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SUMMARY

Nuclear and economlc ealeulations were made for some cylinmdrical,

-

two-region, thorium breeder reactors to study breeding ratios, cors-wall-
power density, and fuel costs as a function of reactor glze for a glven
total power. A low power density at the core-tank wall {and low aversge
power density) can be achiewed with core tanks of cmall diameter (core
and blanket diameters of % to £ and 10 feet, respectively) for veactor
lengths of 20 feet or greaber. For a tobal reactor power of LS50 Mw,

the core~wall powver deﬁsity would be ~. 20 kw/liter for a core diameter
of four feet (20 - 30 feet long), and ~~10 kv/liter for a core diameter
of six feet (15 - 20 feet long). The corresponding breeding ratios
would be about 1.15 and 1.04, respectively. However, minimum fuel

costs were agsocisted with high cors~power demsities; increasing the
reactor length and reducing the power density increeased the inventory
charge until that charge controlled the fuel cost. If inventory charges
were 12%/year and D50 cost $ho/1b, the-eﬂenomie penalty associated with
low wall-power-density %0u1d be mbout 1 mill/kw-hr; if a 4 inventory
charge were used and the cost of DEO were $28/1b, the econowic penalty
agssoclated with low wall-power-density would be yeduced to about

0.2 mills/kw-hr.




INTRODUCTLON

The technology of agqueons nomogernsous reacltors has beern discussed
(1)

by Brigss and some economic aspects of gpherical, AGLeOUS, homogenesous,

. . . PR R {2
thorium breeder reactors bave besen presented by Claiborne and Tobias.' )

The latter study did not place ary restrictions on the power dewsity a

=
i
o

-the core-tank wall {(two-region reactor s it is clesr, however, since the

average pover density is duversely proportiopal to the reactor volume,

o

that large reactor volumes are associated with low-power density at the
core wall. With present webtalliurgical prachtice the maximoum volume
practicably attainable with a gpherical pressure vessel for this appli-

caticon is about 25,000 iiters, a diameter of 12 feet.

For the cylindrical geometry there is no gush limitation in the volume

o

attainable so it is clear that tbhe cylindrical reactor is mors attractive

=}

.

from the standpoint of wminimiziag the power deunsity at the core-tank
wall, but at the expense of larger fuel lnweatories.

Tae Tirst objective of the present work was to determine the

dimensions for cylindrical two-region, aguecus, homogeneous, thoriuvm

breeder reactorg which wounld yield breeding ratios greater than ualty
and power dengitlesg at the cors-lask wall cospabible with permigsible
corrogion rates. The second objective was to determine sowe economic

features associated with the ahove conditions relative to economic results

obtained with no regtrictions on brzeding rabio and power density at the

wall.
The calculation methods and the basis for the economic evaluations
oY
- . . .5 W & 4 "
used by Claiborne and Toblas: were uged in the present work so that the

resalte -of the spherical and cylindrical shbudies woeuld be comparable,




The calculations were made in two stages: First, a simplified
nuclear analysis was mede in which the reactor volumes contained only
233 . ;
U s Thog, DED and polgons; and second, from these resgulis four of
the reactors were analysed in a more complete manuer.

The three principal parts of this report are the description

of the system analysed, the calculation methods, and the results,




a0

cp

P

=

- B o

NOMENCLATURE

nevbron abszorption rate (neutrons/sec)

rate of production of (U-233 + U-235)
rate of burn up of {(U~-233 + U-239)

breeding ratio =

critical concentration {gms 23/kg DEO)5 also amortization unlt
cost {(mills/kw-hr) '

chewmical processing unit cost (mills/kthr)

poison fraction - rvatlo of wacroscoplc poison cross section, also
indicates total fission cross sectiocn {R{f) )

-y

eed unit cost {wills/kw-hr)

fraction of Group 3 poisons that can be precipitated{0.75)

reactor height {feet)

inventory unit cost {wmills/kw-hr)

power cousbant = 3.38 x 1016 fissions/Mw gec.

neutron leakage (neutron/sec)

{EL - end leakage)

(RL ~ radial leakage)

reactor power (Mw)

fraction of blanket urswnium production that is returned to reactor
as feed to the core

reactor radius {feect)

Thorex chemical processing cycle time (the volumetric rate at

which the core and blanket systems are withdrawn for chemical
processing are

VCT VbT
% and = , respectively) (T in days)
c b

hydrocloue cycle time (days)
volume (liters)
blanket wranium concentration {(gms 23/kg 02)

yield of Group 3 poisons (1.31 atoms/fission)

L



B ratio of resomance to thermal absorptions in thorium

) migeroscople eross section (barns)
. . P -1
bX macroscopic eross section (em )
2

@ average Tlux (neutrons/sec cm”™)
A : -k

decay consgbant (sec )
Subgcripts
0 Tagt neutron group
1 slow or thermal neutron group
b blanket
be blanket external volume
iy blanket total wolume BT = b 4+ be
o cors
ce core exbernal volume
T core btotal volume o = ¢ 4+ ce
ko radiative capture
R reactor

Total

Lyt
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DESCRIPTION OF SYSTEM ANALYSED

Power Station:

For the purposes of the econowic studies the reactors analysed
were considered to be one of the units in a three-reachor power station
having a common fuel processing plant and turbo~generator plaant. The
thermodynamic characteristics and the unit capitsl costs taken from

Table 12 of ORNL 16h2(l) are glven in Table I.
TABLE 1

SOME THERMODYNAMIC AND BCONOMIC CHARACTERISTICS
OF REACTOR LAWY

Heat output, per reactor, (Mw) h50
Reactor pressure (psia) 2000
Reactor mean temperature (QC) 300
Steam pressure (psia) 560
Steam temperature (QF) 478
Oross plant efficiency, EG(%) 30.7
Net station efficiency, EN(%) 27. 4
Net station electrical capacity (Mw) 370
Reactor unit cost, QR ($/ kw of heat) 13.33

Turbogenerator plant unit cost, Cp ($/ kw of gross 116.00

electrical capacity)

Fuel Cycle:

The schematic flow sheet for the reactor is shown in Figure 1.
Thorium is fed to the blanket system as = Th02 - D2O slurry and part of
the uraniuvm produced in the blanket is fed to the core system as a

UOZSOh - D20 solution.

m‘“ ) 3
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Fig. 1.

Schematic Flow Sheet for a Two—-Region Homogeneous Thorium
Breeder Reactor,




The volume of the core gystem external to the core proper was
calculated on the basis of 50 liters per Mw of core power; the blanket
external volume was based on T1.b liters per Mw of blanket power.

The core fuel material is processed by two stages, in seriess
the first is a stage employing poison precipitation with subsequent solid-
liquid separation {(hydrocloue cycle) and the second is the Thorex plant.
The first stage is capable of removing three-fourths of the Group 3
poisons. (Group 3 poisons are those poison products which transmute by
decay or neutron capture to other low cross-section nuclides.) The Thorex
plant removes all the poisons bubt at a much slower rate than the hydroclone
cycle. Before the gpent fuel ig sent to the Thorex plant the DQO ig
recoverad by evaporation and the material is stored in the core holdup
for 95 days. 8Since the blanket material is a slurry the procesglng wounld
be done entirely by the Thorex plant. The blanket holdup 1s 55 days and
the rewmaining protactinium, assumed to be 2% per cent of the original
quantity, is held up for an additional 150 days, &t which time it is
agsumed to have decayed entirely to U233o The holdup during chemical
processing is considered negligible for inventory purposes. It was assumed
that the excess D20 supply on hand was equal to one-fourth the total reacltor
volume and that a 30-day supply of thorium was on hand.

Steadngtate conditions were sssumed throughout the reactor gysten.
Therefore; the blanket chemical processing rate, corresponding to a cycle
time, would be the rate of removal which maintained a comstant uranium
concentration in the blanket. The core chemical procesging cycle time was

gset by the arbitrary choice of the permissible poison level im the core,

usually taken as about 6 per cent.



Reactor:

The cylindrical reactor considered consisted of a cors of
radius, Rl(feet), and height, H (feet), surrounded by a blanket of
radius, 5 (feet), and height, H (feet). The ends of the reactor were
considered to be bare. The reactor mean temperature and the blanket
thorium concentration were taken as SOOOC and 100C grams Th per liter,
regpectively. The values of the major parameters in the ghudy were as
follows:

Core Radius (feet) - 2 and 3

Height (feet) -9, 19, 29, and 39

Blanket Uranium Concenbration

(gms u233 /g Th232) -1, 3and 5

CALCULATION METHODS

The calculations performed way be divided into four parts, the
first three of which are interrelated:

(1) calculation of chemical processing eycle tiwe

(2) caleculation of uraniuﬁ isotope councentration

(3) two-group nuclear calculations

(4) wnit cost calculations

The nuclesr calculations were done on the ORACLE and the other
- three parts were done by hand caleulations. Two types of caloulations
were made, termed regular and simplified. All of the reactors were first
analysed using the simplified'calculations and then four %eactors of

particular interest were chosen and calculated in more detail. The

—
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principal difference in the wethods was that in the regular caleulations
the uranium was considered to be composed of the 233, 234, 235, and 236
isotopes, while in the simplified calculation it was assumed that only

the 233 isotope of uranium was present.

Chewical Processing Cycle Times:

The fission product poisons were treated lu the sane manner as
in ORNL 1810 by dividing the poisons into three groups as follows:
Group 1 ~ noble gases
Group 2 -~ high cross-section wuclides
Group 3 - low cross~section nuclides whiech transmute by
decay or neutron capture to other low cross-

section nuclidesg,

Only Group 3 poisons are affected by the chemical processing rates required
for homogeneous reactors. The poison fractions for Group 1 and Group 2

are about 0.005 and 0.008, respectively (if gases are removed from reactor).
The yield, y, of Group 3 polsons is 1l.31 atoms per fission.

For the core solution the Group 3 poisons are remgved by two
methods, iv series: first the poison precipitation with subsequent lignid-
solid separation (hydroclone cycle), and second, Thorex. The precipitation
step is capable of removing only part (0.79) of the Group 3 poisons,
which are designated as subgroup 3A. Some of the subgroup 3A polsons,
designated as sub-subgroup 034, are not removed by the hydroclone. The
equilibrium equations for the core poisons are thus (neglecting poison

burnup ) :

£ (38) - £, (03a)) V f (03a) V.,
s(3) g Vc ¢c - ( c *c ) T + c c'T (1)

T T
e e




[2.(3) - £ (3] t
o(3) (L-g)lyv, ¢, = = Vep (2)

C

Tc is obtained from the above eguations as:

k3 r 2‘,’1’] i
T, = C T, [N~»1+J(N~1) + 0, W 3)
where C, = — = 1.5
2 (1 - g)

M1 - g) T (0%)

0.0k
by = e , =
: B fc{P) - £{1} - £{2) ~ fc{QBAﬂ 3[50593 - O‘ngﬂ
Vo [£(e) - £(1) - £(2) - glom)] v, [£(p) - 0.023]
and N ==

[ * F o *
v g o(3) v, 9,7 v & a(3) vV, ¢, T,

The recommended vslue for fc{03ﬁ) was 0.0l. In ORNL 1810 it was
determined that, for the range, 0.04< fC{P) < 0.10, the upit cost was
virtually unaffected by fc(p), with the optimom aﬁ about 0.06. That
value was used in the present study. A hydrocions cycle time, Tb*f of
one day wag used throwghout this study. ”

Since the blanket material 1s a slurry the hydroclone cycle cannot
be uged and the equilibrium equaticn for the polson involves only the Thorex
cycle time, Tbu VTb is evaluated from the equation {neglecting poison
burnup) . | |

. f’b{f},} VbT
vy o{3) Vh ¢b = (&)
b

[f‘b(p} - 00013] Vi

yo(3) v, B,

(5)

and so T
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Isotope Equations:

The core was assumed to contain the uranium isotopes 233, 23%,
235, and 236; the blanket contained the same vranium isotopes and, in
addition, contained Pa-233 and Th-232. The concentrations of Th233

and Pa23hr

were considered negligible due to their short half lives.
At equilibrium conditions the isotope balaunce equations for the blanket

are (neglecting chemical processing losses):

(1w p) n(02) =|1+a (1+A(13) T £,(13) (6)

v
where Q, = T (7

vy, By, 0(13) T,

A3y 0,703 = 1+ DI o | g (23) (8)
) o.(23) (13) )
Lb(l3) *SEIT Lb(23) = |1+ e Q Lb(QH) (9)
_ a(13) -
Lb(al;) = 1+'5('2"5‘T Q L,b(25) (10)
a.(25)
r _ 5(13)
KPP
b
Vy By = €S (12)
To aid in writing the equations for the core, let
qVv
Q, = ot - (13)
v, ¢C a{13) I,

where q 1s the fraction of uranium from the blanket Thorex plant

returned to the reactor as feed for the core.
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Again neglecting chemical processing losses and assuming that the

breeding ratio ;; 1, the corresponding equations for the core are given

below:
(23) = |25 523 + 5,03)] o (1)
o,.{23) -
= (24) = 51('—2—3-5~ £.(23) + %—;—% Q, L (2k) | (15)
R (25) = z (2w + JE q 5 (25) (16)
0.(25)
2,(26) = ey 5(23) + I oz (26) (27)

FNuclear Calculations:

The critical concentration and neutron balance were obtained
using a two-group code(B) which employed a "thin shell” spproximation

o account for the neutron absorption in the zirconium core tank. The
nuclear properties used are given in Appendix I. The code used does not
contain provisions for an extrapolation distance. (This was provided

for by adding one foot to the diameter and height dimensions used in the
code.) The result of this deficiency in the code was to cause the neutron
leakages, core and blanket volumes, and total neutron production and
absorptions to be too large. However, the influence on the calculated
leakage wasg minor; the correct volumes were easily computed; and the error
in the productions and absorptions was estimated to be no more than 3%
(obtained by integration of flux distribution data that were svailable
from a comparable spherical reactor). The omission of the reflector,

or blanket from the ends of the reactor caused the leakages and breeding

ratio to be conservative.
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Unit Cost Estimation:

The total unit cost of electricity may be divided into two parts,
the total fixed cherges and the total variable fuel costs. The total
fixed charges were assumed to be about 5.4 mills/kw—hr.for &ll reactors
considered in the present study. (The total power and operating
temperature are the major varilables which influence total fixed charge
and in this study power and temperature were considered constant.)
However, fuel costs were sensitive to the parameters varied in this

report.

Fixed Charges -

The fixed charges consist of amortization charges on reactor
and turbogenerator plant, the operation and maintenance charges, and the
fixed charges on the chemical processing plant. The amortization charges,
;}, may be computed from Equation (18) using the data from Table I. The -
values used for plant factor, e, and annual amortization réte,dg, were
0.8 and 0.15, respectively. The remaining symbols in Equation (18)

are defined in Table I.

54 _ & Cg + EG c:p (18)
8760 e EN

The annual operation and maintenance charge was taken as 3% of the total
reactor and turbogenerator plant investment. Chemical processing fixed
cherges, per reactor, were taken as $70 per day for the polson precipitation
and hydraulic separation plant and $1830 per day for the Thorex plant.

On the above bases, the total fixed charges glven in Table 2

were obtalined.
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TABLE 2
TOTAL FIXED CHARGES
Reactor and Power Station
Amortization Charges . 3.82 mills/kw-hr
Operation and Maintenance 0.77

Chemical Procesging Plant

Fixed Charges 0.80
Total Fixed Charges 5639

Cogt Factors and Varlable Puel Costs -

The wvariable fuel costs are cowposed of critieal materials
inventory charges, variable chemical processing charges and feed costs.
The net feed costs may be negative gince the valus of the net wraniam
produced may be greater than the gross feed costs.

An apnval inventory charge of 12% vas agsessed against all
U-233, U-235, Th-232, D0 {apd Pa-233 when oubtside the reactor). Fissionable
materials were valued at 20 dollars per graw. Thorium and DQO vere valued
at % and 40 dollars per pound, respectively. The holdup times before

chemical procegsing are shown in Figure 1 and are given in Table 3.

TABIE 3

HOLDUP TIMES OF REACTOR MATERIALS
BEFORE CHEMICAL PROCESSING

Material Hcidug Tine
Core material 95 days
Blanket Materisl

Th + U + T5% of Pa 55 days
25% of Pa 205 days



Tt was assumed that a 30-day supply of Thorium feed was on hand.
An smount of D20 equal to 25% of the total reactor system volume
was also assumed to be in storage.

The variable chemical processing costs were assumed to be
0.3 and 50 cents per gram for Thorium and fissionable isotopes
(23, 25, and 13), respectively. These are the same costs used in
ORNL-1810. More recent information bases the cost on total uranium
processed, rather than on fissionable isotopes procegsed. The older
method was used here since it was desired to use the cost factor of
ORNL-1810 as much as possible so that the results for the two geometries
(spherical and cylindripal) would be comparable; also, the variable
chemical processing costs were relatively minor costs in the present
study. Other cost factors included uranium losses, which were considered
to be 0.1% of the amount processed. A charge of 39 cents per liter was
made for D50 recovery. All the reactorg analysed were breeders, so the
net feed costs were usually negative. The annual D0 makeup was

congidered to be 5% of the reactor volume.




RESULTS AND DISCUSSION

The characteristics of the resctors studied are given in

Tables 4 and 5. The identificati

u...

3 pumibers of the reactor glves the
important parameters; . g., reactor 3-30-1 hesz a core radius of 3 feet,
an overall height (including 6-inch extrapolation distapce at eack end)
of 30 feet and 8 U-233 concentration in the blanket of 1 graum |
233/kzingram of Therium, The reactors Llisted iy Table ¥ have sn 9

v &

following the identificostion number. This mesne that & simplified nuclear

P’

and economlic analysis was made in coptrast to the wmore complete anslyeis

wsed in the reactors of Table 8. In the gimplified nuclear caleulations
. e L. ) a3
the core region was considersd to comtain only D0, U Qgsoh and 6%
fol hd
13’

; < ' 3 L AT
poisong, and the blavkeb reglon cnly D.0, Thwﬁ and U J“OQO The Th 33

X R - X " . ‘
formed was assumed Lo decay instently to U ”35 In the complets nuclear
ot ’33 23k 235 236
analysis {s=e Table 5 for results) the U a , U7, and U isotopes
233

of uranium were considered as well se the formation of Pa™~, From these

latter calculations, it was found that the Lnventory charge due to the

233 \ P .
<" decay, was betwsen 0.2 ard 1.6 ag great as the

. 3 s
holdup inventory charge if there were no Pa’ ©33 present. Since this

holdup required for Pa

4?33

term did not control the fuel cost, an average valve of 0.4 was used. Thaus,
2 . . . . . .

the blanket U 33 holdup inventery charge for the "gluplified reactors”

~az
was wulbiplied by 1.3 to account for the influspee of Pamsj

upon boldup time.
The caleulated results are given in Tables % and 5. These congist
of muelear results based on Z2-group, Z~region critical caleulations, and

economic reselts based on the assumed cost factors glven previcusly. The

resgults in Table 9 are based on nuclesr calculationg which considered the
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important isotope equationg, and are more accurate than those given in
Table 4. However, the more exact calculations indicate that the econcmic
results given in Table 4 are adequate, and that the breeding ratios given
there were too large by approximately 0.03.

The regults are also presented in Figures 2 - 7. Fig. 2 gives
the variation of the maximum power density at the core tank wall (core side)
as a function of reactor length, core radius, and blanket fuel concentration.
The results indicate that the waximum wall-power-density can be appreciably
decreased by increasing the reactor length from 10 to 20 feet bubt that this
effect becomes smaller for lengths greater than 20 feet. A more effective
way to decrease wall-power-dengity would be to increase the core radius
from 2 feet to 3 feet.

Together with a low wall-power~dengity, another desirable reactor
feature would be a high breeding ratio. The effect of reactor length, core
diameter, and blanket composition upon breeding ratio is indicated in
Fig. 3; as shown, the breeding ratio increased with increasing reactor
length and increasing blanket fuel concentration, but decreased with
increaging core radiug. Thug, it does not appear possible to optiumlze
wall-power-density and breeding ratio independently.

A third feature was the fuel cost associated with a particular
reactor. Fig. 4% gives the unit fuel cost as a function of reactor length,
core diameter, and blanket fuel concentration. The fuel cost consisted
of the inventory charge, fuel processing cost, and net feed cost; as
shown in Fig. 4, the inventory charge becomes dominant as the reactor
length and/or the blanket fuel concentration is increased. The importance
of the inventory charge is also indlcated in Fig. 5, where the total variable

fuel cost is given in terms of reactor parameters.
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Fig.2. Maximum Power Density at Core Tank Wall
(Core Side) for Simplified Cylindrical Reactors.
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TOTAL VARIABLE FUEL COST (milis/kwhr)
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Reactor No.

R, (feet)

H (feet)

W, (gms 23/kg 02)
B.R.

¢, (gms 23/kg D,0)
r, (p)

g (02)

Py /Py

v, (Liters)

Vep (liters)

v, (liters)

Von (liters)
Neutron Balance
Leakages*®

LO,c

Ll,c
L
O,b
Ll,b
R LO,b

RL

Abgorptions

A B o B 3]

=]

B o
Ao,b
A (shell)

A
1,e
Productions
Core
Blanket
Total

Ave, core power
density (kw/1.)

Max. core tank
power density

Max. core tank
power density
(core side)

Ave. core thermal
flux x10-15

k3
See top of page 3% for comment

TABLE

ha

NUCLEAR CHARACTERISTICS OF

SIMPLIFIED CYLINDRICAL REACTORS

2-10-18

2

9

1
1.07238
2.66068
.0616143
.270805
LOT111h
3,200
24,100
16,810
19,100

.209378
28848
LO5TTO6L
L0hLk193
0007742
.0036317

h. 22429
1.05156
.18583

4.60056

9.91647
. 75919

10. 67566

130.5kh

69

69

2,3698

2-10-35

2

9

3
1.08814
2.51846
061681
« 39073
.197811
3,200
21,250
16,810
23,170

.21933h
. 305628
0897029
L0LT78558
.0256112
.006818%

5.2562

1.63463
.197085
h.62157

9.95087
2.45378
12.40465

112.7h

89.4

99.5

2.1622

2-10-58
2
9

=

2
1.10095

2.37807

061717

.512363
30674
3,200
18,800
16,810
26,670

.23021k
. 324898
.127031
0516827
0501421
0107675

6.438

2.31487
.209498
k.64163

9.98207
L. 41666
14.39873

97.43

138

52

1.9789

2-20-18

2

19

1
1.16185
2.39711
.061780
. 258602
AOTTT9
6,760
27,510
35,450
37,990

.0524821
0787626
0149355
.0120391
.0107022
.00398k4z

4.57969
1.08866
. 202297
4.53645

9.75698
. 823063
10.580043

61.38

33.8

33.8

1.2368

2-20-35
2
19

2
v

1.17433
2.25612
L061820
. 3680209
215107
6,760

24 k2o
35,490
k2,410

.0552L62
0839626
023859
.013081
.0288689
.00768T1

5. Th695
1.73911
. 21591

h. 55759

9.78939
2.68287
12.47206

52,24

L8.4

28.8

1.118k




Reactor

R, (feet)

H (feet)

Wy (ems 23/kg 02)
B.R.

C, (gus 23/kg D20>
£, (p)

B (02)

Pb/PT

v, (1iters)

V., (liters)

cT

v, (1iters)

Vor (liters)

Neutron Balance

*
Leakages

I LO,C

1l,c
b 0,Db
B
1,b
R 0,b
R Ll,b
Absorptions

Al,b

AO,b

A (shell)

Al,c
Productions

=

[ el e e

Core
Blanket
Total

Ave. core power
density (kw/1.)

Max.core tank
power density

Max. core tank puwer

2-20-55

2

19

5
1.183563
2.11647
.061.856
503657
«33177
6,760
21,800
35,1490
16,160

.0583121
.0897661
.03kL555
.01h2605
0576304
.0123757

1.10559
2.5115
.231156
b 57781

9.81821
L, 87hé5
14.6G286

Ll B3

5

density (core side) 2h.5

Ave, core tgermal
flux x107 12

¥
See top of page 34 for comment

1.015

TABLE LA (Cont'd)
NUCLEAR CHARACTERISTICS OF
SIMPLIFIED CYLINDRICAL REACTORS

3-20-18
3

19

1
1.07103
1.02236
L 062432
. 164871
LO7T7U8L
15,210
35,970
27,0k0
29,530

. 108076
. 3hh4362
0176793
.022353
0743313
.0327656

8.50309
1.28868
.630424

8.70079

18.194%3
1.52817
19.72247

27.29
13.2

10.7
1.2892

-2h -

3~20-33

3

19

3
1.08418
0.978246
L 0624148
.284643
.213368
15,210
32,910
27,0k0
33,900

.114963
. 364717
. 0332064
0243841
.192746
L0541k

10.7128
2.42701

678701

8.33626

18.4378
5.00111
23.43891

23.27

35.9

9.28
1.149

3-20-58
3
19
5
1.09365
0.9328h2
, 062463
405156
. 327954
15,210
30,330
27,040
37,560

.12271
387713
.0518609
0266826
.35632h
.0782364

13.2951
3.78019
« 733525

8.9791

18.6906
9.12089
27.81149

19.88
54,5

8.06
1.0296

2-30-18

2

29

1
1.17969
2. 3497
.061806
.25636
07913
10,320
31,040
54,180
56,720

.0233376
0355983
.006682€
L00543)

.01.08881
.00ho548

4, 65098
1.00602
« 205601,
b, 5247

9.72746
835875
10.563335

%0.16
22.5

22.5
0.825L




Reactor No.
R, (feet)
H‘(feet)
W, (gms 23/kxe 02)
B.R.
C, (gas 23/kg D,0)
£, (p)
B (02)
Pb/PT
v, (1iters)
VCT (liters)
(liters)
Vip (liters)
Meutron Balance
Leakages*

B LO,C

TA
“1,e

i LO,b

Ti‘ k]

i} };l’b
]Jo’b
Ll,b
Absorptions

A%

“0,b

A (shell)

Al,c
Productions

Core

Blanket

Total

Ave. core pover
density (kw/1l.)

Max. core tank
power density

Max. core tank powar
density (core gide)

Ave. core ugermal
flux xlO'l/

3

See top of page 34 for conment

TABLE ha (Cont'd)

NUCLEAR CHARACTERISTICS OF
SIMPLIFIED CYLINDRICAL REACTORS

2-30-38
2
29
3
1.19139
2.20929
.06184Y,
.378285
.218536
10, 320
27,900
54,180
61,200

.0245911
.0379912
L0107327
L00591k2
-0295333
.0078648

5. 84625
1.76021
.219716
4.54588

9. 75947
2.72923
12. 4887

34,08

2.6

19

0. 7451

1.09879
0.99081h
. 0624533
L 1626086
DT96LT
23,220
43,930
h1,280
43,8h0

. ChB068%S
- 157397
.007958
.0102017
L0759416
0339651

8.73166
1.30516

LOLT7866
8.684ol

18,1334
1.56925
19. 70265

17.84

2.06

1.10997
0.9k6727
L 062469
2872
21877
23,220
40,800
k1,280
h&,310

L0912187
L 166948
LOL151250
LOL11522
.198527
L0557586

11,02k
2. hEn6h
698706

62217

o~

o
18,3778

5.1460
23.52h2

0. T72kT

1.11765
0.901332
.05248M4
Lho358L4
. 335526
23,220
38,170
W1, 280
52,060

LOBLTTEN
L7779
0236820
0122323
 3GBATT
0009551

18,6218
9.40811
28,03991

12.88
37.1
23

0.69011 -

75,420

.0131299
,0201428
.00 3765
L0030733
0109542
Nelodiiots

4, 67637
1.00863
206779
k. 5206

9.71712
L8hokz9
10.557559

29,85
16.8
16.8

0.61772



TABLE Lp (Cont'd)

NUCLEAR CHARACTERISTICS OF
SIMPLIFIED CYLINDRICAL REACTORS

Reactor No. 2-k0-33 2-40-58 3-40~18 3-40-38 3-40-58
R, (feet) 2 2 3 3 3
H (feet) 39 39 39 39 39
W, (ems 23/kg 02) 3 5 1 3 5
B.R. 1.19745 1.20602 1.10881 1.1192k 1.1262k
Co (eus 23/kg D20> 2.19303 2.05355 04979853 0.935784 0.890391
£, (p) .061853 .061891 .062461 .062h76 .062491
g8 (02) 377617 .501539 .161816 .282048 .403036
Pb/PT .21975k .338437 .080h28 L220713 .338239
v, (1iters) 13,880 13,820 31,240 31,240 31,240
Vop (liters) 31,430 28,760 51,930 L8780 b6,130
vy (liters) 72,860 72,860 25,510 55,510 55,510
Vir (liters) 79,920 83,730 58,100 62,600 66, 360
Neutron Balance
Leak&ges*
E LO’C .0138% .0146308 .0270L5% .0288358 . 030860k
E Ll,c .0215054 .023032k .089h21h .0948978 L101117
ERY . 0060625 .0088012 L00Mho6T 0085747 .0134511
B Ll’b .003346G .003656 .0057928 .0063377 L006557
R Lo,b 0297737 059742 0765225 . 200624 .373172
R Ll,b .0079283 .0128292 ,0338539 .0563551 . 0819443
Absorptions
Al’b 5.88168 7429079 8.81436 11.1369 13.866
Ao,b 1.76775 2.56612 1.3111 2.50009 3.92187
A (shell) .22107h .237152 L654178 . 70596 . 765081
Al,c 4, 54179 k.56207 8.67953 8.817h 8.9632
Productions
Core 9.7h899 9. 77713 18.1121 18.3568 18.6112
Blanket 2.74577 5.0017 1.58412 5.19909 9.51253
Total 12.hok76 1L.77883 19,69622 23.95589 28.12373
Ave. core power
density (kw/1.) 25.3 21.45 13.24 11.22 9.53
Max. core tank
power density 2h.6 37.2 6.8 18.5 28
Max. core tank power
density (core side) 1L4.3 12.1 5.3 4.6 i3
Ave. core thermal
flux x10710 0.55727 0.50459 0.65285 0.57933 0.51702

*
See top of page 34 for comment
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Rezctor HNo.
T
]

Ty

¢

1, (02,23,13)

I, {égo)

F(DZO)

F (02)

23 Credit
Feed Total

Total Variable
Fuel Cost

Net Unlt Cost

TABLE 4B

ECONOMIC CHARACTERISTICS OF

SIMPLIFIED CYLINDRICAL REACTORS

2-10-1S
33549

34,06

2.6607

1.07238

1.0150

0.01061

0,08293
0.86093
0.0%398
0.94386

1.0881h
éu28633
0015290
0.31219
0035077
0.59851
1.1022

0.00968

0,00283

0.51628
~0.,16k07

103451

6.7345

2-10-55

-0.21864

1.3155

0.88255
1.51k6
0,01169
0003312
0.08979
0.93207
Q. Oku8]
1.0219
1.0667
0.36773
0.00302

O.TEMAD

0.15562
0.57143
0.55006
0.90047
1.6062
0.01057
0.02320
0402656
0,36§ho
0.03877
0, 39590
0. k3467
0. 37520
0.00306
0.82336
=00 44510
1.5958

6.9862




TABLE 4B (Cont'd)

ECONOMIC CHARACTERISTICS OF

SIMPLIFIED CYLINDRICAL REACTORS

Reactor No. 2-20~53 3-20-18 3-20-33 3-20-58 2-30-13
T, 335.9 192.8 197.9 203.7 385.9
Ty 482.9 53.07 208. 1 L37.5 92.03
C, 2.1165 1.0224 0.97825 0.93284 2.3497
B.R. 1.18393 1.07103 1.08418 1.09365 1.17969
I, (D20) 0.29373 0.485 0. 4h343 0. 40367 0.41823
I, (23) 0.13080 0.1214 0.10930 0.091691. 0.20087
I (Dzo) 0.62196 0.39789 0.45677 0.50635 0. 76424
I, (02,23,;3) 0.82345 0.29480 0.45395 0.67982 0.42998
In (DQO) 0.91569 0.88300 0.90020 0.91502 1.1825
Tn 1.8699 1.2992 1.4504 1.686%5 1.813h
CPC(DEO) 0.00959 0.02759 0.02459 0.02202 0.01189
cp_(23) 0.02h01 0.03336 0.0281h 0.02429 0.0330k
CPb(DeO) 0.01h1k o.0823d 0.02L06 0.01270 0.09116
cp, (02,23,13) 0.247h5 0.85436 0.3354%0 0.22238 0.94631
P, 0.03361 0.06095 0.05303 0.0k631 0.0klok
CP, 0.26159 0.93666 0.35946 0,23508 1.0375
CPy, 0.29520 . 0.99761 0.41249 0.28139 1.0824
F(Deo) 0.38154 0.36792 0.37508 0.38126 0.49271
F(02) 0.00308 0.00279 0.00282 0.00285 0.00307
23 Credit 0.86870 0.33550 0.39758 0.4h231 0.84868
Feed Total -0. 48408 0.03521 -0,02425 ~0.05820 ~0.35290
Total Variable 1.6810 2.3320 1.8477 1.9097 2.5429
Fuel Cost
Net Unit Cost 7.071h T.7224 7.2381 T.3001 T.9333

28



Besctor No,

I, (23)

T, (0.0}

Ty (Dz0)

cpe(wgo)
QPG {23)

GPb(Dgﬁ)

CPb{62}23,13}

Feed Total

Total Variable

Fusl Cost

Wat Unit Cost

I, {02,23,13)

TABLE 4B (Cont'd)

ECONOMIC CHARACTERISTICS OF

SIMPLIFIED CYLINDRICAL REACTORS

2-30-38
384,2
336.8

1.19139
0.37592
0.16991
0.82h61
0.73722
1.2005

2,1076

E‘.:r'

0.0107%
0.0280%
0.02688
O. 37468
0.03878
0.40156
0. 03k
C.5002L
0.00310
0.90393
~(0e H0062
2,1473

75377

0.59151
G L3607
0. 590670
0. 36076
1,1826

1.6795

0.02834

0, 87630
.06155
0.96071
1.0223

@}hgg?ﬁ
C.00286
0. 56658
0.02903

2.7308

8.1212

0,02517
0.02817
0. 02k6

0.3832

£ad

0.05334%
0. 36785
0. 42119
0. 50089
0.00289

0.51339

0.02247
0.02395
0.01298
0.22716
0. 0k6hz
D.24014
0.28656
0.50658
0.00291

0.55566

“’Q ® ﬁ%l‘?

2,5663

. 46606
0.2180k

1.0161

0.951%3
0.04504
1.0431
1.0881

0.61758



TABLE 4B (Cont‘d)

ECONOMIC CHARACTERISTICS OF
SIMPLIFIED CYLINDRICAL REACTCORS

Reactor No. 2-40-33 2-4%0-55 3-h0-18 3-h0-33 3-10-58
T, 430.7 h35.2 268.6 28k.6 30L.7
T, W37.6 860.5 100.9 373-0 T5L.0
T, 2.1930 2,0536 0.9798 0.9358 0.3904
B.R. 1.19745 1.20602 1.10881 1.11924 1.1262k4
IC(DZO) 0.423h9 0.38751 0.69970 0.65726 0.62156
10(23) 0.18593 0.15902 0.15222 0.13456 0.11936
1,(D50) 1.0768 1.1282 0.78284 0.843h7 0.80kko
Ib (02,23,13) 0.92260 1.h048 0. 42376 0.7h087 1.1268
Lo (D2O) 1.5003 1.5157 1.4825 1.5007 1.5160
Ly 2.6088 3.0795 2.058% 2.3762 2,762z
CPC(DZO) 0.01079 0.00977 0.02858 6.02535 0.02261
CPC(23) 0.02798 0.02372 0.03312 0.02805 ¢.C2380
CPb(D2O) 0.02701 0.01k39 0.08518 0.02482 C,01307
CPb(O2,23,l3) 0.37653 0.25191 0.88Lk25 0. 34605 0.22886
CP, 0.03877 0.03349 0.06170 0.05340 0.ok6hy
CP, 0.4035k 0.2663 0.96043 0.37088 0.24193
CPy, 0.4h231 0.29979 1.0311 0.h2hz8 0.28834
F(D2O) 0.62512 0.6315k4 0.6L771L 0.62529 0.63167
r{02) 0.00312 0.0031h 0.00289 0.00291. 0.00293
23 Credit 0.93256 0.97303 0.51391 0.56317 0.59623
Feed Total -0.30432 ~0.33835 0.106569 0,06503 0.03837
Total Variable
Fuel Cowt 2.7468 3.0409 3.1963 2.8655 3.088%
Net Unit Cost 8.1372 8.4313 8.5867 8.2559 8.4793
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Reactor No.

R, (feet)

H (feet)

W, (ems 23/kg 02)
C. (gms 23/xg D,0)

p)

g (02) {resonance to

TABLE DA

NUCLEAR CHARACTERISTICS OF
FOUR CYLINDRICAL REACTOR SYSTEMS

thermel sbsorptions)

Vo P/ By
Vc {1iters)
ch liters)
vy, {liters)

2 Q\
Vo {(liters)

Core 23 abgorptions

(gms 23/day)

3-20-1 2-30-1 2301

3 2 3

19 29 29

1 i 1
1.053309 2. kho2ks 1.010958
0.0518 o.0b4 0.047
0.06k41 0.05 0.05Th
0.06945 C.07175 0.0639
1.0431 1.1545 1.078k%
0.177818 0.2779% 0.173677
14,643 6.1533 1%.661
15,210 10,320 23,218
36,150 31,220 hh, 290
27,0k0 5k, 160 41,280
29,280 56,480 k3,330
573,282 473.952 478.002

Absorptions and Leaksges Normslized to Core 23 absorptions

e
Ay (ago)
A, (02) (fast plus

© thermal)
Ab(13)

£, (24)

L081812 088037 085136
003450 003585 .003632
1.143431 1.274369 1.185701
.010431 007034 200TEL1
000307 Q00204 2000234
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Q.1957
1.07hT7
0.296608

. 260578
L003833

1.382564%



"Reactor No.

)
A
-
i
\J5
p—

o]
=3
~~
N
N
R—

)

A (core tank)

20,
L
Fast ILeakage
.X.‘
End
Radial
Thermal Leakage

o ¥
[Yels!

&=l

Radial

Average Core Flux

Max. Power Dengity at

Core Tank Wall
(kw/1iter)

TABLE DA

(Cont*d)

NUCLEAR CHARACTERISTICS OF

FOUR CYLINDRICAL REACTOR

3-20-1

. 000034
1% 107
.00385
1., 000000
10669
10695
-0168
.06h1
.051106

L0021k

.078186

LOLT43h

.00973k
.0k5397
L00k1h2

1.15 x 1077

10.8

k3
See top of page 3 for coument

SYSTEMS

2-30-1
.000019
A2 x 10"8
.00338
1.000000
.10219
.10234

.01608

009109

-000988

7.32 x 10lh

RY)
e

3
N

-3

3-30-1
000023
.56 x 10”8
.003627
1.. 000000
10186
L0202

.01603

007767

.010010

021020
. 004296

. 1k
7.92 x 1077

T.2

oo

1.000000
.11.938
$ 12032

L0189

L3 085'688

.0C2028

024536

021839
L 056559

T.17 = 10

[A»)

N
ON



TABLE 5B

ECONGMIC CHARACTERISTICS OF
FOUR CYLINDRICAL REACTOR SYSTEMS

‘Reactor 3-20-1 2=30-1 3=30-1 3-30-3
Core Thorex cycle

time {days) 229.6 302.3 223.7 215
Blanket Thorex cycle

time {days) . 88.1 132.6 126.2 362.5

q - fraction of U
T production returned

to reactor as feed ©.966 0.8757 0.923 0.9078
Total fissile luventory

(23, 25, 13) (ke) 110 180,2 129 220.7
Total Thorium Inventory

{ke) 57,500 80,000 62,200 54,800

ECONOMICS {wills/kwhe)
Inventory Cherge

Core D0 . 5870 L4208 5965 5565
Cove 23, 25 .1208 2423 L1544 Th2D
‘Blanket D0 . 3943 . T610 5835 . 26415
Blanket 23, 25, 13 1749 2580 .2039 LE710
Blanket 02 0728 L1560 0952 0839
Total 1.2598 1.8381 1.6335 1.804%
Chewical Procesaing Costs
Core D0 .0233 01527 02927 02842
Core 23, 25 L0319 ,0LB28 ,03833 .0362
Blanket D0 .0bg15 063 05075 .0195
Blanket 02 Ji226 .5L20 4367 . 1669
Blapket 23, 25, 13 L1096 L12kT L1020 L0987
‘Total L6366 L7932 6570 . 3497
Feed Costs
D0 makeup . 3670 . ho28 4920 k990
02 feed .0025 L0028 0026 L0027
23, 25 credit . 2048 7350 L3762 . 3653
Total . 1647 ~.239% L3118k L1374
Total Variable Fuel Cogts 2.0610 2.3920 2.5090 2,3815
Total Fixed Costs 5. 39504 5. 3904 5.390k 5.390k4

Net Unit Cost 7451k 7.7824 7.799% T.T719
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End leakages were calculated by assuming that the ends of the
reactor were bare. In practice, however, the blanket region would also
cover mogt of the end areas of the core region. The end leakages as
given in Tables 4 and 5 would therefore be high, and correcting this
would tend to increase the breeding ratios.

The results given in Figs. 2 and 5 are combined in Fig. 6,
and indicate the economic penalty associated with waintaining a low
wall-power-dengity. The breeding ratio associated with different values
of the reactor parameterg is given in Fig. 7, where the specific values
obtained are indicated. As shown, the breeding ratio was practically
independent of the blanket fuel concentration.

In the caleculations, an effective extrapolation distance which
was independent of region was used for the reactor ends. If a blanket
were considered at the ends of the core region, the breeding ratio would
increase, particularly for those reactors of relatively short leangbh.
Under these conditions the breeding-ratio curves in Fig. T would tend %o
become more horizontal and could possibly change to a positive slope as
the power density increased (smaller reactor length). However, this
effect would be relatively unimportant insofar as the fuel costs given
here are concerned.

The regults indicate that minimum fuel costs are associated with
high core-wall-power densities, and that highest breeding ratios are
obtained with small core radii, thick blankets, and long reactors. Thus,
the reactors with the lowest fuel costs do not have the Jlowest core-wall
power densitlies or the highest breeding ratios. If corrosion difficulties

do not permit high power densities al the core wall, some compromise would




TOTAL VARIABLE FUEL COST (mills/kw hr)

UNCLASSIFIED

_35._

ORNL-LR-DWG. 15880

3.0

N
o
.a___,—""‘_.&—-: I
/M‘—::
o
/

Wb:‘l
2.0 i,
- 5‘\\ ‘\ \...;
15 \:‘\
\ 3
M“
i.0
Wb: gm 23/kg 02 IN BLANKET
Rc = CORE RADIUS
0.5—
Rc=2 FEET
—"'"“"'Rc =3 FEET
0 | l
O 10 20 30 40 50 850 70

MAXIMUM POWER DENSITY AT CORE TANK WALL (Aw/liter)

Fig. 6. Effect of Power
for Simplified Cylindrical

Density on Total

Reactors.

UNCLASSIFIED

Variagble Fuel Costs



GROSS BREEDING RATIO —1

UNCIASSIFTED ORNL-LR-DWG., 15881

-36-
029 | | |
Wy, =gm 23/kg 02 IN BLANKET
R,= CORE RADIUS
0.25 - O W= !
A Wb=3
D Wb:5
{POINTS ARE CALCULATED,
\\\\tkaT‘EXPERIMENTAL VALUES)
0.20 ]
Aﬁz;i\ ]
A
”\S)\
0.5 |

\\\ FEET

\\<2
0.10 |- : . gx\,__ AAAAA N
A

0 \
0 10 20 30 40 50 60 70
MAXIMUM POWER DENSITY AT CORE TANK WALL (kw//iter)

Fig. 7. Effect of Power Density on Breeding Ratio for Simplified
Cylindrical Reactors.

UNCLASSIFIED



- 37 -

be required. Increasing the reactor length decreased the wall-power-
density, but inecreased the inventory charge until that charge zontrolled
the fuel cost; the associsted increase in breeding ratic was slight.
5 g &4
The minimum variable fusl cost given in Fig. D appears to be
about 1.3 mills/kw-hr with 8 blanket fusl concentration between 3 and 5 Zm
2 ‘ . N :
1] 33/kg Th. This value can be compared wibth s variable fusl cost of
about 1.0 mills/kw-hr for sn optimam, comparable epherical two-region
2. e a B a 3 e » ] J-
reactor., Thus, a change from spherical to eylivirical geomebry would
increase the fuel cost by ~ 0.3 mills/kw-hr if there were ne restrictions

on power density at the core wall, based cn the cost factors used heve.

associated with the cylindrical reactor. If ¥ inventory charges were
used and the D0 cost were $28/1b, the 0.3 mills/kw-hr difference would
be reduced to less than 0.1 mill/kw~hre If the core wall-power-density
were limited to 26 kw/liter, the fuel costs would be greater thas the
above walues for both spherical and cylindricsl reactors. If no limit
wvere placed on reactor slze, a sphericael resctor would probably result
in lower fuel costs than if cylindrical geometry were considered; hcwevef,
the difference in fuel costs assoclated with the two geometbries would
decrease as the permissible wall-power-denmsity were decressed. Cylindrical
geometry does, however, permit low wall-power-deusities in combinmation
with relatively small reactor diameters.

The results given in Figs. 4%, 5 and 6 inlicate that limitations
on core-~wall-power density may rvesult in fuel costs 1-2 mills/kahr higher

than fuel costs for reactors in which no power-dewsity Llimitation exists.




.

- 38 -

This higher value was due primarily to the inventory charges, which were
agsumed Lo be 12% of the inventory value per year. If the inventory
charge vwere 4% rather than 12%, lessveconomic penalty would be asscclated
with low wall-power-density; i.e., the fuel cost curve would be flatter
(and lower) than shown in Figs. 4, 5, and 7. Specifically, if the core-

wall-power-density were limited to 15 kw~liter, Ry = 2 ft, W = 5 gu U233/kg Th,

1
and a 12% inventory charge were used, the variable fuel costs would be

about 1 mill/kw-hr higher than the economic minimum if there were no power
density limitation; if a 4% inventory charge were used, the economic penallty
imposed by the power density limitation would he about 0.33 mills/kw—hr.
Also, since DZO inventory charges were a substantial fraction ( > 50%) of
the total inventory charge, use of $28/1b for D,0 rather than the $Lo/1p
nsed would result in fuel costs which were not as dependent upon inventory
charges (in the above case, the 0.33 mill/kw-hr penalty due to the power

density limitation would be lowered to about 0.2 mills/kw-hr).
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APPENDIX

NUCLEAR PROPERTIES USED IN CALCULATIONS

Nuclear Properties of Bagic Materials at 3OOOC

Material Microscopic Cross Section (barns)
Th-232 hoh38
Pa-233 95.1
U-233 3Tk
U-23h 56. L
U-235 ho6
U-236 5.71
0,580), 0.3106
D0 0.001731
Group 3 Poison 12.9
Microscopic Figsion Cross Section
(varns)
U-233 340.3
U-235 342.2
Macroscopic Cross Section (cm-l)
Zirconium 0.005793
n{neutrons per capture)
U-233 2.32
U-235 2.09
A (13), Decay Constant (day—l)
Pa-233 0.0252956

INPUT DATA COMMON TO ALIL CALCULATIONS

Core Blanket
Fermi Age (cmg) 244 234
Resonance escape probability 1 0.547
Diffusion coefficient, fast group
(cm) 1.76 1.56

Diffusion coefficient, slow
group (cu) 1.30 1.2k




