
���������� ���������	�
�������
�����������
�	�����������������������������������������������������������������
���������������������
��������������������

���	�������������� �������������	��������������������

���������������������
������ � �! �" �#

���������������$������ �%�&���' �# ��

�(�����	������������ �)�*�+�,�-�,�.

���������/���0 �������1���2�3�3���
���4�����
�
�����4�
�����3�5�)�)�6�3�5�,�,�7�.

�����1�� �
����������������������������

�8���������(�
�����������������
 �7�4�������������4�1�
��

�9���:�:�����
�����/�
���;���������������<�����������������
�������������������������������
�
���������
�����������=���1���������2���9�/���<���=





A study on the nuclear characteristics 

of a Molten Salt Breeder Reactor 

By Y oichiro Shimazu 



ABSTRACT 

Molten-salt breeder reactors (MSBRs) are being 

developped at Oak Ridge National Laboratory for the great 

possibilities they promise for generating low-cost nuclear 

power that could be expected in the conservation and 

utilization of natural resources such as thorium and 

uranium. The fluid fuel contained in these reactors, 

consisting of a mixture of UF 4 and ThF4 dissolved in 

fluorides of beryllium and lithium, is circulated through 

the core moderated by graphite. This fuel composition is 

what distinguishes MSBRs from the present-day power 

reactors. 

Study is made on the nuclear characteristics of this 

concept of reactors. First, the stability of the reactors 

during normal operation is reviewed. It is required to 

evaluate the transient xenon behavior from the point of 

view of reactivity control. 

The analysis shows a lack of reactivity control 

capability of control rods during the period of xenon 

buildup after a reactor shutdown. This leads to the 

examination of reactivity control capability of fuel 

processing system integrated to the reactor system. 

It is proved that the fuel processing system can be 

effectively used as a reactivity controller. 

Then quantitative reactor safety evaluation for 
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nuclear and mechanical accidents is performed. The 

analysis shows ,that the MSBRs have excellent safety 

characteristics in virtue of its nuclear and thermal 

properties than the other types of reactors. 

Finally, an evaluation is made of the fuel cycles 

and their costs with the variation of schemes such as 

with or without fuel processing system. The resulting 

fuel cycle costs range f.rom 0.61 to 1.18 mill/kWh. The 

calculations indicate that somewhat lower fuel cycle 

costs can be expected from reactor operation in converter 

235 mode on U makeup with fuel reprocessed in batches every 

10 years to avoid fission product precipitation, than 

from operation as 233U_ Th breeder with continuous re-

processing. 
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Fig. 4-6 Reactor transient after step reactivity 
addition; Case A-2 

Fig. 4-7 Reactor transient after step reactivity 
addition; Case A-3 

Fig. 4-8 Reactor transient after ramp reactivity 
addition; Case B-1 

Fig. 4-9 Reactor transient after ramp reactivity 
addition; Case B-2 

Fig. 4-10 Reactor transient after ramp reactivity 
addition; Case B-3 

Fig. 4-11 Reactor transient after step reactivity 
addition; Case C-l 

Fig. 4-12 Reactor transient after step reactivity 
addition; Case C-2 

Fig. 4-13 Reactor transient after step reactivity 
addition; Case C-3 

Fig. 4-14 Reactor transient after ramp reactivity 
addition; Case D-l 

Fig. 4-15 Reactor transient after ramp reactivity 
addition; Case D-2 

Fig. 4-16 Reactor transient after ramp reactivity 
addition; Case D-3 

Fig. 4-17 Reactor transient after locked rotor 
accident of one pump; Variable heat 
transfer coefficient 

Fig. 4-18 Reactor transient after locked rotor 
accident of two pumps: Variable heat 
transfer coefficient 

Fig. 4-19 Reactor transient after locked rotor 
accident of three pumps: Variable heat 
transfer coefficient 

Fig. 4-20 Reactor transient after locked rotor 
accident of four pumps: Variable heat 
transfer coefficient 
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Fig. 4-21 

Fig. 4-22 

Fig. 4-23 

Fig. 4-24 

Fig. 4-25 

Fig. 5-1 

Fig. 5-2 

Fig. 5-3 

Fig. 5-4 

Fig. 5-5 

Fig. 5-6 

Fig. 5-7 

Fig. 5-8 

Variation of heat transfer coefficient with 
primary salt flow rate in reactor core 24 ) 

Reactor transient after locked rotor 
accident of one pump: Constant heat 
transfer coefficient 

Reactor transient after locked rotor 
accident of two pumps: Constant heat 
transfer coefficient 

Reactor transient after locked rotor 
accident of three pumps: Constant heat 
transfer coefficient 

Reactor transient after locked rotor 
accident of four pumps: Constant heat 
transfer coefficient 

Transmutation scheme of 232Th and 235u 

Procedure of calculation 

Uranium isotope inventories: 235u 
startup to approach the equilibrium 
by Perry and Bauman 

.. . . 235 Uranlum lsotope lnventorles: U 
startup to approach the equilibrium 

Startup with 235u followed by approach 
to equilibrium (Scheme B) 

Startup with 235u followed by 235u 
addition with no integrated fuel 
processing (Scheme C) 

. 235 235 Startup wlth U followed by U 
addition with continuous fuel removal 
at rate of 1/2 inventory per equivalent 
full power year (Scheme D-l) 

Startup with 235u followed by 235u 
addition with continuous fuel removal 
at rate of 1/4 inventory per equivalent 
full power year (Scheme D-2) 

-xi-



Fig. 5-9 

Fig. 5-10 
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Fig. A-3 

Fig. A-4 
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Fig. A-6 

Fig. A-7 
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at rate of 1/8 inventory per equivalent 
full power year (Scheme D-3) 

Fuel cycle costs vs. fuel life 
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Preliminary concept of MSBR bubble 
generator 
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stream 

Sectional elevation of primary heat exchanger 
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graphite for neutron moderation and reflection, with the 

moderating region divided into zones of different fuel-to 

graphite ratios. As the salt flows upward through the 

passages in and between the graphite bars, fission energy 

heats it from about 1050°F (839°K) to 1300 0 F (978°K). 

Graphite control rods at the center of the core are moved 

to displace salt and thus regulate the nuclear power and 

average temperature, but these rods do not need to be fast 

scramming for safety purposes. Long-term reactivity control 

is made by adjustment of the fuel concentration. 

The core neutron power density was chosen to give a 

moderator life of about four years, based on the irradia­

tion tolerance of currently available grades of graphite. 

The specific inventory of the plant, including the proces­

sing system, is 1.508 kg of fissile material per MW(e) , 

which, together with the breeding ratio of 1.06, gives an 

annual fissile yield of 3.3%. The heat-power system has 

a net thermal efficiency of over 44%, which makes a reac­

tor plant of about 2250 MW(t) ample for a net electrical 

output of 1000 MW(e) . 

A simplified flow diagram of the MSBR is shown in 

Fig. 1-1. The primary salt is circulated outside the 

reactor vessel through four loops. (For simplicity, only 

one loop is shown in the figure.) Each circuit contains a 

single-stage centrifugal pump and a shell-and tube heat 
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exchanger. Tritium, xenon, and krypton are sparged from 

the circulating primary salt by helium introduced in a 

side stream by a bubble generator and subsequently removed 

by a gas separator. A I-gpm (0.06 liter/sec) side stream 

of the primary salt is continuously processed to remove 

233pa , to recover the bred 233u , and to adjust the fissile 

content. A drain tank provides safe storage of the salt 

during maintenance operations. 

The heat generated in the fuel salt in the core is 

transferred from the tube sides of the four primary heat 

exchangers to a countercurrent secondary salt passing 

through the shell sides. 

More detailed description is seen in Appendix A. 

The characteristics that distinguish the MSBR from 
7) , 8 ) 

the other reactor concepts are as follows: 

1) An inherent breeder reactor that operates on 

Th-U fuel cycle. 

2) Thermal reactor technology is applicable. 

3) A liquid fuel reactor with continuous fuel load-

ing and reprocessing that could result in high 

loading factor and effective protection against 

nuclear robbery and proliferation. 

4) Molten salt fuel being chemically stable at 

normal pressure could resolve the difficulties 

associated with some of reactor safety and 
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Table 1-1 

Inven-
tory of 
radio-
activi-
ty 

MSBR 1 

HTGR 3 

CANDU 3 

LWBR 3 

GCFR 4 

Weight 0.2 

It 3 ) 
Relative assessment of reactor safety 
(Best: 1, worst : 5) 

Loss of Nuclear Fuel/ Final 
coolant/ excur- cool- con-
Pump sion ant tain- Total 
stop reac- ment 

tion 

2 1 2 1 1.3 

2 2 2 1 1.9 

2 2 3 2 2.3 

4 3 3 3 3.2 

5 4 1 4 3.7 

0.2 0.2 0.1 0.3 
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managemental problems related to solid fuel and 

could generate electricity safely and economically 

as shown in Table 1-1. 

5) A quantity of pUltonium necessary to operate a 

sodium-cooled Fast Breeder Reactor could operate 

three MSBRs of the same capacity. From this 

point of view MSBR could be a kind of pultonium 

burner so that the problem of plutonium accumula-

tion could also be resolved. 

6) t 1 233u btl 235 239 ld ' 't' 1 No on y u a so U or Pu cou 1n1 1a -

1 b t 'l' d 239 b' t'l' d 't Y e u 1 1ze . Pu e1ng u 1 1ze , 1 can 

result in higher breeding ratio due to its high 

value of \J. 

7) Less radioactive waste disposal are expected as 

shown in Table 1-2. 

8) High thermal efficiency such as 44% could contribute 

reducing thermal polution as shown in Table 1-2. 

1.2 Comparison of Nuclear Designs between Light Water 

Reactors and the MSBR 

A comparison in reactor design between present-day 

Light Water Reactors (LWRs) and the MSBR reveals the 

following differences. The nuclear characteristics of 

a MSBR remains unchanged throughout the entire reactor 

life and hence only the initial nuclear design fullfils 

- 7 -





1.3 Objective of the Study 

As described above the MSBR has many advantageous 

characteristics. However, in order to realize the concept, 

a detailed quantitative evaluation or assessment in every 

areas of the concept is indispensable. From this point of 

view, a study is made on the essential items for nuclear 

power system such as stability and controlability, safety 

and economy. 

The results obtained through the evaluation can 

clarify the characteristics of the MSBR and set a develop­

mental program workable for the future. 

In chapter 2, reactor stability with special interest 

in transient xenon behavior during normal operation is 

described. 

In chapter 3, reactivity control capability of Fuel 

Processing System is analysed. 

In chapter 4, reactor safety is analyzed for the 

abnormal transients both for nuclear and mechanical 

accidents. 

In chapter 5, feasibility of a several kinds of fuel 

cycles and their fuel cycle costs are evaluated. It is 

quite important for Japan having less natural resources to 

diversify her energy resources. Especially, the M5BR can be 

operated on variety of fuel schemes. 

The summary of the study is described in chapter 6. 

-9-



To achieve the objective, we make this study on the 
20 ) 

conceptual design of 1000 MWe MSBR as reported by ORNL in 

1971. 
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temperature control was accomplished by varying the 

secondary salt flow rate and reactor temperature control 

was accomplished by applying the load demand signal directly 

to the reactor outlet temperature controller as well as the 

stearn generator. 

On the other hand, the hydraulic stability of the 

reactor itself is assured from the following fact that the 

vapor pressure of the fuel salt at operating temperatures 

is less than I rom Hg. In other words, no boiling occurs 

and hence no hydraulic instability is concerned. 

The last problem that cannot be dispensable for ther-

mal reactor stability is that of xenon. For solid fuel 

reactors such as LWRs it is necessary to evaluate the 

stability of spatial oscillations and reactivity changes 

• . 25)", 30) 
caused by xenon varlatlons. In the MSBR, no spatial 

distribution of xenon in the fuel salt exists and hence no 

spatial oscillations exist. The reactivity changes caused 

by transient operations has not been quantitatively evaluated. 

Based on the review above, transient xenon analysis 

which is the only one area to be investigated is made in the 

following chapter. 
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2.2 Transient Xenon Analysis 

2.2.1 Introduction 

An annexed processing plant that continuously removes 

protactinium and fission products from the fuel salt is a 

basic feature of the system, which distinguishes the MSBR 

from the present-day power reactors. This plant contributes 

t d · 135 . . t 1 1 f b 1 th f d o re uC1ng Xe p01son1ng 0 a eve ar e ow ose oun 

in the current power reactors. According to Ref.(20), the 

"poison fraction", which is defined as the number of 

neutrons absorbed by 135xe divided by the total number of 

neutrons (fast and thermal) absorbed by 233u, is evaluated 

or designed to be 0.56%. In power reactors operating today, 

this fraction is about 4%, which occasionally necessitates 

analysis of xenon behavior, especially under transient 

conditions such as start-up, load increase and decrease, 

shut-down, restarting, and variations of load. 

With the MSBR, while the processing plant mentioned 

above will serve to hold the general level of poison frac-

tion quite low, transient xenon analysis is still indis-

pensable for detailed evaluation of the reactivity balance 

under transient conditions. This is what inspired the 

present author to undertake an analysis, by point reactor 

model, of the xenon behavior under certain conditions of 

transient operation. Some of the results obtained are 

presented in what follows, comparisions being made with 

- 13-



31 ) 

corresponding results for a typical PWR. 

2.2.2 Method of Calculation 

In order to evaluate the poison fraction, we need to 

know the 135xe concentrations in the fuel salt, in the 

bubbles and in the graphite. According to Robertson and 
32) 

Kedel et al. ,the steady-state analytical model 

involves rate balance on the 135xe and 135 1 in the fuel 

salt and a fuel loop with the characteristics of a well-

stirred pot: 

Iodine generating rate = Iodine decay rate 

Xenon generating rate = Rate of decay in salt 

+ Rate of burnup in salt + Rate of migration into 

graphite + Rate of migration into circulating bubbles, 

where 

Rate of migration into graphite = Rate of decay in 

graphite + Rate of burnup in graphite, 

and 

Rate of migration into circulating bubbles = 

Rate of decay in bubbles + Rate of burnup in bubbles 

+ Rate of stripping from bubbles. 

In transient state, the rates of increase or decrease are 

determined by the amount of unbalance between the left- and 

right-hand sides of the equations given above: 

- 14-







inner radius 

outer radius 

Rate of Xe migration into circulating bubbles .. 

The rate of Xe migration into the circulating bubbles 

is given by 

s X 
Rate of migration into bubbles (XBF) = hB AB(CX - CSi ). 

The salt film presents by far the most preponderant 

resistance; and hence the Xe concentration in the bubble 

should be uniform and at equilibrium with the concentra-

tion in salt at the interface. Consequently the 

corresponding Xe flux equation can be written in the form 

, 

where 

hB mass transfer coefficient 

AB total bubble surface area 

CX 
B xenon number density in bubble 

X CSi : xenon number density at bubble interface 

Therefore, 

X dCB aX¢cX V l/J - X 
VSl/J SCX Vsl/J VSl/Jdt = XBF - AXCB -a B C B 
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x v - scx Vs1/J 2 - AX1/JCB -
S B 

, 

where 

S rate of Xe stripping from bubbles 

.Iji overall void fraction of bubbles 

These and the other assumptions and considerations adopted 

in the foregoing calculations are common to those used by 

Kedel et ale in Ref. 32), except that the reactor is 

expressed by an equivalent one point model. 

The xenon behavior in the individual elements can now 

be determined for a given set of initial conditions: The 

coupled 

X 
for CS ' 

differential equations presented above are solved 

X X CB and CG(r), and the final solutions is obtained 

by numerical integration over the relevant time and space. 

A time mesh of 60 sec is chosen, while the space meshes 

adopted are 0.007cm (x3) and 0.306cm (x14) respectively 

for the surface and for the bulk of the graphite. 

6 

The validity of the foregoing method has been verified 

by comparing the results for steady state with those given 
20) 

by Robertson , the agreement proving to be within ±2%. The 

reactor parameters used here are listed in Table 2 - 1. The 

mass transfer coefficients have been evaluated from the 

established relationship for heat transfer coefficients 
32) 

using the heat-transfer/mass-transfer analogy. The values 

thus obtained for these coefficients range from about 0.0025 

to 0.0085cm/sec, varying with the combinations of parameters. 
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We chose a value of 0.00675cm/sec to obtain the target 

poison fraction of 0.56%, cited earlier; this fraction, 

besides, does not change sensitively with variation of 

the mass-transfer coefficients around the chosen value. 

The above value can be considered reasonable also form the 

fact that it is not far from mid-range between 0.0025 and 

0.0085. 

2.2.3 Sensitivity Study of Main Parameters 

The poison fraction is greately affected by two 

parameters; one is the diffusion coefficient of xenon at the 

surface of graphite moderator. The other one is the volume 

fraction of helium bubbles. 

We examin the effect of the deviations of these 

parameters from the nominal values. The case chosen for 

this sensitivity study is that of the peak xenon buildup 

after shotdown following full power operation. The diffusion 

-9 -7 2 coefficient ranges from 0.258 x 10 to 0.258 x 10 cm /sec 

and volume fraction varies from 0.1 to 0.4%. 

The results are plotted in Fig. 2 - 1 and Fig. 2 - 2. 

From these figures we can see that the ratio of peak xenon 

and the equilibrium xenon changes slightly with volume 

fraction for a diffusion coefficient. Hence the ratio can 

be predicted from that obtained for nominal values. In 

other words, the sensitivity of transient xenon can be 
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salt from startup to full-load conditions. 

These values indicate that for normal operation, the 

core reactivity can well be regulated by control rod move-

ment alone. This finding substantiates what has been 
23) 24) 

reported by Sides and Sides, Jr. ,though the actual 

behavior of the control rods and the process of reactivity 

control are quite different, in that these previous authors 

did not take the transient xenon effect into account in 

calculating the reactivity. 

Another point to be noted is that during shutdown, xenon 

buildup* will result in negative reactivity that far exceeds 

what can be overcome by control rods insertion, so that, during 

a certain period after shutdown, restarting will not be possible 

without additional means of reactivity control to supplement 

the action of the control rods. The required initial boost 

could be provided when necessary by the fuel salt processing 

system, which could be utilized to increase the quantity of 

233u contained in the fuel salt. This additional flexibility 

made available for controlling the reactivity should thus prove 

indispensable in the routine operation of such reactors. 

* This large buildup of xenon during shutdown is due 

to the high concentration of iodine in the fuel salt. 

The number density of iodine is about 100 times that 

of xenon at equilibrium at full power. 
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Nomenclature 

Chapter 2 

total bubble surface area 

xenon number density in bubble (n/cm 3 
) 

xenon number density in graphite 

iodine number density in fuel salt (n/cm 3 ) 

C;i xenon number density at bubble interface(n/cm 3
) 

H 

xenon number density in fuel salt 

diffusivity of xenon in graphite 

constant of Henry's law for xenon in 
fuel salt 

(n/cm 3 ) 

(cm 2 /sec) 

(atoms/b·cm) 

hB mass transfer coefficient into bubbles (cm/sec) 

hm mass transfer coefficient into graphite(cm/sec) 

PF poison fraction ( - ) 

R universal gas constant 

inner radius of graphite bar (cm) 

outer radius of graphite bar (cm) 

s rate of xenon stripping from bubbles ( - ) 

T absolute temperature 

Vc fuel salt volume in reactor 
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fuel salt volume of primary loop 

XBF rate of xenon migration into circulating 
bubbles (n/sec) 

XGF rate of xenon migration into graphite (n/sec) 

Yr fission yield of iodine (n/fission) 

YX fission yield of xenon (n/fission) 

E void fraction in graphite ( - ) 

overall void fraction of bubbles 

neutron flux 

decay constant of iodine 

decay constant of xenon 

macro-fission cross section 

micro-absorption cross section 
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(n/cm2
• sec) 

-1 
(sec ) 

-1 (sec ) 

-1 
(em ) 
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(2) What are the limiting conditions on such action? 

(3) What kinds of practical operation are expected to 

be required? 

(4) Can FPS follow rapidly enough the reactivity 

swing caused by transient xenon? 

3.2 Analysis of System 

In PWRs the CSCS makes use of boric acid as medium to 

adjust the reactivity changes due to: 

(1) Temperature change of coolant and fuel 

(2) Burnup and fission product accumulation 

(3) Transient Xe following power change 

The methods commonly adopted for adjusting the boric 

acid concentration are as follows. For diluting boron 

in order to augment positive reactivity, the coolant is 

extracted, and at the same time an equal quantity of pure 

water is injected so as to maintain constant coolant 

inventory. The same operation, but with injection of extra 

rich boric acid solution instead of pure water ("boration"), 

serves the opposit purpose of raising boron concentration 

and adding negative reactivity to the primary system. 

The flowsheet of the FPS, shown in Fig. 3-1 clearly 

brings out the similarity existing between the CSCS and the 

FPS in respect of the principles utilized for adjusting the 

concentration of specific components in fluid mixtures--boric 
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Table 3-1 Fuel Salt Compositions 

r UF 4/ThF 4 LiF BeF 2 ThF4 UF 4 ThF 4+UF 4 

2 0.041 71. 55 15.97 11.97 0.51 12.48 

4 0.072 71.24 15.90 11.92 0.93 12.85 

6 0.103 70.94 15.83 11.87 1.36 13.23 

8 0.130 70.64 15.77 11.82 1.76 13.58 

10 0.156 70.35 15.70 11.77 2.18 13.95 
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Fig. 3-2 Fuel concentration vs. duration of dilution 
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Nomenclature 

Chapter 3 

C 

C 
o 

r 

u 

fuel concentration 

initial fuel concentration 

ratio of fuel concent ration 

fuel concentration in the fuel salt 
back to the reactor 

(n/cm 3 ) 

( - ) 

(n/cm 3 ) 

Vs total fuel salt volume in primary loop (cm 3
) 

Salt processing rate (cm 3 /hr) 
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Chapter 4 Accident Analysis 

4.1 Introduction 

4.1.1 Safety Analysis 

Safety analysis of a reactor is done for the events 

which exceed reactor condition of normal operation, that 

is, abnormal transients during normal operation. Then the 

events which exceed the conditions of the abnormal tran­

sients or accidents are analyzed. Although there are many 

events that must be analyzed as abnormal transients or 

accidents, they are classified into two categories; Nuclear 

accidents and mechanical accidents. Considering that the 

reference MSBR is at conceptual design stage, it is not 

reasonable to classify the events into abnormal transients 

and accidents. Hence in this chapter all abnormal events 

are treated as accidents. 

We look into both nuclear accidents and mechanical 

accidents and select the accidents which would result in 

the most severe conditions. The transient behaviors of 

the reactor for the accidents are analyzed quantitatively 

without any supervisory control or protectional actions. 

In other words, transient without scram are analyzed. 

This is mainly due to the fact that the protection system 

has not designed precisely yet. However, such analyses 

enable us not only to estimate the design requirement of 

protection system but also to assess the safety margin of the 
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volume' is provided by pump tanks of four primary salt 

circulation pump. However a kind of thermal shock producted 

by sudden temperature rise of fuel salt might be required. 

Item 4 is to be evaluated based on the temperature 

transient of fuel salt, transient heat transfer and stress 

analysis. However, at present, data for rigorous analysis 

is not available yet. 

Hence the last item is employed as the basis of the 

safety criteria in this study and described in detail in 

the following. 

A preliminary elastic stress analysis was made for 
20 ) 

the reactor vessel. The analysis was based on the top 

of the vessel operating at 704°C and 42 psi and the bottom 

at 566°C and 61 psi. The maximum stress in the removable 

head due to pressure alone is 5220 psi. This stress is 

located in the dished head near the junction of the head 

and shell skirt. The maximum stress in the vessel occurs 

at the junction of the lower head and shell and is 16,324 

psi. The cylindrical portions of the vessel are 2 in. 

thick and the dished heads are 3 in thick, (No analytical 

work has not been done on the nozzles, closure flanges, 

thermal stresses, or discontinuity stresses at the necked 

down portion of the vessel) . 

As the fuel salt temperature could be expected to 

reach the creep range, the allowable temperature must be 
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both time and the rate at which the axial temperature 

distribution changes, on account of the difference in 

their thermal characteristics. For this reason, the fuel 

salt is divided axially into four equal lumps and the 

graphite into two, in the central zone. In the outer zone 

the heat generation does not reach one quarter of that in 

the central zone, which makes it sufficinet to divide the 

zone into two equal fuel salt lumps and one graphite lump. 

Since the density of the fuel slat varies only slightly 

with temperature, the four central-zone and the two outer­

zone fuel lumps, as well as the two central-zone graphite 

lumps are all considered to be respectively of equal mass. 

The mass flow rates of the fuel salt in the two zones 

of the core are determined from the rate of heat generation 

in each zone in such a manner as to yield an equal tempera­

ture rise of the salt in two zones. This results in 81.4% 

of the flow passing through the central and 18.6% through 

the outer zone. As to the share of heat generation 

contributed by each zone, we adopt the data reported in 

Ref. 20), which attributed 97% of the total core energy 

generation to the fuel salt, leaving 3% to the contribu­

tion from graphite. The respective contributions are then 

divided equally into fuel lumps and graphite lumps. The 

heat sink for the primary loop is assumed to be constant 

at -2,250 MWt at full power, and zero at zero power. 
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The neutron flux distribution in the MSBR is not 

strongly dependent on the power level, so that the energy 

generation ratio in each lump can be assumed constant 

during transients. Under transient conditions, the delayed 

neutrons playa very important role, which led us to adopt 

a two-delayed-group approximation of the point kinetics 

equations for analyzing nuclear behavior of the core. The 

circulation lag term for the delayed-neutron precursors of 
37 ) 

the j-th group Cj (t-T) is also included. 

The heat transfer system represented by this model is 

shown in Fig. 4-2, and expressed by the following equations: 

For the graphite-lumps 

M C dT 
g pg ..::ar = hfgAC(Tp - Tg) + kgPr , 

For the fuel salt-lump temperatures Tpl ' Tp3 and Tp5 

dTg 
MrCpf dt = F 1 Cpf (T i - Tp) + hfgAc (Tg - Tp) 

+ k P , r r 

For the fuel salt-lump temperature Tp2 ' Tp4 and Tp6 ' 

dTg _ 
MrCpf dt - FlCpf(Ti - Tp) + krPr , 

For the primary loop 

where 

4 - 1 

4 - 2 

4 - 2' 

4 - 3 

T graphite temperature (depending on the core 
g 

zone) • 
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T fuel salt temperature (depending on the core 
p 

zone) , 

T. inlet temperature to lump (depending on the 
1. 

core zone), 

Cpf specific heat of fuel salt, 

C specific heat of graphite, pg 

M mass of fuel salt lump (depending on the core 
r 

zone) , 

Mg mass of graphite lump (depending on the core 

zone), 

h fg salt to graphite heat transfer coefficient, 

A heat transfer area of graphite lump (depending c 

on the core zone), 

P reactor heat generation rate, 
r 

k fraction of fission heat generated in graphite g 

lump (depending on the core zone), 

kr fraction of fission heat generated in fuel salt 

lump (depending on the core zone), 

Fl fuel salt mass flow rate in lump (depending on 

the core zone), 

Q heat sink in primary loop. 

The reactor outlet temperature 

Tro = O.8l4Tp4 + O.l86Tp6 ' 4 - 4 

where Tp4 and Tp6 stand for the outlet fuel temperature of 

the central and outer zones, respectively 
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The reactor kinetics equations take the form 

dPr P - 13 = P + AlC l + A2C2 , dt 
Q, 

r 4 - 5 

dCl 13 1 1 
dt = P - AlC l -Q, r T c 

+ 
e-AITL 

C (t - T L) , 
TC 1 

4 - 6 

dC2 = 13 2 P A2C2 - ...!.-C -
dt Q, r T 2 c 

+ 
e- A2TL 

C (t - T L) , 
T 2 4 - 7 

c 

P = Po + Pt + Pc' 4 - 8 

6 D 
L (T . - T .)M . 

i = 1 pl pl rl 

Pt =a f o 
6 
L M ri i = 1 

3 
D 

L (T . - T .)M . 
i = 1 gl gl gl 

+ a go 
3 4 - 9 

L M gi i = 1 

where 

Pr relative reactor power, 

C. j-th group delayed-neutron precursor concen-
J 

tration, 

Sj j-th group delayed-neutron fraction, 
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Initial 

Table 4-3 Representative characteristics 
in transients. 

Case Peak power relative 
to rated power 

Reactivity 

Highest fuel 
temperature ( °C) 

condition (%lIK/K) 
Step Ramp Step Ramp 

0.1 2.5 1.5 900 900 

Zoro 
power 0.3 15 1.5 1,150 1,150 
(A and B) 

0.5 40 1.5 1,400 1,400 

0.1 2.0 1.5 820 820 

Rated 
power 0.3 10 2.0 1,060 1,060 
(C and D) 

0.5 28 2.3 1,300 1,300 
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30 

Jp=0.5% Jk/ k( C-3) 

. Jp=0.3% Jk/ k (C-2) 

o Jp=O.l%Jk/k(C-l) 
012 

Time (sec) 
Fig. 4-4 Power pulses produced by step insertion 

of 0.1, 0.3 and 0.5%6k/k; At rated power 
(Cases C-l, C-2 and C-3) 
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Case 

Initial 
Condition 

Zero 
power 
(A and B) 

Rated 
power 
(C and D) 

Table 4-4 Lapse of Time in which fuel tem­
perature reaches the limit 

Time (sec) 

Reactivity Step Ramp 

( %6K/K) 
Tin 'I'out Tin 

0.1 44 46 

0.3 2 23 

0.5 1.5 23 

0.1 

0.3 17 16 35 

0.5 1\.,1 1\.,1 32 
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34 
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addition of less than O.I%6k/k for zero power condition and 

for rated power condition could be expected to be terminat-

ed safely. It would also be true for both zero power and 

rated power conditions for a ramp reactivity addition at a 

rate of O.OI%6k/k sec. 

A step reactivity addition of more than O.I%6k/k could 

possibly occur considering the control rod system of the 

MSBR. In the MSBR, total control rods are consisted of 

four graphite rods, each of which has about O.08%6k/k 
2 0) 

reactivity. In order to add possitive reactivity, these 

control rods are inserted into the center of the core 

against the bouyancy. Hence more than one control rod 

mechanism should fail simultaneously to be inserted by a 

step. This is highly unlikely to happen. This attests 

the promising nuclear safety characteristics possessed by 

the reference MSBR, which would render it very highly 

unlikely to be involved in a reactivity excursion that 

should endanger the integrity of the fuel containment 

system. The foregoing analysis would also indicate that 

there should be no need for a protective system of parti-

cularly rapid response. 

4.2.5 Conclusion 

We have analysed from the results of calculations on 

transients the expected consequences of nuclear excursions 

- 87-



caused by both step and ramp reactivity addition in the 

MSBR. 

The MSBR being possessed of a very small effective 

delayed-neutron fraction, a significantly high power pulse 

is generated by a step reactivity addition. The resulting 

highest fuel temperature, however, is not higher than 

caused by ramp insertion of the same amount of reactivity, 

indicating that the highest temperature attained depends 

on the amount of the reactivity inserted but not on the 

rate of reactivity insertion. The prompt pulse generation 

occasioned immediately after a reactivity insertion can 

rise to a significant height, but all other transients, 

including in particular the temperature, are slow enough:. I. 

to permit adequate countermeasures to be taken. 

The criteria to assure the integrity of the MSBR, a 

fine criteria must be established, which are selected as 

that the inlet and outlet fuel temperatures should not be 

higher than 790° and 930°C, respectively. Although 

these limits are reached in most of the cases analysed the 

lapse of time for each case is long enough to allow ample 

time for the automatic protection system to let the 

prescribed countermeasure come into action. In order to 

assure this lapse of time a quick detection of anormaly by 

high neutron flux is necessary. 

Transients which result in the lapse of time so short 
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4. 3 Mechanical Accident Analysis 

4.3.1 Introduction 

The MSBR is consisted of reactor primary system, 

secondary cooling system, steam power system, and fuel 

processing system. Mechanical accidents should be evaluated 

for each system. 

In the following text, we will determin what is the 

most severe accident for reactor safety. The accidents of 

fuel processing system will not directly affect the integri­

ty of reactor system. Also, the accidents of steam power 

system will not directly affect the integrity of reactor 

system because the secondary coolant system behave as a 

buffer. 

The abnormal increase or decrease of secondary salt 

flow can be considered as mechanical accidents of secondary 

coolant system. In the accidents of salt flow increase, 

the salt flow will increase to the normal level at most. 

Hence the reactor transient with power overshoots to some 

extent caused by this accident would not be more severe than 

that caused by the accident of salt flow decrease. The 

salt flow decrease results in the reduction of heat sink 

so that this would be more severe accident. The same 

story is true for the accidents of reactor primary system. 

In the accidents of salt flow decrease of reactor primary 

system and secondary coolant system, a locked rotor 
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Table 4-5 Initiating Probabilities 

Number of pump Probability*[per year] 

lost simultaneously PWR BWR 

1 0.16 0.32 

2 4.9xlO- 8 1. 9xlO -7 

3 1. 5xlO- lq 1. 2xlO_ 13 

4 4.5xlO- 21 7. 2xlO- 20 

* Accessible time of 10 minutes 
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4.3.3 Locked Rotor Accident Analysis 

In a reactor with circulating fuel, the reduction or 

the stoppage of fuel flow caused by locked rotor(s) of the 

pumps will result not only in adding positive reactivity 

due to the decrease of the loss of delayed neutron 

precursors out of the core, but also in loosing heat sink. 

Such occurrence may be a cause of the loss of reactor 

system integrity. This is what inspired the present author 

to undertake an analysis of locked rotor accident. The 

analysis is made on the basis of a point reactor kinetics 

model with a simplified heat transfer mechanism. 

The following sequence of transients takes place when 

a locked rotor accident occurs to an MSBR operating at a 

constant power level: (a) The reduction of fuel salt flow 

will reduce the loss of delayed neutron precursors out of 

the core, which gives positive reactivity to the reactor. 

(b) At the same time, the fuel salt temperature will rise 

due to the longer stay in the reactor, which gives negative 

reactivity due to the reactivity feedback of temperature. 

(c) Fuel salt of higher temperature enters operating loop 

and after being cooled down comes back to the reactor. (d) 

In time the reactor will stabilize at a new level where 

reactivity and heat generation will again balance each other. 

This sequence of events is straightforward, but analysis of 

reactor safety demands quantitative examination of the 
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system has a partial flow and heat sink. While in case D 

the system has no fuel salt flow and heat sink, which makes 

the fuel salt temperature rise far beyond the limiting 

temperature. However, it takes 300 seconds and 30 seconds 

for the fuel salt temperature to reach the limit for 

variable and constant heat transfer cofficient, respec-

ti vely • These lapses of time could be long enough for the 

automatic protection system to detect the anomaly and to 

come into action to reduse the severity of the accident. 

On the other hand, it is shown that a partial flow 

can effectively keep the fuel temperatures below enough 

the limiting temperatures. Hence an auxirially system to 

maintain a partial fuel salt flow of more than 5% of 

the nominal in case of loss of main flow would be 

recommended. 

4.3.5 Conclusion 

We have analyzed locked rator accidents in the MSBR 

for I, 2,3 and all fuel salt pump failure out of four. 

The analysis was made with the assumption that the control 

rods would not act to reduce the reactor power. As to the 

heat transfer coefficient of the fuel salt in the reactor, 

we have analyzed the cases with and without the variation 

of the coefficient. 

The transient behaviors for all the cases are similar: 
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excellent safety characteristics to locked rotor 

accidents even with the consideration of uncertainty in 

the heat transfer coefficient of the fuel salt. 

4.4 Summary and Recommendations 

We have analyzed the most severe transients of nuclear 

accidents and mechanical accidents without scram to make 

qualitative safety evaluation of the MSBR. 

The criteria is selected on fuel salt temperatures 

such that the maximum allowable temperatures are 790°C and 

930°C for inlet and outlet fuel salt temperature, respec­

tively, which is based on the consideration of the defor­

mation limit of 1% for the reactor vessel at elevated 

temperature during 1 hour. 

The foregoing discussion of the results are summarized 

as follows: 

Requirements of protection/control systems 

1) Scram system actuated by the detection of high 

neutron flux. However the scram system is not 

required to be as rapid as that of present power 

reactors. 

2) Rapid and reliable fuel drain system. 

3) Auxiliary primary salt circulating system of at 

least 5% of nominal flow when all primary pumps 

are lost. 

4) Independent drive mechanism for each of four 
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Nomenclature 

Chapter 4 

Cj 

C pg 

heat transfer area of graphite lump 

j-th grope delayed-neutron precursor 
concentration 

specific heat of fuel salt 

specific heat of graphite 

fuel salt mass flow rate in lump 

graphite to fuel salt heat transfer 
coefficient 

(n/cm 3) 

(J/kg. Ok) 

(J/kg.Ok) 

(kg/sec) 

J/m2
• sec. °C 

k fission heat generation in graphite lump (MW) g 

kr fission heat generation in fuel salt lump (MW) 

M 
g 

M 
r 

p 
r 

Q 

T. 
1. 

T 
g 

T 
P 

T 
ro 

prompt neutron generation time (sec) 

mass of graphite lump (kg) 

mass of fuel salt lump (kg) 

relative power ( - ) 

heat sink in the primary loop (MW) 

inlet temperature to lump 

graphite temperature 

fuel salt temperature 

outlet temperature of fuel salt 
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ex. 
g 

S. 
J 

A. 
J 

p 

c 

design temperature of fuel salt lump i (oC) 

design temperature of graphite lump i (oC) 

temperature coefficient of reactivity of 
fuel salt (OC- I ) 

temperature coefficient of reactivity of 
graphite (OC- I ) 

j-th group delayed-neutron fraction ( - ) 

j-th group delayed-neutron precursor 
decay constant (sec-I) 

control rods reactivity 

steady state design point reactivity 

transit time of fuel salt through core 

transit time of fuel salt through 
external loop 
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Chapter 5 Fuel Cycles and the Cost Analysis 

5.1 Introduction 

The following list indicates six kinds of fuel cycles 

that can be considered: 39) 

1. Equilibrium fuel cycle with integrated fuel pro-

cessing plant. This case has been studies in 
2,0 ) 

ORNL4541. 

2. 235u startup to approach the equilibrium cycle. 

3 239 h h 'I' b ' 1 . Pu startup to approac t e equl 1 rlum cyc e. 

4. Operation with limited fuel processing. 

5 235 t 'h' d f 1 ' . U s artup Wlt out lntegrate ue processlng, 

'th 23 5u dd ' t ' 't d f 233 Wl a 1 lon lns ea 0 U. 

6. 235u startup without integrated fuel processing, 

with 235u addition and continuous removal of fuel 

salt. The removal salt is processed at a centra-

lized or remote reprocessing facility. 

These are summarized in Table 5-1. 

The first four cases have been briefly evaluated by 
39) 

Perry & Bauman at ORNL. Now, all these four schemes 

involve integrated on-site chemical processing, and it 

should be of interest to determine how much the fuel cycle 

cost would be affected if this continuous chemical proces-

sing were dispensed with. 

Granted that such elimination of on-site processing 

is practicable, the fuel salt would then be processed at a 
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specialized center off the site, thus relieving the on­

site operations of onerous radioactive material handling. 

Such fuel cycles devoid of on-site chemical proces­

sing are presented in this chapter by schemes C and D. 

Scheme C is further sub-devided into three cases covering 

different intervals between batched fuel reprocessing 

operations, and Scheme D also into three cases for 

different rates of fuel removal. Cases land 2 above are 

also examined for the purpose of comparison. The two 

cases are respectively disignated Schemes A and B. 
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Table 5-1 Fuel Cycle of Molten 
Salt Reactors 

Equilibrium 
Cycle 

Scheme A 

Operation with 
Limited Fuel 
Processing 

Scheme B 

No Integrated 
Fuel Proces­
sing, but with 
235U Addition 

a 

Scheme C 

No integrated 
Fuel Proces­
sing, with 235U 
Addition and 
Continuous 
Removal of Fuel 
Salt 

Scheme D 

ThF 4 , LiF, BeF 2 

Materials Continuously 
Removed 

All Fission Products 
Excess Uranium 
Isotopes Protactinum 
Discard Carrier Salta) 

Gaseous Fission 
Products 

Gaseous Fission 
Products 

Gaseous Fission 
Products/Fraction 
of all the Salt. 

Materials Continuously 
Added 

233 b) Fuel: Bred UF 4 

Makeup Carrier Salta) 

Fuel: Recycled 
233UF 4 

Fuel: 

Fuel: 

Makeup Carrier salta) 

b 233u is produced by the total system but some of it is 
added to the primary system to maintain criticality. 
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5.2 Method of Calculation of Fuel Composition Change 

5.2.1 Basic Equations 

In order to evaluate the fuel cycle cost, we need to 

know how much fissile material is needed for plant opera-

tion and how the composition changes with burnup. Such 

information can be obtained from burnup calculations, i.e., 

the solution of a set of differential equations for the 

fuel composition change and a neutron balance (criticality 

equation) . 

According to one-group, point reactor model approxi-

amtions, the equations for change in fuel composition are 

apparent from the nature of the 232Th and 235u transmuta-

tion shown in Fig. 5-1. 

5 - 1 

5 - 2 

5 - 3 

5 - 4 

5 - 5 

-116-





dNF •P • 23 
dt 

dNF •P • 25 
dt 

+ (absorption of Li, Be, F and graphite) 

+ Leakage. 

where P = thermal output 

k = energy/fission 

5 - 6 

5 - 7 

5 - 8 

5 - 9 

5 - 10 

5 - 11 

¢ = effective flux based on total primary system 

N
X 

= total nuclide x in primary system 

cr = effective microscopic cross section of nuclide x 

x 

Ax = decay constant of nuclide x 

ax = capture to fission ratio 
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N26 (t+6t} = (1-o26¢6t) N26 (t) 

a 25 
+ 1+a

25 
025N25¢6t - dN 26 6t 

NF •P . 23 (t+6t) = 1 

- fNF . P • 23 (t)6t 

NF . P . 25 (t+6t) = 1 

- fNF . P • 25 (t)6t 

5 - 18 

5 - 19 

5 - 20 

5 - 21 

These solutions can be rewritten in terms of the mass of 

each nuclide, neglecting the mass differences of the adjacent 

(errors are less than 0.4%) . 

5 - 22 

5 - 23 

- CM23 (t)6t 5 - 24 
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Table 5-2 Reference reactor design 
data (From Ref .20) 

Power 

Plant factor 
Core zone I 

Height 
Diameter 

Other dimentions 
Axial: Core zone II thickness 

Plenum 
Reflector thickness 

Radial: Core zone II thickness 
Annulus 
Reflector thickness 

Fuel salt 
Primary loop 
Processing plant 
Density (at 635°C) 

Performance (Equilibrium breeding 
cycle on 235 U_Th ) 

Breeding ratio 
Yield 
Fissile inventory (a) 
Doubling time (b) 
Power density 

Average 
Peak 

Neutron balance (Equilibrium cycle) 

Constituent 

233U 235 U 
232Th 
234U 
233pa 
236U 
237Np 
6Li 
7Li 
9Be 
19F 
Graphite 

Concentration (c) 

6.64xlO- 5 

6.0lxlO- 6 

3.75xlO- 3 

2.3lxlO- 5 

3.88xlO- 7 

6.2lxlO- 6 

8.59xlO- 7 

1. 95xlO- 7 

2.24xlO- 2 

5.00xlO- 3 

4.77xlO- 2 

Fission products 
Leakage 

Total 

1,000MWe 
2,250NWt 
0.8 

3.96 m 
4.39 m 

0.23 m 
0.08 m 
0.61 m 
0.38 m 
0.05 m 
0.76 m 

48.71 m3 

13.59 m3 

3.33 t/m 3 

1.062 
3.l8%/yr 
1,508 kg 
22 yr 

3 
22.2 W/cm 3 
65.2 W/cm 

Absorption (d) 

0.9239 
0.0761 
0.9853 
0.0817 
0.0017 
0.0088 
0.0061 
0.0049 
0.0159 
0.0071 
0.0205 
0.0519 
0.0196 
0.0276 
2.2311 

Fission (d) 

0.8239 
0.0619 
0.0031 
0.0004 

(O.0046)(e) 

(a) Both in primary and integrated processing systems 
(b) At 0.8 plant factor, compounded continuously 
(c) ORNL-454l (in fuel salt, atoms/b·cm) 233 235 
(d) Normalized to one nuetron absorbed in U+ U 

. 233 235 (In core: U 1,223 kg: U 112 kg) 
(e) (n, 2n) reaction 
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listed on the ORNL-454l Report is: 

Th 68,100 kg 

233pu 7 kg 

233u 1,223 kg 

235u 112 kg 

We can use the concentration data to calculate the other 

material inventoriesa ) and get 

234U 

236u 
237Np 

Following values 

M02 
b) 

M13 
b) 

M23 

M24 

M25 

M26 

M37 

a Based on 233u 

b Calculated in 

are used for the 

inventory 

the same manner as 
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427 kg 

116 kg 

16.1 kg 

calculation: 

68,800 kg 

7.5 kg 

1,223 kg 

427 kg 

112 kg 

116 kg 

16.1 kg 

234u , 236 u , 237 and NP above 





But M*25 = 
N*25 

. 235 and neglecting mass difference 
Na 

The ratio of cr¢N's are the same as that obtained from 

the data on Table 5-2. 

0.8239 J = cr f25M*25¢* Il+ 0.0619 = 

Equating the results to get cr f25M*25¢* 

M = 14.310 = 2.371 
14.310 

kg = 0.1657 day 

The other ones are determined as follows: 

cr M* ¢* x x 

cr N* ¢* x x 

that is 

A = (J N* CP* -N x x a 

cr M* ¢* = x x 

cr N* ¢* x x 

A = mass number 

All values on the right hand side are known. Therefore, 

we evaluate cr M* ¢*'s and cr ¢*'s. The result is tabulated x x x 
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N t d t ' f 233 , b * * d 235 , d * e pro uc lon 0 U 1S M 13 + cM 23 an U 1S M25 . 

To maintain the equilibrium breeding cycle, 233u and 235u 

must be extracted to maintain criticality. 

All the terms on the right hand side are known. 

Hence, 

= 2.6039 - 0.0045 - 2.4521 

= 0.1473 (kg/day). 

dM*25 = -0.2037 + 0.2178 = 0.0141 (kg/day). 

The breeding ratio is calculated as follows: 

B.R. = 

= 

(bM*13 + A13M*13) + 0 24M*24¢* 

0 23M*23¢* + 0 25M*25¢* 

2.0039 - 0.0045 + 0.2178 
2.4521 + 0.2037 = 1.061 

This value shows a very good agreement with the reference 

design data of 1.062. This means that 0M*¢*'s are consis-

tent. 

The constants b,c,d, are determined from the equations 

above. 

b = 0.338/day c = -0.00187/day d = 0.000126/day 

These constants are used in subsequent studies in the 

following calculations, except constant c. 

The results are listed in Table 5-3. 
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Table 5-4 Startup with 235u followed by 
approach to equilibrium cycle 

Initial loading (primary loop and 
processing plant) 

Salt 207 t 

(Thorium) (88.6 t) 
235u 1,650 kg 

Operating characteristics 

Makeup salt required per year 
(based on 15-efpy cycle) = 11 t 

Annual fissile materials production 

year 233U(kg) 235U(kg) year 233U(kg) 

1 52.912 46.731 16 42.479 
2 44.118 26.528 17 42.849 
3 37.8C}9 15.131 18 43.161 
4 35.095 8.920 19 43.425 
5 34.319 5.649 20 43.648 
6 34.625 4.005 21 43.834 
7 35.447 3.248 22 43.991 
8 36.468 2.961 23 44.124 
9 37.519 2.915 24 44.235 

10 38.517 2.986 25 44.330 
11 39.425 3.107 26 44.408 
12 40.226 3.240 27 44.476 
13 40.926 3.370 28 44.532 
14 41.527 3.490 29 44.580 
15 42.041 3.594 30 44.621 

Fuel composition at the end of plant life 
Same as Table5-3 
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• 

235U(kg) 

3.683 
3.759 
3.822 
3.875 
3.919 
3.955 
3.985 
4.009 
4.030 
4.046 
4.060 
4.070 
4.080 
4.088 
4.093 









i 
i 

EO"th Y 
yi 

O"th = = fission yield of ith 
i 

E Y nuclide 

i O"th = effective thermal 
i 

R.I. ER.I. Y absorption = EY. 
1 

R.I. = effective resonance 

integral 

The results obtained are cross sections per fission 

product pair: 

O"th* R.I. 

29.6 barns 87.5 barns 

36.6 barns 101.9 barns 

Then evaluation is made for effective one-group absorption 

cross section. 

Since absoprtion in F.P. = resonance abosprtion + 

thermal absorption,we have to evaluate resonance absorp-

tiona 

where 

Resonance absoprtion = (l-p)nE ¢ e:P 
cm3 . sec c 

p resonance escape probability 

which is approximated by heterogeneous model. 

p = exp (-

-
N Vf<P f -_._- R.I.) 
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dNF •P •23 1 a 23 CPN 23 = dt 1+0.23 

dNF •P • 25 1 a 25 CPN 25 = dt 1+0.25 

a f25 CP = BU rate 
M25 + 1. 229 M23 
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Table 5-5 Startup with 235u followed 

Initial loading 
Salt 

(Thorium) 

b 235 dd" 'h y U a ltl0n Wlt out 
continuous processing 

162 t 
(70.6 t) 

235u 1,671 kg 
Operating characteristics-Fuel inventories (kg) 

year 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

96.569 

95.148 

92.639 

89.711 

86.695 

83.743 

80.915 

78.230 

75.688 

73.280 

70.998 

68.830 

491.883 

828.226 

1,015.304 

1,117.332 

1,171.365 

1,198.321 

1,209.902 

1,212.709 

1,210.496 

1,205.423 

1,198.744 

1,191.195 

1,091.595 

690.227 

491.138 

406.207 

384.925 

399.113 

433.162 

478.411 

530.026 

585.301 

642.709 

701. 393 

F.P. 
233 

115.824 

448.158 

900.061 

1,409.633 

1,942.277 

2,479.361 

3,011.096 

3,532.497 

4,041.164 

4,536.090 

5,017.011 

5,484.048 

F.P. 
235 

574.179 

928.270 

1,160.814 

1,334.735 

1,485.202 

1,631.156 

1,782.548 

1,944.444 

2,119.285 

2,308.095 

2,511.140 

2,728.289 

Fuel reprocessing 
Total fuel salt (1,720 ft 3

) is reprocessed in a bath 
after a specified period. 
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235U 
added 
/yr 

125.724 

27.207 

72.501 

106.154 

135.393 

159.817' 

181.919 

202.532 

222.120 

240.936 

259.118 

276.740 





M 
W F.P. M Y 

i = 235 x i x i 

Defining average mass of rare earth fission products as 

where 

M = 
EM. Y. 

]. ]. 

Y 

Y = EY. 
]. 

From the data described above, we get: 

U-233 U-235 

Y 48.4% 50.7% 

M 143 143 

then, 
MFP 

W = x MY 235 

Since rare earth fission products which absorbs neutrons 

are still rare earths, "burnup" of rare earth need not be 

considered. Rare earth inventory is thus linearly pro-

portiona1 to power history. 

2,250 x 365 
Total F.P. = 949 x 0.8 = 698 kg/year. 

Rare earth yields of 233u and 235u are close together, about 

50%. We shall set Y23 = Y25 = 50% to calculate annual 

production of rare earth. 

W = 698 kg x 0.5 x 143 = 212 kg/year. 
235 

-148-





or 

dNF •P • 23 1 
°23¢N23 -= dt 1+a23 

dNF •P •25 1 
°25<PN25 -= dt 1+a25 

F25 = BU 
M25 + 1.229 M23 

M24 (t+L\t) 

M26 (t+L\t) = 

C.R. = 
A13M13L\t + °24<PL\tM24 

°23<PL\tM23 + °25<PL\tM25 

fNF •P • 23 

fNF •P • 25 
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M25 (t+t:.t} = 
M* 

25 1 
0.0761 

M13 
0.0017M* 

13 

Lf M23 M24 
- 0.9239(n£ -l-ys r-} M* + 0.OS17M* 

a 23 24 

M26 M37 MFP 
+ O.OOSSM* + 0.0061M* + 0F23M* 

26 37 23 

Calculation is made for three different extraction 

factors with plant factor O.S. These factors correspond 

to 2 years, 4 years, and S years discrad rate at full power, 

respectively. 

The results are drawn in Figure 5-7-Figure 5-9 and 

Table 5-6. 

5.3 Fuel Cycle Cost Evaluation 

5.3.1 Assumptions for Fuel Cycle Cost Analysis 

The Present-Worth-Method is used to evaluate the fuel cycle 

cost of each fuel operation. 

The following assumptions are made: 

(l) The fuel which is necessary for yearly operation 

is bought at the beginning of the year. 

(2) Fixed charge is 10% annully. 

(3) Chemical processing plant and process cost is the 

same as in ORNL-4541. 
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3 reprocessing cost of $500 per ft of total fuel salt. 

5.3.2 Useful Formulae 

1. Let capital charge be 10% per year. Then, present 

worth of $1. paid after n years is 

-n 1 . - n n 
S = - = (1+ 1) i Sn = (l+i) . 

Sn 

2. Va'lue of investiment to provide $1. per year 

Sn-1 
a = 

n Sn 
for i = O.l/year. 

-n year S -n 
year S 

1 0.90909 16 0.21762 

2 0.82644 17 0.19784 

3 0.75131 18 0.17985 

4 0.68301 19 0.16350 

5 0.62092 20 0.14864 

6 0.56447 21 0.13513 

7 0.51315 22 0.12284 

8 0.46650 23 0.11167 

9 0.42409 24 0.10152 

10 0.38554 25 0.09229 

11 0.35049 26 0.08390 

12 0.31863 27 0.07627 

13 0.28966 28 0.06934 

14 0.26333 29 0.06303 

15 0.23939 30 0.05730 
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5.3.3 Fuel Cycle Cost Formation: Based on 30 years life. 

Present worth of total expense ET 

30 
L 

i=l 
S
-{i-l)* E. 

1 

Present worth of total income IT 

30 
IT = L (income of ith year) • 

i=l 

30 
(FC.Q +Ci) s-i = L 

i=l 

S -i 

Since ET = I T, 

FC 

where 

* 

30 
L 

i=l 

-(i-I) E.S -
1 

Q 

30 
L 

i=l 
30 

L 
i=l 

-i 
S 

+ E - C S-30 o L 

E: initial loading cost and equipment o 

FC: fuel cycle cost 

Q: electricity generated annually 

E.: total expense for ith year paid at the 
1 

beginning of the year 

C.: credit obtained in ith year, namely produced 
1 

fissile material 

S-{i-l) means that this expense is paid at the 

beginning of the year. 
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CL : final fuel credit 

It is convenient to consider these costs separately. 

The evaluated fuel cycle costs are as follows: 

A. Equilibrium cycle. 

B. 235u startup to approach equilibrium 

C. 235u startup, 235u addition without integrated fuel 

processing. 

C-l: fuel discarded every 3 years completely. 

C-2: fuel discarded every 6 years completely. 

C-3: fuel descarded every 9 years completely. 

o. 235u startup,235u addition without integrated 

processing but continuous removal of salt from 

the system. 

0-1: removal rate of 2 years at full power operation. 

0-2: removal rate of 4 years at full power operation 

0-3 : removal rate of 8 years at full power operation 
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5.3.4 Equilibrium Fuel Cycle Cost: Scheme A 

E Initial core loading 
0 

Salt Total 5590 Ib/mole 

LiF 5590 x 0.72 x 26 x $15/1b 

BeF 2 5590 x 0.16 x 47 x $7.5/1b 

ThF4 5590 x 0.12 x 308 x $6.5/1b 

Fuel 
233pa 7.15 kg at $13/g 

233u 1223 kg at $13/g 

235u 112 kg at $11.2/g 

Chemical processing 

Salt inventory: Total 1572 Ib-mole 

$1,570,000 

315,000 

1,343,000 

$3,228,000 

$ 93,000 

15,899,000 

1,254,000 

$17,246,000 

(480 ft3 x 207 Ib/ft3 
= 1572 Ib-mole) 63.2 

LiF 1572 x 0.72 x 26 

BeF 2 1572 x 0.16 x 47 

ThF4 1572 x 0.12 x 308 

233u 63 kg at $13/g 

233pa 103 kg at $13/g 

Plant equipment 

Direct construction cost 

Indirect cost at 35% 
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x $15/1b 

x $7.5/1b 

x $6.5/1b 

$ 441,000 

89,000 

378,000 

815,000 

1,336,000 

$3,059,000 

$10,000,000 

3,500,000 

$13,500,000 



For equilibrium operation, E. and C. are constant. 
1 1 

E = E. 
1 

(i=1,2, ... 30) (per year) 

= chemical plant operation cost + makeup 

C 

salt cost 

Chemical plant operating cost $700,000 

. Makeup salt (based on 15 year cycle) 215,000 

$915,000 

= C. (i=1,2, ... 30) 
1 

= 233u and 235u credit 

233u 0.1473 kg/day x 0.8 x 365 at $13/g $559,000 

235u 0.0141 kg/day x 0.8 x 365 at $11.2/g 46,000 

$605,000 

CL : Fuel extraction and fuel credit 

Fuel process: (1720 + 480)ft 3 

at $5000/ft3 

$-11,000,000 

Fuel Credit 

233u (1223+7.15+63+103)kg at $13/g $18,150,000 

235u (112+7.15+63+103)kg at $11.2/g 1,254,000 

$ 8,404,000 

Q: (1000 MW x 24hr x 365) x 0.8 = 7008000 MWhr/yr. 

30 . 
QIS- 1 = 66,060,000 MWhr/1ife 
i=l 
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30 
FC = 1 30 -(i-I) 

(E + E L S - C L S-i 
30 . 

5.3.5 

Q L S-l o i=l i=l 

i=l 

235 U startup to Approach Equilibrium: 

E Initial core loading o 

Salt is same as Case 1. 

Fuel: 235u/1650kg at $11.2/g 

Chemical processing same as Case 1 

Scheme B 

$ 3,228,000 

18,480,000 

16,559,000 

$38,267,000 

E = E. : as Scheme A because 233u is not necessary but 
1 

produced. $ 915,000 

C. This is calculated from the burnup calculation. 
1 

CL 

30 
C.S- i 233 . 1 t 382.8 kg L: U equ1va en 

i=l 1 
at 13/g 

235 . 1 t U equ1va en 105.1 kg 

at $11.2/g 

same as Scheme Pi 

FC = 1 

30 
- L: 

i=l 

E o 

30 
+ E L: S-(i-l) 

i=l 

C S-30) 
L 
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$ 4,976,000 

1,177,000 

$ 6,153,000 

$ 8,404,000 



5.3.6 235u Startup 235u Addition Without Integrated 

Processing: Scheme C 

5.3.6.1 3 Year Discard Rate: Scheme C-l 

Let the total expense of the first three years be Ef . 

Since the same operation is repeated during a thirty year 

core life, the total expense ET is 

( + S-3 -6 -27 ET = Ef 1 + S + ..... + S ) 

ET 
30 

Q 1:: -1 
. 1 S 1= 

This is just the fuel cycle cost of the first 3 years. 

We can evaluate the fuel cycle cost using only the 

first cycle of Operation. 

E : 
o 

Initial core loading 

Salt same as Case 1 

Fuel 1671 kg at $11.2/g 
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$ 3,228,000 

18,715,000 

$ 21,943,000 



No chemical processing. 

E. Fuel addition 
1. 

3 
l: E.S -(i-I) equi. 210.4 kg at 

1.=1 1. 

$11.2/g 

C. No credit 
1. 

CL Salt process 1720 ft 3 x $5000/ft3 

233pa 92.6 kg at $13/g 

233u 1015.3 kg at $13/g 

235u 491.1 kg at $11.2/g 

$ 2,356,000 

$ -8,600,000 

1,204,000 

13,199,000 

5,500,000 

FC = 3 
1 

(E + o 

3 
l: E.S-(i-l) - C

L
S- 3) 

i=l 1. 
Q l: -i 

. 1 S 1.= 

5.3.6.2 6 Year Discard Rate: Scheme C-2 

For the first 6 years 

E 
o 

salt 

fuel 

E. fuel addition 
1. 

6 
l: 

i=l 
E. S- (i-I) 

1. 

salt process 

equi. 482.6 kg at 

$11.2/g 

233pa 83,7 kg at $13/g 

233u 1198.3 kg at $13/g 
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$ 3,228,000 

18,715,000 

$ 5,405,000 

$-8,600,000 

1,088,000 

15,578,000 











How much natural uranium is to be mined? Let us 

consider first how much natural uranium is necessary to get 

1 kg of U-235 enriched 93.7%, with the tails stream of 

uranium depleted to 0.2 w/o in U-235. 

The weight, W, of uranium, which contain 1 kg of U-235 

enriched to 93.7% is 

1 W = = 1.067 kg 0.937 

uranium balance 

W = W + T 
N 

uranium-235 balance 

WN x 0.00711 = 1 + T x 0.002 

solving these equations to get 

WN = 195.28 kg 

Assuming 99% recovery, the total weight of natural 

uranium, W, is 

W = 197.2 kg 

Hence, for each fuel cycle the total weight of natural 

uranium to complete 30 years operation is: 

Scheme B 325.4 t 

Scheme C-l 3740.4 t 

C-2 2267.0 t 

C-3 1861.7 t 

Scheme D-l 2767.0 t 

D-2 2216.9 t 

D-3 1990.9 t 
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5.3.9 Thorium Required for 30 years Operation 

At present, little is known about the recycling of 

thorium of discarded fuel from molten-salt reactors. How-

ever, it might be profitable to get an idea how much 

thorium is necessary for the operation of this reactor. 

Calculations are made to estimate the amount of 

thorium for each fuel cycle discussed above on theoretical 

basis. Plant factor of 0.8 is also used. 

Fuel cycles with integrated fuel processing: Schemes A 

and B 

Initial loading 

primary loop 

processing loop 

kg 
makeup 2.604 [day] x 365[day] 

x 0.8 x 30 [year] 

Total thorium required 

Fuel cycles without integrated 

and Scheme D 

Scheme C-l 3 years fuel life 

Initial loading 

Thorium consumed during 3 years 

70600 - 68435 = 2165 kg 

for 30 years operation 

Total thorium required 
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fuel 

68,800 kg 

19,800 kg 

22,800 kg 

111,400 kg 

processing: Scheme 

70,600 kg 

operation 

21,650 kg 

92,250 kg 

C 





molten-salt reactors required about 90 to lOOt of thorium. 

The complete results of the calculations are listed in Table 

5-7. 

5.4 Results and Discussion 

As is expected, the least natural uranium is neces-

sary for equilibrium operation while quite a large amount 

of U-233 must be prepared. The relations of all fuel cycle 

costs are plotted in Figure 5-10. The equilibrium operation 

results in the lowest fuel cycle cost. This cost might be 

reduced to a certain extent when we operate the chemical 

1 t . th ., t' 1 . f 233 d 23 3 h P an Wl no lnl la lnventory 0 U an Pa. T ese 

itotopes reach equilibrium values in the system in about 

two years. But this would occur for only about two years 

and the resulting cost would be close to that predicted by 

the "inventory method" of cost accounting and herein. 

A little modification could be made on the equili-

brium operation. It might be more realistic to start with 

U-235. 

This operation makes a slight difference in fuel 

cycle cost compared with that of equilibrium operation. 

Detailed calculations show that no fuel addition is neces-

sary. In less than 10 years, the operating characteristics 

closely approach equilibrium. But for these two operations, 

integrated processing is necessary. The cost for it is 
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Table 5-7 Summary offuel cycle cost analysis Unit: mill/kWh 

235 U startup 
235 U fueled, without 235 U fueled, with 
continuous processing continous fuel removal 

Items Equilibrium to approach 
equivalent 3 yr 6 yr 10 yr 1/2 inv. 1/4 inv. 1/8 inv. 

batch batch batch /efpy /efpy /efpy 

Operating scheme A B C-1 C-2 C-3 D-1 D-2 D-3 

Initial loading 
Salt 0.049 0.049 0.185 0.106 0.075 0.049 0.049 0.049 
Fuel 0.261 0.280 1.074 0.613 0.435 0.277 0.277 0.277 
Subtotal 0.310 0.329 1.259 0.719 0.510 0.326 0.326 0.326 

Chemical processing 
Plant equipment 0.204 0.204 
Salt and fuel 0.046 0.046 
Operating cost 0.110 0.110 

Subtotal 0.360 0.360 

Fuel addition 0.135 0.177 0.233 0.696 0.524 0.433 
...... Fuel credit ....., 
w 233U and 233Pa 0.080 0.075 0.527 0.322 0.182 

23SU 0.007 0.Q18 
Salt process -0.491t -0.245t -0.123t 

Subtotal 0.087 0.093 0.036 0.077 0.059 

Makeup salt 0.034 0.034 0.203 0.101 0.051 

Final salt credit 
Salt process -0.010 -0.010 -0.371 -0.159 -0.077 -0.007 -0.007 -0.007 
233U and 233Pa 0.016 0.016 0.621 0.308 0.149 0.009 0.Q11 0.012 
23SU 0.001 0.001 0.237 0.070 0.059 0.009 0.008 0.009 

Subtotal 0.007 0.007 0.487 0.219 0.131 0.011 0.012 0.014 

Total fuel cycle cost 0.610 0.623 0.907 0.677 0.612 1.178 0.862 0.737 
Natural resourcestt 

Natural uranium (t) 22.1 325.4 3,740.4 2,267.0 1,861.7 2,767.0 2,216.9 1,190.9 
235 U (kg) 112 1,650 18,964 11,494 9,439 14,034 11,340 10,094 
Thorium (t) 111.4 111.4 92.3 91.4 90.1 89.9 88.7 87.2 

tReprocessing cost at remote assumed to be 5,000$/ft3. ttRequired during a plant life of 30 ydears. 
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