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ABSTRACT 

h a  sodium-cooled, graphite-moderated reactor, the sodium and graphite 

must be kept separated. In the designs for the Sodium Reactor Experiment 1 and 
2 

Hallam Nuclear Power Facility, 

as individually canned. In the continuing effort to improve the neutron economy 
and lower the capital costs of sodium graphite reactors, several other methods 

of separating the sodium and graphite have been investigated. Both the "calandria" 

and "thimble" reactors have been given serious consideration as alternates to 

the 'I canned-moderator" . 

each moderator and reflector element is shown 

An analysis including nuclear, heat transfer, and economic comparisons 

has been made of the three SGR concepts. 

Based upon neutron economy and feasibility of core fabrication, the calan- 

, dria concept appears to offer the greatest potential for improvement in SGR 

design. 

but introduces numerous problems requiring developmental work. 

The thimble concept provides some improvement in neutron economy 

vi 



3 1. INTRODUCTION 

Sodium-cooled, graphite-moderated reactors combine the superior heat 

transfer properties of sodium with the low cost, low neutron-absorption char- 

acteristics of graphite. Liquid-metal coolants, primarily sodium, have been 
used successfully in several nuclear reactors, including the Experimental 

Breeder Reactor and the Submarine Intermediate Reactor. 

extensively used as a moderator and reflector in experimental and research 

reactors. 
ford, W indscale, and Calder Hall. 

reactor w a s  the Sodium Reactor Experiment (SRE). 

Facility (HNPF), under construction by the AEC at Hallam, Nebr. also utilizes 

the advantages of sodium as  a coolant and graphite a s  a moderator. 

Graphite has been 

Graphite was  used in the large plutonium production reactors at Han- 

The first sodium-cooled, graphite-moderated 

The Hallam Nuclear Power 

One of the problems associated with a sodium-cooled, graphite-moderated 

reactor is the incompatibility of the two materials. Sodium in direct contact 
with porous graphite f i l l s  the void spaces in the material-and causes swelling 

and distortion. In addition, the absorbed sodium in the moderator significantly 

contributes to neutron poisoning in the reactor. Carburization of the stainless 
steel in the primary coolant loop could occur a t  high temperatures if excessive 

carbon, from the moderator, became dissolved in the sodium coolant stream. 

The objectionable effects caused by sodium in direct contact with graphite 
have required the design of reactor cores which physically separate the two 
materials. 
In this design, graphite logs a r e  machined into hexagonal prisms which a r e  com- 

pletely enclosed by a thin metal container. 

have axial, cylindrical hole6 through the center of the logs for the processtubes, 

which normally contain fuel elements. Sodium coolant passes through these 
tubes and around the fuel elements. 

surfaces of the graphite container material. Over 50 such cans a r e  stacked 
adjacent to one another to form the active core of the reactor. 

without center-process tubes surround the active core area and form the re- 

flector region. 

except that the hexagonal graphite logs a r e  scalloped along the edges, andcanned 

with stainless steel sheet. When stacked together, three scalloped corners 

The SRE and HNPF designs feature a "canned moderator" concept. 

In the case of the SRE, the prisms 

The tubes a r e  welded to the top and bottom 

Additional cans 
* 

The HNPF core design is basically similar to that of the SRE 
, 
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form a cylindrical hole in which process channels for fuel and control-rod 

thimbles a r e  located. 

Although the problem of separation of sodium coolant and graphite moderator 

has been satisfactorily solved in the SRE and HNPF by canning of each log, other 

methods of separating the graphite from the sodium have been investigated, such 
as the "calandria" and "thimble" reactor concepts. 

In the calandria concept, the graphite moderator and reflector a r e  located in 
a single container. 

fuel element channels and coolant flow paths. 

The moderator is pierced by calandria tubes which form the 

In the thimble concept, the uncanned moderator and reflector a r e  positioned 

on the lower grid plate. 

ment channels and coolant flow path. 

a r e  above the reactor core. 

Thimbles pierce the moderator and form the fuel ele- 

Both the inlet and outlet coolant plenums 

The coolant flows downward from the inlet plenum 
along the outside of the fuel element. At the bottom of the core, the coolant re-  

verses  direction and flows upward through the fuel element to the outlet plenum. 

The improvements sought from the different methods for separating the 
sodium and graphite a r e  (1) better neutron economy, (2) lo-wer fabrication costs, 

and (3) increased reliability. 

heat transfer and economic aspects which a r e  intrinsic to the design of three 

concepts: (1) canned-moderator, (2) calandria, and (3) thimble. From this 

comparison, the most favorable concept from both a design and an economic 

standpoint will  be determined. Recent developments, such a s  substitution of 
UC for UO fuel, w i l l  improve the performance of sodium graphite reactors; but 

will  not change the conclusions reached in this concept-comparison. 

The objective of this report is tocompare nuclear, 

2 
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II. DESCRIPTION OF REACTOR PLANT AND CONCEPTS 

A. GENERAL 

The power generating station chosen for this comparative evaluation con- 

sists of a 296-Mwt Sodium Graphite Reactor and the associated equipment re- 

quired for generating and delivering steam at  1150 psia, 925"F, to a turbine- 

generator with a gross capability of 106 Mwe. 

The reactor i s  sodium cooled, graphite moderated, and fueled with slightly 

enriched uranium dioxide. 

oxide was  planned for the HNPF; i t  would no longer be recommended for an 

SGR.) The reactor core is located in a cavity below the level of the main oper- 

ating floor of the reactor building. Arrangement of the moderator and reflector 

elements and method of containment varies with reactor concept. 

ations will  be described in detail under each concept description. 

cylinder-type fuel elements a r e  suspended from plugs in the loading face shield 

above the reactor core. 
ly supported. 

carriage over the shield. 

cask which is supported from a gantry and which can be indexed to engage the 

shield plugs. 

(This study w a s  initiated at the time when use of 

These vari- 

The concentric- 

The control rods operate in thimbles which a r e  similar- 

Drive mechanisms for these control units a r e  supported on a 
Refueling is accomplished by a mechanized, shielded 

Some of the more important plant data a r e  shown in Table I. 

A sodium heat-transfer system transfers the thermal energy from the re- 

actor core to the steam generators. The system consists of three parallel cir-  

cuits, each designed to handle 1/3 of the total power. 
a radioactive primary loop which transfers the thermal energy from the reactor 

core to an intermediate heat exchanger and a nonradioactive secondary loop 

which transfers the thermal energy from the intermediate heat exchanger to a 
steam generator and superheater. 

Each circuit consists of 

Each primary loop includes a variable-speed centrifugal pump and valves 

The secondary loop contains a sodium 

for controlling sodium flow. 

both the primary and secondary loops. 

expansion tank, a variable-speed centrifugal pump, valves, and a steam gener- 

ator and superheater. 

The intermediate heat exchanger is common to 
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TABLE I 

PLANT DATA 

~ 

Net electrical output 
Gross electrical generation 

Gross thermal power 

Net plant efficiency 

Steam Feedwater System 

Feedwater heaters 

Feedwater tempersture 

Steam pressure (at turbine throttle) 
Steam temperature (at turbine throttle) 

Turbine exhaust pressure 
Net cycle heat rate 

Secondary Sodium System 

No. of circuits 

ME outlet temperature 

IHE inlet temperature 

Total flow rate 

* 
* 

Pr imary  Sodium System 

No. of circuits 3 
Reactor outlet temperature 1000 "F 

Reactor inlet temperature 
6 Total flow rate 9 x  10 lb/hr  

630°F 

*Intermediate heat exchanger 

100 Mw 

106 Mw 

296 Mw 

33.87a 

4 

408°F 

1150 psia 

925°F 

1-112in. Hgabs 
9600 Btu/kwh 

3 

970°F 
600°F 

6 9 x 10 lb/hr 

A four-feedwater-heater extraction cycle supplies feedwater to the evapora- 

tor at 408°F where it is evaporated at 1250 psia. 

930°F. 

925°F to the turbine generator. 

The steam is superheated to 

All equipment is sized to supply 930,000 lb/hr  of steam at 1150 psia, 

The turbine generator has a gross capability of 106 Mwe with a turbine 

exhaust pressure of 1-1/2 in. Hg abs. 
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Reactor plant instrumentation, other than standard process instrumentation, 

consists of nuclear instrumentation, sodium instrumentation, plant-control- 

system instrumentation, plant-protective-system instrumentation, and radiation 

monitoring system instrumentation. 

neutron flux over the range starting from source level to full power. 

instrumentation measures pressure, flows, temperatures, and levels in the 

sodium systems. 
control rods, pump speeds, etc). The protective system consists of alarm, set- 

back, and scram circuits to safeguard the reactor against malfunction and e r r o r s  

which might otherwise create hazardous conditions. 

system provides for personnel protection, for  indication of off-normal conditions, 

and f o r  the prevention of the release of excessive amounts of radioactive materials 

to plant environs. 

Nuclear instrumentation circuits measure 

Sodium 

The plant control system operates the reactor plant (adjusts 

The radiation monitoring 

A variety of auxiliary systems a r e  required in the reactor plant. A sodium 

service system is provided to f i l l ,  drain, and flush the sodium heat transfer loops 

and purify the sodium. A low-temperature auxiliary cooling system cools the 

biological shields, freeze seals, cold traps, plugging meters, etc. An inert-gas 

system maintains an inert-gas atmosphere above the sodium in the reactor, 

storage tanks, etc. A radioactive-vent system controls the release of any radio- 

active gases. A radioactive-waste system stores, for eventual disposal, al l  

radioactive -liquid- wa s t e mat e rial s . 
B. COMPARISON OF REACTOR CONCEPTS 

1. Canned-Moderator Reactor, Concept 

The canned-moderator reactor consists of: { 1) reactor core including 

moderator and reflector elements, with the fuel, control, and instrument ele- 

ments suspended in the moderator region, and; (2) reactor structure including 

the vessel, thermal shield, and biological shield. 

Figure 1 shows a section through the reactor core. The assembly of 

moderator, reflector, fuel, control, and instrument elements is contained in a 
stainless steel vessel. 

liner, reactor vessel, containment vessel, thermal shields, insulation, reactor 

Radially outward from the core a r e  a thermal shock 

cavity liner, and foundation concrete. 

actor vessel bottom, containment vessel bottom, and the reactor support structure 

Below the core a r e  a grid plate, the re- 

3 
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and foundation concrete. 

elements and forms the coolant inlet plenum under the core. 

a r e  a sodium pool, helium blanket, reflective insulation, and the loading face 
shield, Sodium is brought to the lower plenum by three pipes which enter the 

reactor cavity above the core. 
vessel and enter the reactor vessel near the bottom. 

the pool above the core through three outlet pipes attached to the reactor vessel 

above the core. 

The grid plate supports the moderator and reflector 

Above the core 

These a r e  brought down adjacent to the reactor 
Sodium is removed from 

a. Reactor Core Components 
t 

(1) General 

The core consists of closely packed hexagonal prisms of steel-clad 

graphite with circular corner scallops (moderator and reflector cans) and oper- 

ating elements suspended in process channels formed by three adjoining scallops. 
The main flow of sodium coolant is directed up through these channels in 

Zircalloy-2 process tubes containing the uranium oxide element. 

tubes, built into the grid plate, direct the coolant flow to the fuel elements. 

Piston-ring seals between the flow tubes and the fuel element process tubes pre- 
vent excessive coolant leakage to the moderator -coolant areas.  

instrument elements a r e  interchangeable with fuel elements, but block the grid- 
plate tube with piston-ring-sealed solid plugs. A parallel coolant system brings 

about 6% of the sodium flow to a plenum formed by the grid plate and the bottoms 

Short flow 

Control and 

of the moderator and reflector cans. 

between moderator cans and around the outside of elements suspended in the 

This sodium flows upward through gaps 

process channels. Heat exchange, through the fuel element process tube to the 

moderator coolant, assists in maintaining uniform temperature across the core 
structure. 

(2) Moderator and Re or Elements 

Figure 2 shows a cutaway isometric and a simplified section of a 

moderator element. 

The moderator element i s  a canned-graphite log, hexagonal in 

cross-section, with corner scallops. The steel cladding is 0.016-in., Type -304 
sheet, and the heads a r e  0.5-in. thick, Type-304 plate. Bolted to the top head 

7 
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is a spider that acts as a spacer, and a segment of a funnel that guides core ele- 

ments into the process channels. 

support pedestal a r e  at the bottom. 

ing bolted to the top head to engage the core clamps. 

coil of zirconium foil that acts as an absorber for decomposition gases released 

from the graphite. 

This skirt  forms a grillage that meshes with machined grooves in the graphite 
to provide a transition plane for the unsupported cladding, which is otherwise 

unsupported at the heads due to differential expansion between the graphite and 

steel. 

A pump-out tube and a fitting that engages the 

Peripheral elements have an additional cast- 

Inside the top head is a 

A formed skirt is welded to the inside face of the heads. 

The reflector region consists of elements identical to the moderator 

elements. 

to increase the graphite density of this region. 

the bottom grid plate. 

serves as a hold-down device for reflector elements. 

The scalloped corners a r e  filled with circular canned graphite logs 

These filler elements screw into 

The element has a flange projection at the upper end that 

Unlike the moderator ele- 

ments, the filler-element cladding does not depend upon the graphite for support. 

The graphite is undercut in diameter and length to allow for possible swelling. 

The top head contains a slot to be used for filler element removal. 

(3) Fuel Element and Shield Plug Assembly 

Figure 3 indicates the general outline of the concentric, hollow- 

The stack of sintered uranium oxide cylinder, uranium dioxide fuel element. 
rings is contained between two stainless steel tubes. 

initially fills the gap between U 0 2  ring and stainless steel cladding. 

proceeds, the helium, becomes diluted with fission gases. 

A helium atmosphere 

As burnup 

I 

The stainless-steel-clad fuel cylinders a r e  supported inside a zir-  

conium-alloy process tube. 

alloy to stainless steel at the upper and lower ends of the process tube. 

piston rings are mounted on the outside of the lower section of the process tube 

in the lower grid plate. 

under the grid plate up through the fuel element. 
piston-ring seal goes into the moderator coolant plenum. 

A mechanical transition is made from zirconium 
Two 

The main coolant flow is channeled from the inletplenum 

The small leakage through the 

The upper steel section of the process tube terminates at acoupling 

to the shield plug assembly. 

9 
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The fuel elements a r e  suspended from the loading face shield by a 
The upper portion of this assembly is a cylindrical steel shield plug assembly. 

shell filled with dense concrete and stepped at the midplane for support and to 

minimize radiation streaming. Two quad-ring seals a r e  used to seal between 

the shield plug and a similar steel cylinder built into the loading face shield. 

Thermal insulation is built into the lower end of the plug in a steel-wool-filled 

section, located vertically to match the reflective plate insulation of the loading 

face shield. 
support for the moderator cans and serves as the stationary member of a 
variable-orifice-control sodium flow through the process channel. 

is varied by raising or  lowering the mobile member of the variable orifice in 

the upper section of the process channel. 

hanger tube down the center of the support cylinder. 

vary the orifice is a ball-screw unit mounted in the shield plug, 
signal for setting flow, as well as for the control and protective systems, is pro- 

vided by a thermocouple brought through this movable hanger tube and terminating 
in the sodium channel just above the fuel cylinders. 

A continuation of the steel cylinder of the plug provides lateral  

The orifice 

This member is supported by a long 

The mechanism used to 

A temperature 

(4) Control Assemblies 

Shim-regulating rods and safety rods occupy corner -channel core 

The absorber section of a rod operates positions identical with fuel positions. 

in a helium-filled thimble which penetrates the loading face shield. 

extends from the loading face, at reactor floor level, through the reactor core. 
The lower end of the thimble plugs the opening in the grid plate which is identical 

with a fuel-coolant opening. 

face floor. 

The thimble 

The actuator section of the rod is above the loading 

Drives are mounted on top of the actuator. 

(a) Shim-Regulating Rod Assembly 

The shim-regulating rod, shown in Figure 4, consists of an ab- 

sorber column which is raised and lowered by a ball-nut on a rotating screw. 

The screw is driven through a gear reduction by an electric motor. 

The absorber column is composed of boron-nickel alloy rings 

stacked on a stainless steel pull-tube, 

rods which pass through a shield plug filled with dense concrete. 

the assembly is contained in a zirconium-alloy thimble, and remains in the 

reactor when the loading face is cleared for fuel handling operations. 

The pull-tube is suspended from pull 

This much of 

11 
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A shroud filled with boron-carbide, which extends from the 

shield plug to just above the moderator can, reduces the induced activity in the 

three pull rods, portions of which travel from below to above the shield. 

(b) Safety Rod Assembly 

The safety rod actuation differs in concept from the shim- 

regulating rod in that the linear motion is obtained with a chain-and-sprocket 
system rather than with a ball-nut-and-screw arrangement. 

in Figure 5. 

This rod is shown 

- The absorber section, pull tube, and shield plug a r e  similar to 

the shim-regulating rod except that the boron-carbide shroud is not used. 

snubber piston is fixed to the top of the pull rod. 

an electromagnet attached to the end of a chain. 

sprocket and into a slack well, to a counter-weight sprocket; and then dead-ends 

at the top of the actuator housing. Cable-leads to the magnet a r e  carried on the 

chain. 

A gas  
The snubber piston is lifted by 

The chain passes over the drive 

The electromagnet is the scram mechanism. 

(5) Miscellaneous Core Elements 

The miscellaneous core elements include a source, dummy ele- 

ments, sodium -level indicators, sodium -temperature indicators, and neutron- 
instrumentation elements. 

these elements f i t  any core position and a r e  provided with plugs to close the 

openings in the grid plate. 

With the exception of the sodium -level indicators, 

The reactor structure is composed of the following major compo- 

nents: 

a) loading face shield 

b) reactor vessel and internals 

c) containment ve s s el 

d) thermal shields and thermal insulation 

e) support structure for the reactor vessel and thermal 
shield 

f )  cavity liner and gallery diaphram seal 

i d  
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Detailed descriptions of the reactor-structure components for the 

three concepts treated in this report a r e  not covered here because in most cases 

the structures a r e  similar in design and do not greatly affect the technical or 

economic comparison of the three concepts. 

tural components for the canned-moderator concept follow very closely the design 

for the HNPF. 

cepts a r e  covered in the paragraphs below. 

Except for dimensions, the struc- 

Some major differences in reactor structures for the three con- 
/ 

The loading face shield is a large, double-stepped, cylindrical plug 

made of dense concrete encased in steel. 

concept, special features a r e  provided for rotating the loading face shield in 
order to remove individual moderator cans through one of three small plugs. 

These features are not required for the thimble or  calandria concepts. 

In the case of the canned-moderator 

A stainless steel reactor vessel with a bellows expansion joint a, 
the top is required in the canned-moderator and calandria concepts to contain 

the outlet sodium. 

vessel a r e  not required for the thimble concept. 

This tank and a backup containment tank outside the reactor 

2, Thimble Reactor Concept 

In the thimble reactor concept, no canning or  containment is required 

for the graphite moderator and reflector, and the reactor vessel is eliminated. 
The sodium coolant in the core region is contained in thimbles. 

and outlet sodium plenum a r e  above the active core region (Figure 6). 
inlet plenum, the sodium coolant flows downward between the thimble and the 

outer fuel cylinder. At the bottom of the fuel element, the flow is reversed and 
the sodium flows upward, some of the coolant flowing between the two cylinders 

and the remainder flowing up the center of the inner cylinder. 

flows the top of the process sleeve into the outlet coolant plenum. 

Both the inlet 

From the 

The coolant over- 

a. Reactor Gore Components 

The major components of the reactor core are moderator and reflector 

elements, fuel elements, control elements, and other miscellaneous small core 

components. 

(1) Moderator and Reflector Elements 

The moderator and reflector elements a r e  uncanned graphite logs 

with a hexagonal cross  section. The logs a r e  positioned and supported by 
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pedestals on the grid plate, which also provides a space for collection of sodium 

from small leaks. An inert-gas atmosphere is maintained in the graphite region. 

In the core region, thin-wall stainless steel thimbles penetrate 

each graphite log. 

and i s  f ree  to expand downward. 

Figure 7). 

Each thimble is supported from the bottom of the inlet plenum 

The bottom of the thimble is capped (see 

A zirconium liner protects the graphite from sodium leakage. 

(2) Fuel Element and Hanger Tube Assembly 

The fuel element assembly is similar to the concentric cylinder 

UO fuel element described previously for the canned-moderator reactor con- 

cept. 
to divert the inlet sodium downward. A bellows is also required in the stainless 

steel fuel cladding for the outer fuel cylinder, to allow for differential expansion 
due to the temperature difference between the outer and inner cladding tubes. 

A universal joint is provided in the hanger tube to compensate for radial expan- 
sion in the core. 

2 
A seal is provided between the outer fuel cylinder and the process sleeve 

(3) Control Elements and Miscellaneous Small Core Components 

The control element assemblies and the miscellaneous small core 

components a r e  of a design similar to those previously described components 

for the canned-moderator concept. 

b. Reactor Structure Components 

Major components of the reactor structure are the loading face shield, 
coolant inlet and outlet tanks, thermal shield, thermal insulation, grid plate, and 

cavity liner. 

canned moderator design. 

* 

Only the coolant inlet and outlet tanks differ markedly from the 

(1) Coolant Inlet and Outlet Tanks 

The sodium outlet tank is an open-top, stainless steel vessel. Holes 

in the bottom of the tank a r e  fitted with sleeves which extend above the sodium 
surface in the tank. Cylindrical caps covering each sleeve a r e  attached to the 

top of the lower sodium inlet tank, and allow sodium to overflow from the process 

channel into the outlet tank. 

forming reflective thermal insulation. 

open to the reactor cavity. 

This tank is surrounded by stainless steel plates 

An inert gas  atmosphere in the tank is 

The tank top fits into the reflective insulation in the 
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loading face shield, and any sodium vapor is condensed and returned to the 

sodium pool. 

plates embedded in the concrete surrounding the loading face shield. 

The sodium outlet tank is supported by hanger rods attached to 

The sodium inlet tank is a flat-head pressure tank suspended be- 

low the outlet tank. Numerous holes, corresponding to the core lattice, a r e  

machined in the upper and lower face of the tank. 

into the holes. 
tank are the upper extensions of these process sleeves. 
reach down into the core and form the "thimble" in which the fuel element is 

suspended. 

the thimbles. 
area of these slots and, therefore, of the sodium flow. 

case of thimble failure. 

at the outer periphery by a ring bellows. 

Process sleeves a r e  welded 

Cylindrical caps which cover the sleeves in the upper outlet 

The lower extensions 

Slots in the sleeves permit sodium to flow out of the inlet tank into 

Rotation of fuel-element and hanger-rod assembly regulates the 

Shutoff is possible in 

The inlet and outlet sodium tanks a r e  sealed together 
r 

Fabrication of these tanks will require development of remote 

welding apparatus for welding the upper and lower extensions to the process 

sleeves. 

3. Calandria Reactor Concept 

In the calandria reactor concept, graphite moderator and reflector logs 

In the active section of a r e  contained in a single container, the calandria tank. 

the core, stainless steel process-tubes extend through the graphite. 
canned-moderator reactor concept, the primary coolant enters the core from 

the inlet plenum at the bottom, flows upward past fuel elements in the process- 

channels, and enters a large pool at the top. Other aspects of reactor core and 

structure a r e  similar to the canned-moderator concept described previously 

As in the 

(see Figure 8). 

a. Reactor Core Components 

The major components of the reactor core are: (1) calandria vessel 

containing the graphite moderator and reflector, (2) concentric cylinder fuel 

elements, (3) control elements, and (4) miscellaneous small core components, 
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(1) Calandria Vessel 

The stainless steel calandria vessel is a cylindrical shell with 

dished heads. 

head contains nozzles for the three coolant return pipes. 
grid plate form the lower coolant plenum. 

the lower end of the process channels. 

The top head contains nozzles for the process tubes. The bottom 

The bottom head and 
The grid plate contains nozzles for 

Graphite moderator and reflector logs a r e  hexagonal in cross  

Logs are positioned and supported by pedestals on the grid plate. section. 

pedestals provide a space for collection of sodium from small leaks. 

atmosphere is maintained in the vessel around the graphite. 

The 

A helium 

In the core region, stainless steel process-tubes penetrate the 

Each process channel consists of a bottom grid-plate graphite logs axially. 
nozzle, process -tube, top head-nozzle, bellows, and bellows guard as indicated 

in Figure 9. 
and extends up to the top head-nozzle. 

tube and top head-nozzle to allow for differential thermal expansion between 

calandria vessel and process tube. 

sodium and reduce thermal shock. 

The stainless steel process-tube is welded to the bottom nozzle 

A bellows i s  provided between process 

A guard surrounds the bellows to stagnate 

The calandria tank is installed as a leak-tight vessel. However, 
Such leaking through a moderate amount of sodium leakage can be tolerated. 

top head or  bellows is excluded from the graphite by a shroud which consists of 
a conical steel head over the graphite stack and a cylindrical shell of stainless 

steel at the sides. 

thin-wall zirconium tubes to protect the graphite from any sodium leaks in the 

process-tube. 

the plenum provided by pedestals supporting the graphite logs. 

line penetrates to this region to permit removal of any sodium which may collect. 

Process holes in graphite moderator logs a r e  lined with 

Sodium which may leak into the calandria vessel is drained to 

The pump-out 

Preliminary results of the study of interaction of sodium vapor with 

graphite indicate that there will be no significant reaction under temperature 

conditions in the calandria. 

(2) Fuel Element Assembly 

The fuel-element and hanger-tube assembly for the calandria core 

i s  similar in design to that previously described for the canned-moderator 
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reactor concept (see Figure 4). 

zircalloy process tube required in the canned-moderator design to separate 

moderator -coolant from higher velocity fuel-coolant. 

A variation in design is elimination of the 

(3) Control Elements and Miscellaneous Small Core Components . .  * 

Other components of the reactor core, including control elements 

and miscellaneous core components, a r e  similar in design to corresponding com- 

ponents in the canned-moderator concept, I 
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Ill. ANALYSIS 

Canned Moderator 

("C) Density (gm/cm 

Graphite 45 0 1.634 

Temperature 

2680 (max.) 10 .o u02 
Stainless steel 435 7.72 

Sodium 435 0.845 

/ 

concept, a ser ies  of reactor core designs of different fuel enrichment, conversion 

ratio, lattice spacing, and physical size; but with each core design capable of 
producing 296 Mwe under operating conditions indicated in Table I. 

Nuclear and heat transfer studies were conducted to determine, for each 

Calandria and Thimble 

Temperature Density (P) 
("C) (gm/cm3) 

1000 1.61 

2680 (max.) 10.0 
435 7.72 
435 0.845 

An economic evaluation was conducted to determine the reactor core design 

which gave minimum power cost for each concept, and to provide a basis for 

comparison of concepts. 

A. NUCLEAR ANALYSIS 

Two-group theory was used for criticality calculations. Lattice parameters 
2 3.4 f , c , P, L , and 7 were calculated in a conventional manner. 

Maxwellian-averaged cross sections were used to obtain thermal neutron 
reactor constants. 

IBM-704 using the 1-2 code, a solution to the Bolteman equation by the spherical 
harmonic method in P approximation. Average group constants were obtained 

by flux- and volume -weighting. 

Thermal flux cell calculations were performed on the 

3 

Each core design was based upon obtaining an excess reactivity of 10% at 
operating temperature and with equilibrium xenon and samarium poisoning. 

reflector savings in all cases were assumed to be 40 cm. 

used in the analysis a r e  indicated in Tables I1 and III. 

The 
Other nuclear data 
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TABLE 111 

AVERAGE MICROSCOPIC CROSS-SECTIONS (THERMAL NEUTRON) 

Material 

u235 

u238 

Oxygen 

Graphite 

Stainle s s 
steel 

Sodium 

Cai 

?(barns) 

300 

- 
- 
- 
- 
- 

Led Modera 
u,(barns) 

360 

1.53 

Negligible 

0.002905 

1.66 

0.2825 

)r 

us(barns) 

10.0 

8 .3  

4.2 

4.8 

9.76 

3.5 

Calai 
v, (barns) 

222 

- 
- 
- 
0 

- 

ria and T h j  

u,( ba rn  s ) 

270 

1.17 

Negligible 

0.002185 

1.25 

0.2125 

ible 

us(barns) 

10.0 

8.3 

4.2 

4.8 

9.76 

3.5 

Variations in core diameter with lattice spacing for various fuel enrichments 

in canned-moderator, thimble, and calandria-reactor core-concepts a r e  indicated 

in Figures 10, 11, and 12. Variations in initial conversion ratios with lattice 

spacing and fuel enrichment a r e  indicated in Figures 13 and 14. 

B. HEAT TRANSFER ANALYSIS 

Heat transfer calculations for the concentric U 0 2  fuel elements were made, 
based upon operating conditions indicated in Table I (see appendix for derivation 

of equations). These simplifying assumptions were made: (1) Heat generation 

was uniform through any cross  section of the fuel element and; (2) Each fuel 

element was properly orificed to obtain uniform outlet coolant temperature, not 

only from each fuel element channel, but also from each separate coolant path 

through the fuel element. Properties of materials significant to heat transfer 

studies are indicated in Table IV. 
- 

In studies involving the thimble conc'ept, thermal conductivity of U 0 2  was 

assumed constant at 0.9 Btu/hr-OF-ft because' of increased complexity introduced 
by the double pass of coolant (see Figure 4). 

Determination of volumetric heat generation rate in fuel was based upon 

either a fuel temperature limitation of 4850°F or a pressure-drop limitation 
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Figure 14. Calandria and Thimble Concepts: Initial Conversion Ratio for 
Uranium -Dioxide, Concentric-Hollow-Cylinder Fuel Element 
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TABLE IV 

SIGNIFICANT PROPERTIES OF MATERIALS USED 

Sodium 

Density ( p )  53.6 lbs/ft3 
Thermal conductivity (k) 38 Btu/hr-ft-"F 
Specific heat (C,) 0.3 Btu/lb-"F 

Stainless steel 
Thermal conductivity (k) 12 Btu/hf-ft-'F 

Helium (diluted by fission gases) 

Thermal conductivity (k) 0.05 Btu/hr -ft- O F 

Uranium dioxide * Thermal conductivity (k) 1130 T-Oo9 Btu/hr-ft-"F 
(where T = Absolute temperature "F) 

*To facilitate heat transfer calculations for the aouble-pass, thimble-concept 
fuel element, a uniform thermal conductivity of 0.9 Btu/hr-ft-'F was assumed 
for U02 .  

through the core of 25 psi. Assuming uniform heat generation tht-ough any cross  

section of the element, maximum temperature was found to occur a t  the axial 
center of the inside cylinder. 

Heat generation rate in other fuel sections was considered proportional to 

thermal neutron flux. 

termined for each case based upon: (1) 
nuclear studies; (2) axial flux in the core varying as a cosine function; (3) radial 

flux varying as a Bessel function of the zero order, and; (4) a reflector savings 

of 40 cm. 

Ratio of peak-to- thermal neutron flux was de- 

Variation of core size with lattice spacing for constant heat removal is 
Each core indicated as dashed-line cross  plots in Figures 10, 11, and 12. 

design is capable of producti 

Table I. Core size for cann 
be limited by fuel 

for the thimble concept w 

ments in the rang 

this study could have been 

296 Mwt at the operating condition prescribed in 
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howevey, it is believed that final conclusions pertaining to this concept would not 

be altered by eliminating pressure-drop restriction. 

C. ECONOMIC STUDY 

To provide additional basis for evaluation of reactor core concepts, an 
economic study was conducted which included a determination of variation in 

capital costs as well as in fuel cycle costs with fuel enrichment, change in reac- 

tor size, etc. 
established, significant data for which a r e  listed in Table V. 

For  comparison purposes a base case or  reference has been 

TABLE V 

REFERENCE DESIGN FOR ECONOMIC STUDY 

Concept - canned-moderator reactor 

Moderator element size - 16 in. center-to-center spacing 

Active core diameter - 14.3 f t  - 

235 Uranium enrichment - 2.87'0 U 

Initial conversion ratio - 0.55 

All equipment, operating conditions, etc., external to the reactor core and 

structure remained unchanged throughout the study; 
capital costs is restricted to components which vary with size of the reactor core. 

These components include moderator, moderator containment, core tank, ther - 
mal shield, subsupport structure 

biological shielding, etc. 

Therefore, variation in  

OP shield including shield plugs, 

Variation in total capital investment with reactor core diameter is indicated 
in Figure 15. 

All variations in direct equipment costs and indirect construction costs 

normally required for design and construction of a power station a r e  included. 

Although the three core concepts differed somewhat in construction, no difference 

in capital costs between concepts was apparent for cores of equal size. The cost 

estimate for the Thimble Reactor Concept assumes prior development of remote 

welding equipment and techniques. Variation in power generating costs due to 
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variation in capital investment, as indicated in Figure 16, id based upon an 
annual load factor of 80% and annual capital charge of 14%. 

Variation in fuel cycle costs was determined for the various core designs. 

Fuel cycle costs include the following: 

1) Conversion of U F  

2) Forming of U 0 2  cylinders and sintering to high density (including 

to U 0 2  powder (including losses) 6 

losses and recovery of scrap) 

3) Assembly of cylinders into complete fuel element 

4) Uranium lease charges - in-core and ex-core 

5) Shipment of fuel element to reactor site and shipment of spent fuel 

, 

to reprocessing facility 

6) Decladding of fuel and chemical reprocessing to uranyl and plutonium 

nitrate (including losses) 

7) Gonversion of uranyl nitrate to UF 

8) Depletion of U235 by fission and nonfission capture 

9) Credit for plutonium produced. 

6 

All cost estimates a r e  based upon either information published by the AEC 

or  quotations from private fuel suppliers. 

In addition, the following bases were established for this study: 

1) Average fuel burnup - 10,000 Mwd 

2) Met plant thermal efficiency - 33 
3) Annual load factor - 0.8, 

r metric ton of uranium 

Variations in fuel cycle costs and total power generation costs are indicated 

in Figures 17 and 18. 

(canned moderator core, 16-in. moderator elements, 14.3-ft core diameter). 

All costs a r e  indicated as variations from the base case 

No change in operation and maintenance charges is expected with any vari- 

ations in core design now considered, 
generating cos ts  will be the sum of the variation in capital charges and fuel cycle 

Therefore, the net variation in power 

costs. 
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IV. DISCUSSION QF RESULTS AND CONCLUSIONS 

Advantages and disadvantages of each of the three SGR concepts considered, 
i. e., canned-moderator, thimble, and calandria, may be summarized as follows: 

A. CANNED-MODERATOR CONCEPT 

1. Advantages 

a) Individual containment of small sections of the moderator facilitates 

installation and replacement, if necessary, of the moderator. To 

avoid complication of removing the loading face shield for moderator 

removal, it is necessary to provide for rotation of the shield. Ro- 

tatability adds considerably to the cost of the top shield. 

b) Only a relatively small portion of the graphite moderator is satu- 
rated with sodium in case of cladding failure. 

c) Feasibility of design has been proven by construction and operation 
of the SRE. 

! 

2. Disadvantages 

a) Graphite-cladding introduces neutron poisons into core and de- 
creases neutron economy. 

b) Probability of failure of moderator containment is highest because 
of large surface area exposed to sodium, and relative thinness of 

I canning material. Because of the geometry of moderator cans, 

, 

I 

, 
s t ress  relief (such as through use of a bellows) is difficult. Ther- 

mal gradients and transients can lead to buckling and cracking of 

cladding material. 

c) Variation of lattice spacing in a core is difficult. 

B. THIMBLE CONCEPT 

1. Advantages 

a) Cladding and structural material in core region is minimized, 

improving neutron economy and reducing fuel costs. 

I 

t 

0 
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b) Small sodium leaks into moderator region can be tolerated. 

c) Variation of lattice spacing in the core i s  feasible, 

2. Disadvantages 

a) Double-plenum tanks in which process tubes a r e  installed present 

fabrication and installation problems. 

b) Natural convection cooling of the fuel elements is difficult to 
achieve. Removal of decay heat would be more difficult in case 
of loss of coolant pumping. 

c) A major rupture of thimble o r  plenum tank would necessitate re- 

placement of the entire core. 
requiring the removal of both coolant plenums. 

This would be a major undertaking, 

d) Provision for differential thermal expgnsion of fuel element clad- 

ding is necessary because of difference in coolant temperature on 

inner and outer surfaces. 

e) Pressure drop through core is considerably increased by double 
pass of coolant. Pumping power is therefore increased. Power 

density in fuel may be limited by core pressure drop, and freedom 

is restricted in selection of fuel element geometry. 

f )  Graphite temperatures are high since the only means for heat 
removal is by conduction to the thimble. 

239 of neutron economy, since neutron yield from U235 and Pu 

decreases with temperature. 

This leads to impairment 

C. CALANDRIA CONCEPT 

1. Advantages 

a) Structural and cladding material in core  is minimized - highest 

neutron economy - lowest fuel-cycle costs. 

b) Small sodium 1eak.s into moderator region can be tolerated. 

c) Variation of lattice spacing in core is feasible, 
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c: 

h 

a) A major rupture in calandria tube or  moderator containment vessel 
would require replacement of calandria. 

removal of loading face shield and a rather heavy and bulky calan- 

dria. 

b) Provision for differential thermal expansion of each calandria tube 
is required. 

This would necessitate 

c) Graphite temperature is high, reducing the potential gains in neu- 

tron economy. . 
D. CONCLUSIONS 

Operating experience is currently available only on the canned-moderator 
A small calandria has been built to establish fabrication techniques, concept. 

but no tests have been conducted. Selection of the best of these three concepts 
must therefore be made primarily on the basis of analytical work presented in 

this report. 

:With these qualifications, the calandria concept appears a t  present to be 

It has the neutron economy advantage of the the most attractive of the three. 

thimble concept without the high pressure drop, restrictions on fuel geometry, 

and complicated cooling-system structure of the thimble reactor. Poorer neu- 

tron economy and inherently greater probability of sodium leaks into graphite 

make the canned-moderator reactor somewhat less  attractive. 

The calandria concept should be tested, particularly with regard to integrity 

of the bellows or  other stress-relieving fitting required on each process tube. 

The next experimental SGR should incorporate a calandria core in order to obtain 

operating experience with this concept. 
- 

2. Disadvantages 
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APPENDIX .. DERIVATION OF HEAT TRANSFER EQUATIONS 

A. DOUBLE-CONCENTRIC-CYLINDER FUEL ELEMENT - ONCE-THROUGH 
COOLANT FLOW 

Calculation of thermal output consists of solving the general equation of 
heat conduction with internal sources in cylindrical coordinates. 

. . . (1) 

Using the variable conductivity coefficient for U 0 2  .given in Table IV, solu- 
tion of Equation l.for a single fuel tube is: 

r ,7 

1' 4 0.1 a < r < r  1 . 1 3 ~  10 (Tm - T:$ = A  4 a - r l  t r  1 

. . . (2a) 

. . . (2b) 

where 

s and b are inside and outside radii as shown in Figure 19; r l is  the radius 
at which maximum fuel temperature occurs. 

If surface temperatures T and Ts a r e  assumed equal, then Equations 2a 
'a b 

1' and 2b can be solved for r 

The heat transfer rate through the bond, cladding, and coolant film per  foot 
of fuel element is 

q = (Tsb - Ty)(a t b) 2rr(i)U, 

I 

. . . (4) 
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where 

. . . ( 5 )  

where S 
cladding, and h i s  the sodium heat transfer coefficient. 

is L e  hedum gap -etween fuel and cladding, assis the s-iinless steel 
gas  

For  a gas-bonded uranium oxide fuel element, the axial maximum tempera- 

ture occurs near the midplane of the element. 

ture at this point is assumed to be half of the total coolant temperature gradient 

through an element. 

maximum fuel temperature and coolant conditions, maximum heat generation 

rate, Qo of one fuel cylinder, can be determined. The heat generation rate is 

found similarly for both cylinders of the concentric cylinder fuel element. 

The mixed mean coolant tempera- 

Thus, by combining Equations 2a and 4 for a selected 

The maximum heat generation rate, Qo, occurs in the fuel element near the 

center of the core. 

Qave’ 

by 

It is now necessary to find average heat generation rate, 
of all elements in the core. 

Ratio of maximum neutron flux to average neutron flux in the core is given 

. . . ( 6 )  

where 

J1 is the first-order Bessel function, 

+o is the flux at center of coke, i.e., the maximum flux. 

Assuming the power density at any point as proportional to the neutron flux, 

Equation 6 is used to determine average heat generation rate, Qave* 
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,-, 

It is assumed that an excess of 22% lattice spacings o r  channels would be b 
required for control rods and spare fuel elements; thus number of channels 

required in the core is 

- 1.22 x reactor power (Btu/hr) n -  
Qave C . . . (7) 

and the resulting lattice spacing is 

2 
d -  2 -  for triangular lattice, 

4nc 
. . . (8a) 

2 
d' = 3'62 for hexagonal lattice, 

2nC 
. . . (8b) 

where 

D = diameter of active core (ft) 
d = distance between channels (ft) 

d' = distance across flats of the hexagon lattice (ft) 

The pressure drop through the fuel elements is determined by equations: 

Entrance loss . 
0.5 V2 

A P  = 2g x&' 

Friction loss in coolant channel 

f L  v L p  
0 AP- -2gD e (144) ' 

. . . (9a) 

. . . (9b) 

Exit lo s s 
v2 : 

2g 144 . h P =  . . . ( 9 4  

The velocity (ft/sec) is determined by taking a heat balance through the element: cp 
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iJ region a 

. . . (loa) 

region b 

region c 

'b= A pc At(3600) ' 
fb  

. . . (10c) 

where subscripts a, b, and c refer to the particular surface adjacent to the 
coolant channel being considered; i. e., Va is velocity in the channel adjacent to 
surface a; qa is rate of heat flow out of surface a; and 

channel adjacent to surface a. 
neutron flux in the axial direction, a s  given by 

is flow area of coolant 
%a (4,k+o) axial is the ratio of average-to-maximum 

. . . (11) 'ave - 
nL  

( d a x i a l  2 q  

B. DOUBLE-CONCENTRIC-CYLINDER FUEL ELEMENT-TWO-PASS COOLANT 
FLOW 

In the double-concentric-cylinder fuel element, the coolant flows down the 

outer annulus formed by thimble tube and fuel element, reverses its direction, 
and flows upward with some portion of the sodium flowing between the fuel cylin- -- 

i kd ders, and the remainder flowing up the center. It is required that flow be 
I 
1 I 
I 
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fly, L> 
orificed so that temperatures of the coolant flowing out of the two annuli are 

equal. 

The general equation for conduction, Equation 1, is solved in the following 

regions of the fuel element (see Figure 18): 

Region 

l L N z N 1  

Boundary Conditions 

at r = r Q = Q, and dt/dr = 0 

at r = rl, Q = Q1 and dt/dr = 0 
1’ 

at r = r Q = Q, and dt/dr = 0 2’ 

N 2 1 N 5 S  S a t  r = r2, Q = Q2 and dt/dr = 0, 2 3  

where 

N = r /a  

N1 = r 

N2 = r 

S1 = b/a  

S2 = d/c 

S3  = c/a, 
1 /a 

2 /a  

rl and r2 being locations of maximum temperature in each cylinder. Q, and 
Q2are  heat generation rates at r and r2. 

1 
Four equations result: 

2 
Q a  

t - t e  - - O1 4k 
a 

In N2 - N 2 t  11 

2 
Q a  

4k 
O1 pl 2 2  - N  ) t  Nl 2 In ($7 N 1 L N 5 S 1 ,  t - t  = 

“b 

. . . (12) 

. . . (13) 

2 2  Q a S3 

t - ts C - - O 2  4k [l -(%I ($ In (81 S3 5 N  I-N2 . . . (14) 
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Defining 

1 6 
Ri-  k -gas+-+- k t 

gas ss hNa 
. . . (16) 

and performing a heat transfer balance at  the fuel surface yields the equation: 

. . . (17) 

where i indicates the surfaces a, b, c ,  and d;  and j indicates channels a ,  b,  and 
d corresponding to the appropriate surfaces. 

Applying Equation 17 to Equations 12, 13, 14, and 15, and using the definitions 

= -  Y =  3 

Q l =  Q c o s n  z , 
O 1  

Q2= Q cosn z, 
O 2  

the following equations result: 

- 1 ) t N : l n N 2 - N  c o s n z  l<N(N1 

. . . (18a) 

. . . (18b) 

. . . (18c) 

( 1 9 )  
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Y = Y  t 
b 

U Y b -  Y 
B, 28,  c o s t r z  

2 1  a N1 =--t 

- 
2 

2' 
= 2  2 N t N 2 1 n ( e r  S3<_N5N 

2 
2 2  (N2 - s3 ) +  s3 - 

C 

9 

'd- 'b 
0 2 2  N2 =-t - Q  B2 

where  
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a kR kR 
b a p1 =A t- t In S1, 

. . . (23) 

. . . (24) 

. . . (25a) 

. . . (25b) 

. . . (25c) 



kR 
t I n s 2  

C 
kRd 

@ 2 =  dt - . . . (25d) 

Taking incremental heat balances for channel a, b, and d results in the 
differential equations, 

Q 5 = (N; - 1) COS lrz, 
a dz 

where 

w.c 
1 47rkL0 a. = -(i 1 P  = a, b, d), 

. . . (26) 

. . . (28) 

W = coolant flow rate (i = a, b, d), i 

subscripts a, b, and d, again, referring to regions adjacent to surfaces of radii 

a, 4 and d, respectively. 

Substituting Equations 23 and 24 into Equations 26, 27, and 28, three 
differential equations are obtained, 

j (D t CI)Ya= CIYbt C2 costcz, . . (29) 

. . . (30) (D t G5)Yb= C3Yat C4Ydt C6 cos fl z, 
, .  

hid 
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(D- C7)Yd = -C 7 b  Y t C8 COS TZ, . . . (31) 

d 
where D is differentia1 o p e r a t o r z a n d  coefficients c1, c2, * 

Table VI. 

are defined in 8 

Solving Equations 29, 30, and 31 for Ya, 'b, and 'd results in three equations 
of the form 

c 

(D 3 t AID 2 t A2D) Yi = F(zli = a, b, d, . . . (32) 

where coifficientsA1 andA are defined in Table VI. 
Equation 32 gives: 

Homogeneous solution of 2 

-A1" 
Yb = K1 + K e + K3e , 2 

-A z 
Ya = Kla t KZaz + K3ae 1 , . . . (33a,b,c) 

-A z 
Y d =  K l d t  KZde t K e 1 , 3d 

\, 

where coefficientsK 1 9  K2, K39 Kla, K 2 a 9  K3a, Kld9 K2d9 andK3d remain to be 
determined. 

Particular solutions to Equation 32 a r e  of the form 

Yb = B1 cos (nz) t B2 sin( ne ), 

'a = B la  COS(TZ) t B2a sin(nz), . . . (34a, b, c) 

Y d =  Blb c o s ( n z )  t BZb sin( nz). 

50 

, 



TABLE VI 

COEFFICIENTS DEFINED FOR SOLUTION O F  THE HEAT TRANSFER 
EQUATION FOR CONCENTRIC-HOLLOW-CYLINDER FUEL ELEMENT 

1 = -  
c1 2aaP1 

c5 = c3t c4 

A1 = C1 t C5 - C7 

A2 = 0 

A6 = -A3n 

2 C B  +Cz- nBz n(C8 - C7B1) + C7 B2 
2 2 

1 1  B '  = 
a n t c1 'd n t c7 B1 =cl 2 2 

i 

a 
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I 

By substituting Equation 34 into Equation 32, coefficients B 1' B29 B l a 9  B ~ a 9  

and BZb a r e  evaluated. These coefficients a r e  given in Table VI. 

Complete solutions for Ya, Yb, and Yd a r e  
Bib) 

K2 = K  t-  1 C7  

-A1z 
t B cos(nz) t B2 sin(nz), Yb= K 1 t  K2+K3e 1 

. . . (35) 

-A z 
t Blacos(nz)  t BZa s i n ( m ) ,  . . . (36) Y = K l a t  KZaz t K3ae 1 

a 

and 
-A z 

Yd= K t KZdz t K3de 1 t Bbl cos (m) t BZdsin ( n z ) .  . . . (37) 
Id  

f Substituting Equations 35, 36, and 37 into Equations 29, 30, and 31, and 
comparing coefficients results in: 

lK3 
3a C1 - A 1  K =  C7K3 

K3d' 

Hence Equations 35, 36, and 37 become 

- A  z 
Y t K 1 t  K2z t K 3 e  t B~ cos (nz) t B~ sin(nz),  
b 

. . . (38) 

1 

Y = K  - - - + K 2 z t  K2 'lK3 e t Bla cos (nz) t B2a sin (nz), . . . (39) 
a 1 C1 c1 - A1 
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-A z 
Y d =  K t-t K2 K e t - T e  C7K3 t B cos (nz)  t B2dsin (m). . . . (40) 

c7 A1t 7 ld 

Apply boundary conditions 

L at z=- 2L ' 
0 

Y = Y (inlet temperature), d 1  

and 

, at e = -- Yb= Yd = Ya (temperature a t  bottom of thimble). L 
2L0 

It is found that 

K3 = [C7(Bld-B) tC l (B la  -B 1 ) ] cos ( 2L "",, t [ 7(B2' B2d) 1(B2-  B2a)] sin(%-) 

. . . (41) 
0 

7lL - B ) sin-- nL 

2L0 
2a 

0 

. . . (42) 
and 

L C K  -AIL lTL TL 
B2d sin- COS-- 2L = 

- - 2 exp - - B  
0 

Id 2L0 
K2 

% = y 1 - q - K 2 2 ~  0 AI t C7 
2L0 . .. . (43) 

at the outle of the 
With element geometry fixed (Figure 3), it was necessary to select 

tfb In the reactor under study it was desired thattfa= 
element. 

coolant flow rates in the proper proportion to achieve this desired condition. 

was found that proper flow-rate ratio i s  given by: 
It 
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I 

Q 

ab - =  
- -  O 1  1 aa 

1 

. . . (44) 

where subscripts a andb a r e  for channels adjacent to radii a ,  and b, respectively 

(Figure 18). From continuity requirements, 

. . . (45) 

With a selected geometry and dimensionless flow ratead, all coefficients in 
Table VI a r e  computed. 
temperature profile i s  of little interest. 

Wd, which corresponds to maximum fuel temperature and to the given reactor 

power rate. 

axial center. 

near the maximum fuel temperature. 

maximum temperature occurs in the inside cylinder. 

maximum temperature occurs is found by an iterative process. 
is made and Equation 39 is solved for Y. a 
19, dimensionless fuel temperature Y is determined. 

In heat transfer calculations for this report, the axial 
One i s  interested in finding flow rate, 

In the two-pass fuel element, maximum fuel temperature occurs at 
With an optimized fuel element, both fuel cylinders should operate 

In the fuel element shown in Figure 18, 
at which Flow rate, W d' 

A guess at Wd 
Substituting this solution into Equation 

Since inlet and outlet coolant temperatures a r e  selected values, maximum 

heat generation rate Qo can be found from Equation 39 and this result used to 

convert Y to absolute maximum fuel temperature Tm. If the resultingTmis not the 

desired temperature, a new flow, W 

1 

is selected and T recalculated. 
d' m 

A maximum permissible pressure drop of 25 psi was assumed for the thimble 

tube. 
formulas : 

Pressure  drop through the thimble was derived by use of the following 

Entrance and 90" turn 

2 1 4 v  p A p  = 
2g 144 ' . . . (46a) 

t 

i 
i 
i 

7-7 

t, 

--\ 

i 
I 

-Ji 
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Friction loss in coolant channels LJ 
2 0.02LOV p 

Ap = 2gDe(144) 

Friction loss in 180" turn 

2 
ave 2.2v 

144 ' P  A P  = 

and 

Exit loss 

V2 
ave 

A p  = F 1 4 4  

. . . (46b) 

. . . (46c) 

. . . (46d) 
, 

For a given flow rate, W into the thimble, and using flow distribution d' 
determined by Equation 44, pressure drop can be determined. 

Fo r  the fuel element shown in Figure 18 and a pressure drop limit of 25 psi, 

it  is found that heat release capacity depends mostIy on pressure-drop limit; i. e., 
the fuel element is pressure-drop limited. 

sure-drop-limit cases i s  shown in Figure 11. 
The heat release curve for the pres- 
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NOMENCLATURE 

a = radius of fuel rod or inside radius of fuel cylinder 
Af = coolant flow area (cross-sectional a rea  of coolant channels) 

= coolant flow area of surface of radius a 
*fa 
a = coolant flow area  of surface of radius b 
fb  

= heat transfer area 
*h 

b = outside radius of fuel cylinder 
c = inside radius of outer fuel cylinder 

= specific heat of coolant 
P 
d = outside radius of outer fuel cylinder 

d = triangular lattice spacing 
d' = distance across moderator-can flats 
I) = active core diameter 

e 
e = radius of process tube 
f = friction factor 

g = acceleration due to gravity 
h = heat-transfer coefficient 

J1 = f i rs t  order Bessel function 

kf = thermal conductivity of fuel 

= thermal conductivity of sodium kNa 
= thermal conductivity of helium gas 

gas 
= thermal conductivity of stainless steel 

L = active core length (L=2R) 

L = active core length including reflector 

n = number of channels in active core 

N1 = r l / a  , dimensionless radius 

N = r / a  , dimensionless radius 

N2 = r2 / a  , dimensionless radius 

AP = pressure drop 

c 

D = equivalent or  hydraulic diameter 

k = thermal conductivity 

k 

ks s 

0 

C 

Q = volumetric heat source strength 

Q, = volumetric heat source strength at peak core flux 
Qo = volumetric heat source strength at center of core 
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= average core volumetric heat source strength 
I Qave 
I q = rate of heat flow (Btu/hr) 

r = variable radius inside fuel rod or cylinder 

r l  = radius at maximum fuel temperature 

r2  = radius at maximum fuel temperature in outer fuel cylinder 

Ro = core radius including reflector 
S1 = b / a ,  dimensionless radius 

S2 = d /c ,  dimensionless radius 

S3 = c / a ,  dimensionless radius 

R = active core radius 

i 8 8 

i 8Na thermal resistance to heat flow between fuel 

coolant, i = a, b, etc. 
1 Ri = pi- 

gas  I 
T = absolute temperature 

= absolute fuel surface temperature 

= absoIute maximum fuel temperature 
TS 

T m 
t = fuel temperature 

= fuel surface temperature . ts 
t = maximum fuel temperature 
m 
Tf = mixed mean coolant temperature 

At = temperature difference 
U = overall heat transfer coefficient 

= coolant flow velocity, i = a ,  b,  etc. , specifying channel 
vi 
w = coolant flow rate 

Y = t/(Qola /4Kf), dimensionless fuel temperature 
Yi = Ti/(Qol a /4K 1, dimensionless temperature ( i = a ,  

2 

2 b, etc., f 
specifying channel) 

x = vertical coordinate, x = 0 at axial center fuel element 
z =- 

0 

, dimensionless coordinate X 
L 

WC 
a =,=, dimensionless coolant flow rate 

6 = cladding o r  bonding thickness 

q5 = neutron flux at center of reactor 

0 

0 

= average neutron flux 'ave 

57 



1. 

2. 

3. 

4. 

5 8  

2 REFERENCES 

C. Starr and R. W. Dickinson, Sodium Graphite Reactors, (Addison-Wesley 
Pub. Co., Reading, Mass., 1958) 

"Preliminary Proposal for the Hallam Nuclear Power Facility, Hallam, 
Nebraska," NAA-SR-2960 (undated) 

S. Glasstone and M. C. Edlund, The Elements of Nuclear Reactor Theory 
(D. Van Nostrand Co., Inc., New York, 1952) 

F. L. Fillmore, "Two-Group Calculation of the Critical Core Size of the 
SRE Reactor," NAA-SR-1517 (July 1956) 


	Abstract
	Introduction
	Description of Reactor Plant and Concepts
	A General
	Comparison of Reactor Concepts
	Canned-Moderator Reactor Concept
	2 Thimble Reactor Concept
	3 Calandria Reactor Concept


	Analysis
	A Nuclear Analysis
	B Heat Transfer Analysis
	C Economic Study

	Discussion of Results and Conclusions
	A Canned-Moderator Concept
	B Thimble Concept
	C Calandria Concept
	1 Advantages
	2 Disadvantages

	D Conclusions
	Appendix - Derivation of Heat Transfer Equations
	Once-Through Coolant Flow
	Two-Pass Coolant Flow

	Nomenclature
	References
	I Plant Data
	I1 Material Densities and Operating Temperatures
	III Average Microscopic Cross-Sections (Thermal Neutron)
	IV Significant Properties of Materials Used
	V Reference Design for Economic Study
	for Concentric Hollow-Cylinder Fuel Element



	1 Canned-Moderator Reactor Concept
	Reactor Concept
	3 Concentric Cylinder U02 Fuel Element
	4 Shim-Regulating Rod
	5 Safety Rod
	6 Thimble Reactor
	7 Fuel and Hanger Rod for Thimble Reactor
	8 Calandria Reactor
	9 Process Tube for Calandria Reactor
	Removal Curves for ConcentricHollow-Cylinder Fuel Element
	Curves for Concentric-Hollow-Cylinder Fuel Element
	Curves for Concentric-Hollow-Cylinder Fuel Element
	Concentric-Hollow- Cylinder Fuel Element
	Uranium-Dioxide Concentric-Hollow-Cylinder Fuel Element
	Canned Moderator Thimble and Calandria Concepts

	Variation in Capital Charges with Active Core Diameter
	Variation in Fuel-Cycle Costs with Reactor Core Size
	Variation in Total Power Generating Costs with Reactor Core Size
	19 Segment of Concentric Hollow-Cylinder Fuel Element

