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at the rate of 67 kg/day or with a processing period of 320 days

* The term "Mass-233" as used in this report refers to U

0 O ABSTRACT

Results of a cost estimate for the chemical process
assoclated with a three-reactor power station of a proposed
homogeneous breeder system, the K-23 reactor, indicate that
the chemical processing cost will be 1 06 mills per kilowatt-
hour of electricity This cost 1s based on current Thorex
technology for a limited size plant and is not representative
of the optimum plant size which would be 1integrated in a
larger power station The unit fuel costs which i1nclude
reactor inventories, fuel consumption and losses in addition
to the chemical processing cost is estimated at 2 19 mills
per kilowatt-hour of electricity, or $12 26 per megawatt-day
of heat

1 0 SUMMARY AND CONCLUSIONS

The blanket of the K-23 reactor will be processed for isolation,
recovery, and recycle of uranium and thorium i1n a Thorex process plant
This
processing period corresponds to a fission product poison level in the
blanket of 3% and a Mass-233*% concentration of 6000 g per ton of thorium

The K-23 reactor-core uranium solution will be processed for removal

of high-cross-section fission products by two different methods The
bulk of the insoluble fission product sulfates will be removed on a
daily cycle by means of hydraulic separators The insolubles, which
constitute 80% of the total fission product poisons, will be carried in
120 liters per day of cyclone underflow, which is blended with the blanket
waterial as Thorex feed to give a core processing period of 190 days
poison level for these processing conditions will be less than 5 6%
The estimated chemical processing costs for a three-reactor power
station with associated hydraulic cyclone facilities and a O 2-ton/day
Thorex chemical plant 1s 1 06 mills per kilowatt-hour of electricity

233 | 5,233
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The total fixed investwent cost for the 200-kg/day Thorex plant
15 $5,798,300 which at 15% amortization represents 30 7% of the process-
1ng cost The annual operating cost 1s $1,290,100 and represents 45 6%
of the processing cost The hydraulic cyclone installation cost 1is
2 84% and 1nventories represent 8 83% of the total processing cost
Losses amount to 12% of the process cost, with heavy water losses making
the largest contribution

The addition of reactor inventories, fuel consumption, and losses
to the chemical processing cost results in a total net fuel cost for
the reactor station of $17,065 per day after crediting a breeding gain
of 14 4% This amounts to an estimated unit fuel cost of 2 19 mills per
kilowatt-hour of electricity or $12 26 per megawatt-day of heat The
estimate 1s based on fixed charges established in 1953 by the AEC Reactor
Developwent Division and would be significantly lowered if the latest
recommended figures available to power study groups were used

The breakdown of fuel and chemical processing costs 1s shown in
Fig 1 Tabulation of fuel costs for the power station is given in
Table 1

If the hydraulic cyclone solids removal process is not feasible,
the same core poison level can be maintained by processing the core omn
a 54-day cycle with an increase in the variable costs of ~$1,000 per
day This increase represents 0 13 mills/kwh waking the total fuel
cost 2 32 wills/kwh

Blanket material 1s cooled for 55 days and the core cyclone under-
flow 1s cooled for 110 days before they are blended and processed in the
Thorex plant The cooling periods are determined by the activity level
which can be tolerated for solvent stability For this estimate the
tolerable specific exposure was assumed at O 5 beta watt-hr per liter
of extractant Cooling the blanket for 55 days only allows 4 7% of the
Mass-233 to be partitioned as Pa233, which decays to isotopically pure
U233‘and i5 recovered in a separate extraction cycle The remainder of
the blanket Mass-233, as U233, 18 partitioned and recovered with the



core uranium Core uranium at steady-state conditions 1s approximately &
36% 033 a1luted with the higher isotopes US3Y, U237, ana U236  1n this #
estimate, no premium value was assigned to i1sotopically pure U233 but even
in a power economy 1t wust be assumed that the power reactor by-product,
represented by breeding gain, would have an enhanced value if it could
be recovered mass-pure To recover the U233 breeding gain mass-pure,
it 1s necessary to process the blanket after approximately 5 days' cooling
Development work 1s necessary to determine the solvent stabllity at a
speclfic exposure of 1 O beta watt-hr/liter, equivalent to that expected
after 5 days' blanket cooling

The estimate of the physical facilities necessary for the Thorex
processing plant is considered a realistic evaluation for the proposed
three-reactor station, based on current Thorex technology An optimum
s1ze plant integrated with a larger power station or a group of stations
would significantly lower the unit cost For example, an increase in
chemical plant capacity by a factor of 3 would result in only a 37%
increase 1n capital investment and a 15% increase in total operating

costs, or a unit chemical processing cost of O 62 will per kilowatt-hour
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Table 1

Fuel Costs for Two-Region Breeder Reactor Operated at 250°C with Thorium Oxide

Slurry Blankets Containing 1000 g of Thorium per liter, Core Power at 320 Mw

Three=-
Reactor Station
Concentration of U-SS in core, g/liter 1 24
Fission product p01zon level 1n core, Sgggrzzimgbi22232e3n1ﬁ02§§2 0 056
Brectung 10, G srans commaent T oS 0 1
Total power, Mw of heat 1,392
Net Mw of electricity 324
Total U233 + Pa®33 requirement, kg 463 5
Total thorium requirement, metric tons 63
Total D20 requirement, metric tons 145 5
Cost, $/day
Thorium consumption 19
Clone processing 276
Thorex processing of core + blanket and D20 recovery
Operation 4,428
Amortization 2,979
Uranium ana thorium losses 67
Uranium 1nventory 4,610
Tuorium .uventory 32k
D20 inventory and losses 7,440
Value of excess #33 produced 3,078
Total cost per day _ 17,065
Net cost $/Mwd of heat 12 26

Net cost, mllls/kwh of electricity 219



2 0 INTRODUCTION

The purpose of this study was to establich preliminary bases and
estimates for chemical processing costs associated with power producers
of the homogeneoue thermal breeder class The specific case studied
was a power station of three two-reglon K-23 reactors which utilize
U2330280h solution 1n the cores and Th23202 slurry in the blankets
The chemical plant was assumed to be closely integrated with the power
plant facilities

Advantages of such a study at this particular stage of the K-23
development are that the more critical areas affecting costs may be
revealed and priority areas for chemical development can be emphasized
It should be realized that this study utilizes educated assumptrons for
certain chemical processing steps, however, flow diagrams and cost break-
downs of the seve.al process units are 1included to reveal present concepts
of processing requirements

Reactor conditions and proposed chemical processing periods are
1ndicated 1in Tables 2 and 3

The blanket of the K-23 reactor will be processed 1in g Thorex plant
at a rate of 67 kg/day or at a period of 320 days This processing period
corresponds to a fission product poison level i1n the blanket of 39 and
a U233 + Pa®3Y concentration ot 6000 g per ton of thorium

The K-23 reactor core will be processed for removal of high cross-
section fission products by two different wmethods The bulk of the in-
soluble fission product sulfates, approximately 80% of the fission preduct
poison, will be removed on a daily cycle by means of liguid cyclones The
remainder of the fission products and corrosion products will be removed
on a much longer cycle in the Thorex plant

The following assumptions were made for the design of the chemical
process flowsheet and facilities

(1) Core and blanket solutions are blended in Thorex feed preparation
Cooling periods for the blanket and core are determined primarily by the

activity level that can be tolerated for solvent stability The limiting



range of specific exposure considered tolerable 1s 0 2 to 2 O beta
watt-hr per liter of extractant In the absence of specific data
for this estimate, O 5 beta watt-hr per liter of extractant was
arbitrarily chosen as the limiting specific exposure

The exposure was calculated assuming a solvent residence time of
10 min 1n the A column

(2) Heavy water removal and recovery from the blanket stream 1s
performed immediately after discharge froum the reactor and the Tho?
is reslurried in light water to a concentration of 1000 g/llter and stored
for cooling The core solution is evaporated to 1M UOZSO)+ in heavy
water, stored for cooling,and subsequently dried for complete heavy
water recovery and redissolved in light water

(3) Decontaminated thorium can be remotely reprepared as ThO2
slurry at an activity level of 1012 d/m/kg Th  (If 1t is necessary to
cool to 109 d/m/kg, which 1s the specification for thorium metallurgical’
handling, additional fission product decontamination and cooling periods
up to 300 days with additional tharlum inventory charges of approximately
$60 per reactor day will be required )

(4) Protactinium-233 will be stored and cooled in the acid-deficient
2 M aluminum nitrate agueous raffinate frow the Thorex A column  Three
stainless steel tanks are required two for filling, evaporation, and
cooling, and one for feeding to a U233 separate-cycle extraction system
After decay, this material can be separately 1isolated as an 1sotopically
pure U233 product, 1f desirable for research or weapons applications

In determining the fuel costs, the tentative basis for establishing
the fixed charges for a nuclear power plant recommended by the Evaluation
Staff of the AEC Division of Reactor Development(6) was used Table 13
1n Appendix III presents equations used in calculating inventories and
losses of fissile and fertile materials The cost analysis was based
on the folloélng assumptions

(1) The value of the major reactor fuel components were chosen
as $20,000 per kilogram for Pa233 and/or U233, $11 per kilogram for
thorium, and $88 per kilogram for D0



(2) Fixed charges on the depreciating capital investment are
15% per year, which includes depreciation, interest on investwent,
insurance, and all taxes

(3) Fixed charges on nondepreciating capital 1tems such as fissile,
fertile, and special materials inventories are 12%

(4) Heavy water 1s considered as a nondepreciating investment with
a 12% fixed charge An additional 5% was added as an assumed annual
loss of inventory

(5) The chemical plant 1s located adJjacent to the reactor building
with a sharing of common facilities such as administration, ma1lntenance,
off-gas stack, some waste facilities, security, fire protection, and
miscellaneous overhead 1tews Operating and laboratory personnel and
facilitles were considered as entirely separate

(6) Power 1or operating the chemical plant will be purchased from
the reactor station

(7) Hydraulic cyclone equipment and facility and operating costs
are considered separately from the Thorex plant costs although both

systems are 1ntegrated



Table 2

Charscteristics of Proposed Two-Region Therwal Breeder Reactor

Breeding gain O 144 (5 6% poisons)

Core

Pover
Diameter

Volume of core

Volume of core system
Average flux in core
Average flux in core system
Circulation rate

4233

Total U233 in system

concentration

Area of stainless steel in system

U233 processing rate

Processing period

Blanket

Power

Volume of blanket

Volume of blanket system
Average flux i1n blanket system
Thorium concentration

U233 concentration

Pa233 concentration
Total Mass=-233

Thorium processing rate
Mass-233 processing rate

Processing period

320 Mw
6 £t
3,200 liters
23,000 liters
2 29 x 10%7
32 x 1014
140,000 l1iters/min
1 24 g/liter
28 5 kg
15,450 £t°
150 g/day
190 days

1k Mw
11,600 liters
21,000 liters
51x 1013
1,000 g/l1ter
5 g/liter
1 g/liter
126 kg
67 kg/day
405 g/day
320 days
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Table 3

(3)

Neutron Balances for Two-Region Thermal Breeder Reactor

Temperature 25000

6-ft-diam core, 320 Mw, no polsone 1n core

2~ft-thick blanket, 1000 g of thorium per liter,
320-day processing period for blanket, blanket
power at 160 Mw

U233/Th ratio in blanket, g U233/kg Th 5
Pa233/Th ratio 1n blanket, g Pa233/kg Th

233
Breeding gauin, Y atoms produced -1 0 20

U233 atoms consumed 1n core

heutron balance, absorptions
absorptions by U=33 1n core

Absorption in the core by

y?33 10
U234 0 090
U235 0 090
U236 0 01k
S 0 002
DEO 0 031
Absorption in the core tank 0 055

Absorption in the blanket by

Th232 (resonance) 0 51
Tn232 (slow) 1 2k
pa©33 0 023
=33 0 53
U23u 0 005
y?3° 0 002
Fission prcducts 0 ok2
DEO 0 003
Leakage Slow 0 020
Fast 0 051
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3 0 DISCUSSION OF PROCESS

Two basic features of the proposed chemical process (see Fig 2)
are (1) daily processing of the core solution for continuous removal
of insoluble fission and corrosion products, and (2) the longer-range
recovery of the thorium and U233 from both the blanket and core
Continuous removal of fission and corrosion products 1s required
to minimize the level of insoluble high-cross-section products in the
active region of the reactor and would be accomplished by centrifugation,
using the DorrClone principle of solids concentration and separation
A properly regulated clone underflow, containing high-activity concen-
trates i1n a core-solution wedium, would then be treated for recovery of
the valuable D2

short-lived i1sotopes

0 and subsequently stored to permit decay of the energetic

A Thorex processing plant 1s required to control the level of
soluble high-cross-section irradiation and corrosion products 1in the
active region of the reactor and to permit recovery of the U233 gained
1n breeding ThO (D O) slurry i1s drawn from the blanket system on an
appropriate time cycle, D 0 1s recovered, and ThO (H O) slurry is stored
to permit decay of 51gn1f1cant short-lived 1sotopes, including both Pa 233
and fission products Subsequently, thaTh02 15 dissolved in nitric
acid—fluoride solution, combined with UOESOM solution from the core,
and prepared as aqueous feed to the Thorex solvent extraction process
The thorium product from the process 1s re-prepared as a slurry for
the reactor blanket, and part of the U233 product 1s re-prepared as a
uranyl sulfate solution for the reactor core That part of the U233

representing the breeding gain 1s prepared for appropriate disposal

3 1 Core Solution Processing, Basis

Chemical processing of the core solution of the homogeneous
breeder reactor to rewove 1nsoluble fission and corrosion products
1s required to (1) waintain a high level of neutron economy, (2) winimize
the biological hazards associated with the operation of a pressurized
radioactive system, and (3) reduce the cost of processing in the Thorex

plant
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It has been shown that the major poisoning of the reactor core
15 contributed by the bulk of the rare earth fission products which
constitute 70% of the known certain poisons (see Appendix II) Present
data indicate that neutron poisoning due to rare earth fission products
in the fuel solutions can be held below 2% by removing the rare earths
as 1nsoluble sulfates as they precipitate A review of solid-liquid
separation devices has shown liquid-solid cyclones to be the most

8)

consist of a number of small cyclone components installed 1in a common

promising wmeans of separation  The cyclones considered bagically
housing with a common feed chamber and common overflow and underflow
chambers These multiple units way be installed in one-, two~, or
three-stage assemblies Liquid cyclones have been used commercially
for the desliming of coal, using a 3-in -diam cyclone to effect a
separation of 50-P particles A 10-um-diam cyclone 1s available
which 1s capable of separating A421P particles of clay from water
Because the core system 1s characterized by a low viscosity and a
high solid-liquid density difference, there 1s an excellent probability
that a wmultiple unit utilizing small-diameter cyclones will be effective
A schewmatic flow diagram of a proposed wmethod 1s shown in Fig 3

The wethod used to establish poison level and thus the hydraulic
cyclone underflow rate was sowmewhat arbitrary It has been estimated
by Brlggs(3) that the economic fission product poison level in the core
would be ~T% when the calcium fluoride adsorption process(IO) for rare-~
earth removal 1s used 1n conjunction with the Thorex process, However,
this cost estimate incorporates a centrifugation technique as a replace-
ment for the more expensive fluoride adsorption process Hydraulic
cyclone processing 1s less costly and should maintain a much lower rare-
earth poison level It was estimated that the economic fission product
poison level should be between 5 and 6% with a hydraulic cyclone-——Thorex
plant combination A processing period of 190 days (see Appendix II),
and thus a processing rate of 120 liters of core solution per reactor per
day, was estimated to establish a poison level within these limits and

was therefore used for the design and cost estimate
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The total poison of 5 6% for a 190-day processing period can be

broken down as follows

% Loss to Poison

High-cross-section fission products 0 717
cst33 - et 129
i3t (epproximate solubility)* 01
Poison due to uncertain Tc + Sr
with reasonable solubility 1 30
Solubility of rare earths other than N4 02
Solubility of Ndlu3 + 1\le)'l'5 08
Rare gases (10% of maximum) 05
Corrosion products at O 2 mil/year 06
Total 5 56

* Approximate 113l solubility was estimated from experience with
the HRE Noble metals were not included since their solubility
characteristics are uncertain Noble metals may add O 3 to O L4
1f 100% soluble Rare earths will build up to their solubility
limit 1n 30 to 60 days

If hydraulic cyclone processing 15 not deemed feasible, then a
5 €% poison level can be waintained with a Sk-day processing cycle
through the Thorex plant  Processing by Thorex alone requires a shorter
chemical processing period to waintain the same poison level 1n the core
This results in (1) an increase in uranium invemtory, (2) an increase
in the volume handled per day with attendant increase 1n DEO recovery
costs, (3) increase 1n D0 inventory, and (4) a greater load on the 233
1solation laboratory Thorex alone eliminates the capital and operating
cost required for the hydraulic cyclone installation, and credit 1s
therefore gained here For this estimate, inspection showed that the
credit gained by removing the hydraulic cyclone installation was of the

same order of wmagnitude as the 1ncrease 1n DEO 1nventory and drying losses,
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assumed to be 0 2%, so neither of these costs were considered  The
greater load on the 1solation laboratory did not contribute to the
fuel cost since the resin columns would only have to be loaded and
unloaded at more frequent intervals Therefore the variable costs
considered were the uranium inventory, DEO recovery costs, and value
of breeding gain lost to core poisons

The comparison of both processing schemes at the same cQre poison
level shovs

(1) Hydraulic cyclone processing decreases the total fuel cost
by about $1,000 per day

(2) Poison removed by hydraulic cyclones was estimated con-
servatively and this method may do much better (1ess than 4% core polsons)

(3) The Thore -alone processing scheme gives no significant reduction
of biological hazards The hydraulic cyclones possibly may reduce the
long-lived gamma emitting fission products by as much as a factor of 30

(4) If the development program for the solid-liquid separation 1s
unsuccessful, complete processing by Thorex adds only O 13 mill per
k1lowatt-hour to the total fuel cost (1ncrease from 2 19 to 2 32 m1lls
per kilowatt-hour)

The variable costs for the hydraulic cyclone-Thorex plant couwbination

can be broken down as follows

U233 DEO Processing Breeding Gain Total

Inventory Cost, Cost, Loss due to Variable Cost,
% Poison $/day $/day Poison, $/day $/day
L 6 558 262 3 1,140 1,960
56 276 2 126 0 1,380 1,782
61 253 9 105 O 1,500 1,859

R

The variasble costs for the Thorex alone processing scheme can be broken

down as follows



-17-

U233 D 0 Processing Breeding Gain Total

Inventory Cost, Cost, Loss due to Variable Cost,
% Poison $/day $/day Poison, $/day $/day
L 6 1,206 576 1,140 2,931
56 954 Lh7 1,380 2,780
70 840 32k 1,710 2,870
90 660 228 2,184 3,072

The results of this survey indicate that the optimum core poison level
1s 5 6% and that the savings contributed by the hydraulic cyclones would be
$998 (2780 - 1782) per day

The most 1mportant prerequisite to Thorex processing of core material
1s the cooling time needed to reduce the fission product activity to a level
equal to or less than that attributed by the short-cooled blanket wmaterial
with which the core solution will be integrated  Processing of core solution
to remove the soluble poisons on a 190-day period indicates a processing rate
of 120 liters per day of core solution containing one day's production of
1nsoluble fission and corrosion products from the entire core system as well
as those soluble fission and corrosion products corresponding to the process-
1ng cycle and operating U233 concentrations An analysis of reactor core
processing conditions 1s given 1n Table L

The following 1insoluble fission product chains were considered to
contribute the wmajor activity (after 1 to 2 days' cooling) that 1s removed
on a one-day cycle The actual activity would be much greater at discharge
than those listed, but after reasonable cooling periods these products would
be the major activity remaining and the ones which determine the cooling

period The chains with the 1mportant member circled are

@ 11 64 Prllw 2 6hy su (s)
QTR0 165 1k0 > _125a, 168 Cemo (5)

43 1s os 143 Ba1h3 20m 33h

___lif‘_d.__> Ndm3 (s)



Table 4

Analysis of K-23 Core Processing, One Reactor

23,000 liters (1 24 g U233/11ter = 28 5 kg U233), flux, 3 2 x 10

Processing period, days
Volume processed per day, liters
U233 processed per day, g
Total poisons¥*¥
Activity, P-watts/day¥**
B-watts/liter of core solution
Activity after 5 days' cooling, 6—watts/11ter of AF
Cooling required to reach activity of 3 6—watts/11ter AF, days
U233 inventory based on 5 days' cooling, kg
Baced on time required to reach activity of 3 B-watts/llter, kg

*Case B chosen for this study

*%Tncludes soluble fission products, corrosion products at O 2 m1l/year, and high-cross-section and rare

gas fission products

14

Alternate Cases

220
100
12k

10,070
101

43

110

13

62

B
190
120
149

<56
10,300
86

Ly 8
110

075

16 4

¥%%¥Tncludes 2-day or greater fission products (Fig U4 shows effect of cooling on activity of insoluble

fission products)

90
250
310

4 2
11,800
b7

49 6
120

155

31 2

—8‘[-
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These fission products, when produced during a one-day core period,
contribute 130 beta curies, O 313 beta watt, and O 575 gawma watt per
U233 irradiated The total expected beta activity ou a one-day

gram of

period from both soluble and insoluble fission products with a half-life

233

of two days or more would be 1 06 watts per gram of irradiated U ~-, aund

the total gamma activity would be 1 12 watts per gram of U233
It can be seen that approximately one-sixth of the total activity

(gamma end beta) contributed by all fission products with half-lives of

two days or more produced during one-day'# irradiation is contributed

(11)

plots and assuming that the insoluble fission product beta activity after

by the beta activity of these six chains Using the Borst-Wheeler

one-day's irradiration can be represented by one-sixth the Borst-Wheeler

1rradiation-decay function, 1t is found that the calculated beta activity
and that obtained from one-sixth of the irradiation-decay function differ
by less than 20% over the cooling range of 5 to 120 days A plot of beta
233

activity in watts per gram of irradiated U obtained from activities of
the six 1mportant insoluble fission product chains and that estimated from
the Borst-Wheeler function 1s shown in Fig 4 This figure also includes
the gamme activity of the insoluble fission products Approximately 85%

of this gectivity 1s Laluo gamma
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3 2 Blanket Processing, Basis

The blanket will be processed on a 320-day period or at a rate
of 67 kg of thorium per day per reactor This 1s the condition necessary
to maintain 5 g of U‘?33 per liter at 5 1 x lO13 n/cmz/sec blanket system
flux This condition corresponds to approximately 6,000 g of Mass-233
per ton of thorium present 1in the blanket In order to recover the
Mass-233 represented by the breeding galn as 1sotopic U233 1t becomes
necessary to cool the blanket product for only 5 days (1,2) This cooling
time also corresponds to the cooling tige for minimum chemical plant
Pa233 + U233 inventory charges The disadvantage 1n recovering the
breeding gain quantity of Mass-233 as isotopic U233 cones from the high
beta and gamma activity present after short cooling periods The high
blanket-material beta activity of 9 8 watts per liter of extraction column
feed (AF) results wainly from Pa233 and causes the primary damage to the
solvent The high gamma activity results from Laluo, which under these
conditions would be approximately 100 curies per mole of thorium processed (1)
A more reasonable processing procedure would be to cool the blanket
material sufficiently to allow lanthanum decay and beta activity decay to
a reasonable solvent irradiation level The solvent irradiation level
assumed 1n this study was O 5 beta watt-hr per liter, however, an experi-
mental investigation 1s 1n progress at ORNL which should determine the
meximum allowable level A cooling period of 55 days for the blanket
would be necessary to limit the total beta activity due to the blanket
material 1n the AF stream to 3 watts per liter  This activity level in
conjunction with the beta activity of the 110-day-cooled core material
would produce a radiation level of 0 5 beta watt-hxr per liter of extractant
in the A column The Laluo activity will have decayed to 5 7 curies per
mole of thorium in 55 days Processing of 5-day cooled blanket waterial
along with 110-day cooled core material would increase the radiation level
to 1 07 beta watt-hr per liter of extractant A blanket cooling time of
5 days would establish a Pa233 content 1n the A-column feed of 16% of the
total Mass-233 from the blanket which 1s approximately the total breeding
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gain quantity and later can be recovered as 1so0topilc U233 1n the second
cycle On the other hand, a 55-day cooling time would reduce the Pa233
content 1n the A-column feed to 4 7% of the total Mass-233 from the
blanket An analysis of blanket processing conditions 1s given 1n
Table 5 An analysis of chemical processing conditions after integrating
core and blanket process solutions 1s given 1n Table 6

The core system will contribute 450 g of U233 + 750 g of higher
uranium 1sotopes at steady-state reactor conditions, which will be dissolved
simultaneously with the blanket material each day This dilution will
result 1n a first cycle uranium product of 68% 1933 when a 55-day cooling
ser10d 1s used or 66% U233 when a 5-day cooling period 1s used A uranium
product of these specifications may be used to feed back to the core to
replace U233 burnup, however, 1t 1s apparent that a salable breeding galn
product of only 68% 0733 would not be desirable The breeding gailn product
when a 55-day cooling period 1s used w1ll be divided into two fractions,
one of isotopically pure U233 comprising 33% of the breeding galn, which
w1ll be recovered from the second cycle, and one of 68% U233 comprising
67% of the breeding gain

Even 1n a power economy there should be sufficient justification for
a high-grade breeding gain product which way be used as research material,

fuel for ocher reactors, or even as weapons material

33 DEO Recovery

Two processes have been proposed by the Vitro Corporation for

(9)

recovering DEO from uranyl sulfate solutions and from slurries One
1nvolves evaporating the material to approximately 60% solids and then
completing the drying in a pan dryer at BOOOC In the other all the
evaporation i1s performed in a pan dryer Drying-tray-area requirements
would be approximately 50 to 100 ft2 per thousand pounds of uranium dried
per day An economic analysis by Vltro(9) 1ndicates that the cost of DEO
recovery will be $0 30 to $0 4O per pound in a plant handling 2 to 4 tons
of DEO per day However, integration of the DEO recovery plant with the
Thorex processing plant would reduce these costs t0 approximately $0 35

per liter
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Table 5

Analysis of K-23 Blanket Processing, One Reactor*

21,000 liters (6 g of Mass-233/liter = 126 kg of "23" and 21,000 kg of thorium)

(P3B) (22"

Processing period, days 320
Volume processed per day, liters 67
Mass-233 processed per day, g 405 338 67
Thorium processed per day, kg 67
5 days' cooling, Pa233 1s 16% of Mass-233
p-activity of AF, watts/liter 98
Mass~233 1inventory, kg 1 79 169 1310
Thorium inventory, kg 335

55 days' cooling, Pa®33 15 & 7% of Mass-233

B-activity of AF, watts/liter 30
Mass-233 inventory, kg 2l 97 21 1 3 87
Thorium inventory, kg 3,685

205 days' cooling, Pa®33 15 0 1% of Mass-233

B-activity of AF, watts/liter 0 4é
Mass-233 inventory, kg 82 5 825 00
Thorium 1nventory, kg 13,735

ihe data given may be used 1n combination with either case

A, B, or C in Table L



Table 6

Analysis of K-23 Core and Blanket Processing, One Reactor

Core 190-day processing period, 120 llters/day underflow, 149 g of U2

Blanket

Blanket cooling, days

Core cooling, days

Blanket B activity in AF, watts/liter

Core B activity 1n AF, watts/liter

Total B activity in AF, watts/liter

8 irradiation of Thorex solvent, watt-hr/liter
Blanket Mass-233 inventory, kg

233

Core U inventory, kg

Total Mass-233 inventory, kg

Blanket inventory cost, $/g Mass=-233 processed
Core 1mventory cost, $/g 1233 processed
Blanket Mass-233 inventory cost, $/day

Core U-33 inventory cost, $/day

Total Mass-233 inventory cost, $/day

Thoraium inventory, kg

Thorium inventory cost, $/kg processed
Thorium inventory cost, $/day

Isotopic 1?33 recoverable, % of blanket product

Decontamination development needed?

Case A

5
5
98
Ly 8
(54 6)
(4 55)
14 79
0 75
(15 54)
0 242
0 03k4
97 50
5 02
(102 52)
335
0 0181
(12 10)
16

Yes

Case B

>
110

98

30
(12 8)
(1 07)
14 79
16 4

(31 19)
0 242
0 725
97 50
107 80
(205 30)
335
0 0181
(12 10)
16
Probably

Case C¥*
55
110
30
30
(6 0)
(0 5)
oh 97
16 4
(%1 37)
0 413
0 725
164 00
107 80
(271 80)
3,685
0 199
(13 33)
bt
Possibly

*Case C appeared most realistic on the basis of cooling and inventory congiderations

33 per day, 5 6% poison
320-day processing period, 67 llters/day discharged, 405 g of M.ss-233 per day, 3 0% poison

Case D
205
110
0 46
30
(3 46)
(0 29)
82 5
16 4
(98 9)
135
0 725
542 00
107 80
(649 80)
13,735
0 Th2
(49 70)
00
Unlikely

-WB-
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In the scheme reported here, the entire DEO evaporation from the
blanket slurry 1is performed in the pan dryer immediately after the
slurry is pumped from the blanket dump tanks The dried cake 18 then
reslurried in light water and transferred to the blanket decay tanks
However, for the core, the hydraulic cyclone underflow of UOQSOM(DQO)X
solution containing the insoluble fission and corrosion products, as
well as the equilibrium soluble products, 1s routed to critically safe

evaporators where the bulk of the DO 1s immediately distilled to leave

a solution or slurry equivalent to ibout LOM U2330280h in D20 This
golution 1s transferred to the critically safe slab-type core solution
decay tanks where 1t 1s cooled for 110 days After this cooling the
remainder of the D20 1s removed in a pan dryer at BOOOC The resulting

s0lid 1s then dissolved or slurried in H,.O to concentration equivalent

to about 1 O g_UOQSOu(HQO) and transferrsd to the dissolver to be wixed
with the decayed light-water blanket slurry This procedure for D20
recovery from core solution was chosen because of the uncertainties
associated with the extremely radioactive solids which would be present
1n the cyclone underflow The inventory charge on D20 associated with
the 110-day cooling period would be $17 per day for the reactor station

A flowsheet for the D20 recovery system 1s shown in Fig 5

(4,5,7)

3 4 Thorex Processing

After a total of 55 days' cooling, the Thog(Hgo) blanket slurry is
transferred to batch dissolvers and converted coupletely to Th(NO3)u by
excess concentrated nitric acid containing fluoride 1on for catalysis
'I’hO2 dissolution rates have been observed to vary as functions of
celcination temperature and neutron irradiation A batch of 110-day-
cooled U2330280,+(H20)x core solution and aluminum nitrate 1s added to
the dissolver solution which 1s then treated for removal of the excess
nitric acid and prepared as the aqueous feed to the continuous solvent
extraction process In this process hz% tributyl phosphate in an

organic paraffinic diluent 1s cascaded through a primary system of

T g4
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four pulse-columns designed for IA, preferential extraction of ihe
thorium and U233, IB, preferential stripping of the thorium by dilute
nitric acid, IC, stripping of the U233 with water, and ISR, sodium
carbonate washing of the used organic solvent

233

The aqueous stream from column IA contains Pa ~~, fission products,

and aluminum nitrate that was introduced in the feed and scrub solutions

as salting agent for the organic extraction of thorium and U233 This

gtream is concentrated by evaporation to acid-deficient 2 M Al(NO3)3 and
stored in stainless steel tanks until the Pa233 decays to U233 Acad
deficiency of the aluminum nitrate serves to inhibit fluoride-induced
corrosion of the stainless steel storage equipment Subsequently, thais
solution serves as aqueous feed to a secondary solvent extraction system
using 7 5% tributyl phosphate in three columns designed for IIA, extraction
of the U233, IIC, water stripping of the U233, and IISR, sodium carbonate
washing of the used organic solvent The aqueous waste from column IIA

15 concentrated to 3 M Al(NO3)2
waste frcm the Thorex process  The U233 from column IIC 1s recovered

from the stripping solution and isolated by an ion exchange process

OH, and becomes the final radioactive

employing Dowex-50 This U233 wi1ll be i1sotopically purified by virtue
of the fact that U232, U23h, U238, and/or their parents were previously
extracted in column IA Recovery of the breeding gain in this purified
form is comsidered vitally significant to establish a salable product
and maximum write-off of power costs

The aqueous solution from column IB containing O 25 M Th(NO3)u
and 0 2 N HNO_ is concentrated by a factor of about 4 Oxalic acld
1s added to pgecipitate crystalline thorium oxalate, which is then dried
and decomposed at about 500°C to form thorium oxide This oxide 1s then
used for remote re-preparation of a DEO slurry, containing 1000 g of
thorium per liter, for return to the reactor blankets Remote operations
w1ll be required since the thorium product will contain the beta and gamma
activity of Th23u at a level of approxiwmately 108 d/m per milligram of

thorium
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The aqueous solution from column IC containing the bulk of the
uranium product 1s processed by ion exchange for recovery and i1solation
of the U‘?33 (7) This product 1s eluted as uranyl acetate, which 1s
subsequently converted to anhydrous U2330280h and then prepared in D20
solution for return to the reactor cores At equilibrium conditions
of reactor operation this product will contain large quantities of
U232 and higher i1sotopes which will reduce 1its value as weapons-grade
waterial However, 1ts reuse 1in the core solution would not be limited

Flowsheets for the cell and wakeup areas of the Thorex plant are

shown in Figs 6, 7, and 8
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4 0 COST ESTIMATE OF PROCESSING FACILITIES

Y

A cursory cost estimate of a chewical processing plant was made
incorporating heavy water recovery, a O 2-ton/day Thorex plant, reactor
feed makeup, radiochemical and isolation laboratory, and operating
facilities The total fixed investment 1s $5,798,300 (see Table 9)

That part of the fixed investment represented by the direct cost of
the manufacturing facilities 1s $3,571,400 The annual operating cost
is $1,290,100 (see Table 7) The estimated cost of process equipment
for this plant 1s of the same magnitude as the equipment cost for the
Thorex pilot plant which has the same capacity

The addition of hydraulic cyclones to the feed end of the Thorex
plant requires an additional fixed investment of $191,000 and an annual
operating cost of $40,000 This cyclone cost represents a total cost
of $276 per operating day

A description of the process and schematic flowsheets of the equipment
required are included in preceding sections In designing a facility for
housing this equipment a philosophy of guarded optimism was used  Although
there 1s some departure from standard techniques, a conservative approach
was used 1n estimating the process canyon space requirements, laboratory
equipment, and physical separation of various processing areas The design
of the facility was made primarily in order to make the cost estimate of
the fixed 1nvestuwent as realistic as possible The building layout is a
tentative design and should not be considered an optimum arrangement

The arrangement of process cells, laboratory, and operating building
1s shown in Fig 9 This plant 1s designed to process reactor fuel from
a power station in which three large cells for reactors are arranged 1in

(3)

Therefore, the general arrangement of the chemical processing building

line and for which a tentative building arrangement has been made

has already been partially determined by the reactor building arrangement
and the necessity of placing the hydraulic cyclone cells 1n close Juxta-
position to the reactor high-pressure systews with which they are
integrated The three cyclone cells are butted against the wall of

the reactor building to ensure a minimum volume for the reactor high-
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pressure systems and the remainder of the processing canyon 1s an
estension of the cyclone cells, perpendicular to the reactor building
The relation of the chemical plant to the reactor and turbogenerator
burldings 1s shown in Fig 10

Tmwmediately adjacent to the cyclone-separator cells there are
three cells for (1) heavy water recovery, (2) decay storage, and
(3) blanket makeup These cells, with the cyclones, constitute that
part of the chemical processing system involving heavy water solution
and slurry handling and are separated from the Thorex processing canyon
which 1s designed for underwater maintenance

The Thorex process canyon 1s separated from the heavy water system
by sampling and pump corridors which service both systeuws Pipe lines
connecting the two systems run through shielded conduits in the roof
of the pump corridor The Thorex canyon 1s divided into two main areas
for hot and warm equipument The hot cell contains dissolution, feed
adjustwent, acid recovery, and Thorex A-column equipment, the warm
area contains B and C columns, solvent recovery, and isotopic U233 second
cycle equipment Both areas are run dry and are flooded either simul-
taneously or separately for underwater maintenance At the end of the
building, adjacent to the Thorex cells, 1s a pool for partially decon-
taminated equipment, and a crane loading area

Maintenance 1s accomplished by direct means in the heavy water
system After sufficient chemical decontamination, the cells are
maintained and equipment 1s replaced from the top of the cell The
Thorex system is flooded for underwater maintenance Coffins are provided
for reducing the radioactivity to tolerable levels while partially
decontaminated equipment is being transported from the cells through the
cell roof to the storage pool All cells are serviced by a Gantry
crane which 1s used to handle roof plugs from individual shielded
compartments and for installing and removing eguipuwent

The product isolation laboratory and the blanket makeup cell are

located on the side of the processing plant adjacent to the reactor feed

s
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and low-pressure equipment The 1solation laboratory 1s integrated in
a radiochemical laboratory building containing hot and warm analytical
faci1lities and a mass spectrometer laboratory (see Appendix I for
analytical requirements and methods) Uranium product from the Thorex
warm cell 18 piped to the isolation laboratory through an access tunnel
1mmediately under the laboratory area

The laboratory building 1s arranged so that the hot analytical
facilities,which consist of a storage cell and two analytical cells,
are convenilently centered on the shielded sample station conveyor which
18 located in the sample corridor Each cell 1s equipped with high-
density windows, and the analytical cells have doors which roll open
on tracks for easy access to the remote equipment A large section of
the laboratory area 1s utilized by a wmass spectrometer iaboratory for
D20 and U233 analysis Two mass spectrometers are required because
(1) deuterium and uranium, at different ends of the spectrum, require
two different types of 1on current sources, and (2) U233 1s analyzed as
UF6 by a thermal emission method and because of 1ts high alpha activity

must be handled in a hood, while DO 1s analyzed by equilibration with

2
deuterium It 1s questionable whether a U233 mass analysis 1s required,

233 content of

because for reactor control accurate knowledge of the U
the uranium recycled to the reactor 1s apparently not needed However,
because excess U233 15 made which 1s disposed of as a fuel for other
reactors, weapons material, etc , and since the breeding gain might be
diluted with higher uranium 1sotopes (depending on the blanket cooling
period before proce551ng), the mass analysis was considered necessary
for this estimate

The operating, solution makeup, office, change room, shop, and
chemical storage areas are located on the other side of the process
canyon with easy access to all sections of the process building The
sample corridor separating the process building connects the laboratory

and operating buildings
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It seems reasonable to assume that the chemical plant can
purchase steam, water, electricity, and probably high-pressure air
from the reactor station For this reason, no investment cost has
been included for these 1tems In addition, other economies will
result from sharing the following facilities

(1) sStack for dispersal of off-gas

(2) Instrument repair shop

(3) Maintenance personnel

(4) Overhead facilities and persomnel such as those for fire

protection, guards, etc

4 1 Cost of Hydraulic Cyclone Processing

The cost of hydraulic cyclone processing was estimated from

the following assumptions

(1) The cyclones will be housed 1n three individual cells adjacent
to the center section of the reactor building The size of these cells
will be 20 by 10 by 25 ft, and they will have 5-ft-thick concrete walls
lined with stainless steel

(2) One operator per shift will be needed for the three-cyclone

assembly
The breakdown of the cost is

Hydraulic cycloné system $12,000
Pumps 9,000
Valves and piping 5,000
Instrumentation 1,000
Tankage 2,000

Total delivered cost $29,000

Installation 2!220

Total equipment for each hydraulic
cyclone system 36,250

Total equipment for three hydraulic
cyclone systems $108, 750
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Cell costs

Excavation $ 2,100
Concrete 35,000
Stainless steel liners 45,200
Total cell costs $ 82,300
Total hydraulic cyclone costs 191,050
Awortization at 15%, $/year 28,700
Operation and meintenance labor, $/year 40,000
Maintenance material, $/year 12,000
Total cost per year, $ 80, 700
Total cost per operating day, $ 276

Total cost hydraulic cyclones per day, $ 92
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4 2 Cost of Thorex Plant Processing

Table 7

Annual Operating Costs for Thorex Chemical Plant

Based on plant factor of O 8

Raw materials $ 48,000
Labor, 80 men at $6500/man-year 520,000
Overhead, 75% of labor 390,000
Operating supplies, 10% of labor(a) 52,000
Electricity 100 kw at $0 007 4,900
Steam, 70,000 1b/day at $0 30 per 1000 ib 6,100
Water, 15,000 gal/day at $O 20 per 1000 gal(b) 900
Compressed air, 50 cfm at $0 10 per 1000 ££3(P) 2,100

Maintenance material, 50% of maintenance labor,

based on 30 men o o(c) 48,000 amalvses 97,500
Analytical lab material, 255%5535 x Sl JE 34,000
Waste storage, 60 gal/day at $1 per gallon(d) 17,600

Subtotal $1,173,100
Contingency, 10% 117,000
Total annual operating cost $1,290,100

(a)C H Chilton, "Cost Estimating Simplified", Chemical Engineering,
58 (June) 108 (1951)

(b)E C Dybdal, "Engineering and Economic Evaluation of Projects",
Chemical Engineering Progress, 46 57 (1950)

(C)Based on ORNL pilot plant laboratory costs
(4)

For stainless steel tankage
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Table B

Raw Materials for Thorex Process

Based on full operating day

60% HNO , (tech grade)

3
NaF (tech grade)
Aluminum nitrate
Sulfuric acid, fuming
Awsco diluent

Tributyl phosphate
Sodaium carbonate

60% HNO, (reagent grade)
Oxalic ac1d (tech grade)

Demineralized water chewmicals

Total raw materaials

1b/day
496

2
243
10
7 gal/day
31
18
98
375

p/1o

0

0 35/gal

0

0

05
12
15

03

64
05
15
165

$/day

25

37

20

15
62

$164
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Table 9
Manufacturing Facilities Summery
Main process buildings $1,072,900
Auxiliary buildings 150,000
Equipwment, piping, and instrumentation 1,168,700
Laboratory equipment 254,900
Special equipment and facilities 125,000
Protactinium-decay tank farm 85,600
Subtotal $2,857,100
Contingency, 25% of total 714,300

manufacturing facilities

Total

Site preparation, 7 5% of
manufacturaing facilaities

(a)

Subtotal
Engineering and design, 15% of subtotal

Construction (supervision, insurance, taxes,
overtime, etc ), 20% of subtotal

Contractor's fee or profit, 3% of subtotal

(a)

Preoperation and startup plus working capatal

Total fixed investwent

$3,571,400

267,900

$3,839,300
575,900

767,900
115,200

500,000

$5,798,300

Based on three wmonths cold operation as a training period and one

month's operating cost as working capital
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Table 10

Manufacturing Facilities

Main Process Building

Concrete for cell construction, 4,000 yd3 at $100 per cubic yard $ 400,000
2

Stainless steel lining, 14,500 f£t° at $13 per square foot 188,500
Excavation, 5,000 yd3 at $3 per cubic yard 15,000
Gantry crane 100,000
Make-up, operating areas, etc , 7,200 £t° at $30 per square foot 216,000
Laboratory area, 5112 ft2 at $30 per square foot 153,400
Total $1,072,900
Auxiliary Buildings
5,000 ft2 at $30 per square foot, integrated with reactor plant 150,000
Major Process Equipwment
Nuwmber Delivered
Required Item Descraiption Cost

Radioactive cell area, Thorex process

2 Dissolvers 800 gal jacketed, $ 18,000
309 SNb agitated
1
2 Dissolver off-«gas 100 ft2, stainless 5,500
condensers steel tubes carbon
steel shell
1 Dilute nitric acid 200 gal, jacheted 2,000
catch tank
1 Condenser for acid 20 ft2 stainless 1,000
recovery system steel tubes, carbon
steel shell
1 Water catch tank 200 gal, Jacketed, 2,000
stainless steel
1 Aci1d fractionator 12 1n diam by 15 ft 6,000
with reboiler, 309 SNb
1 Feed tank 400 gal, gacketed, 3,200
stalnless steel
1 Pulse column, 5 1n diam by 40 ft 8,000

extraction concatenated
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Number

Regulred
2

Table 10 Continued

Ttem

JAP catch tapks

Rework tank

BU surge tank

Partitioning column

BT evaporator

Condenser for BT
evaporator

BT catch tanks
Filter feed tank

Continuous filter
Continuous dryer

ThO2 storage tank

Screw conveyor

D20-Th0 slurry
makeup %ank

Strip column
CU catch tanks

IW catch tanks

Description

500 gal, gacketed,
stainless steel

200 gal, Jacketed,
stainless steel,
one agitated

200 gal, stainless
steel

5 1in diam by 45 ft

15 £t2 heating
surface, stainless
steel, with necessary
surge vessel, etc

15 £t°, stainless
steel tubes, carbon
steel shell

400 gal, jacketed,
stainless steel, with
agitators

400 gal, jacketed
stainless steel, with
agitator

1000 1b/day

200 gal, stainless
steel

Stainless steel

500 gal, agitated,
stainless steel,
with weighing device

5 in diam by 40 ft

400 gal, stainless
steel, Jacketed

400 gal, stainless
steel, Jacketed

Delivered
Cost

7,000

2,250

2,250

8,500
6,000

800

7,600

3,800

4,000
27,000
2,000

1,000
5,600
8,000

6,400

6,400
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Table 10 Continued

Item

Required

N o O\

Isolation laboratery
equipument

Silica gel columns

Solvent surge tanks

SR column, pulsed

Solvent heater

Centrifuge
Pulse generators
Lapp Pulsafeeders

Pumps (centrifugal and
positive displacement)

2nd cycle feed
adjustment tank

2nd cycle feed tank
2nd cycle extraction
column (pulsed)

2nd cycle strip column
IIAW catch tanks

TICU catch tanks

Solvent surge tank

JAW catch tank condensers

Subtotal

Delivered

Description Cost
Facilities for iso- § 15,000
lating U233 and con-
verting to UO sou,
not to include
building, 1installa-
tion, or piping
6 1n diam by 48 1n 1,800
1000 gal, stainless 12,000
steel, Jacketed, one
agitated
5 1n diam by 20 ft 4,500
6 £t2, stainless 400

gteel tubes, carbon
steel shell

1 gpm, stainless steel 5,000
20,000
20,000
5,250

300 gal, stainless 2,700

steel, Jacketed

300 gal, stainless 2,700

steel, Jacketed

3 in diam by 40 6,500

ft, concatenated

1l in diam by 40 3,000

ft, packed, con-

catenated

40O gal, stainless 6,400

steel, Jacketed

35 gal, stainless 1,400

steel, 5 1n diam

35 gal, stainless T00

steel, 5 1n diam

2
10 ft 2,000

$253,650
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Table 10 Continued

Ttenm

Descrlgtlon

Makeup area, Thorex process

Naitric acid storage
(tech grade)

Dissolver feed tank

Aluminum nitrate
scrub makeup tank

Aluminum nitrate
scrub feed tank

Solvent makeup tank

Sodium carbonate makeup
and feed tanks

Nitrac acid storage
(reagent grade)

BX and CX wakeup tank
BX; head tank

BX, head tank

CX head tank

Cold thorium makeup

tank

Oxalic acid storage
tank

Demineralized water
system

Pumps

Subtotal

8,000 gal, stainless
steel

300 gal, agitated,
stainless steel

300 gal, agrtated,
stainless steel

300 gal, stainless
steel

300 gal, stainless
steel, agitated

300 gal, stainless
steel, one agitated

1,000 gal, stainless
steel

1,000 gal, stainless
steel, agitated

1,000 gal, stainless
steel

750 gal, stainless
steel

500 gal, stainless
steel

300 gal, stainless
steel, agitated

500 gal, with
pneumatic conveyor

5 gpum, with 2,000-
gal aluminum storage
tank

Delivered
Cost

$ 8,000
1,800
1,800
1,500
1,800
3,300
2,200
2,600
2,200
1,800
1,500
1,500
2,000

7,000

Centrifugal or positive 16,500

displacement

$ 55,500
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Table 10 Continued

Item

Magjor equipment for handling and storing thorium

and uranium prior to chemical processing

Continuous evaporator
for UOQSOLL

Tray dryer for UOESO)+

Condensers for D20
Mist collectors
Refrigerated condensers
Si1lica gel dryers

Air preheaters

D0 storage tanks

Dryer for ThO, slurry

2

HEO condenser

Core fission product
tanks

Blanket product decay
tanks

Subtotal

Delivered

Description Cost
4L 1n daiam , $ 3,000
stainless steel,
10 ft2
b ftg, stainless 6,000
steel, special
design with heat-
1ng equipment
Stainless steel, 2,000
20 £t2
Electrostatic, 8,000
stalnless steel
10 £t2, stainless 1,600
steel

10 1n diam Dby 3 ft, 3,000
stainless steel

4 kw, Calrod umit 1,000
500 gal, stainless 3,200
steel

30 ft2, stainless 12,000

steel, special design
with heating equipment

5 £t2, stainless steel 400

60 gal capacity, slab 6,000
tanks with cooling
coils

800 gal, stainless 30,000
steel, jacketed

$ 76,200
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Table 10 Continued

Total delivered equipment

Installation cost, O 14 x delivered
equipment cost

Total 1nstalled equipment

Piping, valves, etc , 1 O x installed
equlpment cost

30 samplers at $3,000 each 1nstalled(a)

(a)

Instrumentation, installed

Total equipwent, piping,and instrumentation

(a)Thorex pilot plant cost

Laboratory Equipment and Facilities

Mass spectrometers
« proportional counters

B~y proportional counters and pigs

2
2
2
1l y 1onization chamber
4 Glove boxes

3 Beckman Model K titrators

3 Beckman Model B spectrometers

2 Pipettors

1 Specific gravity falling-drop setup

1 ORNL automatic titrator with positive
feed microburet

6 Model 8 manipulators
2 Zinc bromide windows

1 Cerium glass window

$ 385,350

54,000
439,350

439,350
90,000

200,000

75,000
2,500
3,000
4,500

10,000
2,200
2,200
3,000
2,000
4,000

30,000
6,600
10,000

Concrete for analytical cells at $100 per cubic yard 12,500

Barytes concrete at $200 per cubic yard

Reinforcing

10,400
1,600

$1,168,700
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Table 10 Continued

2 Access door dollies and tracks $ 1,200
Cell off-gas tie-1n 1,000
2 Analytical balances 1,200
6 Double-1sland type 6-ft laboratory benches 6,000
10 Hoods, 6 ft 23,000
L Wall-type 6-ft laboratory benches 2,000
2 Lavatory type sinks 500
1 Decontamination hood, 4 x 6 ft, stainless steel 2,500
Service racks 32,000
Cell lighting 2,000
Cell services 2,500
Demineralized water still 1,500
Total $ 254,900

Special Equipment and Facilities

Rediation monitoring equipment 15,000
Dilute waste evaporator and allied equipment 25,000
Vessel and cell off-gas system and duct work 85!000
Total $ 125,000

Protactinium Decay Tank Farm

L Stainless steel tanks, 5,500 gal each, 1nstalled 50,200
L Condensers, stainless steel, LO ft2 each,

installed 8,200
200 yd3 concrete at $80 per cubic yard 16,000
600 yd3 excavation and backfill at $2 per cubic yard 1,200

Piping and valves 10,000

Total $ 85,600
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APPENDIX I

Table 11

Estimated Analytical Requirements for K-23 Reactor Power Station Chemical Plant

Samples Analyses
Sample Source Activity Analyses Required per Day per Da
Dissolver High B, 7, low « Ta, OH , Sp Gr 2 6
Adjusted feed High B, vy, lov a Th, OH , Al, Pa233, 2 14
By7
IAP High B, 7, no a U, Th, Pa, Al 3 12
IAP concentrate High B, 7, no « U, Th, Pa, Al 3 12
ICUu Lov B, 7, high « U, Pa, Th, B, 7 3 15
IcwW Low B, 7, no « U, Pa 3 6
234

IBT concentrate High B, 7, low « U, B8, 7, Th, Th 1 5
IIAF High B, 7, high U, Al, Pa, OH B, y 3 18
ITAW High B, 7, low U, Pa, B, 7 3 12
IICU Low B, 7, high a U, Pa, Th, B, 7 3 15
IICW Low B, ¥, no @ U, Pa 3 6
Isolation Low B, 7, high « U assay, 1sotopic 6 36
laboratory product analysis, Th, Pa,
I and II B’ v
D,0-ThOy slurry High B, 7, low D50, Th 1 2
U0,50), reactor Low B, 7, high ¢ U, DO 1 2
feed
D0 storage (2) High B, 7, low D0 2 2
Blanket decay High B, 7, high o Th, U, Pa, B, 7, Th23h 1/3 2
tanks
Core decay tanks High B, 7, high « u, 8, 7 1/3 1

Total 39-2/3| 166

e

™
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Table 12

Analytical Methods and Equipment Requared

for K-23 Reactor Power Station Chemical Plant

Analysis Method Equipment
Thorium Colorimetric Beckman Model B spectro-
photoneter
23k
Th Radiochemical B8, 7 proportional counter
and lead pig
OH~ Potentiometric titration| Beckman Model K titrator

Specific gravity

Aluminum
pac33

233

g

U assay

U isotopic analysais

D0 analysis

Falling drop

Potentiometric titration
Radiochemical
Radiochemical

Radiochemical

Radiochemical

Potentiometric titration

Mass spectrometer

Mess spectroweter

ORNL Model specific gravity
setup

Beckman Model K titrator
B, y proportional counter
¢ proportional counter

B, 7y proportional counter
and pig

v 1onization chamber and
vibrating reed electrometer

Microburet, accessories,
and glove box

Ingram wass spectrometer

Consolidated mass spectrometer
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APPENDIX II

Fission Product Poisons

The fission product poisons buildup 1n the core of the two-region
thermal breeder was simulated using part of the ORNL Reactor Controls
Computer The derived formulas 1n the development of the equation used
1n this simulation, omitting electrical and graphic conversion and scale

factors, are as follows

aNy
Poison cross-section =2 = N T ( 2)
s =&p = 11 cnm

Therefore,

d=
= =9Ey - (A + #9013

or,

s,
2 - ¢1 Ly e Ra e O

The term percent poison given on the graphs of this analysis (see

Figs 11, 12, 13) was defined as

Tp no
% poison = (100) § - (100)15?;1

The term "percent loss to poison" used in this report 1is conventionally

defined as

neutrons absorbed by polson

(100) x peutrons absorbed by U2 1n core

b
or (100) =2
Zq
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Therefore, to convert 'percent poison' as given 1in graphs to
)

"percent loss to poison, use the following

i
]

pI o, ,a
p f p f
% loss to poison (lOO)(-E—f)(——ia) 100 (——zf)(ca)

(0 92)(% poison)

(¢ polsonx%f)

Nomenclature
Nl = number of atouws of a given gpecies 1n the entire core system
¢ = average thermal neutron flux over the entire core system

Slf = total macroscopic fission cross-section of the Ug33 1n the
entire core system (cm<)

2, = total wmacroscoplc absorption cross-section of the U233 in the
entire core system (cm?2)

y = fission yield of a given species
('] = wicroscopic cross-cection of a given specles (cme)
3\1 = radioactive decay constant for a given species

t = time (sec)

$... = total macroscopic cross-section of poison (cme)
O’¢ = microscopic fission cross-section of Ue33 (varns)

Cra = microscoplc absorption cross-section of U233 (barns)
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APPENDIX III

Table 13
Gre—————————

Equations Used in Calculating Inventories and

Losses of Fissile and Fertile Materials

Nomenclature
For U233 Inventory e = plant factor = 0 8
0 12v £ M L% I = U233 inventory charges,
I, = 365e M) (1 + T; + T~:2E— 1+ TE $/day
Io» = thorium inventory

charges, $/day

I, = DO inventory and
3 2
loss, $/day

For Thorium Inventory L, = U233 10ss charges,
0 12viM t $/day
1 *
I, = ___E__;i ——
2 365e L+ T3 L2 = t?orlum loss charges,
$/day
Ml = U233 in core, kg

My = U233 + Pa233 in
blanket, kg

For 0233 Losses M3 = thorium in blanket, kg
_ - My Mo T2 = core processing period
Ly =20x10 v To M T3 through Thorex, days
T3 = blanket processing, days
t = core cooling period, days
t¥ = blanket cooling period,
days
4 _
G = breeding gain

For Thorium Loss
2 M v = value of U233 =
L,=10x10 3vlﬁg $20,000/kg

vy = value of thorium = $11/kg
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Table 13 Continued

For DoO Inventory and Loss

0 17V2 /
I3 3 se l + S}

For Thorium Consumption, $/day

= 1 05v1A {Pb + Pg \:1 + £(1 +a)G]

Value of Excess U-02, $/day

vV = vAPcf(l + Q)G

value of D0 = $88/kg
core system volure,
liters

blanket system volume,
liters

density of D0 =
1 1 kg/later

11x 10°3 kg fissioned
per megawatt-day

thorium consumption
cost, $/day

= blanket power, Mw

core power, Mw

fraction of core power
generated by fission-
1ng of U233

ratio of capture to
fi1ssi1on cross-section
of U233 =01

value of excess U233
produced, $/day

e
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