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‘The moderator temperature coefficients of reactivity for a pressure-tube-type reactor
consisting of highly heterogeneous cells with D0 moderator, H;O coolant, and 28-pin
fuel cluster contained in a pressure-tube have been measured in order to clarify their de-
pendence on the moderator temperature. .

A new experimental method has been developed that is applicable to ordmary critical
assemblies not equipped with any special temperature control system. In this method, tem-
perature changes of the core, which is subjected to natural cooling that permits heat transfer
Jrom the D20 moderator to the H0 coolant, are measured continudlly, together with the
resultant changes in reactivity, The data are analyzed with use of Iea:t-xquan: fitting to
nonlinear functions. .

It has been clarified that the moderator temperature coefficient of reactivity of this
type of reactor is markedly dependent on the moderator temperature, decreasing with in-
crease in the temperature. In a clean lattice of 1.2 wt% Z3U enriched UO; fuel that contains
no 198 in the moderator, the coefficient changes its sign from positive to negative at ~40°C.
Addition of 3.9 ppm of 108 jnto the D0 moderator of the same lattice causes the value of
the temperature coefficient to shift considerably toward the positive side.

Caleulational results by the WIMS code reproduce quite well the experimental values of
the temperature dependence of the moderator temperature coefficient of reactivity. How-
ever, their absolute values are rather small compared to the experimental ones.
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temperature coefficient of reactivity for the modera-
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The advanced thermal reactor (ATR) now under

development in Japan is a heavy-water-moderated, .

b011mg-hght~water-cooled pressure-tube-type reac-
tor.!
In this type of a reactor, there is an independent

- spPresent address: Electric Power Development Co. Ltd.,
Tokyo, Japan.

5. 1S. SHIMA and S. SAWAI, “The FUGEN Project,”
Proc., 13th Annual International Conf., Toronto, June 17-20,
1973, CONF-730612, CNA '73-204, Canadian Nuclear Asso-
ciatlon (1973). :

" tor separate from that-of-the coolant, and it is often f

positive, depending on lattice conditions such as fuel-
coolant and fuel-moderator volume ratios. A bumable
poison, !°B, is also used in the moderator for suppres-
sion of excess reactivity in the initial core; then the

- coefficient is expected to shift largely to the positive

side because of the dilution effect of the poison with
decrease in the moderator density. When the co-
efficient depends on the moderator temperature so
largely as to change its sign, its dependence on the
temperature must be taken into account as a kind of
lattice condition. Thus, it is important to understand
the detailed behavior of the moderator temperature
coefficient of reactivity.
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There exist several papers on this temperature
coefficient for pressure-tube-type reactors,>> but
little' work -has been done to investigate the tempera-
ture dependence of the coefficient. =~ 7

For the measurement of this temperature coeff -
cient, it is necessary to provxde a special temperature
control system that can ‘regulate temperatures of

the - moderator and ‘il Eoolant’ 'mdepencr ntly “A

power reactor uses this system, but 1s not; smtable
for the measurement of detailed" temperature "be-
havior because it is difficult to measure or pred:ct
actual temperatures ‘of :fuel .and’ cooiant *and ‘hence
difficult. to -separate . the moderator temperature
effect on reactivity. from other temperatune effects.
..On the other hand, in critical '‘assémblies ‘the -in-
dependent regulatron of theamoderator sand .coolant
temperatures .is" diffi cult since they usually -have_ no
special- temperature control system: It is especrally
difficult to hold the coolant’ temperature ‘constant,
because of heat ‘transfer when setting the moderator
at ‘a desired temperature. This comphcates the en-
suing ‘data analysis. For example, in the British
Winfrith Stearn~*Generat1ng -Heavy - Water. +Reactor
(SGHWR) mock—up ‘the measurement of. temperature

coefficients was: ‘carried ‘'out at a coolant temperature -

of ~40°C (Ref. 2) However, the coolant temperature

- changed because*of hieat’ transfer durmg ‘the experi-

ment, which mtroduced ‘4" large"and’ drfﬁcult *cor-
rection nececsary in'the’evaluation of . the temperature
dependence of the moderator coeﬂicxent In order to

“clarify the. behavrort of the moderator temperature
_ coefﬁcrent it is, necessary to. separate the reactmty

perature. Saet X .
The objectlve ‘of the present expenment 1s to ob-

serve the dependence of the moderator temperature -

coefficient of reactivity on the ‘moderator “tem-
perature and to cstabhsh ‘an accurateé and ‘convenient

method of expenmentatron and data” analysrs apph— g

cable to ordinary critical assemblies’ consrstmg ‘of
pressure-tube-type lattices.

In this method, an attempt is made to accumulate
enough data for the above purpose by measuring
changes in'the temperature of both’the ‘nloderator
and“the’ coolant snnultaneously ‘with' positive*use of
the natural coohng of the crxtrcal assembly mcludmg

‘ "’A ) BRIGGS I. JOHNSTONE, D."A. NEWMARCH
and K.'C. KENDALL,J Bnt Nucl. Energy Soc., ll ‘215
(]972) S, R AR ST
i 3], R, ASK.EW F:.J. FAYERS andW FOX, “’l‘hermal

-Reactor Temperature Coefficient Studies in the UX.,”” AEEW-
R-886,:United Kingdom Atomic Energy Authonty, _Wmfnth

(1973) L
.- *A.C. WHITTIER “Reactmty Measurements on NPD >
AECL-2869, Atomic Energy of Canada, Limited (1967).

" SA."A. PASSANEN and 'J. F. BLANSCHE. “Douglas
Point HWR Startup Physics Measurements and Predictlons >
AECL2712 Atomic Energy of Canada, Limited (1967).

its internal heat transfer. Once the dependence‘of“
moderator - temperature coefficients of reactmt 6,‘ 0
the moderator temperature is ‘established overa' ﬁ,fa 5:
range of temperatures, the fitting function of th’é‘E,‘{_ *’}
perimental data may be simply derived. This s}f&{ifd; 3
make it possible to establish an accurate and“éd”“
venrent data analysrs method e

EXPERIMENTAL METHOD

: The present experiments have been camed A
using the deuterium critical assembly (DCA). The' ft}é ;! ¢
cluster consists of 28 UO, fuel pins with aluminyi;
claddmg as shown in Fig. 1. The fuel pins in: t};
cluster are arranged in the three concentric lay
counting from the center, there are 4 pins in the f

4 ai .
[T T UO,fuel. ’ Dy
Enrichment 1.203 wt%z;: i

Diameter 14.80 mm | H

Density. .10.36 g/cm? ke,

Al cladding

i.d.= 156.03 mm
od.=16.73 mm

Al pressure tube
i.d.=116.8 mm

ZZZZZ ' o.d.=121.0 mm
rarea l.\l calandria tube
: - 1.d.=132.5mm

"1 N\ X o.d. = 136.5 mm

| &
Qv -
-“'b
)
. At N
Ky ’ ..
f s WWig =
9.3 mm o | L— Air gap
27.7 mm Coolant
46.7 mm
r,=13.13 mm
=30.00 mm
=47.58 mm

Fig. 1. One-quarter cross section of a fuel cluster.



tank 3 005-m i.d., 1.0-cm wall thickness). The
3 cbolant is separated from the moderator by an alu-

'e coolant temperature (room temperature at
( ;he beginning) was not controlled artiﬁcially, but

X {oom temperature to 40°C. After attaining the desired
; ‘temperature the moderator was poured into the reac-

Rfor was operated with an automatic moderator level
“‘controller at a power of 10 W over 2 to 5 h. Such
continuous reactor operation was repeated at the
*different moderator temperatures above ~30°C.

N
L‘"& syDuring this period of 2 to $ hours, the core was left
E;l:m the state of natural coolmg, permitting its internal
’heat transfer. Changes in the moderator and coolant

temperatures due to heat transfer are insignificant.
+In this temperature range, short-termn reactor opera-
%/ tion, instead of the continuous operation mentioned
r;above, was repeated by changing the moderator tem-
4 perature by a small step with an electric heater in the
heavy water storage tank.

. The moderator level in the reactor tank was mea-
ha sured with ‘a level meter in a commum&tmg tube.
gu Readmg accuracy of the meter in the present expen-
.d,ment is $0.01 cm. However, random error in the
* measurement of the absolute moderator height is
dependent on other factors, such as position sen-
sitivity of the float of the meter, and was estimated
as £0.02 cm, including the above reading accuracy.
~ On the other hand, the following were considered
as systematic errors in the measurement of the
;! absolute moderator height.

: . Readings of the level meter did not indicate the
true height of the. moderator in the reactor tank
bécause there was a difference in the temperatures
of the heavy water in the reactor tank and in the

MQDERATOR TEMPERATURE COEFFICIENT IN D,0 CRITICAL ASSEMBLY 97

communicating tube. The corrected height of the
moderator, hc, was obtained by the following equa-
tion:

he = g’- Xhs | (1)
where ds and dc are the densities of heavy water in
the communicating tube and in the reactor tank,
respectively, and hs denotes a reading of the meter.
This correction by the above equation shifted the
moderator height by 1.4% orless in the present range
of moderator temperature, yielding a measurement
error of '0.2% in height.- This value was further con-
firmed by an independent method described in the
Appendix.

The critical moderator level changed, through-
out the present experiment, from 1063 to 1075 mm
in the clean core, and from 1618 to 1688 mm in the
boron-bearing core; the H,0 coolant level, however,
was not controlled and was set at 1070 and 1700 mm
in the respective cores, due to the structural diffi-
culty. The change in critical height due to this dif-
ference in levels between coolant and moderator was
estimated to be at most 0.2% of the moderator
height, which caused additional error in the critical
height. The circumferential thermal expansion of the
aluminum reactor tank and calandria tubes negligibly
affected the height because the aluminum thermal
expansion coefficient was small compared with that
of heavy water.

These systematic errors, however, are considered
to contribute little to the change in the moderator
height. Consequently, the resultant uncertainty of the
relative moderator height was estimated as £0.03 cm,
taking into account the above-mentioned random
error in the measurement of the absolute height.

The temperatures were measured with Chromel-
Alumel thermocouples located in the moderator and
the coolant, and with a platinum resistance ther-
mometer at the bottom of the level meter. The
thermocouples were arranged in the reactor core as
shown in Fig. 2. Mean temperatures for moderator
and coolant regions, 7m and Tc, respectively, were
obtained by averaging temperatures measured at the
designated points in the core. The error in these mean
temperatures was estimated at +1.5°C by taking into
account errors originating from the averaging process

and from the calibration of the thermocouples. A .

calibration curve was obtained for each thermo-
couple by using a standard thermometer.

Reactivities were obtained by integrating the
moderator level coefficient of reactivity over the
change in critical height. This coefficient is described
as follows by the one-group diffusion theory.
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‘aminé the: temperature dependence of the quantity A
However, this vanat:on in A" was within- the expe
mental uncertamty as séen in’ Fig.:3. Consequently
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Fig. 3. Temperature dependence of reactivity coefficient

e
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- 2[(iz,+5)2 (h,+a)1] . )
The value of B has been found as 0.0073

\# through similar procedure applied to the DCA core

by Ueda et al.® Here, the delayed-neutron parameters
‘were from Ref. 7; the gamma-ray self-shielding factor
‘in the fuel cluster, Fr = 0.223, from Ref. 8; and the
“effects of gamma-ray production of delayed and

photodelayed neutrons were calculated with use
of Gwin’s formula,® and the expenmental fast fission
ratioin Ref, 10.

To evaluate the effective core height, the axial

flux distribution, measured by copper-wire activation,

' was least-squares fitted to a cosine function. The

fitting was undertaken by successively dropping
data near the core boundaries until fixed values of the
effective core height were obtained. The effective

‘M.-UEDA, M. MATSUMOTO and T. HAGA, Nucl

. Sci. Eng., 62, 559 (1977).

’G. R. KEEPIN, Physics of Nuclear Kinetics, Addison-

.Wesley Publishing Co., Inc., Reading, Massachusetts (1965).

by. KANEKO,J. Nucl. Sci. Technol., 8,34 (1971).
%“Reactor Physics Constants,”” ANL-5800, 2nd Edition,

7 p.443, Argonne National Laboratory (1963).

1%y 'HACHIYA, N. FUKUMURA, A. NISHI, K. IIJIMA,
and H. SAKATA, J. Nucl. Sci. Technol., 13,618 (1976).
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axial extrapolation distance, §, which also includes
the reflector savings due to the upper and lower
structures of the reactor, was determined from
these . fixed values to be 100 ‘mm for the clean
lattice and 105 mm for the boron-bearing lattice.

The critical moderator height'and the’ tempera-
tures ‘of the moderator and coolant changed during
the reactor operation. Typical behaviors of the
measured parameters are shown in Fig. 4. At the
beginning of the reactor operation the moderator
temperature was higher by ~30°C than that of
the coolant, which had been left at the room
temperature. During- the continuous operation, the
moderator slowly decreased in temperature com-
pared with the coolant, which rose rather rapidly
because of its smaller heat capacity. Ranges of change
in the moderator and the coolant temperatures
and of the resultant change in the moderator critical
height obtained for each continuous reactor opera-
tion are summarized in Table 1. In this table data for
the lower moderator temperature region, below
~30°C, are also shown. These were obtained in short-
term reactor operation.

DATA ANALYSIS AND EXPERIMENTAL RESULTS

Confirmation of Temperature Dependence

In the case where the core has two regions at
temperatures Tm and Tc, a change in reactivity
induced by a small change in temperature can be
expressed in the following relation:

b= (aarp) - ATm +(§T")-Arc, 5

60 i T T 20

o -
° . ] —
= e Moderator temperature l E
:é S0 10 =
§ 4|, |Critical DO height ; £,

g K S
E Bttt RS
g 40p Coolant temperature M,;mw 1° Q
E xANN (a]
- o =
8 30 Lo I -10 g

| b=
5 " | 5
oo Fitting rangg ——M8M8 c
& 20f- 120
g &
B =
2 )

' : L -30
10“0 1 2 3 4

Time from the beginning of reactor operation (h)

"Fig. 4. Typical data of temperature and critical D,0
moderator height obtained during continuous reactor opera-
tion. )
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“also” irfcludee the* fue "Ltempérature co- .

.efﬁcrent), : ‘; ;: .,

tofiand ‘coolant temperatures;reSpectrvely.' - S &
temperature coefficients of reactrvitycanbe, btairiea T,y
by use of least-squares fitting ‘of: *AT)n,;ATc‘ and ’Ap
"to¢Eq.’ (5), rf these coeff' crents can be ! regarded‘ as 1
‘constant.”’ . §E1
Thxs 'data analysrsmethbd was ‘apphed to '
data groups, such as’thit'shown in-Fig '1_4,.each f
~which’consistéd- of many ‘dita sefs 'of ATm, ‘ATc
“Ap “obtained. in ‘a relatively hitrow range | “of ; téfn--
“peratire during  oné’ continuoiis reactor . operatw"
“Each | 'data* ‘Broup “was “obtained " over ‘a "*drffere .
‘Tange, of moderator temperatures abové ~300 ‘A8'a.
_result temperature ‘coeffi crents ‘of - reactxvity,,were
:obfained as'shown in Fig. 5as circles with error birs.
'Ihe results mdrcate that the moderator temperature

.....

temperature, whrle ‘the coolant temperature coeffi-
cient is constant Wrthm the expenmental error, ;.
- When Eq .(5) is, apphed ‘to . the present expen--
* mental data, 1t“should be’ noted that ATc"is not .
proportronal ‘10 ATm.If they were, definite 'values
for both temperature coefficrents (ap/aTm) and.

.V\A L .. .

ST ‘ Temperature (°C)
§ futted to Eq (5)
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Y op/dTc) in Eq. (5) could not be determined mathe-
B ~mat1cally In the present experiments, the tem-
eratures in the core were not controlled; only as the

: 'T;higher than that of the coolant. During the reactor
soperation, each temperature naturally changed due to

~~j1'eat transfer from the moderator to the coolant. If

e might be proportional to ATc. Heat leakage, however,
éxrsts When Tm was set much higher than room

tE "ample of temperature behavior is shown in F1g 6,
f ‘here ATm .is observed not to-be propornonal to

?were almost proportional. This suggests that the
lnethod of least-squares fitting to Eq. (5) cannot be
8 plied with good accuracy to the moderator

MODERATOR TEMPERATURE COEFFICIENT IN D,0 CRITICAL ASSEMBLY

itial condition was the moderator temperature set -
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sion with two vanables, the moderator and coolant

.temperature:

p=a-Tm+b-Tm*+c-Tc+d-Te*+e-Tm-Tc +h ,
(6)

where a, b, ¢, d, e, and h are constants, and terms
higher than the third are ignored. ’l'he moderator
and coolant temperature coefficients of reactivity
are derived from Eq. (6) as

opfoTm=a+2b-Tm+e-Tc , €))]
0p/oTc=c+2d-Tc+e-Tm . (8)

It was found, however, that actual values for the
factors d and e became nearly zero when all the data

on Tm, Te, and p, measured over the present wide

range of moderator temperature, were least-squares
fitted to Eq. (6). It means. that the cross effect
between Tm and Tc is negligible, and also that the
temperature dependence of the coolant temperature
is negligible. Therefore, .it is realistic to use the

G
e T R

"

ER e T DS

Tl
St

equation which follows instead of using Eq. (6), i
since the experimental error should also be taken
“into account:

p=a-Tm+b-Tmi+c-Te+h . )
The following expressions give the temperature co-

RGN A

¢ “bal experiments were performed to obtain the four
,-,f sets of values for ATm, ATc, and Ap shown in
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Temperature Dependence efficients: i
¥/ Once the dependence of the moderator tem- 9p[oTm=a+2b-Tm , |10 ?!
perature coefficients of reactivity on the moderator 0p/dTc=c . an té
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5‘;? temperature is confirmed over a wide temperature
', \:range, as shown in the previous section, a simple
iermethod is conceivable for the data analysis by the
{' f;}f}ntroductlon of a (least-squares) fitting function that
X%itakes into account temperature dependence of the

§f§‘c0efﬁcrent Considering that the core reactivity can

Use of this simple method of data analysis, which
takes into account temperature dependence, yielded g
the following values of the temperature coefficients s
of reactivity:

-

[Sighp ngy i Airiloen il

Moderator
coefficient (cent/°C): (1.12 £ 0.08)
—(0.028 £ 0.002)-Tm ,

%
e

I NNETIA AR

Coolant
coefficient (cent/°C): —(1.27 £ 0.08) .

Experimental errors were estimated from the ‘
fitting errors including the effect of ignoring the two S
factors, d and e. The results, shown in Fig. 5 as solid
lines, are in good agreement with the previous results

- obtained in each narrow range of temperature. In e
this final fitting to Eq. (9), of course, all the experi-
mental data shown in Table I were used. The experi-
mental accuracy, represerited by dashed lines, is
greatly improved with this simple data analysis

"method. As the result, the temperature dependence
of the moderator temperature coefficient definitely
became apparent.

sy

T
PTG R W 50T el e S ey

et T v
S la T el e
N e
=T

PRyt vty iyt

e e

1 ! { 1 1 { ] 1 1 1
3233 34 35 36 37 38 39 40 41 42
Coolant temperature (°C)

Application to the Boron-Bearing Core

The above simple and accurate method of data
analysis was applied to the data obtained from a

Fig. 6. Temperature change of moderator and coolant.
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similar experiment for temperature coefficients of the
boron-bearing core, which had 3.9 ppm “of. 1°B
dissolved ,in the moderator; all the data sets on p,
Tm, and Tc were leastsquares fitted to Eq ).
The following were then obtained as the temperature
coefficients of reactivity: '

Moderator
coefficient (cent/°C): (3.38.20. 13)
=(0.029 + 0. 005)-Tm ,

Coolant
- coefficient (cent/°’C): —(1.45 % 0. 39) .

The results are shown in Fig. 7. The temperature
_dependence of the moderator temperature coefficient
also shows clearly in the boron-beanng core.

, ms_c_;Us”sron

. ~The moderator temperature coeffi cients of reac-
tivity obtamed m the present expenments decrease
with - moderator’ temperature for both cleanand
boron-bearmg lattices. ‘In the tlean lattice the co-
efficient is posxtlve in the lower temperature region
and negative in the }ugher, changmg ‘at ~40°C.

the density of D,0 moderator decreases with'i increase
in temperature:
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‘positive effect is supenor to the latter negativer 'p

‘In the clean lattice, it is believed that the abov

is caused by positive reactivity due to an addltlonal
_decrease in thermal-neutron absorption, by 'the': 1B

S fatay
“crease in neutron leakage due to an enlargeme

| FittedtoEq.(9) - - A°

1. The . thermal-neutron utilization facto
creases due to the decrease in the portio
neutron absorption in the core materialic
than fuel; the disadvantage factor decrea$
to -the increased diffusion coefficient rin {thar;
moderator; and the macroscopic absdrph‘“,’,‘ 3
cross sectlon of the moderator decreases Y

the 25.0-cm pitch lattice used in the! p‘i-ése'
experiment is an overmoderated system ‘g th
. effect is considered to be fa:r]y large «

Since the’ rmgratlon area is mversely pro‘o
tional to the square of the moderator den
(M2 « 1/d?), this effect increases raprdly

In the lower temperature reglon, the orme

however, with an increase in the moderator

effects cancel out each other at ~40°C.

In the boron-bearing lattice, values of modera
temperature coefficients are large by ~2 cent/?
compared with the clean lattice, hence they
always posmve in. the present temperature range’as
seen .in Fig. 7. It is understood that this dlfferenee

dilution, with temperature and an addttlona d

of the critical volume of this boron-bearing lattrce
a factor of ~1.6.

Concerning the coolant temperature coefﬁcxe
of reactmty, no dependence on the coolant tem
perature is observed beyond the expenmental errdt:f
and its sign is always negative as seen in Figs. 5-a
When the H,0 coolant density decreases with’
crease in temperature, thermal-neutron absorption:
the coolant should decrease. This positive reactmt}’
effect, however, is considered to be largely exceeded
by the followmg effects, which produce negatiy
reactivity: -k

1. There is a decrease in the number of fissi
neutrons per absorption in 2*5U,7 due to an
crease in thermal-neutron temperature; -the:
fuel temperature coefficient of reactivity
negative.!!

|
W
(=)

10 . 20 30 40 50 60
' Temperature {°C)

Fxg 7. Temperature coefﬁcxent of reactmty (boron-
bearing lattice). :

1y, HACHIYA, A. NISHI, H. SAKATA, and K. Hl
GUCHI, “Measurements of Fuel Temperature Coefﬁcxent
of Reactivity with Two-Region Core System,” SN 941 74-7
Power Reactor and Nuclear Fuel Development Corporatnon.
Japan (1974) (in Japanese). :
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"}" 2. There is an increase in the 23%U resonance T — —T T il
; absorption of neutrons due to a decrease in - Boron-beoring lottice = - ___ o
slowing down by H,0 coolant; the number of 30l T~o ' Experiment —— | A
neutrons having energy near 238(J resonance is '\ , T
-increased, as is the mean-free-path in the fuel . S~o Calculation —-—
" region. RN ~<_ (WIMS-D) :
: - .
When !°B is dissolved in the D,O moderator,.the __ — O~
posmve reactivity effect due’ to the decrease in g N _ i
thermal-neutron absorption in the H,O coolant € 20— -~ :
should decrease. This makes the value of the coolant & i
:temperature coefficient more negative. However,no > :
g' arked difference is observed beyond the experi- 3 ~
: _{nenta] error in the -measured values of negative © N
ftoolant temperature coefficients of reactivity be- & N it
ween the clean and the boron-bearing lattices. © 10l- AN | i
fé : Clean lottice “i
! COMPARISON WITH WIMS-D CODE CALCULATION é g
= Ry |
o S
'! The experimental results were compared with g siin
: {he calculational results by WIMS-D code developed 35
by ‘Askew et al.!? for lattice calculation basedonthe & |
;transport theory to serve in the nuclear design of rEx ) ! IR
*§GHWR. The transport equatnon is solved by the 8 ';;{;T-g? 1
¢ollision probability method using at most 69 neu- ' e
ron energy groups, which were condensed into 23 \\\\ b ,;’1' 3t
Z nergy groups in the present calculation. For thermal- “ Ly \14
-iffneutron scattering in heavy water and light water, the . KX '?%l;;ﬁ
"e'ffectxve width and Nelkin models were adopted, -10}— . - ";'i%{“i“
fmrespectxvely The temperature-dependent density of ' B
‘eavy water was taken from Ref. 13. Changes in l ] ] | | ; L;{':
treactivity due to changes in moderator temperature 10 20 30 40 50 60 B
shiwere calculated by steps of 10°C over the range from Temperature (*C) ' JE
‘oom temperature to 60°C. i
3tk The calculated results are shown in Fig. 8 Fig. 8. Comparison of experimental and calculated mod-
";:(the broken line represents the moderator tem- erator coefficients of reactivity.
‘perature coefficients of reactivity) and in Table IL
. As seen from the figure, calculational “results by
) TABLE I WIMS-D code are in good agreement with the
Comparison of Experimental and Calculated Coolant experimental results of the temperature dependence
Temperature Coefficient of Reactivity of the moderator temperature coefficients of reac-
tivity; in the clean lattice, the calculated moderator
. Coolant Temperature coefficient has a positive sign in the lower tem-
Conoe:?ration Coefficient (cent/C) perature region and a negative one in the higher.
] ; ’ ] However, the sign change occurs at a lower tem-
| Lattice ppminD,0 | Experiment | WIMS | o 00 re than in the experimental results. In the
- - boron-bearing lattice, the value of the temperature B
iClean . 0 1272008 | -1.85 coefficient also shifts markedly to the positive side, B
. Boron-bearing 3.9 -1452039 | -2.12 | but the code underestimates the temperature de- Lt
* pendence of this moderator coefficient. In both R L
lattices, the absolute values of the moderator tem-
12] R. ASKEW, F. J. FAYERS, and P. B. KEMSHELL, perature coefficient are small, on the whole, com-

. Brit. Nucl. Energy Soc., 5, 564 (1966). pared to the experimental ones. Relatively good
;. BROBERT C. WEAS’I‘ Handbaok of Chemistry and agreement is obtained, however, in the boron-bearing
Physics, 59th Edition, CRC Press, Inc., Cleveland, Ohio lattice at the operation temperature .(~60°C) of
1978) Fugen, the prototype reactor of the ATR.
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Ca]culatron also presents the coolant temperature
coefficients . of reactmty as -almost constant ‘and
confirms the shift of the, value to .the negatlve side
for the boron-bearmg lattice. However, drfferences in
the values ‘between calculatlon and’ expenment are
beyond the expenmental error ‘

CONCLUSIONS

Temperature coeff' cxents of reactmty have been
measured in detail for the pressur&tube-type lattices
consisting of D,0 moderator H,0 coolant and
28-pin UO, fuel clusters. :

A new critical-experiment method that posxtrvely
utilizes the temperature changes due - to natural
cooling and heat transfer in’ each part of the lattice
has been developed. This method is applicable to the
ordinary critical assemblies not equipped with any
special temperature control system.

By this method jt has been determined that the
moderator temperature coefficient of reactivity of
this--type of reactor has strong dependence on
moderator temperature and that it decreases with
increase in moderator temperature.

In the cléan lattice of 1.2 wt% 2*5U enriched UO,
fuel, which -contains no 1°B in the moderator, the
coeff' cient has a. positive slgn in the lower tem-
perature regron and negative in the higher, the sign
change occurring at ~40°C. This tendency is ascrib-
able to the fact that the negative reactivity effect
due to the increase.in . neutron leakage with tem-
perature. dominatés™ the positive effect due’ to the
increase in the thermal-neutron utilization factor.

. Addition of 3.9 ppm of B into the D,0
moderator of the same lattice makes the value of
the temperature coefficient shift markedly to the
positive side. It is considered that this shift is
caused by the additional dilution effect of '°B
with an increase in the moderator temperature. L

" Calculational ‘results by WIMS code well re-
produce . the experrmental results concerning - the
temperature dependence of the ‘moderator tem-

perature coefficient ‘of reactivity. However, therr o

absolute values are rather small compared to the
expenmental ones

APPENDIX

TEMPERATURE CORRECTION FOR LEVEL METER

The accuracy of the temperature correctron for
the level meter was confirmed by the following
method Heavy water, pre-heated to’a desnred tem-
perature ‘was pumped into the core until it over-
flowed through a “tube,’ ‘which was" posrtroned at'a
fixed height, he, at the ‘same temperature When
the surface of heavy water became still, the heavy
water height indicated by the level ‘meter, ks, 'was

OTSUKA ¢t al.

measured Then the difference in helghts in’ ,_
and in the level meter was obtained as follow ",

Ah,xp—hc hs ..

On the other hand, the height differ
calculated by Eq. (1) usmg the measu;
peratures of heavy water .in the core and
level meter, Tc and T, respectively.

_ Ahey = hs - (Zg?) .1) o

where d(T) is ‘the density of heavy water at e
perature T°C. The above procedure was . repeated{
different temperatures of heavy water. Resultsias
shown in Fig. 9. Agreement between experimen
calculation is fairly good. Experimental error inc
thermal expansion of the supportmg arms of;oyeps
flow tube posntroner. As a result, it is considered tk "':';
the error in heavy water height corrected by Eq ‘(,

is within 2 mm at heights of ~1 m. This i means g
this temperature correction yields a measureme L s

Yo b

16

14—
I Experimental value

ey — Estlrnoted volue

10—

aH {(mm)

Moderator temperature {°C)

Fig. 9. Difference of D,0 height between core and Ieve
meter.
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