
X -822

OAK RIDGE NATIONAL LABORATORY
Operated by

 4Al IONAL 4/ UNION CARBIDE NUCLEAR COMPANY
Division of Union Carbide Corporation. li ORNL

Cor,      * 0 CENTRAL FILES NUMBER9=.'"6'kdr 'i) Post Office Box X

i,/  044*0/ Oak Ridge, Tennessee

\00 11;.1#.9.1 0. 58-5- 79
External Transmittal Authorized

DATE: May 27, 1958 COPY NO. i  Lit

SUBJECT: Experimental Determination of HRE-3

Breeding Ratio -7TO: Distribution

FROM:           ·    M. W. Rosenthal

I.

ABSTRACT

™                          The accuracy with which the breeding ratio of HRE-3
could be determined after a period of reactor operation was
investigated.  Inaccuracies in measurement of the.core U233
inventory and blanket U233 and Pa233 inventories appear to
be the major sources of error.  Appreciable errors could

result from attempting to determine these inventories by
sampling the reactor contents.  For example, if generalized
attack on stainless steel is at a rate of 1.0 mpy and if

the associated film of corrosion products is 1% uraQium,
failure to account for this ·fuel in evaluation of the core
inventory would cause an error of about 5% in the breeding.
ratio.
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NOTICE
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nature and was prepared primarily for internal use
at the Oak Ridge National Laboratory.  It is subiect
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Neither the United States,
nor fhe Commission, nor any person acting on behalf of the Commission:
A. Makes any warranty or representation, express or implied, with respect to the accuracy,

completeness, or usefulness of the information contained in this report, or that the use of

any information, apparatus, method, or process disclosed in this report may not infringe ..
privately owned rights; or

B.  Assumes any liabilities with respect to the use of, or for damcges resulting from the use of                                                            i
any information, apparatus, method, or process disclosed in this report.

As used in the above, "person acting on behalf of the Commission" includes any employee or
contractor of the Commission to the extent that such employee or contractor prepares, handles                                         , i
or distributes, or provides access to, any information pursuant to his employment or contract
With the Commission.
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EXPERIMENTAL DETERMINATION OF HRE-3 BREEDING RATIO

M. W. Rosenthal

INTRODUCTION

A major purpose in building HRE-3 would be to demonstrate that an

aqueous homogeneous power reactor is capable of producing more fuel than

it consumes.  To accomplish this objective, it must be possible to

determine the breeding ratio with sufficient accuracy to show that there

is a net breeding gain.  An examination has therefore been made of methods

by which the breeding ratio of HRE-3 could be ascertained.  In all cases

the reactor was assumed to be started clean and operated for some period

-               of time, after which the average braeding ratio during that period is

evaluated.

METHOD OF DETERMINING BREEDING RATIO

The mean breeding ratio over a period of time, represented by

BRm(0 -i), is defined as the ratio of the fissionable material produced

to that which is destroy'ed; the amount produced is the··:algebraic sum of that

-             destroyed, or "burn-up" (BU), and the change in the inventory of the system,

AI.  Mathematically, this can be expressed by

882(0-*t) =  BU +A I  =  1+  AE                    (1)BU            BU

The burn-up is equal to the sum of the amounts of U233 and U235

destroyed in the core and the blanket

BU = BU   + BU + BU + BU                     (2)
23     25      23     25
c c b b
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233 235where the superscripts   "23"   and "25" refer to U and U , respectively,

and  where the subscripts "c" and    "b"   refer    to    the    core and blanket regions,

respectively.  The change in inventory is equal to the system inventory

at time t, plus any withdrawals made during the period considered, and

minus the fuel added to the system (the initial fuel inventory is con-

sidered as a fuel addition),  This can be expressed by

AI   =     I23  +  I25  +  IP  +  13  +  I 5  +  W23  +  w25  -  3.23   -  F25                              (3)

where  I  is the inventory, W the fuel withdrawal, and F the fuel addition.

233The   superscript    "13"   re fers   to Pa .  The quantities in the preceding

equations can be determined by the methods discussed below.

23   24 '
Determination of F  , F  :  The amount of uranium added to the system .'

can be measured as accurately as needed.  The isotopic composition can be

determined by mass-spectrometric means, and equipment giving analyses as

accurately as desired will probably be available.

Determination of W23, 1,25:  The most accurate method of obtaining

these quantities is to dissolve all material withdrawn from the system

(to insure homogeneity), and then determine the uranium content by analysis.

Determination of I23, I25. I 3 + 13  T25:  If the fuel inventoriesC C' 9  -b

are to be ascertained without interrupting the operation of the reactor,

it must be done by sampling and analyzing the reactor contents.  The danger

in this procedure  isp of course,  that the sample  may  not be representative.

This could easily result from the system not being homogeneous, due to possi-

ble precipitation of some uraniump or there may be fuel incorporated in a

film of corrosion products.  The HRT experience in determining fuel inventory

illustrates the difficulties associated with this approach.  It may be
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possible to determine inventory by always adding fuel containing a given

238
percentage of U   ; determination of the uranium-isotope ratios based on

238
U    concentration would enable the inventory to be calculated.  However,

use of natural uranium in pretreatment and shakedown would make the U
238

inventory uncertain.  Determination of U in slurry by the ratio of U
233. 233

to thorium has the hazard that part of the thorium might accumulate in a

stagnant region  and' not attain  the   same fuel concentration  as  the  rest.

Probably the most dependable way of obtaining the inventories is to drain

the blanket and core systems, flush each with reagents that will remove

any deposited fuel, and then dissolve the complete inventories.  The systems

would then be homogeneous and the contents could be determined accurately

by analysis.  The solutions might even be processed by solvent extractionV

and the fuel inventories recovered as metallic uranium.

Determination of BU23: 233The core U burn-up could be determined byC

the net change in U inventory, given by
233

BU = F -I - W                          (4)
23     23    23    23
C c c c

Determination of BU25:  This quantity might be determined by using

-                                                          235
25'

a  - the average ratio of neutron captures to fissions in U , and the

change in U inventory.  This can be written as
236'

.

1+a
BU25 =  I I  + W   -F     x                       (5)

F 26 26    26 1 25

c    L c     c    c        525

The correct average a  would be estimated by multigroup calculations25

to properly weight the data for energy dependence.  This procedure for

236determining 1€5 ignores the loss of U by neutron absorption, but
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this would be insignificant for reasonable periods of operation if the feed

236were essentially free of U

23                                            233
Determination of BUb : Two methods of estimating the blanket U

destruction appear feasible, although neither could be depended on to be

very accurate:  (1) isolate some long-lived radioactive fission products

and determine their concentrations by counting techniques, using a system

calibrated for the isotopes used; (2) use multigroup estimates of reactor

conditions to compute the blanket burn-up from the measured core burn-up.

25
Determination of BU  %  This.quantity is so small for reasonable

periods of operation  that   it   can be completely neglected (BU25/BUb23   0.01%
for 480 days at 50 Mw core power).

.'.

ACCURACY OF BREEDING RATIO DETERMINATION

The maximum fractional error in the breeding ratio, OBR /BR ' can be

obtained from the estimated limits of error in the various quantities that

are involved, and can be represented by

6ER
m                                         BBRm/BRm  )        AX  3                                                           (6)r   f Z ( ax/X   A    X /i

.

where  X S I's, F's, W's, etc., and the summation over i represents the

summation over the various values of X.  The equatiops for the partial                  

derivatives appearing in equation (6) have been formulated and are given

in the second column of Table 2 divided by AI/)BU + AI), which appears in
-

every term.     .,

The values of the various quantities of interest are given in Table 1

for a reactor having a core diameter of 4 ftp pressure-vessel I.D. of 9 ft,

1000 g Th/liter in the blanket, and a core power of 50 Mw (ht).  Operating
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periods of 100 days and of one year were considered.  These values were
*

estimated using an ORACLE routihe  which predicts the time-dependent

233
behavior of two-region reactors.  The feed was assumed to be pure U

the initial blanket material was free of uranium, and there were no fuel

withdrawals over the operating period.

Using the values from Table 1, the errors introduced into BR  arem

given in Table 2 for various assumed errors in the individual measurements.

In Case I of Table 2, all of the inventories are assumed to be in error

by t 0.5%; the uncertainty in 5  is taken as f 20% and the error in
25

23    +
BU   as - 30%· These inaccuracies would lead to a maximum error in

BR  of 1.6% after 100 days of operation and 1.3% after one year.

The consequences of failure to account for uranium in the corrosion

film are treated in Cases II and III.  The generalized corrosive attack

on the stainless-steel surfaces is assumed to occur at a rate of 1.0 mpy,

and all of the iron and chromium is considered to deposit as oxide in a

film of corrosion product.  If this film contains 1% uranium, the fuel

associated with the corrosion products in the core system would amount

to 0.39 kg after 100 days of operation; this represents 2.7% of the core

inventory.      For   the same conditions, after   one   year the values would  be

1.44 kg and 9.2%.  The errors in inventories used in Cases II and III

correspond to these conditions.  For other corrosion rates and uranium

concentrations the errors would be proportionate.  The values in Table 2

indicate that if uranium accumulated in the corrosion film at the rate as-

sumed, the breeding ratio could be in error by over 5% from this effect alone.

*
Melvin Tobias, M. W. Rosenthal, and T. B. Fowler, "Time-Dependent

Studies   of the Nuclear Characteristics   of  HRE-3, " ORNL-CF- 57-12-1
(Dec. 31, 1957).
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DISCUSSION

For the assumed conditions of operation, the major sources of error

would be the core inventory of U , the blanket inventory of U and233 233

Pa , and for a longer period of operation, the burn-up of U in the233                                                          233

blanket might be important.  Accumulations of uranium in the reactor that

are not detected by sampling probably would produce' much larger errors  than

those from other sources.  Hence, a breeding ratio determined by draining

and flushing the system is likely to be much more dependable than one

obtained by sampling.

In Table 2 there appears to be little difference in accuracy between

operating periods of 100 days and 1 year.  However, if the rate of uranium

deposition decreased with the passage of time (rather than staying constant             '

as assumed), the error from this source would be reduced by using a longer

period.  This improvement would result from the uranium loss representing

a smaller fraction of 8I, the net change in the inventory of the system.

The sums of the absolute values in each column of Table 2 represent the

maximum errors in BR  which could occur with the assumed inaccuracies in them

measurements.  If the measurement errors were random, such as those resulting

from imprecision in chemical analyses, some of these would produce positive

errors in BRm and some negative, and the net error would be less than the

total.  However, the errors resulting from loss of uranium are additive

(except that associated with U236), and no improvement in accuracy is obtained

from compensating effects.
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TABLE 1

-                                 CONDITIONS OF HRE-3 AFTER 100 nAYS

AND ONE YEAR OF OPERATION

Quantity Symbol Initial After 100 d. After 1 year

Core U Inventory              I         13.50 kg 13.60 kg
233                         23                                      13.53 kg

)
C

234                        24Core U    Inventory              I          0 0.62 2.01C

Core U Inventory              I25        0 0.017 · O.15
235

C

236 26Core U Inventory              I          0            < 0.001 O.016C

Blanket U Ihventory           Ib         0              7.36
233 23+13

26.13

Blanket U Inventory T         0 0.026 0.25
234                       24

-b
6

Blanket U235 Inventory 125        0            < 0.001 O.0019-b

236 26Blanket U Inventory           I          0            < 0·001 <  0.001

Cumulative U Additions       F 13·50 19.94 36,10
233                    23

C

Other Fuel Addition                         0              0               0

233 235U +U Inventory Change    AI        0' 1.04 3.71

Burn-up of Core·U BU         0 6.34 22.57
233 23

C

Burn-up of Core U235 BU25      0 0.0028 O.11C
/

Burn-up of Blanket   U233                               BU                           0' 0.083 1.61
23
b

25Burn-up of Blanket U235 BU                      O <0,001 < 0.00Ib

233 235Total U +U Burn-up        BU         0 6.42 24.29

Integrated Core Power                       0            5,050 Mwd 18,050 Mwd

Integrated Blanket Power                    0             66             1,285



TABLE 2

EFFECT OF MEASUREMENT ERRORS ON BREEDiNG RATIO DE MINATION IN HRE-3

Case I Case II Case III
Quantity,

BERm/Brm AI 6X     < OBRm h C OBR . , OER \ , OBR  1X                      - ( =1 8X        (        m   )                  6X              C       -m   j
ax/x '      BU  + AI

-I       -BRm j           ER»,         X      C .BRm  
3      C F 7

\. m ,X X
for 100 days  for 1 year for 100 days for 1 year

23      23I        I
I23         c c                     + 0.5%    + 1.05% t 0.55%  t 2.7% t 5.66% t 9.2% t 5.04%c    AF + 30--

25    I25I
c AI 0.5 0.0011 0.0026 2.7 0.0060 9.2 0.048
-

25            26
26        BU 

I

Ic                  -  BU-    x       26          26          26 0 0 5 < 0.001 < 0.001 2.7 < 0.001 9.2 0.0054
C

I   +W   -F

*23 + 13   Ib
23 + 13

AI 0.5 0.49 0.46

25
25        Ib

Ib XY- 0.5 < 0.001 < 0.001

W      W23      23
23                e            CW       + -           00      0c KI BU

25        C
w25

W 0             0             0C        AI

BU 5       W2626          C          CWa         -B U x   26     26     26            0               0               0
I   +W   -F
Ccc              •\0

.

LI-
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TABLE 2 (Cont'd)

EFFECT OF MEASUREMENT ERRORS ON BREEDING RATIO DETERMINATION IN HRE-3

Case I              '        Case II Case III
Quantity, BBRm/Brm , 6BR \

  6BRm h
, OBR , c OBR  ;

X                                                          -               AI                                        dX                         m    1                                                              6X                            m    )                     OX                      C           - -m    jax/x '     BU  + AI X     BR... /

k ..REm         X           MR
J -1/\ mg mi   BRm- .'1

for 100 days  for 1 year for 100 days for 1 year
23
F     F23

F23 C       C
- -          0    0       0c                  AI         BU

Fc       - AI
25        F25

0         0              0

25             26
26 BU F

F         -1- +x C
0      -0               0c       BU:     -26 -  ' 26   26

IC  + Wc  - Fc

F&5
a25 17 0.0010 O.010BU

897      - 32
BU 30 0.054 0.26

BU 5     - BURS                          0       0BU                                                                                                        0

TOTAL                                                                                                ' 5;1.6% t 1.3% t 5.7% t 5·1%

1-'

  CD
e
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