
vessel material, required water gap, thermal shield and pressure vessel dia­
meter must, therefore, await evaluation of other than mechanical and thermal 
stress effects. 

E. PRIMARY SYSTEM EQUIPMENT 

J. Beam C , Smith 

1- Pressurizer 

The analysis of the pressurizer included the derivation of formulae for pre­
dicting pressvirizer performance; for determining the design-to-operating pressure 
ratio; and for estimating the effect on pressurizer size, weight,and cost of 
changes in primary system pressure, volume,and mean temperature. The following 
simplifying assumptions were made: 

(1) Heaters and spray nozzles were inoperative during transients-

(2) Expansion and compression of the steam was isentropic. 

(3) Expansion of the liquid in the pressxirizer was isentropic. 

(4) Pressurizer volume is equally divided between water and steam. 

(5) Pressurizer water was saturated throughout. 

(6) The loop mean temperature was 100° F below the saturation temperature 
of water in the pressurizer-

Using these assumptions, it was found that, under the same loop volume and 
temperature conditions, a pressurizer outsurge resulted in a pressure drop of only 
approximately one-sixth of the magnitude of a pressurizer insurge. For this reason the 
remainder of the parametric study concentrated on the insurge behavior of the 
pressurizer. 

The derivations of the expressions for predicting the perform8.nce of the 
pressTirizerare shown in Appendix A. The changes in pressurizer volume and shell 
weights withvarious primary system operating and sxorge pressures were plotted as 
Fig. III-28. Since the weight and cost of the reactor vessel, steam generator, 
primary loop piping,etc., increase with an increase in design pressure, a value 
of I-I5 (design-to-operating pressure ratio) was chosen as a good compromise 
between design conservatism and weight minimization-

The pressurizer size (or volume) was then plotted (Fig. III-29) versus opera­
ting pressure, assuming a primary loop volume of 75 cu ft and a mean temperature 
variation of 15" F. Corrections for actual loop volume and mean temperatiure 
variation are linear (Fig. III-29)- The weight of the pressurizer shell was 
calculated, assuming an L/D of 3J ^^^ the cost was found by multiplying weight by 
$2-70/lb--an average cost figure determined from previous price estimates. Re­
sults are presented in Fig- III-3O. The discontinuity is due to changes in the 
size of the pressurizer flanges. 

• 
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2. Reactor Vessel 

For parametric study purposes, a reference design reactor vessel consisting 
of a right circular cylinder with a hemispherical end and flat flanged head was 
used. The vessel was assumed to be constructed of ASTM Type A 302, Grade B, clad 
with AISI Type 504L stainless steel. (Allowable working stress for this material 
is 20,000 psi at operating temperatxure•) 

The size and weight of the vessel were calculated for various values of in­
ternal diameter, core height and system operating pressures. The cost was cal­
culated using as a basis a vendor-proposed price of $2-8o/lb for the referenced 
design reactor vessel- The results are shown in Fig. III-3I-

5- Primary Coolant Pump 

For parametric study purposes, it was assumed that one primary coolant circu­
lating pump would be required. Information obtained from vendors on the canned 
motor, mechanical seal,and controlled leakage types of pumps was used to maie 
comparisons which are here tabulated: 

Cost 

Canned Motor Mechanical Seal Controlled Leakage 

60^ of comparable 75^ of comparable canned unit 
canned unit 

Weight Increases 5OO lb 
over canned imit 

Increases 2000 lb over canned 
unit 

Overall 
efficiency 

60^ 70^ 70^ (approx 10 kw required for 
pressurizing pump) 

Operating Complete pressure I5OO and below 
pressure range 

2500 and below 

Size Approx length--
4 ft 
Approx diameter-
15 in-

Length will in­
crease 1 ft over 
canned unit 

Length will increase 2 ft over 
canned unit - Additional 2 x 5 
ft space required for pressur­
izing pump 

The canned motor and mechanical seal type pumps were used in the parametric 
study. Due to the additional weight and space requirements of the controlled-
leakage pump, and the increased operational problem, the use of this type of pump 
was not considered. The break-point between the canned motor and mechanical seal 
pumps is arbitrarily taken at I5OO psia operating pressure. Therefore, for pres­
sures below 1500 lb,only a mechanical seal-type unit was considered; for pressures 
above 15OO lb,only a canned motor unit was considered. Experimental data were 
available from the mechanical seal punip vendor which indicated that operating 
pressures of up to 25OO psia were feasible; however, a conservative approach was 
taken and the maximum value was limited to I5OO psi. 

A break-point in pxjmp weight occurs at a system head of approximately I50 
ft- At this point, the transition is made from a four- to a two-pole motor 
representing a reduction in unit weight of approximately kcyf). 
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Figvires III-32 and III-33 show the cost and weight of canned motor pumps for 
various flow rates, system heads,and system operating pressm^es-

4- Auxiliary Systems 

A study was made of the variation of auxiliary system cost and weight with 
system pressure. Included in the study were the following systems: primary cool­
ant purification; primary coolant blowdown; shield water; heat ejection from the 
steam pressurizer blowoff; and storage and purification of liqxiid waste. Cost and 
weight data for stainless steel piping, fittings,and valves in sizes from 1/4 to 
2 in. were obtained from vendors. 

Resxilts of the study are presented in Fig. III-54, which shows that the var­
iation in auxiliary system weight and cost is small. This finding has been con­
firmed by similar studj-es made by the Gibbs and Hill Company. 

5- Primary Loop Piping 

A study was made of the variation of primary loop piping weight, cost and 
head loss with system flow and operating pressure. The study, which considered 
5-, 6-,and 8-in- pipe, was based on the following conditions: 

(1 

(2 

(3 

(4 

(5 

(6 

(7 

(8 

(9 

Material is stainless steel, Type 504. 

Fifty feet of seamless pipe is used. 

There are 12 long sweep elbows. 

There are five flanged connections. 

Design pressure is 15^ above the operating pressure. 

Maximum allowable stress is 15,000 psi. (ASA Code for pressure 
piping.) 

The corrosion allowance is 0.O65 in. 

The friction factor is 0-012 in-

Maximxzm fluid velocity is 50 fps. 

The cost and weight of the piping was plotted versus system operating pres­
sure in Fig- III-35- The head loss of the piping versus flow rate appears in Fig-
III-56 which shows that for flows up to about 25OO gpm a 6-in- pipe can be used 
without exceeding 30 fps maximum velocity- For flows below I7OO gpm, a 5-in-
pipe coxild be used without exceeding 50 fps- However, in most instances where a 
choice coxild be made between 5- and 6-in, pipe, it was found that, in the interest 
of reduced capital investment and pumping power, it was more economical to xise a 
6-in. pipe size. 

6. Reactor Pressure Drop 

The reactor pressure drop from the inlet flange to the outlet flange versus 
flow was calculated for local boiling and nonlocal boiling cores. For both types 
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of core, the portion of the pressure drop due to frictional losses is small 
(approx 10^) and the major portion is due to contractions and expansions of the 
fluid. 

The calculated pressure drop for the reference design nonboiling (two-pass) 
core was 11 psi at 2000 gpm- This calculated value is in close agreement with 
values obtained experimentally in the laboratory. Since the major portion is due 
to contractions and expansions, the nonboiling two-pass core pressure drop was 
approximated by taJcing the ratio of the flows squared times the reference design 
drop of 11 psi-

The reactor pressure drop for a nucleate boiling single-pass core was 
approximated by taking two-thirds of the drop for a nonboiling core with the 
same flow rate. 

Results of this analysis are shown in Fig. III-37. 

7 - System Head and Pumping Power 

The system head was determined by taking the summation of the reactor, 
primary piping,and steam generator pressure drops. 

The piping, reactor, and steam generator pressure drops axe shown in Figs. 
III-36, III-57 and Fig- IV-I6 of Chapter IV, respectively. 

Pumping power is calculated based upon a hot startup condition, since stand­
by power will be provided for plant startup. 

8. Primary System Weight Study 

A study was made to estimate the shipping weight of the primary system, ex­
cluding packaging and the steam generator. The system was broken down into the 
categories of fixed and variable weight components. Fixed components are those 
whose weight essentially does not change with variations in primary system pres­
sure . All the components were also located in one package of a two-package 
primary loop system. Figure III-38 shows the component weight (fixed plus vari­
able) per package. Table III-6 lists the main components contained in each 
package. 

Figure III-39 shows the effect upon primary system weight of variations in 
primary system pressure and flow. 

Table III-6 

Package Components 

Package A Package B 

Actuators Charging Pumps 

Vessel Head 

Thermal Shield Pressurizer (variable wt) 

Purification Cooler Primary Pump (variable wt) 
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Table III-6 (continued) 

Primary Piping (variable wt) 

Auxiliary Systems (variable wt) 

Primary Piping (variable wt) 

Reactor Vessel (variable wt) 
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Project Engineer: C. Fox 

IV. SECONDARY SYSTEM 

SCOPE OF STUDY 

The PM-1 contract requires that the plant produce 1000 kwe net and 7 x 10 
Btu/hr in the form of low-pressure steam for process heat. The plant is to be 
capable of operating at ambient conditions of -60 to 70° F and of rejecting cycle 
heat' to the atmosphere. 

Based on previous experience, the auxiliary electrical power requirement for 
this plant was estimated at 250 kwe. For the purposes of the parametric study, 
a gross output requirement of I250 kwe was assumed. 

Inasmuch as pressurized water systems are well understood at this time, it 
was possible to establish several ground rules early in the study, namely: 

(1) Secondary systems for pressurized water plants are of practical interest 
over the steam pressure range fron 200 to 6OO psia. Although steam at 
pressures below 200 psia is easy to produce, very inefficient cycles 
result. Also, the large volumetric steam flow associated with the lower 
pressures results in increased turbine size and weight. Steam pressures 
above 6OO psia result in excessive primary loop temperatures (corres­
pondingly excessive pressures) and require expensive and heavy primary 
loop equipment such as piping, pressure vessels, etc. 

(2) The requirement that cycle heat be rejected to the atmosphere necessi­
tates the use of higher turbine back pressures than are normally used 
with conventional water-cooled surface condensers. It was found, based 
on past experience, that turbine back pressures below 6 in. Hg abs 
(saturation temperature—l4l° F) result in either excessively large air-
cooled heat exchangers or exorbitant fan power requirements for a 70" F 
ambient condition. It was also found that, with an intermediate fluid 
such as ethylene glycol in the condenser system, an economically-sized, 
reasonably-priced, condenser system could be designed to operate at a 
back pressure of 11.5 in. Hg abs. In view of these considerations, a 
turbine back pressure range of 6 to 11.5 in. Hg abs was established 
for study purposes. 

(3) The production of substantial amounts of superheated steam by a pressurized 
water reactor system is not considered feasible. This is due to two 
factors: first, the relatively low temperatures available do not provide 
sufficient superheating to improve the cycle efficiency enough to justify 
the increased size and cost of the steam generator; second, steam generator 
moisture separators have been developed to a point where steam of l/4 to 
1/2^ moisture content can be guaranteed, thereby eliminating the moisture 
problem without superheating. 

(4) It was found that a single-extraction secondary cycle with one closed 
heater is economical. Because of this fact, plus the size limitation 
of the FM-1 turbine, a single extraction was the maximum deemed feasible. 
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Secondary system studies were divided into six sections: 

(1) Turbine-generator studies 

(2) Condenser studies 

(3) Cycle studies 

(4) Power quality studies 

(5) Steam generator studies 

(6) Summary of equipment selection. 

B. TURBINE-GENERATOR STUDIES 

W. Koch R. Groscup L. Hassel 

With the establishment of the gross electrical output of 1250 kwe for the PM-1 
plant, the question of which size turbine-generator would be most suitable for this 
application was investigated. Both full- and one-half- capacity machines 
were studied using standard and oversized generators (see Section IV-E). 

Figures IV-1, IV-2 and IV-3 show some of the representative heat balances 
studied. Figure IV-1 shows the heat balance for a 1250-kw turbine, zero extraction, 
cycle cycle operating at 500 psia steam pressure and 9 in. Hg abs back pressure. 
Figure IV-2 shows the heat balance for a similar unit but with extraction. 

Figure IV-3 shows a two-turbine (625 kw each) cycle, with no extraction, operating 
at 200 psia steam and II-I/2 in. Hg abs back pressure. 

The results of the heat balaince studies for the three systems are plotted in 
Figs, IV-4, IV-5, and IV-6 as steam inlet pressure versus the steam generator thermal 
output required to generate required power at three turbine exhaust back pressures. 

As expected, the most efficient cycle is the system using a 1250-kw turbine 
generator set with extraction to a closed feed water heater. The two-turbine cycle 
without extraction is the least efficient. 

Table IV-I shows the weights of the various machines investigated. 
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TABLE IV-I 

60-Cycle Turbine-Generator Weights 

Rating 
(kw) 

1250 

1250 

1250 

1250 

625 

625 

625 

625 

625 

Generator 
(RPM) 

1200 

1200 

5600 

3600 

1200 

1200 

1800 

3600 

3600 

Drive 

Geared 

Geared 

Direct 

Direct 

Geared 

Geared 

Geared 

Direct 

Direct 

Voltage 
Dip ii) 

2 

6 

2 

5 

2 

6 

3 

2 

4 

Turbine 
(lb) 

4700 

4700 

9000 

9000 

4280 

4280 

4280 

6150 

6150 

Gear 
(lb) 

4000 

4000 

--

--

1500 

1500 

1500 

— 

--

Generator 
(lb) 

18,000 

9,4oo 

24,000 

17,000 

10,400 

6,350 

11,000 

18,000 

8,200 

Bedplate 
(lb) 

2000 

2000 

2500 

2500 

1800 

1800 

2000 

1800 

1800 

Total 
(lb) 

28,700 

20,100 

35,500 

28,500 

17,980 

13,930 

18,780 

25,950 

16,150 

NOTE: Accessories and piping are not included; they will be shipped in another 
package if necessary. 

A cost and packaging comparison of one full-capacity and two one-half-capacity 
turbines, including auxiliaries and switchgear, was also made (see Table IV-2). 
It showed that the two-turbine system costs $131,000 more than the single unit system. 

The heat rate based on 28O psia steam ajid 9 In. Hg abs exhaust pressure is 
26,260 Btu/kw-hr for the single-unit system and 27,550 Btu/kw-hr for the two one-
half-capacity unit system. 

It is possible to ship the 1250-kw unit as a single package; however, the two 
625-kw units require two packages for shipment. The two-625-kw-machine system also 
requires additional switchgear units and approximately twice as many piping inter­
connections. Further, the single-machine system does not pose the load balance 
problem which would be present with a two-turbine generator system. 
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TABLE IV-2 

Secondary Loop Packages and Estimated Cost Variation 

No. Turbine-Generator Sets One Full-Capacity Two Half-Capacity 

System Steam Pressure 
(psia) 

Turbine Cost 
Variation ($) 

No. of Condensers 
(air-to-steam type) 

Condenser Cost 
Variation ($) 

Extraction System 
Cost ($) 

Packages Required 
(No.) 

Package Cost 
Variation ($) 

Total Cost 
Variation ($) 

200 to 275 

-131,000 

5 

+65,000 

0 

7 

0 

-66,000 

+7000 

7 

0 

-59,000 

275 to 500 

-151,000 

2 

0 

0 

6 

-5000 

-156,000 

+7000 

6 

-5000 

-129,000 

200 to 275 

0 

5 

-1-65,000 

not 
considered 

8 

-H5000 

-t-70,000 

not 
considered 

8 

+5000 

+70,000 

275 to 500 

0 

2 

0 

not 
considered 

7 

0 

0 

not 
considered 

7 

0 

0 

Area of greatest 
interest 
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Table IV-5 summarizes the turbine-generator study and includes the weights 
of oversized generators used to attain the desired power quality. 

Weight 
Turbine only (lb) 
Total (lb) 

Packages 

Heat rate (Btu/kw-hr) based 
on 280 psia steam and 9-in 
Hg abs back pressure 

Cost difference 

Switchgear 

Interconnections 

Operation 

TABLE IV-5 

Turbine-Generator Comparison 

One 1250-kw Unit 

4,700 
28,700 

One possible 

26,260 
n-

— 

_̂ 

Two 625-kw Units 

9,560 
55,950 

Two required 

27,550 

+$151,000 

More units 

Approximately twice 
as many 

Load balance problem 

As a result of this study, the single turbine-generator system was selected. 

W. Koch 

C. CONDENSER STUDIES 

R. Groscup Hassel 

Three types of condenser systems were investigated for the PM-1 plaxit, namely: 
steam-to-ethylene glycol-to-air; a direct contact condenser using water coolant 
circulated through an air-cooler; and a direct air-to-steam condenser. Schematics 
of these three systems are shown in Figs. IV-7, 8 and 9. 

It is well established that the ethylene glycol system (Fig. IV-7) is the 
safest from freeze-up. Studies of this system applied to the PM-1 showed, however, 
that it required approximately 90 kw more auxiliary power than the other two systems 
investigated. In addition, it required more equipment which resulted in additional 
weight and the need for more packages. Therefore, it was considered the least 
desirable, and will be used only if both of the other systems prove unfeasible. 

The second system investigated was the direct contact water-type condenser, 
also known as the Heller System (Fig- IV-8). It is being used in Europe on several 
10,000-kw conventional plants operating at ambient temperatures as low as 0° F. 
It utilizes a direct contact condenser using feedwater-quality water and an air-
cooled heat exchanger. 
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Fig. IV-7. Schematic of Steam-to-Ethylene Glycol-to-Air Condenser 
System (Tubular Surface) 
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Fig. IV-8. Schematic of Direct Contact Water-Cooled Condenser System 
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Fig. IV-9. Schematic of Direct Air-to-Steam Condenser System 
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The third system investigated was the direct air-to-steam condenser system 
(Fig, IV-9). This has been used successfully in warm climates and to a limited 
extent in cold climates. The SL-1 uses a direct air-to-steam condenser, the 
success of which has been limited by underdesign and poor configuration. An air-
to-steam condenser system designed for a warm climate proved unsuccessful at 
Ellson AFB in Alaska. On the other hand, several direct air-to-steam condensers 
have been operated successfully for 15 yr in Germany at temperatures as low as 0° ] 

Table IV-4 compares the direct air-to-steam and direct contact water systems; 
the potential advantage of the direct air-to-steam system is clearly shown. 

TABLE IV-4 

Condenser Comparison 

Air-to-Steam Direct Contact Water 

Experience 

Cost 

Auxiliary Power 

Freeze-up Problem 

Start-up Problem 

To approx 0° F with success To approx 0° F --considerable 
SL-1 to -24° F without experience in chilled water 
trouble air-conditioning work 

$4,000 more (for contact 
condenser) 

10 kw more (for water-
circulating pump) 

Solid water system presents 
severe freeze-up problem 

Difficult to warm system with 
water 

Can successfully design 
around problem 

Uses steam for warmup 

Controls 

Test Program 

No. of Packages 

Approximately the same 

Requires l/2 of a 
condenser section for a 
meaningful test-- total 
estimated cost of labor and 
materials $50,000 

Two 

Approximately the same 

Probably could use a very 
small test section involving 
less expense 

Two, plus 4-ft diameter by 
11-ft high vertical condenser 
and water-circulating pump 

As a result of the condenser study, the direct air-to-steam system was selected 
for the following reasons. 

First, this system looks technically feasible and appears to present the fewest 
problems for the PM-1. It is felt that, by utilizing the results of the condenser . 
test (described later in this sectioni a good design can be developed. Second, 
from the standpoint of cost, weight,and number of packages this system offers the 
best air-transportable system. 
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Three different sized air-to-steam condenser systems each operating at 6, 9, 
and 11.5 in. Hg abs back pressure were studied. The systems studied were one 
52,000-sq ft unit, two 20,000-sq ft units emd two 40,000-sq ft units. 

Table IV-5 compares the cost of the three sizes of systems. 

TABLE IV-5 

System size, total sq ft 52,000 80,000 40,000 

Number of units 1 2 2 

Cost using 40,000 sq ft -$20,000 +$45,000 0 
system as reference 

From a cost point of viev̂  the 52,000-sq ft unit looks very attractive, but 
study of fan power requirements (shown in Fig. IV-IO) and the inability to add 
more area (due to configuration limitations) eliminated this system. The two-
unit system was, therefore, selected; its size will be determined by the results 
of the condenser test and the auxiliary power limitation (155 kw) of the secondary 
loop. It is expected that the surface required for the two units will total 
approximately 60,000 sq ft. 

To eliminate problems that other direct air-to-steam condenser systems have 
experienced under cold ambient conditions, a test program has been planned. This 
test will use an oversized one-half section of one unit (approximately 26,000 sq 
ft surface area) and will be run in a climatic chamber, such as that of the 
Edgewood Chemical Center or of Eglin AFB, at temperatures as low as -65° F. 

The purposes of these tests are to: determine the advisability of using 
reversible fans for removing ice buildup; determine and eliminate freeze-up problems; 
determine the feasibility of a control system operating from condenser pressure; 
isolate other general control problems; investigate the feasibility of using louvers 
to control condensing rates in the cold tubes; detenaine air distribution with 
various louver and fan combinations; etc. The results of these tests will be 
utilized in the final design. 

The tests are scheduled for January and February, I96O, 

D. CYCLE STUDIES 

W. Koch R. Groscup L, Hassel 

Investigations of secondary loop cycles ajid equipment during the first month of 
study showed that system weight and cost remained quite conatant at initial steam 
pressures between 275 and 6OO psia and turbine exhaust pressures between 6 and 11,5 
in. Hg abs. Below 275 psia, a step increase in turbine weight occurs due to an 
increase in steam chest size resulting from increased volumetric steam flow and due 
to the requirement that nozzles he sized to limit the pressure drop across them. 
Above 600 psia, a step increase in turbine weight occurs because the turbine frame 
pressure and temperature design limitations are exceeded. Turbine back pressures 
within the range indicated allow the turbine exhaust to be sized in a manner consistent 
with the requirements for air transportability of the turbine-generator package. 
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Based upon the considerations stated and in the scope of work, the systems 
considered were: 

(1) Straight Condensing 

(1) Electrically-driven auxiliaries 

(2) Steam-driven auxiliaries 

(2) Condensing--Single Regeneration Extraction 

(1) Electrically-driven auxiliaries 

(2) Steam-driven auxiliaries 

A comparison of the thermodynamic requirements of a straight condensing cycle 
with those of a regenerative cycle,both with electrically-driven auxiliaries, indicates 
that, for a given set of steam conditions, the regenerative cycle is between two and 
three percent more efficient than the straight condensing cycle. A comparison of 
the savings in fuel costs (burnup plus inventory reprocessing considerations) with 
the increased capital cost of the regenerative cycle--approximately $7000--revealed 
that the regenerative cycle capital costs were recovered in less than the five years 
arbitrarily chosen as the criterion for such evaluations. Packaging appears to pose 
no additional problems for the regenerative cycle since the heater is small and may 
be included in one of the existing packages. Frcm the standpoint of maintenance, 
reliability and operation, the regenerative cycle appears feasible. The additional 
equipment consists largely of heat treinsfer surfaces and is relatively free from 
maintenance and simple to operate. Many years of industrial and power plant operation 
vouch for the system's reliability. A regenerative cycle will be incorporated into 
the plant design. 

The desirability of using electrically-driven mechanical vacuum pumps rather 
than steam jet air ejectors to remove noncondensable gases from the condenser 
was evaluated. The characteristics of the two concepts were found to be: 

(1) Vacuum Pumps 

Power requirement 15 kwe 
Cost $4ooo 
Weight 2200 lb (including motors) 

(2) Steam jet ejectors 

Power requirement ~ 5OO Ib/hr of steam (most of steam's energy 
recovered in after-condenser) 

Cost $2250 
Weight 800 lb (including after-condenser) 

After considering these characteristics, and the fact that the after-condenser 
may be made a functional part of the turbine gland seeil condenser system, the steam 
jet air ejector system was selected for incorporation into the plant design. 

The desirability of driving plant auxiliaries with steam turbines rather than 
with electric motors was examined, considering the following auxiliaries: 
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(1) Condenser fans 

(2) Boiler feed pump 

(5) Condensate pump 

(4) Space heat boiler feed pump 

It was not considered feasible to attempt to drive the condenser fans with a 
steam turbine because of the possibility that steam could condense or that the 
turbine exhaust could freeze when piping was exposed to low ambient temperatures. 

The condensate and the space heat boiler feed pumps were too small (~ 1 kw) 
to be considered for steam turbine drives. 

Heat balances indicated that, Eilthough straight condensing cycle efficiency 
could be improved by approximately one percent using a steam-driven boiler feed 
pumj^ such was not the case for the regenerative cycle. In the regenerative cycle 
the energy delivered to the boiler feed pump turbine is not available to heat the 
feedwater in the closed heater. Thus, the increase in efficiency resulting from 
use of a turbine-driven feed pump is offset in part by a reduction of the efficiency 
gained through turbine extraction. An advantage the steam-driven pump has over 
the electric, is that an excess of approximately 25 kw is available in station output. 
The advantage of diverting about 25 kw of power from plant auxillEiries to station 
output appears to be more than offset by the advantages of simplicity, low main­
tenance and ease of operation offered by the electrically-driven pump. However, 
since the steam-driven pump must be supplied for purposes of maintaining steam 
generator water level during the core afterheat removal period, both systems are 
being supplied. It will be specified that the electrically-driven pump is prime 
equipment and the steam-driven pump is standby. 

Figures IV-11 euid IV-12 illustrate the effect of steam conditions (turbine 
inlet and exhaust) on the secondary loop power consumption and net power available 
frcm the secondary loop. 

E. POWER QUALITY STUDIES 

W, Koch R. Groscup C. Hassel 

Various means of meeting the 1*1-1 power quality objectives within the FM-1 
plant without utilizing control devices at the load were studied. 

The PM-1 voltage objective is that the plant shall be inherently capable of 
limiting voltage fluctuations to within ± 2^ between 10 and 120^ of rated load, 
when subjected to an instantaneous load change of JO/t of rated capacity at O.8O 
power factor. Recovery time from initiation of the transient to steady-state 
conditions shall not exceed 1,5 sec. Under steady-state conditions the plant shall 
limit voltage fluctuations to ± 0.55̂ . 

Three methods were investigated to meet the voltage fluctuation objective, 
namely: an electric load dump system; a synchronous condenser system; an oversize 
electric generator. 

An electric load dump system transforms a step load transient to a ramp transient 
on the generator. The ramp transient control requirements are such that the natural 
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voltage regulation of the generator would maintain voltage fluctuations within 
the desired limits. 

An analysis of the system necessary to accomplish such transient transformation 
indicated that it was not feasible. First, it is not possible to determine when 
the load will chauage without adding anticipating devices at the load which involve 
information feedback to the generator and are not desired. Second, it is not 
possible to place a properly-si zed load, in the form of an electric load dump, on 
the line at the exact instant that the prime load changes without knowing the size 
of each load increment and using seme elaborate control system frcm each load 
increment. Therefore, no immediate solution of the transient problem can be 
feasibly obtained with an electric load dump system. 

A synchronous condenser system converts the generator load power-factor to 
near unity and thereby increases the natural capacity of the generator to limit 
voltage fluctuations. Analysis of this approach revealed that the condenser 
would have to be energized or de-energized at the exact time that the load transient 
was applied; the same type of problems are present, therefore, with this system as 
those encountered with the electric load dump system. 

The third method considered was the use of an oversize generator having enough 
iron in Its construction to lower the transient reactance and thus to maintain the 
desired voltage quality under the given transient conditions. In this study, three 
types of generators were considered: a 1200-rpm salient pole; an l800-rpm salient 
pole; and a 3600-rpm non-salient pole. Table IV-o shows the results of this study. 

rpm 

1200 
1200 
5600 
5600 
1800» 

Geared 
Direct 

Geared 
(Jeaxed 
Direct 
Direct 
Geared 

1250 

Voltage 
Dip 

2 
6 
2 
5 
3 

Ho) 

kw, 60 

Turbine 
(lb) 

4700 
4700 
9000 
9000 
4280 

TABLE IV-6 

Cycle Generator Weights 

! Gear 
(lb) 

4000 
4000 
--
--

1500 

Generator 
(lb) 

18,000 
9,400 
24,000 
17,000 
11,000 

Bedplate 
(lb) 

2000 
2000 
2500 
2500 
2000 

Total 

28,700 
20,100 
55,500 
28,500 
18,780 

* NOTE: These values are for a single 650-kw-capacity machine only. 

The 1800-rpm generator was dropped from consideration due to its excessive 
weight. 

It was determined that the oversize generator offered the most feasible 
solution to the voltage fluctuation portion of the power quality objective. Of 
the turbine generators studied, the 1200-rim salient pole generator system is the 
only one that meets the voltage dip power quality requirements within the 50,000 lb 
weight limitation. This machine, with a fast-acting static excitation voltage 
regulator system, will be incorporated into the plant design. 

Another portion of the power quality objective concerns the deviation factor 
and harmonic content of the generator voltage. It is a design objective that the 
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deviation factor of the line-to-line voltage at zero load and balanced 4/4 rated 
load at 0.80 power factor not exceed two percent. Further, the rms of all har­
monics should be less than two percent, with any one harmonic less theui O.75 percent, 
at full-rated load. 

The deviation factor and harmonic content voltage quality criteria cannot be 
met by system design since the characteristics of the load are not known. The no-
load deviation factor of the generators under consideration will not, however, exceed 
two percent, nor will the rms of all harmonics exceed two percent. Any single 
harmonic may exceed the objective of 0.75 percent, but will not exceed 1.5 percent. 
The harmonics that may exceed the stated 0.75 percent will probably be the 5rd, 
5th, 7th, and 9th, although the 5rd and 9th will be zero in the line-to-line voltage 
and appear to be of no concern. If there is reason to emphasize reduction of either 
the 5th or 7th harmonic at the expense of the others, this can be done. The re­
maining harmonic can be reduced by a filter, if necessary, after the generator design 
is complete. 

The last portion of the power quality objective concerns frequency fluctuation. 
The objective is that the plant be inherently capable of limiting frequency fluctuations 
to within ± 2^ between 10 and 120^ of rated load, when subjected to an instantaneous 
load change of 50^ of rated capacity at O.80 power factor. Recovery time frcm 
initiation of the transient to steady-state conditions should not exceed 1.5 sec. 
Under steady-s1:ate conditions the plant should limit frequency fluctuations to 
± 0.25^. 

It should not be difficult to meet this objective. At present̂  isochronous 
governors are being used on turbine drives for equipment such as paper dryers, nylon 
spinning machines, etc., in which speed must be maintained to ± 0.1^. An iso­
chronous governor will be used on the turbine. 

F. STEAM GENERATOR STUDIES 

W. Koch R. Groscup L, Hassel 

The steam generator is affected by both primary and secondary loop pressures, 
temperatures, and flows; therefor^ this study was treated somewhat differently frcm 
the others. The following design conditions were applied. 

Heat to be transferred 9.5 mwt (middle of range) 
Maximum weight 25,000 lb (shipping limitation) 
Maximum length 28 ft (shipping limitation) 
Steam pressure 250, 575jand 500 psia (covers range) 
Primary loop design pressure 25OO psi (conservative basis) 
Primary loop flows 1000, I7OO,and 2500 gpn (covers range) 
Log mean temperature 50, 65>and 100° F (covers range) 

difference 

Previous investigations of steam generators for similar applications showed 
that horizontal types, in the capacity range required, weighed nearly twice as much 
and cost 65^ more than similarly-sized vertical types. Since the more premising 
primary loop layouts were also those utilizing the vertical-type steam generator, 
it was selected for study. Table IV-7 shows the results of this study. Both type 
504 SS and Inconel primary side constructions were investigated. Although the use 
of Inconel does not reduce the secondary loop water treatment program, it presently 
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does appear to add seme "insurance," At present, several steeun generators of 
Inconel-type construction are being fabricated. Since scane difficulty is being 
experienced in getting a tube-to-tube sheet weld in these units, the stainless 
steel construction has been selected pending final resolution of the Inconel 
welding problems. 

Figures IV-I5, l4, 15, and I6 are graphic representations of the data pre­
sented in Table IV-7. * 

G. SUMMARY OF EQUIPMENT SELECTION 

W. Koch 

In summation, the selected secondary loop equipnent may be described as 
follows: 

(1) A single 1250-kw turbine-gear-generator. The generator is a 1200-rpm 
salient pole machine sized to give the two percent voltage dip. The 
turbine is a single-extraction type. 

(2) Two direct air-to-steam condenser packages, each with approximately 
50,000 sq ft of heat transfer surface area. 

(5) A single closed feed water heater. 

(4) A steam jet air ejector. 

(5) Electrically-driven condenser fans, boiler feed pump, condensate pump 
and space heat boiler feed pump. One steam-driven boiler feed pump 
furnished for standby. 

(6) A vertical steam generator. 

All plant operating conditions affecting the primary loop and overall plant 
performance were selected by integration of primary and secondary systems. These 
conditions are presented in Section VI of this report. 
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V. CONFIGURATKM 

Project Engineer—Sections B,C, and. D: R. Akin 
Section E: C. Fox 

A. GENERAL CONSIDERATIONS 

Parametric Studies of IM-1 plant configuration dealt with the following main 
technical areas: 

(1) Primary loop configuration, which concerned the practicsLl requirements 
of equipment arrangement, including access for maintenance, piping, 
stresses, access for reactor refueling operations, module center-of-
gravity location during shipment and total weight per module during 
shipment. 

(2) Primary loop containment, which concerned types of vessel design, 
including single and multiple vessels, both code and noncode; various 
materials of construction; and types of closure. 

(5) Shielding, which concerned water level requirements for refueling, 
general biological shield studies, and general support of primary 
loop layout work. 

(4) Packaging and shelter, which concerned IM-l module design and types of 
shelter—including shipping requirements, panel design, rigid base design, 
and heat loss calculations. 

These efforts are closely associated with the equipment and cycle characteristics 
of the plant. For this reason equipment conditions were assumed which would be 
somewhat conservative and, which generally confonned to the PM-1 reference design 
set forth in MHD-I558. The conditions chosen were as follows: 

Primary loop pressure 2000 psi 
Primary pipe size 6 in. ips, Sch 120 
Contained energy 2,094,000 Btu 
Equipment weight limit 25,000 lb 
Package dimensions 

available for equipment 8 ft 2 in. x 7 ft 8 in. x 29 ft 6 in. 
No. of condenser packages 2 
Steam generator size (vertical) 52 in. D x 15 ft~ll,000 lb 
Maintenance access Steam generator tubes, refueling, 

pumps, resin, actuators 

The conclusions reached in this area of study were necessarily general and must be 
implemented by additional study of the selected plant operating conditions. This 
will occur during preliminary design. Task 5.2 of the FM-1 program. 

B. PRIMARY LOOP CONFIGURATIQN 

H. Brainard H. Clark J. Todd 

Scope of Studies 

Primary loop configurations consistent with our containment philosophy were 
studied. All primary loop concepts were subject to the following considerations: 
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(1) The primary loop is to be transported in a minimum number of shipping 
packa^s by air, rail, truck or ship. 

(2) Shipping packages are to be either square or circular in cross section 
and designed according to the following specifications, which must be 
met if the plant is to be shipped in C-130-type aircraft. 

(1) Square cross section package—8 ft 8 in. wide x 8 ft 8 in. high x 
30 ft 0 in. long. 

(2) Circular cross section package—8 ft 8 in. diameter x 30 ft 0 in. 
overall length. 

(5) TotsLl package weight, square or circular, including any primary 
loop components shipped within it, not to exceed 50,000 lb. 

(4) Square packages to be of noncode design using 50,000 lb/in. 
allowable stress. 

(5) Circular packages to be designed bot]:\ for ASME code 8m.d noncode 

designs, the latter using a 50,000 lb/in. allowable stress. 

(3) The primary loop is to be designed so that field welding Is not necessary. 

(4) Packages are to be capable of Installation at the site either above 
ground or with minimum excavation. 

(5) No concrete will be employed for shielding. 

(6) Packages are to be adaptable to relocation. 

(7) Personnel must have access to the reactor package for refueling operations 
within eight hours after shutdown. 

(8) The arrangement of the primary system Is to be such that minimum mod­
ification Is required In switching between the contained and noncon 
talned versions. 

Investigations were made of various basic primary loop arrsmgements. Those 
considered were: 

(1) Square Package—In this arratigemen^ the primary loop Is mounted and 
shipped In two flat-sided packages. Water is to be used as the bio­
logical shield. (See Fig. V-1.) 

(2) Circular Package—In this arrangement, the primary loop is mounted and 
shipped In two cylindrical packages and employs site backfill as the 
biologlcea shield, (see Fig. V-2.) 

(3) A single package primary loop, containing both steam generator and 
reactor. (See Fig. V-^,) 

Concept Evaluation 

As a result of these layouts, the following practical points concerning the 
arrangement of the primary system were established: 
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(1) The concept of using water as the only biological shield material was 
abandoned. Site backfill is considered more desirable due to the limited 
water supply (6 gpm) at the proposed site, as well as the additional cost 
necessary for fabricating and shipping shield water tanks. 

(2) Wateij as an additional shield material placed in the tank containing the 
reactor vessel, is necessary for protection of personnel during refueling 
operations as well as for removing the afterheat of a spent core. 

(3) The vessel to hold the shield water is to be a welded cylindrical tank 
constructed of steel plate. A flat-paneled tank is considered ineffi­
cient both structurally and economically. Use of aluminum presents 
problems in strength £uid fabrication. 

(4) Arrangement of primary system components within two cylindrical tanks of 
8 ft 8 in. diameter by 30 ft in length is possible with due regard given 
to space requirements needed for refueling operations, maintenance, pipe 
runs, spent fuel storage, etc. 

(5) The tank containing the reactor vessel should be vertical to provide 
room for refueling operations and maintain approximately 9.7 ft of water 
above the reactor core for the protection of personnel. 

(6) The additional packages or tanks containing the steam generator, pressur­
izer and associated components may be either horizontal or vertical. 

(7) Depending on the final containment parameters (i.e., excursion peak 
pressures as effecting tank strength and weight), an additional objective 
is to establish a primary system arrangement which permits shipment of 
a containment tank and its integreilly mounted equipment as one package. 

(8) Double shell construction against earth pressures induced by the back­
fill is unnecessary. The original intention of speeding plant instal­
lation and relocation is not enhanced by this means. 

(9) Relocation of a single tank is not seriously impeded by the use of site 
backfill around the tank. Areas of serious activation can be predicted in 
advance and isolated through the use of cribbing, piling, etc. 

(10) Shipping of the primary loop components integrally mounted within two 
8 ft 8 in. cylindrical containment tanks which also serve as shipping 
packages will not be possible within package weight limitations. For 
the noncontained version, integral mounting of major equipment appears 
possible. 

(11) Maximum adaptability to either contained or noncontained versions is 
gained through the use of the same tanks for containment and for retain­
ing of the site backfill; however, due to minimum skin thicknesses of 
1/4 in., set by ASME code requirements, basic shell weight (without upper 
head and fleuige) is at least 852O lb using "T-1" material. The dual 
use concept limits, therefore, the permissible equipment weight per package. 

During the early phases of the parametric study the most promising arrangement 
appeared to be the square two-package complex with a perimeter of rectangular shield 
water tanks (Fig. V-1). The units were intended for vertical installation above the 
ground line. The advantages were seen to be; 
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(1) Maximum space within the limiting dimensions was available for equip­
ment placement. Sufficient personnel access to components requiring 
maintenance was afforded. 

(2) Maximum space was available for refueling operations. 

(5) No excavation was required. Biological shielding was acccmplished 
through the use of shield water tanks and metallic shadow shields 
adjacent to the reactor vessel. 

(4) Minimum erection and site preparation effort was required. 

(5) The primary piping layout was ideal with low wall stresses and minimum 
end moments applied to equijment. 

On the other hand, the following disadvantages were inherent in this approach: 

(1) Elaborate structural reinforcement was necessary to guarantee structural 
integrity of flat-sided tanks against hydrostatic pressure. 

(2) Although the required structural reinforcement could be reduced using 
seindwich construction paneling (i.e., virethane core bonded to metallic 
faces), paneling of this type is relatively expensive and, when sub­
jected to radiation, may not maintain bonding strength. 

(3) Available water supply at the proposed site was insufficient to fill the 
shield water tanks in a reasonable time. 

(4) At least two plsine loads would have been required to treinsport the 
shield water tanks. 

A single square package containing the reactor, steam generator, pimip and 
pressurizer was laid out (Fig. V-3)- This design had all of the disadvantages 
of the two square package design and in addition had three others: 

(1) The radiation levels were too high for maintenance operations without 
extensive shielding. 

(2) An extra package was required to ship the head and the refueling cask. 

(3) The neutron radiation level at the pump was such that pump life would 
be impaired. 

A third concept investigated (Fig. V-2) was the two-package circular teuik 
arrangement using site material backfill as the biological shield. This concept 
proved satisfactory with regard to equipment arrangement, primary loop piping, 
refueling and supports and structural members necessary to withstand internal and 
external pressures. 

Aluminum was seriously considered as a means for reducing overeill package 
weight. The disadvantage of this alternative was that welding would reduce the 
allowable working stress to approximately 10,000 psi. Since thicker sections 
would be required, the weight situation would not be appreciably improved. 
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Frcm consideration of the containment tsuak weights discussed in Sectibn V-C, 
and of the allowable total package limit of 30,000 lb, it became apparent that 
all equipment could not, in a two-package primary system, be shipped in the t£inks. 

Initially, it was Intended that the reactor shipping package Include the 
following primary loop components having these estimated weights: 

(1) 

(2) 

(5) 

w 
(5) 

Reactor vessel 

Mount 

Demineral 1 zers 

6 in. S.S. piping 

Insulation and conduit 

Total 

9600 

1200 

2000 

1000 

250 

14,050 

The steam generator shipping package was to Include the following primary 
loop components having these estimated weights: 

(1) 

(2) 

(5) 

w 
(5) 

(6) 

(7) 

(8) 

(9) 

Steam generator 

Pressurizer vessel 

6 in. and 2 in. S.S. 
piping 

Charging pumps 

Waste pumps 

Auxiliary piping 

Insulation 

Shield water pumps 

Primary pump 

Total 

11,000 

3,000 

2,000 

600 

200 

250 

250 

130 

2,500 

19,930 lb 

It will be shown in the next section that, while the basic uneon"talned primary 
plant consists of two modules and the contained version consists of three modules, 
it may be necessary to ship the uncontained primary plant in three packages and 
the contained version in four packages. It should be noted, however, that the 
weight of the additional shipping package, in all cases other than that of the code-
designed contained configuration, is less than one-half of the allowable maxlmim; 
it may be possible to ship sufficient secondary system equipment in this additional 
package to eliminate a secondary system package. 

A separate package will be required in each case for the crane and above-grade 
housing. 
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C. PRIMARY LOOP C0NTAINME3JT 

P. Mon J. Todd 

Scope of Studies 

This study was concerned with the Investigation of feasible containment concepts 
that were consistent with an optimum primary loop configuration. The following 
requirements and objectives were established as preliminary guides for the contain­
ment investigations: 

(1) The vapor container shall be designed to be independent of the plant 
equipnent housed therein to assure that there will be a minimum of 
changes in system smd package design when switching between the con­
tained and noncontained versions of the plant. The design of the vapor 
container shall permit removal of suiy components housed therein with 
minlmimi damage to the container; provisions for personnel access shall 
be included. 

(2) The components of the vapor conî ainer must be transportable in C-I30-
type aircraft. The vapor container shall be d signed to incorporate 
maximum prefabrlcation at the factory in order to reduce the on-site 
construction effort. 

(3) The containment shall be capable of installation and test in a maxlmimi 
of four weeks under conditions typical of arctic construction. A 
maximum nuniber of containment components and structures shall be 
relocatable. 

(4) The con1;ainment must provide access for personnel, small equipment and 
shielding for reactor and associated components sufficient to permit 
the refueling of the reactor to begin not later than 8 hr after shutdown. 
Personnel access Is not required during reactor operation. 

(5) Concepts involving leakage may be considered during the parametric study. 
Such leakage shall not expose milltetry personnel at the base to more 
than 25 rem for a maximimi Incident, Dosage due to ingestion of activity 
may not exceed tolerance, 

(6) Shielding concepts which may affect containment are as follows: 

(1) To the maximum extent possible, plant arrangement will be such that 
shielding may be reduced in areas requiring little or no access 
during operation. In accord with AEC regulations, doses as high 
as 5 rem cam be permitted for personnel activities required only a 
few times per year, provided dosage does not exceed 5 rem in any 
13-week period or 5 rem in einy one year, 

(2) The use of local site materials such as soil and aggregate for 
shielding may be considered for those sites where substantial 
savings may be reeJ-ized therefrom. 

(5) Adequate water will be available for use as reactor shielding during 
refueling. It may not be assumed that large quantities of wa-ter 
will be available for "once-through usage." All water will be 
recirculated if water cooling is required. 
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(7) Designs which are capable of installation with the prepackaged plant 
modules above ground level are preferred, since they are adaptable to 
the maximum number of sites. 

(8) The containment must be insulated and/or heated to assure proper per­
formance with ambient temperatures as low as -60° F. 

(9) Containment designs which do not conform to the ASME unfired pressure 
vessel code may be considered during the parametric study. It Is nec-
esseiry, however, that a clearly stated exception be made and. that AEC 
approval be obtained if a noncode design is used. 

(10) The containment vessel(s) and structure shall have a design life of 20 yr. 

(11) A means of absorbing or quenching the energy released by rupture of the 
primary loop shall be provided in order to reduce, after an incident, 
the time that the containment is exposed to peak pressure. 

A maximum credible Incident was defined for purposes of parametric study efforts. 
The incident, selected to be conservative, was based on a 2000 psia system sind the 
following assumptions: 

(1) The primary loop will rupture and release all of the primary fluid into 
the containment vessel. 

(2) The energy contained in the released fluid is 2,094,000 Btu, the totad. 
of three sources: 

(1) Excursion energy due to a reactor power transient of approximately 
300,000 Btu. 

(2) Stored heat in the loop, calculated for approximately 88 ft of 
water at 2000 psi and 500° F. 

(3) Afterheat developed in the reactor during release of the fluid, 
at approximately 60,000 Btu, 

During the parametric studies, an alternate incident was also defined, based on 
a 1500 psia primary system. 

Numerous methods of containing the plant primary loop incident were investigated. 
Twelve configurations were developed to the point of making scaled sketches and 
determining design pressures, approximate weights, and number of airpleme loads. 

Evaluation of Concepts 

SeverEil important conclusions were reached during the parametric study period. 
These conclusions represent a consolidation of PM-1 requirements and objectives 
and may be briefly summarized as follows: 

(1) A large, single-vessel containment is not to be used. Difficulties are 
foreseen in that the unit would have to be shipped in segments and 
would require a lengthy field assembly prior to equipnent installation, 
additional shipping packages, and some primary system modifications for 
the noncontained version, Relocatability would be poor. 
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2) A containment concept utilizing three Interconnected tanks with 
integrally shipped equipment is possible with the primary system 
operating pressure at approximately I5OO psi. This was determined 
from consideration of the peak excursion pressures as a function of 
the total conl̂ ainment volxmie and the resulting tank weights. From 
Table V-1, the basic shell weight (code design) for "T-1" material is 
seen to be a minimtmi at 5 tanks, with a peak excursion pressure of 102 
psig. Use of only two tanks for containment leads to excessive tank 
weight preventing integral mounting of all primary loop equipment during 
shipment. 

(5) A containment concept utilizing four interconnected air-transportable 
tanks is required with the primary system operating significantly above 
1500 psi. This is necessary to allow for larger and heavier loop 
components; a greater containment volume is also required to reduce 
tank weight. 

(4) A containment concept utilizing two interconnected air-transportable 
tanks with integrally shipped primary loop equipment is not possible 
at any primary system operating pressure. Excessive tank weights would 
be required and the allowable weight of integrally-mounted equipment 
would be severely limited. 

(5) No shield water will be utilized except in the reactor package. This is 
partly due to the limited supply of water at the site (6 gpn). In add­
ition, site backfill will provide a more satisfactory biological shield. 
Water will serve as the shield material only in the immediate area of the 
reactor vessel and core, and will be maintained at a level of 9.7 ft 
above the core at all times. This will provide the required biological 
shielding for personnel during refueling operations, as well as provide 
a coolant reservoir for removal of spent core afterheat. 

(6) Double-shell concepts are not to be used to rei»in earth backfill. Use 
of either cribbing for backfill retention or backfilling directly against 
the tEink shell after erection allows each unit to meet the relocation 
criteria while enabling use of the 8 ft 8 in. diameter shipping dimension 
to the maximum benefit for arremgement of primary loop equipnent. For 
our use, ASME code requirements dictate a minimum shell thickness of 
1/4 in. This results in a basic tank suitable for backfill retention 
and/or pressure containment with only a nominal addition of structural 
members. It is also considered that site installation time would not be 
appreciably reduced by preinstallation of earth-retaining tanks. 
Backfill could be completed after placement of the equipment tanks, 
during interconnection and testing of primary loop components. 

(7) Even in the cases described in 2 and 5 above, weights of tanks euid equip­
ment may not allow shipping fully assembled primary system components. 
Design efforts will emphasize maximum integral mounting of primary system 
components and shipment within the containment tanks. After considering 
the various primary loop arrangements, it is felt that the loop com­
ponents can be installed and shipped within two of these 8 ft 8 in. 
diameter tanks. 
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TABLE V-1 

Basic Shell Weight (ASME Code Design) 

No. of 
Tanks 

2 

5 

4 
1 

V 

2,110 

5,800 

5,500 

p 

150 

102 

72 

Kequlred 

0.364 

0.247 

0.174 

Actual 

0.375 

0.25 

0.25* 

Wt/Pk 

12,800 

8,520 

8,520 

<̂Minimum of O.25O Required by Code 

t^ . , PR P X 52 
^^'l^^^^ = ̂ l o T ^ = 21,500-0.6P 

wt = P ( 2 Jt p h t + 4 j t R X p - x t ) 

wt = Pt (2 « X 52 X 508 + 4n X 52 X 26) 

wt = 0.29 (101,000 + 17,000) t 

wt = 54,200 t 

where 

P = Pressure, psi 

H = Height, in. 

R = Radius, in. 

t = Thickness of Shell, in. 

wt = Weight, lb 

NOTE 

1. Maximum Allowable Stress 26,250 psi 

2. Allowance of 5,000 psi Made for Discontinuities 
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(8) If it is required that the reactor pressure vessel be shipped and re­
located on a separate shipping pallet, a 7-ft diameter opening is nec­
essary at the top of the containment tank for removal of this unit. 
Vessel dimensions and crane clearance for both refueling and reactor 
installation establish this as the minimum opening. 

(9) If the reactor vessel does not have to be shipped separately, the 
minimum opening necessary at the top of the containment tank is 5*5 
ft in diameter, which is required to accommodate the spent core shipping 
cask during refueling operations. A crane is also needed to position 
the core, reactor vessel head,and demlneralizer cartridges during re­
fueling and maintenance operations. 

Design Considerations 

Of the numerous containment concepts studied, four of the multiple-tank con­
figurations will receive further study. A concept using three containment tanks is 
being developed under preliminary design (Task 5.2) and useful parts of the above 
configurations will be modified for use in this concept. Tables V-5 and V-6 describe 
all concepts considered and indicate those to be studied further. 

The mxiltiple tank configurations were chosen for further development because 
they lend themselves to conversion from contained to uncontained versions by either 
using or eliminating additional containment volume taixks. The multiple tank method 
is also adaptable to above or below-ground installations by supplying the necessary 
structure for either case. There is a distinct possibility of avoiding field welds 
and keeping leakage to a minimum with this type of configuration. 

In order to keep the number of tanks required for containment to a minimum, the 
design pressures in the above concepts become high. The tanks then become heavy 
(See Tables V-2 and V-5) and greatly restrict the weight of equipnent that could 
be shipped within them. To overcome this difficulty, the equipment, in some cases, 
should be mounted on skids to be shipped separately. This procedure allows the full 
use of the 50,000-lb shipping limitation for equipment and skids. 

The multiple-tank concept presents a problem in Joining the tanks together. 
Conventional bolted flanges consume allowable shipping space and are extremely heavy. 
The Conoseal Division of the Marman Co. was contacted concerning the possibility 
of using clamp-type Joints in sizes reuaging from 40 to 96 in. in diameter and at 
pressures from 65 to I50 psig. Their design engineers felt that clamps in ranges 
from 56 in. to 40 in. diameter were feasible, but anything larger would require 
extensive development. Large clamp-type Joints tend to warp during welding and, 
if the parts were welded first and then machined, the overall machining would be 
costly. 

Preliminary analysis using the ASME Pressure Vessel Code indicates that a 
single flange depth of about 7 in. will be required for an 8 ft 8 in. diameter 
opening, presenting an additional weight problem. Furthermore ,the code is not 
conservative, since flange stiffness, proper gasket seating and minimum flange de­
formation (rather than strength) are the important considerations. While code 
allowable stresses carry a safety factor of four, flange depth for proper gasket 
seating does not, and sealing requirements overshadow strength requirements. 

An investigation was made to determine the minimum number of packages required 
to hold the reactor package and the steam generator package Including integrally -
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mounted equipnent within their allowable shipping weight limits of 50,000 lb. 
Tables V-2 and V-5 show how the packa.ge weight becomes smaller as the number of 
packeiges increases. As the total containment volume Increases, the maximum peak 
pressure decreases and hence the required package thickness. These designs are 
based on both code- and non-ASME-code designs for T-1 steel. It should be pointed 
out that a limiting factor for the number of packages used is the skin thickness. 
For a number of noncode packages greater than four, the skin thickness becomes too 
small If determined by contained pressure and is set by such other considerations 
as corrosion and handling. 

The ASME code allowable for T-1 is 26,500 psi with the additional requirement 
of a minimum skin thickness of 0,25 in. This requirement autcanatically limits 
the use of many packages to reduce the design pressure. The weight allowance for 
internal structure in Tables V-2 and V-5 is approximate and could increase. Such 
considerations as earth loads and erection loads may also require heavier internal 
structures. 

Using Table V-1 as a guide to selection of the optlmimi nimj.ber of tanks for an 
ASME design, a three-tank concept was decided upon since the code requires a mini­
mum shell of 0.250 in. and in a three-tank concept the requirement is 0.247 in. 
The estimated package weights for a contained and noncontained three-tank config­
uration are tabulated in Table V-4 using the shell weights frcM Tables VI-2 and 
VI-5 for a 1500 psi primary system pressure. The equipment weights used in 
establishing the package weights are for an incident with primary system operating 
pressure at I5OO psi. For a breakdown of equipment Integrally moimted for ship­
ment in the packages see Tables V-7 to V-IO. Each table contemplates a three-
tank system with a primary operating pressure of I5OO psi and temperature of 465° F. 

Further investigation of vapor containment design will be required. Accord­
ingly, areas of investigation during the preliminary design phases have been 
established as follows: 

^1) Weights of code-built containment tanks (with and without cover heads 
for flanged or field-welded connection) will be determined. Consid­
eration will be given to necessary structural members for shell In­
tegrity, equipment support and shipping mounts. 

(2) A feasible equipment layout will be developed meeting the primary 
loop conditions recently established (see Section VI-B). Due con­
sideration will be given to flexible pipe rvms, equipment size and 
weight, mounting and maintenance and refueling requirements. 

(5) The feasibility of the following will be given de1»iled consideration: 

(1) Mounting the primsiry loop components on structures which may be 
installed in two 8 ft 8 in. diameter x 50-ft long tanks. 

(2) Shipping the system in the form of: primary loop structures, 
coded containment tanks to house the structures and additional 
coded containment tanks. 

Investigations will include consideration of structural supports, 
shipping limitations, site preparation, installation problems 
and system housings. Particuleir emphasis will be placed on the 
design of a three-unit system. 

(4) The number of packages required to ship equipment integrally using the 
coded containment tank, less head, as a shipping package will be de­
termined. 
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No. 
Package 

2 

3 
4 

2 

3 
4 

TABLE V-2 

Estimated Package Weight (Non Code Design) 

System 
Pressure 

2,000 

2,000 

2,000 

1,500 

1,500 

1,500 

Material: 

Basic 
Shell 

6,400 

4,260 

2,740 

5,100 

5,400 

2,200 

Flange 

7,500 

6,000 

4,800 

6,000 

4,800 

5,900 

Internal 
Structure 

4,000 

4,000 

4,000 

4,000 

4,000 

4,000 

Weight 
per 

Package 

17,900 

14,260 

11,540 

15,100 

12,200 

10,100 

T-1, Allowable Working Stress 50,000 psi 

Possible Equip­
ment Weight 

12,100 

15,740 

18,460 

14,900 

17,800 

19,900 

No. 
Package 

2 

5 
4 

2 

5 
4 

TABLE V-5 

Estimated Package Weight (Code Design) 

System 
Pressure 

2,000 

2,000 

2,000 

1,500 

1,500 

1,500 

Material T 

Basic 
Shell 

12,800 

8,520 

8,520 

10,200 

8,520 

8,520 

Flange 

7,500 

6,000 

4,800 

6,000 

4,800 

5,900 

Internal 
Structure 

4,000 

4,000 

4,000 

4,000 

4,000 

4,000 

Weight 
per 

Package 

24,500 

18,520 

17,320 

20,200 

17,520 

16,420 

-1, Allowable Working Stress 26,500 psi 
Minimum Thickness 0.250 in. 

Possible Equip­
ment Weight 

5,700 

11,480 

12,680 

9,800 

12,680 

15,580 

MND-M-1852 



m 

TABLE V-4 

Three-Tank Configuratlcm—Estimated Weights of Shipping Packages 

k 

Package 

1. Reactor Package 

2. Steam Generator Package (l) 

3. Steam Generator Package (2) 

4, Third Containment Tank 

5. Auxiliary Equlpaent Package 

6. Above Grade Housing; Crane 

Non Coded Contained 
Flangnd Welded 

26,250 22,250 

29,600 25,600 

- 26,950 ~ 

12,200 — 8,200 

-- 28,500 --

Non Coded Non Contained 
Flanged 

28,950 

— 

26,950 

— 

11,900 

28,500 

Welded 

26,950 

— 

— 

— 

— 

--

Coded Contained 
Flanged Welded 

28,570 26,570 

27,520 23,320 

- 29,430-

25,020 19,020 

— 28,500--

Coded Non Contained 
Flanged Welded 

28,570 26,570 

— 

- 29,450 ~ 

- 14,900 — 

-- 28,500 --



TABLE V-5 

FM-1 Containment Concepts 
Non-Conventional 

I 
H 
C3 

I 

I 

vn ro 

No. 

1. 

2. 

3. 

4. 

5. 

Description 

Large volume—bolted 
flange vessel 
26 ft diameter 

TArge volume vessel 
bolted flanges—ex­
panding dcme 
30 ft diameter 

Multiple tanks— 
directed incident 
(2) 22 n long 
(1) 30 ft long 

Multiple tanks— 
energy absorption 
(2) 30 ft long 

Multiple tanks— 
energy absorption 
(2) 50 ft long 

Method of 
Containing Incident 

Expansion into large 
volume 

Expansion Into large 
variable volume 

Incident directed 
through use of pres­
sure sensing devices 
and pressure relief 
valves 

Absorption of energy 
by use of pebbles and 
h l ^ pressure vessels 

Absorption of energy 
through'use of alum­
inum wire mesh and 
high pressure vessels 

Design 
Pressure 

35 psig 

10 psig 

235 psig 

400 psig 

400 psig 

Number 
of Vessels 

(l) vessel 
(2) equipment 

packages 

(1) vessel 
(2) equipment 

packages 

(1) vessel 
(2) equipment 

packages 

(2) vessels 

(2) vessels 

Remarks 

1. 
2. 

3. 

1. 
2. 

3. 

1, 

2. 

1. 

2. 

3. 

1. 

2. 

Sealing problems 
Time consuming 
installation 
and aBsembly 
Fabricating 
problems 

Sealing problems 
Time consuming 
installaticaa 
and assembly 
Fabricating 
problems 

Reliability of 
sensing equip­
ment 
Difficult to 
maintain 

Requires de­
velopment and 
tests 
Installation 
time for pebble 
InB+.Bniit.Inn 
Re fue ling —^must 
remove pebbles 

Requires de­
velopment and 
tests 
To refuel—mxist 
remove wire mesh 

Further 
Investigation 

None 

None 

None 

None 

None 

• 



TABLE V-5 (continued) 

No. 

6. 

7. 

8. 

9. 

Description 

Multiple tanks 
(2) 25 n long 
(1) 30 ft long 

Multiple tanks 
(4) 30 ft long 

Multiple, tankn 
(2) Horizontal— 

30 ft long 
(2) Vertical— 

15 ft long 

Multiple tanks 
(2) Horizontal— 

30 ft long 
26 ft long 

(1) Vertical-
is ft long 

Method of 
Contaiaisg Incident 

E^qpanslon through full 

hl£^ pressure vessels 

Expansion through full 

high pressure vessels 

Expansion 'ttsrough full 

through bulUieads with 
preaaure dlaphrasaa 
into high pressure 
veaaels 

throu£^ bulldieadB with 
pressure diaphragis 
into high pressure 
vessels 

Design 
Pressure 

3^0 psig 

85 psig 

150 psig 

200 palg 

Number 
of Vessels 

(3) vessels 

(4) vessels 

(4) vessela 

(3) veaaels 

Remarks 

1. 

2. 

1. 

2. 

1. 

2. 

5. 

1. 

2. 

3. 

Equipnent skid-
mounted 
Field assembly 
problems 

Equipment skld-
Bounted 
Field assembly 
problems 

Skid-Bounted 
equipnent 
Field aaaeoibly 
not too diffi­
cult 
Pressure dla-
phraans required 

Ski demounted 
equlinent 
Field assembly 
not too diffi­
cult 
Pressure dia­
phragms re­
quired 

Further 

1. Tank Inter­
connections 

2.' Materlala 
3. Equipnent 

arrangement 
4. Use of Inner 

shells 

1. Tank inter­
connections 

2. Materials 
3. Zqulfnent 

arrangenent 
4. Uae of Inner 

shells 

1. Tank Inter-
connectlona 

2. Materials 
3. Equipnent 

arrangenent 
4. Uae of Inner 

ahells 

None 



TABLE V-6 

PM-1 Containment Concepts 
Conventional 

NO. 

1. 

2. 

3. 

Description 

Large volume welded 
vessel 3I+ ft di­
ameter 

Multiple tanks 
(U) 30 ft long 

Multiple tanks 
(k) 22 tt long 

Method of 
Containing Incident 

Expansion Into large 
volume 

Ejcpansion through small 
diameter tubes, with 
dlaphragns, into high 
pressure vessels 

Expansion through small 
diameter tubes, with 
dlaphragns. Into high 
pressure vessels 

r — 
Design Pressure 

35 psig 

82 psig 

115 psig 

Number 
of Vessels 

(1^ vessel 
(2) equipnent 

packages 

(,k) vessels 

(U) vessels 
(1) shield 

water 
supply 
tank 

Remarks 

1. 

2. 
5. 
4. 

1. 
2. 

3. 

1. 
2. 

Requires field 
welding 
Requires concrete 
Earth back-fill 
Time consuming 
installation 
and assembly 

No field welding 
Earth back-fill 
or 
8 shield water 
tanks 

No field welding 
Earth back-fill 

• 

Further 
Investigation 

None 

1. Flange Joints 
2. Materials 
3. Equipment 

arrangement 
k. Use of inner 

shells 

None 
Not enough 
maintenance room 
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TABI£ V-7 

Package Wei^ts—Non-Coded Contained System 

1, Reactor Package 
a) Shell (with head) 
b) Reactor vessel 
c) Mount 
d) Demlneralizer systems 
e) 1/5 Primary loop pipe 
f) Insulation 

2. Steam Generator Package (containment) 
a) Shell (with head) 
b) Reactor head 
c) Primary coolant inmp motor 

and Impeller 
d) Actuators 
e) Two air blast coolerB for shield water 

3. Steam Generator Package (structure and cover) 
a) Shell 
b) Steam generator (vertical) 
c) Pressurizer 
d) 2/5 Primary piping 
e) Two charging pianpe 

f) Waste pump 
g) Auxiliary piping 
h) Insulation 
i) Two shield water pumps 
j) Primary pvmp Involute and mount 

4. Third Containment Tank 
a) Shell (with head) 

5. Building and Support Structure 
Hoist, "A" Frame Gantry Structure 

NOTE: Weight of packages 1, 2 and 4 will be reduced by 4,000 lb each if head 
welding replaces flanges. 

12,200 
9,600 
1,200 
2,000 
1,000 
250 

26,250 

12,200 
7,000 
2,500 

3,000 
4,900 
29,600 

7,000 
11,000 
3,000 
2,000 
600 

200 
250 
250 
130 

2,500 
26,950 

12,200 
12,200 

24,500 
4,000 
28,500 

lb 

lb 

Ih 

Ub 

lb 

lb 
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TABLE V-8 

1. 

2 . 

Package Weights—Non-Coded, 

Reactor Package 
a) 
b) 
c) 
d) 
e) 
f) 
g) 
h) 

Shell 
Reactor vessel 
Mount 
Demlneralizer systems 
1/5 Primary loop pipe 
Insulation 
Actixators 
Primary coolant pump motor 

Steam Generator Package (structure 
a) 

""} 
c) 

^} 
e) 

f) 
g) 
h) 
1) 
J) 

Shell 
Steam generator (vertical) 
Pressurizer 
2/5 Primary loop pipe 
Two charging pumps 

Waste pimip 
Auxiliary piping 
Insulatlon 
Two shield water pumps 

Non-Contained System 

and Impeller 

and cover) 

Primary ptoap involute and moimt 

9,400 
9,600 
1,200 
2,000 
1,000 
250 

3,000 
2,500 
28,950 lb 

7,000 
11,000 
3,000 
2,000 
600 

200 
250 
250 
130 

2,500 
26;930 3i) 

3. Auxiliary Skid Shipped Eq.\iipnent 
a) Reactor head 
b) Two Air blEust coolers for shield water 

4 . B\iilding and Support Structure 
Hoist , "A" Frame Gantry Structiire 

7,000 
4,900 

11,955 lb 

24,500 
4,000 

2«,500 lb 

NOTE: Package 1 weight will decrease by 2,000 lb if head welds are used. 
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TABLE V-9 

Package Weights—Coded Contained System 

1. 

2. 

4. 

Reactor Package 
a) Shell (less head) 
b) Reactor vessel (less head) 
c) Reactor vessel mount 
d) Demlneralizer systems 
e) 1/5 Primary loop pipe 
f) Insulation 

Steam Generator Package (containment) 
a) Shell (with head) 
b) Reactor head 
c) Actuators 

Steam Generator Package (structure and cover) 
a) Shell 
b) Steam generator (ver t ica l ) 
c) Pressurizer 
d) 2/3 Primary loop piping 
e) Two charging p\mips 

f) Waste pump 
g) Auxiliary pipe 
h) Insulation 
1) Two shield water pxmips 
j) Primary pump involute and mount 
k) Primary coolant pump motor and impeller 

Third Containment Tank 
a) Shell (with head) 
b) One head from package No. 1 above 
c) Two air blast coolers for shield water 

Building and Support Structure 
Hoist, "A" Frame Gantry Structure 

14,520 
9,600 
1,200 
2,000 
1,000 
250 

2«,570 

17,520 
7,000 
5,000 

27,520 

7,000 
11,000 
5,000 
2,000 
600 

200 
250 
250 
150 

2,500 
2,500 
29,450 

17,520 
2,800 
4,900 
25,020 

24,500 
4,000 
25,500 

lb 

lb 

lb 

lb 

lb 

NOTE: Package 1 weight will decrease by 2,000 lb if head welds are used. 
Package 2 weight will decrease by 4,000 lb if head welds are used. 
Package 4 weight will decrease by 6,000 lb if head welds are \ised. 
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TABLE V-10 

Package Weights—Coded Non-Contained System 

1. Reactor Package 
a) Shell (less head) l4,520 
b) Reactor vessel 9,600 
c) Mount 1,200 
d) Demlneralizer systems 2,000 
e) 1/3 Primary loop pipe 1,000 
f) Insulation 25O 

28,570 lb 

2. Steam Generator Package (structure and cover) 
a) Shell 7,000 
b) Steam generator (vertical) 11,000 
c) Pressurizer 3,000 
d) 2/3 Primary loop pipe 2,000 
e) Two charging pumps 6OO 

f) Waste pimip 200 
g) Auxiliary piping 25O 
h) Insulation 25O 
i) Two shield water pumps I30 
j) Primary pump involute and mount 2,500 
k) Primary coolant pimip motor and Impeller 2,500 

29,430 lb 

3. Auxiliary Skid Shipped Equipment 
a) Reactor head 7,000 
b) Actuators 5,000 
c) Two air blast coolers for shield water 4,900 

14,900 lb 

4. Building and Support Structure 24,500 
Hoist, "A" Frame Gantry Structure 4,000 

2a,500 lb 

NOTE: Package 1 weight will decrease by 2,000 lb if head welds are used. 
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This method will allow the use of the containment taiiks for both 
contained and noncontained versions with a minimum amount of change 
to the system and package design. Packages which exceed the 30,000-
ib allowable weight will be lightened by removing certain components. 
They will be shipped on a separate disposable skid or frame complete 
with dust cover. 

(5) For a noncode containment design, the nimiber of shipping packages 
will be determined for integrally mounted and shipped equipment. Over­
weight packages will be lightened as mentioned above. 

(6) For a noncode containment design, the weights of containment tanks with 
and without cover heads using flanged or welded openings will be compared. 
Consideration will be given to necessary structural members for tank 
shell integrity, supports^and mounts. 

It should also be pointed out that non-ASME-code design will necessitate more 
rigorous analysis than has heretofore been used. This analysis could result in 
tank weight changes. 

D. SHIELDING 

E. Divita W. Owings 

General 

This section presents a summary of the work performed on the effects of nuclear 
radiations. The main objectives of the study were as follows: 

(1) To determine methods of providing primary Eind secondary shielding. 

(2) To evaluate the effects of various vessel diameters and thermal shield 
designs on reactor vessel gamma heating. 

Assumptions concerning the system geometry were made in order to estimate source 
strengths for shielding and gamma heating considerations. The primary loop of the 
PM-1 reference design (MND-I558) was chosen as the typical case and the core, reactor 
vessel, steam generator,£ind primary loop piping source strengths of this design 
were used in the studies. Minor variation of this design will not affect the con­
clusions presented in this report. The effects of major variations such as the 
utilization of a vertical steam generator are discussed. Analytical methods are 
presented in Appendix B. 

Biological Shield Studies 

The relatively high neutron fluxes present within and surrounding a compact 
10-mw core produce intense sources of neutron and gamma radiation within 
the primary system. The primary objectives of this phase of the study were to 
determine methods of providing primary and secondary biologlceil shielding, to 
estimate shield thickness requirements euid to examine specific shielding problems 
encountered in primary system relocation. A preliminary investigation of several 
general shield configurations provided a background for analysis of the specific 
designs which are presented in this report. This investigation considered placement 
of the primary packages and utilization of various types of shield materials with the 
reactor and steam generator packages varying in placement from completely below 
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to ccanpletely above the ground surface. Shielding materials utilized were water, 
lead, iron, plastics and earth. The most reasonable concepts were incorporated 
in the specific designs in this report. 

Detailed shield analysis of three conceptual designs being considered are 
given in Figs. V-4 and V-5. There were many other designs considered but these 
three show the basic features of all designs. Shield water is shown on these 
drawings for comparison purposes only. Referring to design configuration No. 1 
(Fig, V-4) the following comments can be made: 

(1) A cylindrical lead shield 6 in, thick and 5 ft high surrounding the 
reactor would eliminate the need for the shield water tanks. The 
neutron radiation at certain points may be excessive but this can 
be reduced by 1-1/2 ft of water or a plastic equivalent. 

(2) The water tanks CEUI be replaced by earth contained in a tajik 4 ft x 
8 ft X 21.5 ft. Lead is not required. The^estimated earth volume is 
15,500 cu ft with this variation. 

Referring to design configurations 2 and J (Fig. V-5) the following comments 
can be made: 

(1) If the shield water tanks are replaced by contained earth and the lead 
thickness is reduced to 3 in,, the gamma dose rates at the outer surface 
will be less than 100 mr/hr. The fast neutron dose rates will be less 
than 25 mr/hr. 

(2) Air-scattered radiation is negligible. 

(3) Radiation from pump and primary coolant piping will cause local high 
levels, approximately equal to those on the extended radial centerline 
of steam generator, at the outer surface of the water containment. 

(4) Dose rates on containment surfaces frcm reactor radiation will be 100 
mr/hr or less; dose rates frcm steam generator radiation will be 250 
mr/hr or less. 

(5) Without a lead shield around the reactor, dose rates are of about 10 
mr/hr where the extended radial centerline of the core intersects the 
containment surfaces. 

(6) A 2-in. lead shell around the active region of the steam generator will 
decrease the surface doses by approximately a factor of 10. 

(7) The amount of lead shielding required to shield the single package concept 
8 hr after shutdown would be excessive in volume and weight. 

Dose rates were computed during reactor operation at full power and 8 hr 
after shutdown for various points of interest. Shield optimization was not attempted. 
More detailed studies will be performed during preliminary design. Considerable 
weight reduction may be realized when the core, reactor vessel,and steam generator 
geometries are better defined. For the most part, high radiation levels exist in areas 
where little or no personnel access is expected. One exception to this occurs in the 
single package design of configuration 5 (Fig. V-5) where excessive dose rates from 
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fission products and the activated pressure vessel occur in the vicinity of the 
steam generator, access to which is required after shutdown. The lead shielding 
required to reduce the dose rates to tolerable values would be excessive. Also, 
in this configuration, the primary loop pump is located in a region of high fast 
neutron flux; certain types of motor insulation would suffer excessive neutron 
damage. The single package concept is considered unacceptable frcm a shielding 
standpoint. 

The following were true for all designs except that of the single package: 

(1) Access is possible to the steam generator and coolant pump 8 hr 
after shutdown . 

(2) Adequate shielding of radiation frcm the core, pressure vessel ajid acti­
vated impurities in the primary loop piping is provided during operation. 

(3) Adequate shielding is provided to prevent neutron activation of the earth 
and subterranean water. 

{k) Adequate shielding is provided for refueling operations. 

Preliminary shielding data for a vertical steam generator was developed 
assuming dimensions and wall thicknesses set forth in vendor data. Primary coolant 
activation was assumed to be the same as in the PM-1 reference design. Shielding 
requirements along the radial centerline were found to be approximately the same as 
in the horizontal version. Appreciably lower dose rates occur along the axial 
centerline because of material thickness, shielding effects of secondary water and 
the large void area above the radioactive portion of the steam generator. The 
vertical design is, therefore, considered more acceptable frcm a shielding standpoint. 

Gamma Heating of the Reactor Vessel 

A general study of varying water gap and thermal shield thickness was performed 
to develop data for the determination of a reactor vessel configuration, including 
vessel inner diameter, wall thickness, thermal shield thickness and thermal shield 
placement within the vessel. Determination of the configuration involves consider­
ation of the following: 

(1) Maximum allowable stress in the reactor vessel during normal operation . 

(2) Primary loop internal design pressure . 

(5) Maximum integrated fast neutron flux within the reactor vessel wall. 

(k) Vessel steel type. 

The maximum allowable tangential stress is set by the A3ffi Boiler Code for any type 
of material. Internal operating pressure is determined by consideration of many 
plant operating and design factors other than stress. The maximum allowable inte­
grated neutron flux is determined by consideration of radiation damage and expected 
life of the pressure vessel. 

In view of the wide range of designs being considered during the parametric 
study, it was felt that the most useful data would be a presentation of gamma heating 
rates and fast neutron fluxes for various thermal shield thiclaiesses and pressure 
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vessel inner diameters. Heating rates within the reactor vessel are a maximum 
along the core radial centerline and may be expressed as follows: 

Q(x) = Q^ e-P^ (1) 

where: Q(X) is the gamma heating rate (Btu/in.-hr) a distance x radially 
outward from the vessel inner surface. 

Q is the heating rate (Btu/in.-hr) at the vessel inner surface. 

P is the attenuation coefficient (in. ) 

Graphs of Q and p for gaps between the core and pressure vessel wall of from k.O 

to 28 in., and thermal shield thicknesses to 1.5 in. are given in Figs. V-6 through 
V-9. Integrated fast neutron flux at the inner surface of the pressure vessel for 
1-yr operation at 10 mw may be determined approximately from Fig. V-10. 

The data presented in Figs. V-6 through V-IO wgre used in developing the plots 
of thermal stress versus water gap presented in the Core and Pressure Vessel Design 
Studies Section of Chapter III. 

E. PACKAGING AHD SHELTER 

A. Layman J. Reilly 

Packaging and shelter studies for the PM-1 Power Plant have been directed 
toward the evaluation of existing methods and establishment of a shipping package 
and housing concept suitable for transportation of components by plane, rail, truck, 
or ship to a remote site. The requirement for plant relocation has placed emphasis 
on concepts in which shipping packages and site shelters use ccmmon housing panels. 
In addition, it was established early in the program that the plant shelter should 
provide true arctic housing. The typical arctic problems of eliminating through-metal 
and the need for an. absolute moisture barrier are definitely involved because of 
the FK-1 requirement for operation at temperatures as low as -60° F ambient. 

Other important factors in the establishment of the concept for packaging and 
shelters were the limitations arising from shipnent in the C-150-type aircraft and 
the requirement for quick site erection. 

Shelter Concepts sind Evaluation 

The factors Investigated, such as package weight limitations, environmental 
conditions, external loadings and deflections, panel design and shelter configurations, 
all emphasized the desirability of utilizing the shipping packages in constructing 
the power plant shelter. The rigid, lightweight construction required for air ship­
ment results in the design of a panel which can be made compatible with arctic 
requirements. The main disadvantage is that the panels may be subject to damage during 
shipment; this condition is a consequence of the stringent package weight limitations. 
If damage becomes a problem, protective plywood covers can be added to the packages 
when shipped (except by air),in which case additional weight would be allowable. In 
any event, the packages must be desigpied with an inherent capability of serving as 
shelters since they must be weatherproof, rigid, and lightweight for shipment and 
for storage prior to installation. 
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The shelter for the secondary system can be constructed by arranging the 
shipping packages in a hollow square, and then swinging the lightweight inner side 
panels up to form a peaked roof. The area underneath this roof would provide ample 
access to equipment for maintenance and for placement of such additional equipment 
as the turbine generator. Strong, one-piece panels would make an excellent leak-
proof roof. A slope would be built into the package roof to allow run-off. Joints 
requiring seals are those points where the packages come together: the ends of 
adjoining packages, the peak,the shed roof and the roof ridge. This combination 
package-shelter configuration was selected after competring these five possible 
methods of providing shelter. 

Method 1. A standard prefabricated building, shipped in separate packages euid 
erected on the site prior to installation of the equipment . 

Method 2. A specially-developed arctic -type prefabricated building, constructed 
of structureLl sandwich panels, shipped in separate packages and 
erected on the site prior to installation of equipment. 

Method 3- A building constructed from the sides of the shipping packages prior 
to installation of the equipment. 

Method k. A building formed by arrangement and interconnection of shipping 
packages and removEil or fold-out of seme of the side panels, with 
equipment integrally mounted in packages. 

Method 5. Each shipping package used as the shelter building for the contained 
equipment, without modification. 

Each of the above methods heis advantages and disadvantages as summarized in 
Table V-11. 

TABLE V-n 

Equipment Shelter Concepts 

Method 

1. Standard prefabricated 
building 

Advantage 

Low initial cost 

Little R and D 
expense 

Readily available 

Disadvantage 

Not a true arctic building, dif­
ficult to insulate and vapor seal 

Requires more packages than 
methods ^, k and 5 

Heavier conventional packing 
crate required 

Assembled with many small parts, 
nuts, bolts, plates, etc. Long 
erection and relocation time, 
high erection costs 

Special prefabricated 
building, sandwich 
panels 

Psinels less apt to 
be damaged than 
methods 3, 4 and 5 

More costly than method 1 

Requires more packages than J>, k 
and 5. Additional packaging 

True arctic building materieil required for shipping 

Less maintenance Longer erection time than k anc" 5. 
than in method 1 

Building can be set 
up before equipment 
arrives 
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Method 

Shelter building made of 
shipping package sides 

k. Package interconnection 
to form a shelter 
building 

TABLE V-n (continued) 

Advantage 

May not require addit­
ional packages 

Less maintenance than 
method 1 

True arctic building 

No pre-erection re­
quired before arrival 
of equipment 

Does not require swi-
ditional shipping 
packages 

Shorter setup time 

Shorter relocation 
time 

True arctic shelter 

Less maintenance than 
method 1 

More systems can be 
built in 

Lighter weight pack­
ages than convention­
al packing crates 

Disadvantage 

Building cannot be set up until 
equipnent etrrives; then must be 
erected before equipment can be 
instal 1ed 

Panels more subject to damage 
than 1 and 2 

Sizing panels would be a problem 

Less working space and access to 
equipment than 1 and 2 

Requires development program 

More costly than method 1 

Panels subject to damage (but 
easily replaced) 

5. Shipping package is 
shelter building 

Minimum site erection Work area in the shelter would 
time 

Minimum relocation 
time 

True arctic building 

be too confining and equipnent 
Inaccessible; no further con­
sideration will be given this 
design 

Plant Module Shipping Requirements 

The FM-1 Power Plant will consist of modular sections for quick assembly at a 
remote site. These sections will be packaged for shipment primarily by air in C-I50 
aircraft. Considerations have also been given to shipment by rail, truck and ship. 
In designing the packages for air shipment the following requirements were con­
sidered: weight, center of gravity, distribution of weight over the aircraft floor, 
cost, ease of setup, ease of relocation and rigidity (to minimize loads induced in 
equipment due to package bending). In designing the package so that it, or a portion 
of it, may be used to form an arctic-type shelter, consideration was given to fully 
insulating panels with absolute vapor barriers, eliminating through-metal penetrations, 
providing weather tightness at panel Joints and providing construction sufficiently-
sturdy to withstand wind and snow loads. Figure V-11 summarizes the size and center 
of gravity requirements for shipnent by C-I30 cargo edrcraft. 
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Package Weight 

Weight of the packages will depend upon the final materials selected. If the 
package, its panels, or a porticai of the package is to serve as an Arctic shelter, 
then the panels must be of low density, hence lightweight, and possess good insu­
lating qualities. If the package is not to be used as a shelter, then more readily 
available materials might be used. However, a standard wood crate constructed in 
accordance with MIL-P-6057 would be excessively heavy for air shipnent. A crate 
8 ft 8 in. X 8 ft 8 in. X 30 ft long, which is the maximum size shlppable in the 
C-150, would weigh 8,800 lb. 

The maximum weight allowable in C-I30 aircraft for the required 1000-mi 
mission was determined by running a mission analysis and calculating fuel con­
sumption for takeoff, climb, cruise at econonical altitudes, let down, landing 
and a return mission with the aircraft empty. The results of the analysis showed 
that the C-I30-A aircraft can carry 30,000 lb suad the C-I30-B aircraft can carry 
33,000 lb. Since availability of the "B" aircraft is questionable, 30,000 lb 
has been established as the upper package weight limit. 

Panel Requirements 

Rigidity of the package to minimize bending will be the critical factor in 
determining the thickness or strength of the panels, rather than insulation require­
ments, snow loads,or wind loads. For balsa wood core panels, a minimum thickness 
of 2 in. was found to be adequate in both insulation qualities and in strength 
required for snow loads. Heat loss calculations were made for 2-in. and ^-in. 
panels using balsa as an insulator which has a "K" factor of 0.025. With a A T 
of 125° F, the heat loss through the walls represents only 25 to 5036 of the 
estimated heat gained by the shelter from the operation of equipnent In the shelter. 
Deflections on a 2-in, panel were calculated with a 30 Ib/sq ft snow load. 
Using an 8-ft balsa core panel with O.OlO-tn* stainless steel faces and supported 
at its ends, a 0.555-in. deflection was calculated. 

Rigid Base Design 

Design of the package must be such that minimum deflections occur during ship­
ment and loading operations since bending induces loads Into the equipnent causing 
possible piping and structural failures. Insufficient head roan is available in the 
aircraft to permit designing an equlpnent-mounting frame or skid of sufficient depth 
to minimize bending and thus to distribute the loEid. It may, therefore, be required 
that the panel sides be utilized as structural bending members. In addition, the load 
on the aircraft floor cannot exceed 1000 lb/ft of length in the cargo ccm-
partment except for a section lk tt 2 in. in length which can acconmodate a floor 
loading of 3OOO lb/ft. This also requires that the package be designed as a rigid 
member. 

Panel Design 

As previously discussed, the package sides must be sufficiently rigid to minimize 
bending and also must be of lightweight construction for air shipnent. Arctic-type 
panels were first considered for package sides. These panels were of sandwich con­
struction providing insulation, vapor betrrier and strength within themselves to support 
snow loads and to withstand wind loads without additional f̂ ramework. These light­
weight panels, approximately 4 ft x 8 ft in size, are designed for quick assembly 
at the site and are held together by wedge fasteners. To handle the bending loads 
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imposed by hoisting or moving over irregular surfaces, however, a continuous 
structin-al member within the package is required. Thus, the sandwich peinels do 
not appear practical. In addition, the wedge and cam fasteners cannot take the 
shear loads. Wanigans, used as shelters for cross country antarctic expeditions, 
use large panels spliced together with shear strips. The most practical solution 
to the problem appears to be the use of one continuous panel with an integral 
truss constructed in a manner similar to lightweight arctic panels for the sides 
and roofs of the packages. The following advantages are cited: 

(1) A single panel would eliminate the problem of shear connections or 
fasteners between panels, 

(2) Air le£ikage through the Joints would be eliminated, 

(3) A better vapor barrier is provided by using a continuous (metal) skin. 

{k) Fewer roof Joints will reduce leakage smd heat loss , 

(5) A more rigid beam is provided to distribute l̂ e load evenly over the 
aircraft floor, permitting heavier equipnent and fewer packages, 

(6) Bending is minimized which reduces loads induced into the equipnent 
within the package. 

(7) Large single psuaels are cheaper than individual panels of the same area. 

(8) Single panels weigh 25^ less than a group of individual pamels, 

(9) Large single panels are more readily adaptable to an integral truss 
member. 

The main disadvantage may be difficulty in replacing peuiels in the event of damage 
during shipment. This will be evaluated in more detail during preliminary design. 
At the very worst, shipment damage could impose no greater penalty than that imposed 
by adopting the alternate design concept of shipping a prefabricated building in 
separate packages. 
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VI. PLAMT SYMTHBIS AMD DE3CKEPTICM OF SELECTED DESIGN 

Project Engineer; R. Akin; C. Fox 

This section of the report presents the methods used and conclusions reached 
in the study of overall plant charaicteristies. Those design variables which are 
strongly interdependent are best studied in terms of their effects on the overall 
system. Thus the primary loop studies, secondary loop studies and steam genera­
tor studies were combined into total plant studies. The information developed 
in these overall stvidies included system pressvires, temperatiires and flows, types 
of steam cycles, auxiliary power requirements, plant weight, plant cost and fuel 
costs. Details of this work are presented in the following pages. 

PLANT SYKTSESIS STUDIES 

W. Koch R. Baer J. Beam C. Smith 

The net electrical production, process beat prodtiction, air transportability, 
and all other basic contraxit requirements were met by all of the designs that 
were formed throiigh integration of the various primary and secondary systems. 
This integration process involved the following nine independent variables: 

(1 

(2 

(3 

{k 

(5 

(6 

(7 

(8 

(9 

Fuel element diameter (D ) 

Fuel element pitch (S) 

Core diameter (D ) 
^ c 

Core length-to-dlameter ratio (l/^) 

Primary system pressure (P ) 

Steam generator log mean tenperattn:e difference 

Type of steam cycle 

Secondary system steam pressure (P ) 
s 

Turbine exhaust pressure (P exh) 

Other variables were either handled as dependent variables or established as con­
stants for the plant integration effort. Selecting three values of each of the 
nine parameters and investigating all combinations would require consideration of 
about 20,000 cases. The engineering cost of such an Investigation would probably 
exceed the maximum cost differential encountered in the study. Therefore, prior 
to the integration effort, the range of variables was reduced as far as possible 
through practical considerations such as relative weight, conqplexlty,or cost. 
Thus, most of the actual plant integration efforts were conducted with a single, 
nonextraction, txirbine-generator, vertical steam generator, gross electrical pro­
duction of 1250 kw and a single primary coolant pump in a 6-in. main coolant line. 
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Furthermore, it was tcnmd by inspection of the early results that low 
weight, low cost and simplicity of design were nearly synonymous. Once the basic 
framework WB.S established for the plant synthesis, the more detailed studies were 
directed toward finding the area of minimum capital cost. This was done for both 
nonboiling and local boiling systems. Finally, possible changes in the lowest 
cost systems were examined for their effect on layout, lower operating costs, etc., 
and a final selection was made. Thua the plant synthesis study consisted of three 
major steps: 

(1) Determination of the approximate range of parameters \dilch leads to a 
minimum capital cost, minimum weight system. 

(2) A detailed study within the range of interest to determine the mini­
mum-capital-cost system. 

(3) Analysis of changes In system design ̂ rtilch lead to improved design or 
reduced operating costs and evaluation of the effects on capital costs 
of such changes. 

1. Local BolUng System Studies 

In the first portion of the local boiling system stiidies, only secondary 
systems using a single, nonextraction, tin'bine-generator were considered becatise 
this is the lowest weight and lowest cost secondary system. 

The core diameter was held constant at 22.5 in. since nuclear st\idies indi­
cated that to be the minimum diameter required for a two-year core life. The 
minimum core diameter defines the pressure vessel and pressinrizer of smallest size, 
weight and cost. 

For the purpose of chis study, a fixed core L/D of 1.25 was assumed. This 
led to an active tube length of 28 in., which adequately meets both heat transfer 
and fuel loading reqtdrements. If the core length changes, the absolute cost, 
weight, etc./of the pressvu:e vessel and presstirlzer will also change, but this 
small change will not significantly affect overall costs. 

A fuel element diameter of I/2 in. was chosen as the best for this system, 
for the following reasons: 

(1) Surface area is not a limiting criterion in a local boiling system, 
hence we are not restricted to small diameter tubes on close pitches. 

(2) There is a limit to the thickness of the fuel cermet (approximately 
0.030 in.) and the quantity of fuel (30 wt 5t) that can be included in 
the cermet by the fuel element processes presently in use, hence we 
cannot use large heavily loaded tvibes. 

(3) Fabrication of elements having an active length of more than 30 in. 
is not feasible \ising available fuel element production facilities. 

(î ) Present fabrication methods have been successfully applied to elements 
up to 1/2 in. in diameter. 

(5) The space between fuel elements should be at least 0.10 in. for heat 
transfer considerations. 
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VI-3 

(6) Nuclear studies showed little or no change in fuel inventory as tube 
size and spacing were changed. 

(7) Assuming a fixed cermet thickness, wt $ UO^ and fuel inventory, and 

considering the fact that using tubes as columns limits their -r ra­
tio to about 75 or less, a study of required core diameters for 
given values of tube diameter and tube spacing (Fig. VI-l) showed 
that a fuel element I/2 in. in diameter gives the smallest core 
diameter. 

Only 6-ln. primary piping was considered because of the cost and weight 
penalty Involved in 8-ln. pipe and the high head loss restilting from the use of 
5-in. piping. This is discussed in more detail in Chapter III,Section E. The 
schedule number of the pipe was varied with pressure in accordance with the ASA code. 

In an effort to keep the number of cases to a minimum, only two values of 
steam pressiure and steam generator logarithmic mean temperatxure difference were 
considered in the first portion of the study. The values selected were 3OO and 
500 psla and 30 and 60* F respectively; these represent the approximate limits 
of the range of interest. 

Primary loop flow rates of ihOO, I7OO and 2000 gpm were studied to permit 
coverage of the entire range of flows which are feasible using 6-ln. pipe— 
considering the power requirements of the primary pun?). Turbine back pres­
sures of 6, 9 and 11.5 In. of Hg abs were investigated. The resultant varia­
tions of condenser fan power cover the entire range of available auxiliary 
power. 

The values of all the parameters needed to determine the capital cost and 
weight of the system were established in the following manner. Using Fig. 
VI-2*, the primary loop pressure was determined for the selected values of 
primary loop flow rate, steam pressure and steam generator logarithmic mean 
temperature difference. This pressure then determined the primary piping 
schedule nimiber. The total head loss in the primary piping, reactor and steam 
generator was found using Figs. VI-3/ VI-Ĵ  and VI-5 » The power requirement 
of the primary ptuip was then calculated, and added to the 1000 kw output and 
the 80 kw allowed for all other primary loop auxiliary equipment in order that 
the net electrical production required from the secondary loop could be deter­
mined. 

Then Figs. VI-6 throvigh VI-I6 were vised to determine the weights and 
costs of the components listed below: 

(1) Steam generator (Figs. VI-6 , 7 and 8) 

(2) Reactor vessel (Fig. VI-9) 

(3) Primary loop piping (Fig. VI-10) 

This and many of the following curves appeared in Chapter III. They are 
duplicated here for the convenience of the reader. 
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{k) Primary pung) (Figs. VI-11 and 12) 

(5) Pressurizer (Figs. VI-I3, lk and 15) 

(6) Auxiliary systems (Fig. VI-I6). 

Figure VI-I7 shows the variation with primary pressure of the total es­
timated capital costs of the six primary loop components set forth above. The 
cost of each of the six con?)onents, except the steam generator, varied with 
pressure. The breakpoints at I3OO and 1790 psla are due to changes in primary 
piping schedules; the break at I5OO psla is due to the change of primary pun̂ ) 
type from canned motor to mechanical seal. The Increase in cost with de­
creasing pressiore betweoi brealqpoints is due to the higher puiis>ing rates re­
quired to maintain primary loop teiis>erature with decreasing pressvire. As was 
discussed in Section III of this report, the basis for cost evaluation of the 
pressurizer and the pressure vessel was cost per pound; the basis for evaluating 
the steam generator was Westlnghouse-develqped cost data; and the basis for 
evaluating the piping, puiqp and auxiliary systems was a comDination of vendor-
and published-information. 

Costs of systems using 5OO psia steam and 30* F log mean teng>erature dif­
ference were investigated and found to be higher than for the above case. 

In view of the results obtained in this first phase of the local boiling 
study, the second portion of the study was restricted to primary system pres­
sures of 1500 psia and below. Again only single turbine generator secondary 
systems were considered. It shovild be noted that the cost of secondary sys­
tems did not vary significantly over the ranges considered here and below; 
these costs are not included in the totals of the various figures. 

The method of integration used in the second portion of the study was 
identical to that used in the first, with two exceptions. First, primary loop 
pressure was selected as an independent variable; Fig. VI-2 was used to de­
termine the required primary coolant flow rate. Second, the turbine exhaust 
pressure was not treated as an Independent variable. Instead, gross power 
production was held at 12^0 elcwand the condenser fan power was adjusted for each 
case to a valvie such that the total auxiliary power was exactly 25O kw. This 
method was used so that all systems coiqiared would have equal auxiliary power 
requirements. 

Initially, steam pressures of 25O, 3OO and J4OO psia and steam generator 
logarithmic mean temperature differences of 30, kO, 50 and 60° F were studied 
at a primary pressure of I5OO psia. The resulting variation in capi1;al cost, 
shown in Fig. VI-18, clearly indicates that capital costs decrease as secondary 
steam pressiures decrease. In the cases presented in Fig. VI-18, only two of the 
six primary loop components—the pvmp and the steam generator—vary in cost. 

Figures VI-19 and VI-20 were next obtained to attempt to find the mini­
mum capital costs under varying conditions of primary and secondary system 
pressure, and log mean temperature difference. In these cases, the capital 
costs of all six of the primary loop conponents varied. The use of primary 
pressures below I3OO psia were briefly investigated and found to result (again 
due to increased pvm{)ing requirements) in increased capital cost. 

MND-M-1852 



28 

26 

t>2k 

0) 
u o o 

22 

20 

Core Inventory = 26 kg 
uermeTi xnicKxiess = u.;)U in. 
Cermet Weight {i> of UO ) = 25 Wt ̂  
50 Structural Elements 
6 Cruciform Rods 5 in. Across 

\ 

^ - ^ 

_ ^ 

/ 

/ 

/ 

/ 

/ 
/ 

y 
y 
y 

X 
y 
\ 

\ 

y 
y 

y* 

y 
y 

. 1 
^ 0 . 1 5 0 - i n . 

1 
^ 0 . 1 30-in. 

y 
y 
y 

Gap 

Gap 

5/8 1/2 5/8 5/4 7/8 
Tube Size (in.) 

Fig. VI-1. Tube Size as a Function of Core Diameter--Local Boiling Core 

MND-M-1852 





VI-7 

>x 

koo 

-

•S>T, 

- " • 

••.. 

" ^ 

^ 

— 

r==* 

2000 

1800 

- ^ 

^-^ 

^ 

/ 

/ 

1 
J f 
f 
— y 

/ 

1 
/ / 

^ 
— • 

... 

^ -

"mm 

• ^ 

- \ 

- ^ 

7 
/ 
/ 

-4 

7 
/ 

/ 

/ 

•H 7 1 

t 

»**». 

. 

— 

• •.. 
— 

"^^ 

- —. 

y 

y 1 
I 

J 
J 
1 

1 
f 1 

7-7 1 

1 

- -

9^ 

/ 

y 
t-

> 

/ 

1 I r 
/ 1 
1 

. .u .^ 

— 

—-
.... 

/ 

/ 
f 

5 ^ i 

/ 

1600 

7 
A 
- / 
/ 

7 
/ 

/ 
/ 

/ 

-h 
J 

/ 
f 

- —-

. ̂ ^̂  

— . 

— 

; / t-

/ 
J— ' 
1500 

v 
/ 

/ 
/ 

y 
/ 

7 
/ 

/ 

/ 

^ 
' 

/ 

/ 

• " • " " 

/ 

A 
/ 

/ 

4 

/ 
f 

t 

/ 

/ 
L— 

/ 
/ 

/ 
/ 

/ 
f 

/ 

.... 

•7 / 

, ^ 

• • / 
^-

/ 
/ 
/ 

~y 
y 
/ 

JL 

/ 

L 
/ 

-/-
/ 

/ 
r 

/ 

L 

/ 
/ 

* *' * 

^ 

-A 
-y 
——. 

/ 
/ 

/ 
>t= 

/ 
/ 

/ 
/ 

-y 
/ 

/ 

/ 
/ 

/ 
/ 

^ 

— —. 

/ 
/ 

"/ 
/ 

/ 
/ 

7 d— 

/ 
/ 

/ 
/ 

-/. 
/ 

/ 
/ 

/ 

/ 

V 

/ 
/-

y 
/ 

y /_ -
11*00 

1200 

y 
/ 

/ 

/ 
/ 

y 

/ 

^ 
— 

— 3 * 

/ 

/ 
/ 

y 
/ 

^ 
/ _ 

" > 
/ 

/ 

/ 
^ 

y 

y 
y 

\y. 
7^ 

— 

y 
•y 

/ 
/ 

/ 
^ 

1300 

y 

y 

y ' 

y 
A-^ 

y 

/ 

— 

y 

y 
--'-

y 

y y~ 
~~i 

y 
1100 

y y 
1000 

y 

y 
-^ 

-Sec 

^ 
i^^^ 

y 
... 

^ 
y 

y 

y 

y 

-r 
/' 

y 
^ 

y 

y 

^ 

y 

. . . 

v^ 

^ 
y 

^ 
d--: 

^ 
y 

y-

y 

y 

y 

y 

y 

y 

... 

y 

y 

y 
. - i - j 

y 

y 
— 

y 
y 

y 

y 

^ 

y 

. . . . 
•p" 

y 

.... 

y 

y 

500 100 

Ann • AnI 

^ 

^ 

y 

^ 

-TM-
^ 

y" 
•T"^-

^ 
^ 

y'^ 

m^mm^ 

y 

r^ 

^ 

~y 

y ^ 

^ 

y 

-,^ 

^ 
j " * ^ 

-y-

900 ps ia Pr imary 
Operat ing Pressure 

ondar V s t 

^^y 

\'^ 

^ 
—— • 

y 

- ^ 

-n. 

^ 

••>-

^^ 

„-^ 

^ 
.... r..?J 
lOO - h o J 
1*00 -

- ^ 
500 - _60_ 
ioo' -' 80' 

^ 
: ? ^ 

bOO - 30 

500 -lOQ, 

y 

1*00 

A 

* x 

- 60 

- 30 

'300 ~t6 

^ ^ 

100 

^ 

^ 

5 ^ 

_^^ 

"J^ 

200 - 1 0 0 j . ' " ' ^ 

•y* 

- X 

^ 

y 

-*" 
y ^ 

y 

^ 
" — -

=— — 
_2po - 60 

TOO 

y 

?nn 

y 

- JU 

- fin 

y 

- 30-

200" - 601 

1000 1500 2000 

Plow Rate -(fpml 

2500 3000 

Fig. VI-2, Prijnary Coolant Mean Temperature as a Function of Primary 
Coolant Flow Hate--toc"51^oIllng 

Min)-M-l852 



VI-8 

10 
1000 

/ 

1 1 
III 
III 

/ 

/ , 

/ / . 

< / / 

/ / 

II 
1 

it 

^ 

/ 
/ 

/ / ^ 
/ / 

/ / 

/ 

R 1r» 1 ^ 

—5 in.--80 
...fx I n . , 1 /^ 

- 6 in.—12 

/ / / fj fi 
/ / / / 

/ / / / 

/// 

/ / 

O--2U5O 

0 - 1 8 5 0 

- - I 2 8 0 

0—2380 

0 - 1 7 7 0 

. . 1 2 8 0 

/ 
8 i t 

8 i i 

8 i i 

1 . - - I40--2070 

1.—120—1795 

1.—100—1^35 

Pipe S ize 8 i n . 
- -Schedule 80— 
Maximum Opera t ing 
P r e s s u r e I I 7 0 p s i g 

Based on 

50 f t of Seanaess P ipe 
12 Long Sweep Elbows 
^0 fBs Maximum Coolant V e l o c i t y 
Design Pr 

P r e s 
Maximum A 

S t r e 
0.065 Cor 
0.012 F r i 

e s s u r e = 
su re 
l l o w a b l e 
s s = 15 ,C 
r o s i o n A 
c t i o n Fac 

1.15 X 

XX) p s i 
llowaiic( 
: t o r 

Operat 

2 

i n g 

1500 2000 3000 
Flow Rate (KEOI) 

5000 7000 10000 

Fig. VI-5. Primary Loop Coolant Piping Head Loss, (ft),as a Function of Flow (gpm) 

MND-M-1852 



VI-9 

100 

90 

80 

70 

60 

50 

o 

o 
-p 

o 
u 

to 
CO 
0) 

PH 

)H 
O 
•P 
O 
(d 
0) 

50 

20 

15 

10 
9 
8 

7 

6 

Nonboiling 

J 

/ 

/ , 1 
/ 

A 

y 
/ / 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

V 

/ 

/ 
f 

Local Boiling 

Based on: 

Reference Design with 
Pressure Drop of 11.0 psi 
at 2000 gpn 
Sp Gr = 0.80( Constant) 

1000 2000 5000 5000 

Reactor Flow (gpn) 

7000 10000 

Fig. VI-4. Veiriation of Reactor Head as a Function of Flow Rate 
Under Non Boiling and Local Boiling Conditions 

MND-M-1852 



10 

Heat Load = 9.5 mw 
OD Tubes = 0.500 i n . 

420 Tubes, S h e l l ID = 28-5/8 i n . 

y 
y 

^ ^ 

, / 

^ 

y 
y 

/ 

/ 

'^ y 

y 

y 
/ 

^ y 

/ 

y 
/ 

1 

/ 
/ 

LMTD--65° F 

/LMTD—100° F . 

y 
y 

/ 
y . y 

4 

/ 
/ / 

/ 

•LMTD--30'' F 

" \ 

> \ 

1000 l400 l800 2200 

Primary Coolant Flow (gpm) 

2600 

Fig. VI-5. IM-1 Westinghouse Steam Generator 

MND-M-1852 



Heat Load = 9.5™ 
1 -onn 

r 

P Design = 2,500 p s l a 

,y 

y^ 
/ 

^ 

_y 
y 

y. y 

^ 

y 

/ 

Weight vs Cost • 

y 
y 

i 

/ 

/ 

1 
1 

1 

1 

^ / 

y 
y 

/ , 

y 

1 t 

y 

1 
1 
i 

^ 

:!\/y 

f 
f n/ 

1 

'r^L. 
r 

' ^ 

y 

/ y 

^ 

\l 
\ 

y^ 

500 p s i a 

575 p s i a 

250 p s l a 

/ ^ 
'/ 

/ 

/ 

• ^ V 

/ 

y 

c^ y 
y 
y 

• Weight vs e 

0.01 

100 

v 
50 

ST 

T V 
65 60 

0.02 

-^— 
50 

0.03 

45 
- 1 — 
ko 30 75 35 

Log Mean Temperature Difference ( " F ) (^TU) 

60 70 
"T" 
80 90 100 

Cost ($ X 10 ^) 

F i g . VI-6 PM-1 Westinghouse Steam Generator 

MND-M-1852 



14,000 

13,000 

12,000 

§ 11,000 

•p 
« 

^ 10,000 

p 
CQ 

50 

IM 

1 
100 

1 

75 65 60 50 45 4o 
Log Mean Temperature Difference (°F) (6^) 

1 1 ., 1_ -, - 1 

1 n 

35 
-1 
50 

60 70 80 90 100 

($ ^ 10^) 

F i g . V I - 7 . IM-1 Wes t inghouse Steam G e n e r a t o r 

MND-M-1852 



VI-15 

14,000 

13,000 

7,000 
0.01 0.02 0.03 

in 

_1_ 
100 75 65 60 50 45 40 55 

Log Mean Temperature Difference ("F) (9.^) 
30 

50 60 70 80 90 
Cost ($ X 10^) 

100 

F i g . VI -8 . PM-1 Westinghouse Steam Generator 

MND-M-1852 



VI-14 

50 

40 

'% 50 

• « « • 

5 20 

10 

lA^ 

o 
H 

5 
—̂' 

•a 

16 

14 

12 

10 

8 

- ^ 

. ^ 

_̂___̂  

. ^ 

^ 

— 

• — 

^ 

^ 

- ^ 

— 

- ^ 

^ 

^ 

" 

^ 

^ 

^ ^ 

; : : : : 

^ 

- ^ 

— 

_ ^ 

- - • 

':i^ 

^ 

• ^ 

. 

;;;;;:: 

y 
y 

^ 

^ ^ 

" ^ 

. ^ 

• ^ 

" ^ 

- — 

y 
y ^ 

^ 

y 
y 

y 
y 

. 

— 

Material: 302B with 
S.S. Clad 

y 

y^ 

y 
y 

^ 

^ ^ 

L = Core Length (in.) 

P - Primary Pres.gure (psia) 

28 

2000 
L = 
c 

ĉ 
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Minimum capital costs were found to occiir at primary pressures of I3OO psia 
and with steam generator log mean temperatto'e differences between 40 and 50° F. 

A number of additional considerations entered into the selection of the op­
timum case in the third phase of the study. The first consideration was that an 
increase in turbine weight occvu-s when the secondary steam pressure drops below 
280 psia. Since the turbine-generator pewikage is close to the maximum weight, 
a steam pressxire of 280 psia was selected to avoid this increase. The next con­
sideration concerned the steam generator. Since the package containing the steam 
generator is also close to the maximum weight, the logarithmic mean teng)erature 
difference of 50° F was selected to minimize steam generator weight. Finally, 
in order to account for uncertainties in the calculation of auxiliary power, the 
tvurbine exhaust pressure was raised from 7 to 9 in« of Hg. This leaves a mar­
gin of 20 kw in auxiliary power for sea level operation, and permits operation 
at 9 ia. back pressure at an elevation of 65OO ft. 

In the third phase of the st\idy, the following five different methods of 
changing from the minimum capital cost system were Investigated. 

(1) Increasing primary pressure and reducing primary coolant flow 
rate while maintaining the same secondary steam pressvire and 
logarithmic mean ten5)eratTn:e difference in the steam generator. 
The question here is whether the reduced punip cost and aiixiliary 
power requirement overshadow the increase in pressure vessel, 
presstirlzer and piping cost. 

(2) Increasing primary loop and secondary steam pressures while main­
taining primary coolant flow rate and logarithmic mean temperature 
difference in the steam generator. In this case, the advantage of 
Increased secondary system efficiency is to be balanced eigalnst an 
increase in the cost of all of the six primary loop components ex­
cept the pump. 

(3) Increasing primary coolant flow rate and secondary steam pressure 
while maintaining primary loop pressvire and logarithmic mean tem­
perature difference in the steam generator. Here the increase in 
pvmj) cost and power requirement, and steam generator cost is to be 
bsLlanced against the worth of increased secondary system efficiency. 

(4) Increasing secondary steam pressure and reducing logarithmic mean 
temperature difference in the steam generator while maintaining 
primary loop flow rate and pressure. The evaluation here is between 
increased steam generator cost and increased secondary system effi­
ciency . 

(5) Changing the type of secondary system while maintaining the primary 
loop pressure and flow rate, secondary steam pressure and steam 
generator logarithmic mean temperature difference (addition of a 
closed feedwater heater). The final case meikes it possible to 
conpare the effects of increased secondary system efficiency 
against the capital cost of an additional piece of secondary sys­
tem equipment. 
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The changes in capi1;al costs were compared to changes in core fabrication, 
burnup and fuel reprocessing costs for the variations described above. Com­
parisons were made based on a five year pay-off period, since this was con­
sidered applicable to a military system designed for reliability, low cost and 
air transportability. The cost of core fabrication, burnup and fuel reprocessing 
was calcvilated to be $64,000 per raw thermal of core power over the five year 
period. The method of calculation is shown below. 

Burnup cost = i ^ ^ m ^ 344 operating days ^ ^ ^ ^ |3^.,000 
•̂  mw-day yr gm 5 mw-yr 

In the minimum capital cost case, the average burnup is approximately 35^-
Therefore,in order to burn up Igm of U-235»the initial loading must be increased 

by 3 gm. Cost of fabricating the three additional grams plus reprocessing the 
2 ga left in the spent core is estimated at $5 per gm. 

Fabrication + Reprocessing costs = 1.25 ^" •• — x 344 — S JL_ 
raw-day yr 

3 gm . , $32,000 
X 5 yr X . •̂•' , X $5/£m = f'^—^ 

^ "' ©n-bumed up ^ ' °^ 5 raw-yr 

Of the five modes of design variation investigated, only the second and 
fifth p£iid over the 5 yr period. The savings involved in method 2 only 
amounted to $2000 and required a I5OO psia primary loop pressure. This made 
use of the mechanical seal pvmg) rather marginal; it was felt that the small de­
crease in cost did not warrant the risk involved. The same method did not re­
duce costs with a 1400 psia primary pressure since the increased efficiency was 
not sufficient to overcome the increased piping cost. 

The use of extraction feedwater heating reduced required thermal power by 
0.24 mw, thus saving $15,300 over the 5 yr period. Since the additional 
weight was negligible and the additional capital cost was $7500, this change 
was considered worthwhile. 

The pertinent data summarizing the local boiling preliminary design case is 
tabulated in Table VI-1. 

Nonboiling Systems 

The method of integrating secondary systems and nonboiling core primary 
loops was very similar to that followed by local boiling cores. 

The first portion of the local boiling study was completed before integra­
tion of the nonboiling cases began. It was found, after investigating several 
cases, that the pressure breakpoints obtained from the first portion of the local 
boiling study were also valid for nonboiling systems. Therefore, the integra­
tion of the secondary system with nonboiling primary systems considered only 
primary pressures of I5OO psia and below. 
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The first phase of the nonboiling integration was essentially the same as 
the second phase of the nucleate boiling integration. That is, a detailed stuciy 
of the range of parameters leading to the isolation of the minimum capital cost 
system. In this portion of the study, only single nonextraction turbine sys­
tems were ccmsidered. 

Core diameters of 22.5 in. and 25 in. were studied since core size was 
expected to affect performance considerably. The smaller diameter again repre­
sents about the minimum core diameter in which a 2-yr life can be obtained. Un­
like the nucleate boiling cores, the pressurized water cores are limited by heat 
transfer considerations. Larger core diameters permit lower primary coolant flow 
rates at the same operating pressvire. A 25-in. core was studied to ascertain 
whether the reduction in pump cost would exceed the Increase in reactor vessel 
and pressurizer cost. The same core length-to-core diameter ratio (l.25) studied 
for the local boiling cases was used in the pressurized water study. Only two-
pass cores were studied because of the heat transfer advanteiges discussed in 
Chapter III, Section C of this report. 

The use of 0.5-ln. diameter fuel elements in the inner pass of the core 
so restricts available heat transfer area that the range of operating pres­
sures and flow rates which may be considered is severly limited. Therefore, 
smaller fuel element diameters were considered in the study despite the fact 
that this will involve additional problems of core design. The largest diame­
ter fuel elements in the inner pass which allow full coverage of the range of 
interest of primary pressures and flow rates is 0^375 In.; this value was used 
throvighout the study. The 0.5-in. diameter elements were used in all cases in 
the outer pass. A slight adjustment of tube pitch was made for each case in 
order to obtain equal values of the maximum fuel element surface temperature 
in both passes. 

TABLE VI-1 

System Comparison—Parametric Study Results 

Nonboiling System Local Boiling System 

Primary loop pressure (psia) 

Primary loop flow rate (gpm) 

Mean tê )̂erature (°F) 

Steam pressure (psia) 

Reawitor power (mw) 

Extrsuition pressvire (psia) 

Lowest 
Capital 
Cost 

1300 

2000 

463 

280 

Best OversLll 

9.07 

None 

1500 

2000 

483 

350 

9.10^^) 

100 

Lowest 
Capital 
Cost 

1300 

1900 

463 

280 

9.01 

None 

Best Overall 

1300 

1900 

463 

280 

9.2l(^) 

100 
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TABLE VI-1 (continued) 

Nonboiling System Local Boiling System 

Lowest 
Cap i t a l 

Cost 

5.8 

50 

163,500 

26,800 

Best Overall 

9(1) 

50 

182,300 

89,800 • 

Lowest 
Cap i t a l 

Cost 

5.2 

50 

164,800 

26,940 

Best Overall 

, ( 1 ) 

50 

172,400 

26,940 

Exhaust pressure (in. of Hg) 

IMTD of steam generator (° F ) 

Capital cost^^^ (dollars) 

System weight^^^ (lb) 

(1) Includes changes required for operation at an altitude of 65OO ft. 

(2) Includes only items directly affected by variables studied—^pressurizer, 
primary loop pvm?), primary loop piping, steam generator, auxiliary sys­
tems, pressure vessel and closed feedwater heater. 

(3) Pressurizer, primary loop pvmg), piping, steam generator, auxiliary sys­
tems and pressure vessel. 

The values of the other parameters considered in the pressurized water study 
were identical to those used in the integration of the local boiling cases. 
Figure VI -21 shows the same information for pressurized water cores that Fig. 
VI-2 does for nucleate boiling cores. Using Fig. VI-21 instead of Fig. VI-2 
the procedure used in the second portion of the local boiling integration was 
repeated for the nonboiling cases. 

Steam pressures of 25O, 3OO and 400 psia were investigated at a primary 
pressure of I5OO psia with steam generator logarithmic mean temperature dif­
ference of 30, 40, 50 and 60" F; system weights and costs were determined. 
The cost results for both the 22.5-in. and 25-in. core diameter are shown in 
Figs. VI-22 and VI-23. Again the reduction in primary loop coiig)onent capital 
cost with lower steam pressure is evident. 

A comparison of Figs. VI-22 and VI-23 shows that using the 22.5-in. core 
yields the lower plant capital cost. Therefore only the 22.5-in. core was 
studied at lower primary system pressures. Since the local boiling study had 
already shown the relative cost difference between 25O- and 300-psia steam, 
only 300-psia steam was studied at lower primary loop pressures. Primary pres­
sures of 1200, 1300, l400 and I5OO psia were investigated; the results are 
shown in Fig. VI-24. As in the locsQ. boiling case, a primary pressvire of I3OO 
psia results in the minimum capital cost system. 
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The five design variations from the mlnlraum capital cost system that were 
previously investigated with locsQ. boiling conditions were then investigated 
for nonboiling condition. Coraparison was again based on a 5-yT period, with 
variations in operating cost computed on the basis of saving $64,000 for every 
mw of thermal heat eliminated. 

In the nonboiling case, all variations but the third result in a net re­
duction in overall system (capitsQ.-plus-operating cost). The most attractive 
of these variations is No. 2. By increasing the primary pressure to I5OO psia, 
a reduction of 0-30 raw thermal can be achieved. This reduces operating cost 
by $19,200 over the 5-yr period, while capital cost increases by $10,800. It 
is felt that the $84O0 saving warrants the necessary incrrease in primary system 
pressure. In addition, the use of extraction feedwater heating reduces costs 
by approximately $7800 as it did in the local boiling case. The pertinent data 
concerning the preliminary design case is tabulated in Table VI-1, including 
the effects of designing for 6500-ft elevation. 

Comparison of Boiling and Nonboiling Systems 

Comparison of the best overall local boiling and nonboiling water sys­
tems shows the local boiling system to have the following four principal ad­
vantages: 

(1) Less Complex Core—The nonboiling core requires the use of a 
baffle, probably of complex geometry; provision of two types of 
fuel elements, differing in diameter; and supply of a significantly 
greater number of fuel elements, since more small-diameter tubes 
are necessary to provide the same inventory and since the addition 
of poison in the form of the baJfle requires the introduction of 
more reactivity. Structural design is made more difficult by the 
vise of small-diameter tubes. 

The local boiling core may, on the other hand, require a degree 
of orificing that is not necessary with the nonboiling core. 

It is felt that the capital and design cost of the nonboiling core, 
exclusive of fuel element fabrication, would exceed that of the 
local boiling core—even considering the cost of providing addi­
tional orificing. 

Fabrication cost of the fuel elements to be used with the non­
boiling core, a cost repeated every two years, is estimated to 
exceed that of the local boiling core by at least $40,000. Re­
processing costs would also exceed those incurred with the local 
boiling core by a relatively small amount. 

(2) Lesser Containment Problem^-The energy stored in a 1500-psia non 
boiling primary loop is greater, and poses a greater hazard and 
containment problem than that stored in a 1300-psia local boiling 
loop. The estimated reduction of containment cost and weight is 
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(3) Greater Pump Margin of Safety—The additional primary loop pres­
sure in the nonboiling system makes the utilization of a mechani­
cally sealed primary pump more questionable—although it was in­
cluded for cost evaluation purposes. 

(4) Lower Weight—The weight of the local boiling primary system is 
estimated to be about 2800 lb less than that of the nonboiling 
system. Since it is anticipated that the packEige weight problem 
will become critical during preliminary design, this difference 
covild eliminate an additional package. 

(5) Lower Capital Cost—The capital cost of the local boiling primary 
system is estimated to be about $10,000 less than that of the non­
boiling system. 

A preliminary analysis of the degree of risks involved in building a locsQ. 
boiling system concluded that the principal problem was that of flow distribu­
tion. This problem was analyzed and, as indicated in Chapter III-C, it was 
concluded that no major difficvilties will be encountered in the PM-1 system 
using local boiling. 

In order to show the advantage of two-pass cores for pressurized water 
systems, the effect of converting the final pressurized water core from a 
two-pass to a one-pass core was investigated. It was found that in order to 
operate this core vising one pass, without local boiling, and at a power level 
of 9̂ 10 raw, an operating pressure of 2000 psia and a primary loop flow of 26OO 
gpm are required. This compares to a pressure of I5OO psia and a flow of 2000 
gpm required with a two-pass arrangement. These changes in pressure and flow 
would increase the capital cost of the system by approximately $70,000. 

B. PLANT DESCRIPTION 

The plant design selected as a result of the parametric studies is one 
utilizing a local boiling core, with the primary loop pressure at I3OO psia. 
The steam generator is of the vertical type. The secondary system operates 
on 280-psi steam and uses a single turbine-generator unit and a direct air-
to -steam condenser. Parameters of the system are presented in Table VI-2. 

TABLE VI-2 

PM-1 Plsmt Design Summary 

Reactor Design Characteristics 
1. Overall Performance Data 

Pressurized water, nominal cxperating pressure--psia 
Design pressure for heat transfer analysis—psia. . 
Design pressure for structural analysis—psia . . . 
Average core coolant temperature, nominal—"F . . . 
Reactor thermal power, nominal—mw 
Reactor thermal power, design--mw 
Core life, nominal--mw-yr 

1300 
1200 
1500 
463 
9.21 

10.2 
18.5 
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TABLE VI-2 (continued) 

2. Core Design Characteristics 

Geometry, right circular cylinder (approximately) 
Diameter (average)--in 22-25 
Active length—in 30 
Overall length—in 33-36 
Core structural material Stainless 

Steel 
Fuel element data, tubular, cermet type 

Outside diameter--in 0,500 
Inside diameter—in , 0.4l6 
Clad thickness--in 0.006 
Clad material AISI type 

348 stain­
less steel; 
Co and Ta 
controlled 

Pitch (approximately) in 0.65 

Number of tubes 725-750 

U-255 inventory—kg 25-26 

U-255 burnup (approximately) kg 9.0 
Meat composition 

UO (approximately) w/o 25 

3. Core Heat Transfer Characteristics 

Heat flux—Btu/ft^-hr 
Average (approximately) 70,000 

Average coolant temperature--°F 463 

4. Reactor Hydraulic Characteristics 

Coolant flow rate--gpm 1,900 

Systems Design 

1. General Plant 

Reactor power output, nominal--mw 9.35 
Steam generator power output, nominal—mw 9.33 
Steam pressure, full power, minimum--psia 28o 
Steam conditions, full power lA^ moisture 

2. Main Coolant System 

Number of coolant loops . . 1 
Coolant flow rate--gpm 1,900 
Coolant system design pressure—psia 1,500 
Coolant velocity in piping (main loop)—fps 23 
Coolant pipe size, nain loop, nominal. Schedule 80—in. . . . . . 6 
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System basic material 
Piping AISI 304 
Remainder AISI 304 

Main coolant pumps 
Pumps , 1 

Steam generators 
Number of units. . . . . . . . . . 1 
Design pressure (approximately) psi 500 
Type Vertical 

with inte­
gral steam 
drum and 
separators 

Temperature primary inlet, full power (approximately)°F 48l 
Temperature primary outlet, full power (approximately) °F 444 
Temperature steam side outlet, full power--°F 4ll 
Access Two each, shell 

and tube side, 
bolted type 

5. Pressurizing and Pressure Relief System 

Number of pressurizers 1 
Type Steam 
Temperature, normal--°F 577 

Pressure element (deci'easinĝ  Water spray 
head 

Pressure element (increasing) Electric 
Immersion 
heater 

4. Coolant Purification and Sampling System 

Number of purification loops 1 
Purification device Ion exchange 

resin 

Inlet temperature to ion exchanger (maximum) °F 120 
Regeneration provisions Cartridge 

type, l-yr 
life 

5. Primary Shield Water System 

Primary shield water cooler Air blast 
type 

Purification loop Ion exchange 
resin 

Regeneration p rov i s ions Csurtridge t y p e , 
l - y r l i f e 
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TABLE V I - 2 (continued) 

Secondary Loop 

1. General Plant 

Steam flow at full power—Ib/hr (approximately) 55,000 
Steam temperature (°F) at full power (280 psia, dry £ind saturated) 4ll 
Feedwater flow at full power—Ib/hr (approximately) 35,500 
Maximum gross electrical output—kw at 0.8 pf 1,250 
Maximum net electrical output--kw at 0.8 pf 1,000 
Line voltage 4,l6o/ 

2,400 

Cycle 60 
Phase 3 
Auxiliary equipment voltage 480 
Process heat 7,000 Ib/hr of 35-psia dry and saturated ^ 
steam--Btu/hr 7 x 10 

Design elevation--ft 6,500 
Auxiliary power--kw I55 

2. Turbine Generator Set 

Type Single ex­
traction 
turbine 

Throttle flow, full power—Ib/hr (approximately) 26,500 
Throttle pressure, psia 275 
Throttle steam moisture—$ (moisture separator used) 0.5 
Turbine steam exhaust conditions 

Pressure--in. Hg abs 9 
Moisture—$ 12.2 

Lube oil cooler Air cooled 
Turbine speed—rpm (approximately) 8,000 
Generator capacity —kva 1,562.5 
Generator capacity—kw at 0.8 pf 1,250 
Generator speed—rpm 1,200 
Generator type Salient pole, 

oversized for 
power quality 
considerations 

3. Condenser System (two furnished) 

Number 2 
Type Direct air-

to-steam 

Duty—Btu/hr rejected (approximately) 1 x 1 0 each 
Design elevation—ft above sea level 6,500 

4. Feedwater Deaerating auid Heating System 

Deaerator 
Type Deaerator ^ ^ 

heater ^ 0 
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TABLE VI-2 (continued) 

Flow—Ib/hr (approximately) 35,500 
Design pressure--psia 50 
Oxygen removal guarantee--cc/l 0.005 
Storage--min 5-6 

Boiler feed pump 
Number 2 
Driver One steam 

driven 
One electri­
cally ciriven 

Closed Feedwater Heaters 
Number 1 
Extraction steam pressure--psia. . . . . 100 

5. Auxiliaries 

Evaporator--reboiler (combination) 
Capacity--Ib/hr 7,500 
Pressure--psia 35 
Feedwater temperature--°F (min) .. 40 
Type feedwater Fresh 

Feedwater storage tank 
Capacity--gal (approximately) 4,000 

Secondary water treatment Chemical 
Turbine steam bypass system 

Type Mainual 
Shop air compressors 

Number 1 
Auxiliary diesel generator set 

Number 1 
Capacity—kw 150 
Voltage 48o 
Type Hi-speed 

Emergency power 
Type Battery 

Control system 
Type Solid state 

electric 
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APPENDIX A 

REACTOR ANALYSIS CODES 

In performing the parametric analysis, liberal use was made of the IBM-704 
digital computer. The following are abstracts of the IBM-704 machine reactor 
design codes used. 

1. Program C5 

Program C3 provides a multigroup analysis for a bare, hcmogeneous, cylin­
drical reactor. The input data consists of geometric and ccanposition variables 
defining the reactor configuration. Neutron cross section data are supplied on 
a nuclear data tape. Macroscopic cross sections are computed; flux and slowing-
down density are then calculated for the homogeneous core. Flux at I9 lethargy 
levels plus a thermal group are used to ccampute 5 group constants. Thermal and 
epithermal -cell corrections compensate for inhomogeneous cell structure. The 
leakage term includes a lethargy-dependent buckling and transport correction. 
Reactivity for an equivalent bare core and 3 group constants are the main out­
put of the program. 

Reference: XDC 58-3-I78 "Three-Group Bare Reactor Program Using Epithermeil 
Cell Corrections (704 Program C5)" 

2. Program F2 

Program F2 provides a multiregion, one dimensional, two-group diffusion 
calculation, in as many as 50 regions and at as many as 100 latlce points. The 
input data consists of gecanetric variables defining the reactor and two-group 
constants for each of the regions. Output data includes reactivity, fast and 
slow flux and local-to-average power ratios. 

Reference: "Two Group Neutron Diffusion--F2," General Electric Report, 
March 22, 1957. 

3. Program 12 _ 

Program 12 solves the Boltzmann equation for cylindrical geometry by the 
P_ spherical harmonic approximation. The thermal flux distribution across a fuel 
5 

element cell is calculated, thus providing an analysis of the fine flux pertur­
bations in each of the regions of the fuel element cell. Output data includes 
average fluxes for each region from which a heterogeneity factor can be calcu­
lated for each material. 

Reference: DC 58-I-I58, "A 704 Program for the Solution of the Neutron Trans­
port Equations in Fifty Concentric Cylindrical Annuli by the Weil 
Method (Program I 2)." 

4. C2—F2 Burnout 

The burnout code provides a one-dimensional two-group reactor core life 
study. The code links Programs C2 and F2 and calculates fuel and burnable poison 
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depletion and fission product formation. It permits output from several Program 
C's to be used as input for a Program F, thus providing a multiregion nonuniform 
burnup study. After completing Program C and F calculations, flux values ob­
tained from the F calculations are normalized to a specific power output. Then 
assuming flux and power constant for a given time interval, the isotopic densities 
are recomputed and used as input for Program C at the next time interval. This 
process iterates to a K „„ of 1.0. Input data consists of the regular C and F 

input plus iteration parameter information. In addition to C and F output, burn­
out data are given. 

5. Fuel Recycling Program 

The fuel recycling program is a linkage of Program C3, a three-group burnout 
(including fission product and heavy isotope buildup), and a fuel processing and 
reactivity control program. The code provides a single region, uniform lifetime 
stucJy of the reactor operating history. Input data given are the regular Program 
C5 input plus information concerning burnout and recyclifig Iteration parameters. 
Output data consists of standard C5 output, material withdrawal and recycling 
adjustments during reactor lifetime and a final summary of the time variation 
of isotopic concentrations and K „„. 

eff 
6. Synthetic Design Program (Syd II) 

Program Syd solves the equations set forth in APEX-5O5 to produce the co­
efficients of a quadratic equation in up to 25 independent variables for any 
fractional factorial experiment design with less than 564 cases. The resulting 
quadratic equation then relates the effects of variations of independent vari­
ables upon a single dependent variable. A data point evaluation routine is in­
cluded in the program to evaluate the quadratic for specific ccanbinations of the 
independent variables and reduce this information to a form suitable for use on 
the Benson Lehner plotter machines. Input data consists of a set of explicitly 
evaluated dependent variable values and information concerning the number of 
independent variables euid order of replication. Output data are the coefficients 
of the quadratic equation, statistical measures of goodness of fit and point 
data evaluations. 

References: APEX-505, "Synthetic Experiment Design Techniques in Reactor 
Analysis," J. M. Krosl and C. Cyl-Champlin. 
Synthetic Design 'Program" (Syd II), C. Cyl-Champlin--Unpublished 
Report. 

7. Data Preparation Programs 

Application of synthetic design techniques require numerous routine calcu­
lations to be performed. Several "data preparation" codes were programmed to 
handle these computations. The programs generated during this parametric study 
are as follows: 

DPI Computes geometrical and material density data, reflector savings and fuel 
cell regional cross sections for a nine variable synthetic design. Sets up an 
input data tape for Program 12. Sets up input data tape for DP2. 

DP2 Combines results of 12 and DPI (or DP3), computes material cell corrections, 
and sets up an input data tape for C3. 
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DP3 Similar to DPI except for changes in severaJ. independent variables, 

DP4 Solves a quadratic equation vising synthetic design coefficients for a given 
core life at numerous points in the reactor lifetime surface. 

DP5 An extension of DP4, it also prepares cards for plotting cells vs inventory 
curves on Benson Lehner plotter. 

8. PDQ 

PDQ is a two-dimensional, reactor design code for the IBM-704 computer. It 
solves the few-group neutron diffvision equations for one- to four-letiiargy groups 
over a rectangular region of the x-y or r-z plane. Input parameters are speci­
fied regionwise, and ccamplete variation of the mesh interval is allowed. Output 
includes reactivity and the flux at each point for each group. 

Reference: WAPD-TM-70; "PDQ: An IBM-704 Code to Solve the Few-Group Neutron 
Diffusion Equations," August 1957. 

• 
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APPENDIX B 

METHOD OF CALCULATION—BIOLOGICAL SHIELD DESIGN 

Radiation emanating from the reactor core during operation consists of fast 
neutrons, prompt fission gammas, gammas from thermal neutron capture and in­
elastic scattering of fast neutrons and fission product gammas. 

Capture ganmias and inelastic scattering gammas created within primary water 
regions in the proximity of the core, thermal shield and pressure vessel are 
significant sources of radiation during operation. Source strengths for the 
above mentioned radiation were estimated from the data and standard methods of 
reference 1, chapter 3. Where a gamma spectrum waa involved, line energies at 
0.5, 1, 2, 3, ̂ , 6 and 10 mev were used to approximate the spectrum. Dominant 
radiation omitted during operation from within the primary loop and components, 
excluding the reactor vessel, are fast neutrons Capproximately 1.0 mev) and 
gammas (6.13 and 7.10 mev) resulting frcm the 0^° (n,p) H I D and 0l7 (n,p) H^^ 
fast neutron reactions, respectively. These occur in regions of high neutron 
flux. Activation cross sections, mode of decay and loop acti-vation equations 
used to estimate this source are given by Rockwell (Ref. l). 

After shutdown, major sources of radiation are fission decay products and 
activated constituents of the thermal shield and pressure vessel. Fission 
product actlAd-ty of the spent core was determined from the data of Perkins and 
King (Ref. lO) utilizing an IBM-704 code (Ref. 12) for computation of decay 
rates and gamma source strengths at seven line energies which approximate the 
spectrum. Activation of the steel wa.s computed using standard activation 
equations and the data of Table 3.7, P. k6, Ref. 1. Values of the thermal neutron 
flux used in detenoination of gamma source strengths were taken fron diffusion 
theory Program Fi radial and axial flux plots. Average fast neutron source 

strength S (neutrons/cm -sec) is given by 

^v - V ^-^ 
c 

wnere P is tne operating power (watts), F = 3.1 x 10 fissions/watt-second, D is 

the average number of neutrons emitted per fission event, V is the volume of 

the core, and v is the average number of neutrons released per fission. 

Experimental1y determined effective removal cross sections (Ref. 15) were 
used to ccmpute fEist neutron dose rates. Axial neutron dose rates D„ (millirem/hr) 

are given by: 

N̂ = W±- I \ (^) - s^ce. I 1-2 
^ r̂  ,. ^ 2̂ ̂ \ «̂ ° 

Jlii 
2 

F-] 
where S is the source strength given by equation I-l, C is the conversion factor 

(millirem/hr per neutron/cm -sec) for 8.0 mev neutrons, Zt, is the macroscopic 
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neutron effective removal cross section (cm" ), bĵ  is the total number of mean 
free paths from source surface to dose point along the axis, and 0 , is the angle 

of the intersection of the axis and a line drawn from the dose point to the 
periphery of the cylinder top. The exponential integral E (x) is defined as 

n 

E (x) = x''-̂  V *̂ 1-5 
n' ^n 

X 

where n is a positive integer greater than zero. Graphs and tables of this 
function are found in numerous standard references. Radial neutron dose rates 
are computed frcm the equivalent line source solution for a cylindrical source 
(Ref. 1, Chapter 9) given by 

S R 2 

°N = 2 [a ; z)̂  ^(^' V -̂̂  

where R„ is the radius of the core (cm), a is the distance measured from the 

core surface along the radial centerline to the dose point (cm), b- is the total 

number of mean free paths from the equivalent line to the dose point, c is as 
previously defined for equation 1-2 and 9 = tan"^ of 

H 
2 

a + z 

where H is the height of the source (cm). The self-absorption distance z (cm) 
determines placement of the line source within the cylinder and may be computed 
by the graphs and equations of pp. 562 and 565, Chapter 9, Ref. 1. Graphs of tne 
function F (9, b) are found in Chapter 9, Ref. 1. 

In order to consider a variety of radial shield configurations, all major 
sources within the reactor vessel during operation were lumped into a single 
surface source at the outside of the reactor vessel wall. A detailed description 
of the methods used to determine this equivalent surface source is given in Ref. 
5, pp. II-85 to 11-86. The total surface source strength spectrum is given in 
Table 11-21, p. 11-86, Ref. 5. Briefly, the core gamma contribution to the sur­
face source strength was computed with an IBM-704 code whicdi integrates over the 
entire cylindrical volume of the core and uses a single effective buildup factor 
represented by the sum of two exponentials in the mean free paths along the slant 
distance from the source volume element to the surface flux position. The in­
finite slab sovirce IBM 70^ code which computes the gamma flux from an infinite 
slab source with exponential representation of sources and buildup factor was 
used to determine capture gamma contributions to the surface source strength at 
the outer surface of the pressure vessel. Gamma dose rates D (mr/lir) are then 
computed by 

S 2 
a h 

~1E~ 1-5 
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where 
o 

C is the energy flux to dose rate conversion factor (mev/cm -sec/mr/hr. 

B(b^) is the buildup factor in media over b, mean firee paths 

J 

the number of mean free paths, b = Z (ut) is the sum of the mean free 

J = l 
paths through J media interposed between the pressure vessel outer wall and 
point of interest 

R is the radius of the cylincirical outer pressure vessel surface (cm) 

h is the height of the core (cm) 

J 

a = Z t. is the radial distance between the pressure vessel outer wall 

J=l 
and the point of interest (cm) 

S is the total surface source strength assumed to be uniform over the 
a 2 
surface (mev/cm -sec) 

Equation 1-5 may be used as an approximation for the dose rate off the radial 
centerline by aligning the equivalent source normal to the line from its center 
to the point of interest. 

The axial gamma dose from all sources within the reactor vessel were com­
puted as: 

B(b ) e-̂ 1 r R / S V2 ^ ^ 

Ca L M̂  l + i" 1=1 iJ 

where 
o 

C is the energy flux to dose rate conversion factor (mev/cm -sec/mr/hr) 

B(b,) is the buildup factor in media over b- mean free paths. 

J 

b, = Z (jit) = sum of the mean free paths through J media interposed 
._.. '' between the nearer end of the core and the point of 
•̂  interest. 
J 

a = Z t = axial distance between the nearer end of the core and 
... ^ the point of interest (cm), 

R is the radius of cylindriceJ. core (cm), 
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S is the volume source strength assumed to be uniform over the entire 

core (mev/qu -sec) 

H is the linear gamma absorption coefficient for the core (cm ) 

h is the height of the core (cm) 

r. is the inner radius of the 1 cylindrical shell capture gamma region 
(cm) 

S. is the surface source strength of capture gammas at the inner surface 

of the 1 shell (mev/cm -sec). 

B " ^ is the attenuation factor through height of cylindrical shell or 
cylinder which is bounded on the outside by the capture gamma source. 

The volume source strength S includes all sources within the core volume. The 

surface source strength S for capture gammas was obtained by use of the pre-
s. 

viously mentioned slab source code by obtaining values of the gamma flux at the 
inner surfaces of the various regions along the core radial centerline. 

Radial and axial flux calculations of radiation from the steam generator 
and primary coolant in the piping were calculated by use of the equivalent line 
source solution for a cylindrical source (Ref. 1, Chapter 9). The following 
equations were used to perform calculations of dose rates off the radial center-
line from the steam generator. 

Above-the-top or below-the-bottom of the projected end surfaces of the source 
2 

B S R 

D^ = k7o ̂  .\ I F (̂ o* to) - F (0n/ ̂ o) I 1-7 klal z) \^ ^^2' V - ̂  («1' ̂ 2) ] 

within the projected end surfaces ot the source 

B S R^2 
1-8 °7 = 4 [a", z) p ^'l' ^2) - ̂  («2' ̂ 2)] 

The angles 9, and Q and the regions of applicability of equations 1-7 and 1-8 

are defined by the following drawing: 

MND-M-1852 



B-5 

All other quantities are as previously defined for equations 1-2 and 1-4 with 
the exception that appropriate build-up factors, B were applied, the total linear 

gamma absorption coefficient (nc" ) was substituted for the neutron effective 
removal cross section Zr, and C is as previously defined for equation 1-5. With 

this substitution, equation 1-2 and 1-3 were used to calculate on axis and radial 
centerline steam generator gamma dose rates. 

After shutdown, radiation ftom the core was computed using equation 1-7 and 
1-8 and the above mentioned modified form of equations 1-2 and 1-3. Equation 
1-5 was used to estimate gamma dose rates frcm the activated pressure vessel. 
Source strengths were obtained frcm the preliminary data of Ref. 13. 

N.D.A. dose build-up factors for a point isotopic source in an inifinite 
medium were used for all gamma attenuation calculations. For shield mecila 
such as earth \diich may be assumed homogeneous, an effective z was determined 
by methods described in Ref. 1, Chapter 1 and the correspondlngbuild-up factor 
was used. Where a single build-up factor was taken over, the total number of mean 
free paths frcm source to dose point and through a variety of shield media, the 
conservative build-up factor was chosen. Gamma absorption coefficients used were 
taken directly or computed from the N B S values given in Ref, 2. Estimaiied 
uncertainty of these theoretical values is within ± 25t. 

Air-scattering of gamma radiation from the reactor vessel and dry-steam 
generator package was estimated by obtaining an equivalent point source for the 
actual volume source. The KLein-Nishima differential scattering cross sections 
were used with the standard equation of Chapter V, Ref. 5, for ccmputations of 
dose rates. A graphical integration over variotis scattering angles (Ref. l4) 
were used as an aid to computation. Estimates of dose rates frcm air-scattered 
neutrons obtained frcm the solutions of Ref. 9 showed this bource to be negligible. 

Equivalent thicknesses of iron, lead and water for 6.0 mev gamma rays were 
calculated as: 

MND 44-1852 
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\ K l" (\"I -̂t"'""'*̂  • »l! =0' [̂ (̂ o"]ll» '̂ ""°'*] " 1-9 1 
where 

B /E-, [v̂ ^̂ ô Ĵl i~ dose build-up factor for a point isotropic source in water 
over n (E-.)t mean free paths in water. 

B, ( E / r^(E )tT J = dose build-up factor for a point isotropic source in the i 
' ^ media over the sum of mean free paths r^(E-)t | through the 

1 media 

H (E^) is the mean gamma absorption coefficient (caa ) at energy 
E Q (mev) 

t is the thickness of the shield media (cm) subscript 1 
refers to iron or lead as the m^dia. 

The choice of the single 6.0 mev energy for derived surface source strengths 
was shown to be a good approximation by comparison with multienergy group ccan-
putatlons. 

A number of graphs were prepared from calculated data obtained by using the 
above equations. Elimination of the lengthy hand calculations in computation 
of dose rates and shield thicknesses was made possible through the use of these 
graphs. 

Computed dose rates and shield thicknesses are conservative, possibly by as 
much as a factor of 10. The uncertainty stems mainly from one or both of the 
following calculational techniques: 

(1) A single average energy and source strength was used to estimate the 
dose rates in various media. 

(2) A dose rate ratio approximation was used to obtain the attenuation 
throvigh several different layers of shield media. For example, the 
dose rate beyond a combination of lead thickness t, followed by water 

of thickness t is obtained by multiplying the dose rate in pure water 

at a distance t, + t by the ratio of the dose rate at t.. in pure lead 

to the dose rate at t in pure water, 
w 

Dose rates from the several sources in various shield media were prepared 
in graphical form as an aid to computation. The graphs included in this report 
(Figs. B-1 through B-7) may be used for quick estimates of shielding required 
for components of the primary system. The graphs of Fig. B-1 are gamma and fast 
neutron dose rates vs water thickness, taken along the radial centerline of the 
reactor core. The gamma flux was calculated using equation 1-5 with the total 
reactor gamma radiation energy spectrum data given in Ref. 3. The neutron flux 
was csQ-culated using fast neutron effective removal theory and equation 1-4. 

MND^-1852 



B-7 

Figure B-2 shows equivalent thickness of iron and lead for water for 6.0 
mev gammas. The equivalent thicknesses were computed using equation 1-9 with 
appropriate build-up factor. 

Figure B-3 shows the attenuation along the core radial centerline of fast 
neutrons and gammas from the reactor vessel during operation In earth of density 

2.075 g/cm . Neutron dose rates were computed using effective removal cross 
sections (Equation 1-4). Gamma dose rates along the core radial centerline 
from fission products and induced activity in the core eight hours after shutdown, 
as a function of water shield thickness,are plotted in Fig. B-4. The data rep­
resents results of multigroup calculations over the energy spectnmi of Ref. 4. 
The dashed curve was estimated from the two calculated points shown. Figure B-5 
shows attenuation of gammas from the saturated pressure vessel activity,eigiht 
hours after shutdown,as a function of water thickness. Equation 1-5 was used 
with the data of Ref. 15 to ccmpute these results. Dose rates from air-scattered 
gammas, originating in the steam generator during operation,are shown in Fig. B-6 
for the illustrated horizontal and vertical package configuration. Package 
dimensions are: 

a. Horizontal 8 ft 8 in. x 8 ft 8 in. x 20 ft 
b . Vert ical 8 f t 8 i n . x 2 0 f t x 8 f t 8 i n . 

Equivalent point sources (as illustrated) were assumed for the computation. 
Figure B-7 shows attenuation of radiation frcm the primary piping during opera­
tion throvigh various shield media. The distance is measured from the inner sur­
face of the pipe. 
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ŝ 

1 

L 

\ 

\ 

\ 
^ S 

V 

K 
^ 

v^ 
" ^ 

1 

— 1 — 

N , 
V 

\ 
> 

V X . ̂ 

s_ 

\ 

»̂  
" ^ 

1 

—1 

s. 
s 

s 
\ \ 
v\ ^ i 

\ 

V \ \ 
\ . 

> 

v ^ 

1 
10 20 30 40 50 60 70 80 90 100 110 120 130 l 4 o 

I I I l l l l l l l l l l l 

Scale C 160 170 l80 190 200 220 230 240 250 260 270 280 290 300 310 

Distance (can) 

Fig. B-7. Attenuation of Primary Fluid Gammas by Various Media as a 
Function of Distance from Piping 

MND-M-1852 



c-1 

APPENDIX C 

HEAT TRANSFER ANALICTICAL METHODS 

Pressurized-Water Cores 

The IBM-704 code used to obtain data on the heat transfer performance of 
pressurized water cores treats the average element in each pass separately. The 
code performs the following operations: 

(1) Computes an average film coefficient based on the equation 

h = 0.023 I - (Re)°-« (Pr)°-^ 

(2) Divides the fuel element into a number of axial increments. The 
heat source in each increment is computed based on the input axial 
power distribution. 

(3) Divides the element into a number of radial increments and solves the 
heat conduction differential equation by a finite difference tech­
nique. The coolant temperature rise and the element surface temp­
erature are ccaaputed for the increment. The same procedure is used 
in each axial increment starting at the inlet of the pass and pro­
ceeding to the outlet. This information is then printed out. 

The hot spot factors were then applied to the increment having the 
highest surface temperature computed by the code using the following 
eqviations: 

First pass 

^max - ̂ m = (P)(V(^b)(P)t(x) - «(in )> ^ ^V^V^^^P''(x)-^(x)] 

Second pass 

•̂ max - «in = ̂  %B ^ ^^^^V^^b)4^(x) " ̂ (in) " % B ] 

. (p)(V(̂ cp)(p) [^. - V] 
Local Boiling Cores 

The IBM-704 code used for obtaining data on the heat transfer performance 
of local boiling cores treats the hottest element in the core. The code performs 
the following operations. 

(1) The bulk coolant temperature rise is computed along the hottest tube. 
The coolant inlet temperature required to prevent bulk boiling in 
this channel with a 505̂  power increase is then calculated. 
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(2) The nonboiling film coefficient is calculated based on the equation 

i, = 0.023 4 - (Re)°-8 (Pr)°-̂  
e 

(3) Expressions for the fuel element surface based on local boiling and 
nonboiling conditions are equated and the code solves for the axial 
location where this situation occurs. This is the location where local 
boiling begins. The fuel element surface temperature under nucleate 
boiling conditions is defined by the equation: 

T -9 + 1-9 (_) 1/^ 
^wall - ̂ sat ̂  p /9OO "̂̂ ^ 

e p' 

(4) The burnout heat flux was then calculated at a location 65/t of the 
way up the core. The correlation used was: 

^.0 _ n/' G Y /„ „ NO.22 
-^ -'[-^l (^sat-^(x)) 

At this location, the actual heat flux was calculated based on the 
assumed axial power distribution. The ratio of actual to burn-out 
heat flux was then computed. 
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APPENDIX D 

PRESSURIZER EQUATIONS 

Nomenclature: 

W Mass, lb 

V Volume, cu ft 

V Specific volume, cu ft/lb 

A0 Temperature variation, "F 

P Coefficient of volumetric expansion,"F" 

Subscripts: 

w Water 

s Steam 

sg Surge 

p Pressurizer on at transient pressvire 

o Initial conditions 

L Loop 

Outsurge: 

(̂ wO - *sg) ̂ wp + ̂ so ^sp = ̂ p 

V Y V V V V 
wO wp sg wp _so sp _ , 
^P -VO ' \ -L ^P -sa 

I a e . 2 ! 5 S -w^ , ^ = 2 [ s i n c e ^ ^ ^ = 1 / 2 ] 
Vo p L̂ so L P P J 

r -L L̂ B̂p -L 1 
V^ = 2 V p A e -f— + -^ v ^ - 2 ^ 

P ^ [_ vo wp "so wp J 
Since V„„ = PA0 V, 

s g LI 
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NCMENCLATURE 

c Empirical constant dependent on pressure 

D Equivalent diameter 

F, Hot spot factor to account for variation in bulk coolant temperature 

F Hot spot factor to account for variation in power 

F Hot spot factor to account for variation in temperature differences 
across film 

h Film coefficient 

k Thermal conductivity 

m Empirical constant dependent on pressure 

P Primary loop pressure 

P Perturbation factor for local flux peaking 

Pr Prandtl number 

q Heat flux 

qg Burnout heat flux 

Re Reynolds number 

T Mean temperature 

T Maximum fuel element surface temperature 
max 

T ,, Fuel element surface temperature under boiling conditions 
wall 

P Radial maximum to average flux ratio 

9 Coolant inlet temperatui^ 

9 Coolant saturation temperature 
sat. 

d0 Coolant temperature rise across core 

A0_„ Coolant temperature rise in first pass 
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LIST OF NOMENCLATURE-CHAPTER III 

E Young's modulus, lb/in. 

H Poisson's ratio (dimensionless) 

t Thickness of shell, exclusive of corrosion allc3wance, in. 

P Design pressure, lb/in. 

R Inside radivis of shell, in. 
o 

S Allowable mechanical stress, lb/in. 

E Weld efficiency ratio (dimensionless) 

d Linear coefficient of thermal expansion, in./in. °F 

Q(^ Heat generated at inside surface, Btu/hr in. 

K Thermal conductivity, Btu/hr ft "F 

P Linear absorption coefficient, l/in. 
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