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Abstract

The temperature coefficient has been investigated on the Wolsung nuclear
power reactor, in which fuel is natural uranium dioxide and moderator heavy
water. The numerical computations are carried out in terms of changes of

the effective neutron multiplication factor with respect to fuel, moderator,

and coolant temperatures. Those results are compared with the computed

values of temperature coefficient based on the LATREP computer code.
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1. Introduction

Of the most important parameters of a
nuclear reactor, temperature coefficient of
reactivity is the effect bearing on the opera-
tion of a reactor since the reactivity change
introduced per degree of temperature gives
either positive or negative temperature coe-
fficient of the reactor and ultimately the
safety of the system. If an increase of tem-
perature occurs in normal reactor operation,
this leads to an increase in heat release be-
yond normal demand. In the case of posi-
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tive temperature coefficient, the increase of
temperature induces positive reactivity in-
sertion and may result in a runaway acci-
dent. The temperature coefficient should
therefore be required to be negative so that
an increase in temperature causes negative
reactivity addition,that is, a decrease in
the rate of fission and consequently power
and a return to safe level. Thus for any
nuclear reactor, typically for power reactor,
NRC requires a temperature coefficient of
reactor to be negative so as to be inhzren-
tly self-regulating and safe.

It has been, however, reported® that
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the heavy water reactors have positive tem—
perature and power coefficients so that the
reactor is not stable inherently. However,
reported are a few dealing with tempera-
ture coefficient of the system by experi-
ments or by theoretical computations. Girard
-et.al.? made an investigation of tempera-
ture coefficient in a square lattice cell of
various natural uranium fuel types in heavy
water moderator. They measured the coe-
fficient as a function of buckling and sho-
wed that the coefficient due to those types
was not significantly changed but negative
temperature coefficient was observed. Ex-
periments were also conducted® in the ex-
ponential tank to measure the change in
buckling as a function of temperature when

the tank was heated uniformly by means of

-€lectrical heating, and negative values of
temperature coefficient for buckling were
also observed for the range between 20°C
and 100°C.

Since CANDU type reactors fueled with
matural uranium dioxide and moderated by
heavy water are planned to be introduced
into Korea, it is of importance to know
whether the system is inherently safe asso-
ciated with the temperature change of va-
rious reactor parameters. Numerical cal-
culations on respective parameter of reac-
tivity are carried out in order to investigate
what parameter mainly contributes to deter—
mining the temgerature coefficient and to
obtaining overall effect of temperature to

reactivity in the system.

The following section describes general
formulas to compute temperature effects of
each reactivity parameter. The associated
‘cross section evaluations are presented to-
gether with the descriptions of reactivity

parameters. The last section contains the

computed results and discusses these with
the other results based on LATREP code.

I. Temperature Coefficient

A temperature ccefficient of reactivity,
ar, is generally defined by

_dp 1 4k
'7AdT ™ ks dT
where T stands for temperature.

1)

As the
case may be, it denotes the average tem-

a

perature of either the individual cell com-
ponents or the reactor core. From the effec-
tive neutron multiplication factor k.:, the
temperature coefficient can be rewritten in-
to six factors:
ar=a(y) +a(f) +a(p)+ale) +a(Pr) +al{Ps),
(2)
that is, ar can be obtained from the sum
of individual effects to temperature change.

i. Numerical Computations

1. Cross Sections

In order to evaluate the temperature co-
efficient of reactivity, it is important to
know the temperature-dependent cross sec-
tions which are put into each of multipli-
cation factor estimates. The effective cross

sections are generally defined by

5o AI0(E)$(r, E)drdE

s @)
[i¢(r,E) dr dE
where ¢(;, E}is neutron flux with energy

E at ;, which gives the energy-dependent
flux as

p(Ey =

Together with Eq. (4), the effective cross
sections can be rewritten by

¢(r, E)dr. (4)
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In computing cross sections from the an-
alytical form, the expressions for energy-
dependent cross sections must be obtained
in closed forms. Margulis® suggests the
following relations for the energy-dependent
cross sections of nuclei of interest, U—235
and U-238.

o, (25) =608 (1—0.0543F) E~"-° barns, (6)

0,(28) =2.73(1-+0. 00506 E) £7°% barns. (7)
The energies here are measured in units of
0.0253eV over the range from 0.0253 to 0.1
eV and the subscripts have the usual mea-
nings. As given in BNL-325%, the capture-
to-fission ratio is taken to be 0.19 for the
nucleus U-235 at 0.0253eV.

Evaluating the absorption cross section of
UQ,, oxygen in the fuel element contributes
so very small values of absorption to the
fuel as to be negligible. Using the energy-
dependent thermal cross sections of fuel
nuclei menticned above, the absorption cross
section of fuel (UQ,;) can then be given by

0.(UQ0,)=1.693 (1—0.0373E) E°-°. (8)

The energy-space dependent flux is now
described in a certain moderator. It is assu-
med for numerical calculations of the cross
sections that neutrons are completely ther-
malized in the moderator region and hence
the flux can be separately expressed in the

energy and spatial dependence, that is,

¢(r, E) =¢(r)F(E). 9)

If a reactor is fueled with cylindrical reds
and the diffusion theory is valid for a cell
region, the space-dependent flux for an
infinite cylindrical rod is readily written as

o) =—piEe), (10)

where 5 is the reciprocal of fuel diffusion

length that is a function of energy and K
is the radius of the fuel rod. Taking the
Maxwellian distribution for the energy-de--
pendent flux,

— Ig(l{pr) Ee_EIT
PO =T Ry T

where T is in units of energy. Plugging
Eq. (11) into Eq. (4) yields the energy-de-
pendent flux in the infinite cylindrical cell

(11)

as following:

_ 2 11<KFR) £ —EIT
$(E) —Z”R{ er R (£n ) } e (12)

and the numerical value of s can be ob-
tained from the well-known relation, ]

#p=Npo,v/30./0,, (13)
in which N, is the number density of fuel.
The scattering cross section of fuel in Eq.
(13) is treated® to be constant at the ther—
mal region (=16.7 barns), while the energy-
dependent absorption cross section of fuel is.
taken from Eq. (8).

Since «r is energy-dependent, the brac—
keted quantity in Eq. (12) is fitted to a fol-
lowing empirical function® of energy in.
making computations with ease:

LkrR) o, ,
eRL (B OET 14

where F is measured in eV. Fitting the nume—
rical values computed at various energies,
i.e., £=0.0253 through 0.1 eV, the coeffi-
cients of ,6 and ¢ in Eq. (14) were calcula—
ted by use of trial and error method:

I, (krR)
£rRIy(£rR)

Since the energy variable in Eq. (12) is mea—
sured in units of 0.0253 eV, Eq. (12) toge-
ther with Eq. (15) can be written by

=0.59314—0. 08056 E~°-%°%. (15)

?2 e—E/T._
(16)
Using the energy-dependent cross sec-
tions and flux, the effective cross sections
of fuel may be obtained from Eq. (5) in

¢(F)=3.7268 R*(1—0.395 E~0-2°1)
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terms of gamma functions:

3,(25)= 9

og) - (1—0.0643 E) (1—0.395E-0251) Ev-sg-5 T

g;(l—o. 395E-0-21) Eg-E T4 F
— 608[11(1 5) T15—0 05430 (2. 5)T25—‘0. 395F(1. 209) Tl.209+0. 0215I" (2 209) TZ.ZOQ]

TZ_O. 395[* (1. 709) T1.709 *
(17)
2,(UO,) = 1.693("(1.5) T**—0.0373I" (2. 5) T2-5—0. 395I" (1. 209) T1-2%°-+0. 01471 (2. 209) T3]
T°—0.39570"(1.709) T*-7% -
(18)

The D;O and H,O are treated as 1/v-ab-
sorber. Their temperature-dependent thermal
absorption cross sections are given by

0. (E) =0, (Eo) E-"5, (19)
in which ¢,(E,) is the absorption cross sec-
tion at the neutren energy of 0.0253 eV.
Also,
taken® for the scattering cross sections:

0, (E)=0,(E)E™™, (20)
where exponent m is 0.112 for D,O and
0. 470 for H.O.

By using Eqgs. (19) and (20), the effective
cross sections of D,0 and H,0 have been
obtained from Eq. (5) and expressed in terms
of gamma functions:

d.=0.,(E)(1.5) T3, (21)

the following empirical relation is

and
3,=a,(F) 2Q—m) T, (22)
If the heavy water purity is denoted by
w, the average cross sections are described
as
3 =wavz0+ (1—w) Fuzo. (23)
The purity of the heavy water is taken to
be 99.75 w/o and the density of the fuel to

be 10.283 g/cm® ? for the numerical com-
putations. The cross sections at the neutron
energy of 0.0253 eV are taken from BNL-
325.9

2. Volume Expansion

The following consideration is the effects
of physical temperature of moderator on the
temperature coefficient of reactivity. The
atom density is inversely proportional to
specific volume, i.e. NM~pM~51;l ,and hen-
ce the factor of a(/NVy) may by expressed as
follows® :

a(Ny) =a(pou) =—a(vu) =—Bu, (24)
where vy, on andBy are the specific volume,
physical density, and volume expansion co-
efficient of mederator, respectively. Com-
putations of densities in a moderator are
based on the following formulae® :

i) pure light water

—density at 20°C is 0.59823
—density at temperature 7.(°C) is:

PHz0 ( Tc) =

where ¢ is the temperature difference bet-
ween the physical temperature of moderator
T, and 374.11°C®.

14-0. 1342489 #'*—0. 003946263¢ (25)
3.1975—0. 3151548¢'*—0. 001203374 +7. 48908 X 10~ *%* *

ii) pure heavy water
—density at 20°C is 1.1053
—density at temperature 7.(°C) is:

oo20(T.) _0.4883926—0. 011517¢'°—8. 12267 X 10~*/—9. 9394 X10~*4#* __ 10°M'T.* _ 500

1—0. 12666627¢1/°+1. 5775 X107 3

(380—T)*’
(26)
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where t=371.5—7..

The atom fraction A of light water is
calculated from its weight fraction (1—w)
as

_ (1—w)
A=~1=%) T0. 899w 27)

Assuming that the number of atoms per unit
volume is the same for light and heavy wa-
ter, the density of the mixture is then

ou(Te) =Apuo(Te)+(1—A) poo(T.).  (28)
The volume expansion coefficient of mo-
derator is calculated from the following re-
lation:

ﬁM: o g-Tc) Py ( TC+AZ-‘&)“—‘0M ( Tc) . (29)

3. Various Factors on k.

(a) 7 effect
The factor 5 is given by

_ v>.,(25)
D Y (30)

where the subscript F stands for fuel. The
effective fission cross section of 2°U and
absorption cross section of UQ, fuel are
previously described in detail. Assuming
that the average number of neutrons per fi-
ssion v is constant in the thermal region
and the number density of fuel does not
change due to temperature, the factor »
may be expressed by

a(p) =a(3,(25)) —a(d.F). (31)
Taking the logarithmic derivatives of Egs.
(17) and (18) yield:

a(2,(25)) 1 [ 1.5I'(1.5) T°-5—0. 1361" (2. 5) T"-5—0. 4781" (1. 209) T°-2"°-0. 0474 (2. 209) T*-*°
d Ty | I(1.5) T**—0.0543C (2.5) T%5—0. 3957 (1. 209) T*-2®+-0. 02157 (2. 209) 7 2-2®

2T—0. 67517 (1.709) T°-7 }
T%—0.395I"(1.709) T*-7%

(32)

a(d.p) = _1 [ 1.5I'(1.5) T°*—0. 0933 (2.5) T*-*—0. 478" (1. 209) T°-2*4-0. 03257 (2. 209) T*-2*

I'(1.5) T5=0. 03737 (2.5) T?-5—0. 395I" (1. 209) TX-2¥0. 01471 (2. 209) T2:2%

.. 2T—0.675I"(1.709) T°-7 ]
T2—0.395I" (1.709) T

(33)

where T, is the room temperature in degrees Kelvin. Then the temperature coefficient of z

is of the form:

aly) = 1 { 1.5 (1.5) T°°—0. 1361 (2. 5) T"-*—0. 4781" (1. 209) T°-2%°+0. 04741 (2. 209) T"*-2%°

=T

I'(1.5) T%-5—0. 054377 (2. 5) T%-5—0.3957" (1. 209) TT-210. 02151 (2. 209) T22%
. 1.5I"(1.5) T°5—0.0933I" (2. 5) T*-°—

0.4787" (1. 209) T°-2°—0. 03251" (2. 209) T 2% ]

I'(1.5) T'+*—0.0373I" (2.5) T**—0. 3957 (1. 209) T*-2%+-0. 01471 (2. 209) T?-2%

(b) Thermal Utilization
The expression of f in heterogeneous reac-—
tor is given® by
f= zaFVF%EY;VMFF ’ (35)
in which FF, is the disadvantage factor,
the ratio of the mean flux in the moderator
to that in the fuel. Taking the derivative
of Eq. (35) yields
a(f)=(1—la(@.r) —a(@.um)—a(FF,)
+a(NF) +a(NM)] . (36)

(34)
the density change
in the fuel is small compared to that in the
moderator. The factor «(3.s) can be written
from Eq. (19):

As temperature varies,

?;To" (37)

In the derivatives of cross sections, one can

alfa) =—

see that the gradients are proportional to
Since Eq. (33)
is mainly dominated by the second term in
the bracket, the difference between the

the inverse of temperature.
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first two terms in Eq. (36) is also found to
be very small. Then Eq. (36) may be writ-
ten as "

; L o~ (1-PlaFF)+aN).  (38)

When diffusion theory is used to calculate
the thermal utilization, f is also given” by.

I S ngVM - :

7 =50y F+(E-1). (39)

Here F and F are the lattice functions for
a cylindrical cell in a heterogeneous reactor:

KFR Io (NFR)

= T GoR) (40)
E——lZ (E.!IZRC)Z [ RCRC bee In < Rc )..
+HE)), | (41)

where £y is the reciprocal of the diffusion
length of moderator and R; the radius of a
cell.

Combining Eq. (35) and Eq. (39), the
disavantage factor may be obtained from
the following reations:

gy LV o '
FF,=F+ SR (E-1). (42)
Taking logarithm on both sides of Eq.

(42) and differentiating the result with res-
pect to temperature yields

a(FF)~ [1 dF+ZaF Ve (E—1)

T0dT X4 Vu
1 dE
{ (3.r) a(aaM)+T (E_'].) dT}j]
(43)

The derivative of F is

ar ___ eR)? 1 (erR)?
L L
and the factor of —1_~1— —Zl;, may be deri~-
ved from Eq. (41)
d
o 2= w). (45)

Since the absorption cross section of heavy
water moderator is negligible compared to
the scattering cross section, its total cross

section may be replaced by the- scattering
cross section. Then x4 can be expressed. by
Ky — /éfaM Tim - (4€;
From Eq. (46), the factor a(xy) may be
obtained to be

alen) = Llau)+a@u)) @D

t Taking logarithmic derivatives of Egs.

(19) and (20),

alky) = _%ﬂTHJQ_. (48).
Then Eq. (45) can be written by
1 dF m+1/2
ET 4T T (49)

The variation of FF, due to temperature:
now can be written in the form:

a(FF,)=—(FF, T To~ ,—(—"Fi?lz—.

1- (KFR)Z} (z )( )

(E—l) {m—T To a(aaF) ] (50)'
Next the effects of physical temperature
of moderator on the reactivity of f should
be considered. As was shown in Eq. (24),
the number density variation of moderator
due to temperature is expressed by volume
expansion coefficient, which can be com-—
puted from Eq. (29).
(c) Resonance Escape Probability
The temperature coefficient of p will be
obtained by considering 1he temperature
effects of neutrons absorbed in the medium.
The following expression® will be used to
compute p:
r NVl
S
where [ is the resonance integral. Throu—
ghout the numerical computations, the fuel

(51

and moderator volumes are assumed to be
fixed and the slowing down power &,2., is
taken®? to be 0.177cm~!. Therefore the fuel
temperature coefficient of p is mainly de-
pendent on the factor 1. Now the efféect of
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fuel temperature on p, sometimes known to
be the prompt temperature coefficient, can
be calculated by assuming that the tempera-
ture of the mocderator remains constant
while the temperature of the fuel changes.
The resonance integrzal is expressed by the
empirical formula®

I(T) =1{300)(1+8,(+"T—1300) J, (52)
where 7T is the effective temperature of
fuel in degrees Kelvin, and g, is a function
of the properties of the fuel. The value of
resonance integral [ at room temperature for
cylindrical fuel rods of UQ, is computed from
the relation”

1(300) =3.0+39.6/+ prR, (53)
where pr and R are the density and the
radius of fuel, respectively. The parameter
B is given? approximately by

Br=A"+C"/orR, (54)
in which A’ and C’ are 6.1x10* and 9.4
X107 for UO, fuel, respectively.

Then the prompt temperature coefficient
of p is obtained by differentiating In FA
that is,

dpromPt (p) =

__NeVe _ dI_
TSV AT (64)
Differential of I(T) from Eq. (52) is:

dr _ I(300°
T~ (21/‘72 b, (55)

Then the factor apoms(p) can be expressed
by
@prompt (1{) =

—215%[ In p(sloo) J (56)

Next consideration follows the effects of

moderator temperature cn p. Assuming that
only the moderator temperature changes
while the fuel temperature remains cons-
tant, the moderator temperature coefficient
of p is expressed by
—_ NgVil d 1
a0 =——¢ —a7(xx)
i 1 1. 1
=a (Vi) g7 | = —Futn | 5600 L)
5

(d) Thermal Non-Leakage Probability
According to the diffusion theory, thermal
non-leakage probability P, is given by
Pr=1/(1+B/>L:Y). (58)
The temperature coefficient of Pr can
then be

a(Py) =— DBk

TFBLr Lalls)FaB)1 (59)

Because the amount of moderator is assu-
med to be remained constant, the geometri-
cal buckling does not change due to tem-—
perature. The value of B,2=0.7618<107* cm?
was used® under the full power condition.

The definition of the diffusion area Lr,®
without considering the intermediate me-
dium such as air gap is

LTOZ':ztr/SZa) (60)
where the mean of the absorption cross
section 3,, and transport mean free path 4,
in the cell are defined by weighting with

; volumes and flux,

7 -1 Ve 1 _ VuFF, _
" S Vet TeFF, T.n Ve+VuFF,
(61)
= _ L VetZ.uVuFF,
and L=y E (62)

The diffusion area Ly.® obtained may be
shortened because the gaps are assumed to be
filled with moderator for computation of
Lz2 So that it should be corrected for
the air gap by following relation? :

=14 F/ e, (63)

where V, and V,; are the vclumes of the
cell and intermediate medium except coolant
region, respectively. The diffusion area is
also written in the following form® :

(1+Ve/VuFF,)?

1 2 .
Lot = U=0) Lo D, VT D VuFFe Y

where Lr,? is the diffusion area of mo-
derator. As the volume ratio of moderator
to fuel in the considered cell is very large,
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er"’ (1 _f ) LTMZ’ (65)
the derivative of which is
a(L) == ral) ~alLn). (66)

The diffusion area of moderator is then
obtained by
Lry®=1/(3Nyu® 0.uB.u). (67)
Taking the logarithmic derivative of Eq.
(67) yields
a(Lry?) =—2a(Ny) —a(@.u) —a(d.u). (68)
The temperature coefficient of L,*> then
may be calculated by

a(Let) =— - . alf)+2pu+"T12 (go)

where T is measured in degrees Kelvin.

Since the amount of moderator is kept to
be constant, the factor a(Pr) can be writ-
ten in the form:

a(Pr)= —(2pu+-2H2 \(B 2Lz

A+B2LA (70)
(e) Fast Non-Leakage Probability
The factor of Pr is defined for a finite
reactor by

Pr=1/(1+B,). (71
The temperature coefficient of P is
B,?
a(Pr) =~y la@+aBH)  (72)

The slowing down area at room tempera-
ture z, is taken to be 106 cm? in the D,0
purity of 99.8% obtained experimentally by
Wade”. The temperature correction is in-
troduced'® as a change in density

e 20°0) T
The 7y is the moderator slowing down

area at temperature 7°K. Using the simple
formula!®

(73)

-1 B
TEngr. M E (74)

where £, and E, are the energy limits of
slowing down, leads finally to

p— &_ztrM('&fs)M V: 12 A
s 75

M e e [VMJ (75)
Here Y, and &5, are conventionally the
transport cross section and slowing down

T

power, and the subscripts M and C means
moderator and cell, respectively. Cross sec-
tion data for T,, was obtained from ANL-
58007 .

In view of Eq. (73), the temperature effect
of reactivity on r is mainly affected by phy-
sical temperature of moderator, 7. e.,

T~ N (76)

The factor a(z) is derived by the above
relation:
a(c) =28u- 77)
Then the temperature coefficient of Pr
may be calculated from the form:
a(Pr) =—2BuBr (14 B,%7) ™ (78)

V. Results and Discussions

Along with the fuel bundle of the Wolsu-~
ng unit 1, shown in Fig. 1 is the configu-
ration of the equivalent unit cell assumed
for the single rod approximation in order
to make use of LATREP code. It is,

ever, assumed that the intermediate media,

how-

such as air gap, are filled with heavy water
for the numerical computations by using the
analytical forms.

In order to make comparisons, four factors
of neutron multiplication are computed throu-
gh utilizing the lattice cell code LATREP
which is a multigroup, collision probabi-
lity, fuel burn-up code using 32 epithermal
and one thermal neutron groups. The ther-
mal group, up to 0.625 eV, uses a modified
Westcott formulism. Table 1 shows the re~
sults from the code for the cases of the sin-
gle rod and the 37-rod fuel bundle at two
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different conditions of boron concentration
in moderator. Also given are the numerical
values of PSR of the Wolsung unit.
Using the code for the fuel bundle,
culations are made by the rubber band app-
roximation in which respective ring region

cal-

is uniformly distributed by the composite
materials,

The reactivity effects of moderator, ccol-
ant, and fuel temperatures are computed
and presented through Fig. 2 to 4 for the
single rod approximation and the fuel bun-
dle.

One can see from the figures that there
are some discrepancies between the two app-
roximations. However, the differences,
which are negligibly small except for the
ccolant temperature effect, are not really
concerned in this calculations but the beha-
viour of the respective temperature effect to
the reactivity. Among the results,the reac-
tivity effect of fuel temperature can only
be available from the PSR of the Wolsung
unit for a comparison with the results. It

should be pointed out from results of com-

Tahle 1. Comparison of Four Factor Parameters at HFP with Equilibrium Poisons

Moderator Condition Case 7 € b f k.
Fresh Fuel, No Boron in PSR 1.241 1.026 0.5047 €. 9358 1.078
Moderator Bundle 1. 2166 1.0308 0. 8985 0.9243 1.G786

Single Rod 1. 2455 1.0433 0.9296 0.9223 1.1140
Fresh Fuel, 3.4 ppm Boron PSR 1.241 1.G26 0. 9047 0.908> 1.C47
in Moderator Bundle 1. 2466 1.0308 0. 8935 0. 9059 1. 0439

Single Red 1. 2455 1.0433 0. 9296 0.3910 1. 0762

*HFP Condition: Fuel Temperature=936°C

Moderator 7 =58C
Coolant  # =290°C
Sheath V4 =339°C

*Material Properties: UO. density=10.283 (g/cm?)
D.O purity (Coolant and Moderator)=99.722 atom %
Zr-4 density=6.55 (g/cm?)
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putations that the heavy water coolant tem-
perature coefficient is positive in the heavy
water moderated reactor. Each parameter
change of the effective multiplication factor
is computed with respect to coolant temp-
erature variations in the unit cell with the
37-rod fuel bundle, and the results are pro-

vided in Table 2.

Table 2. Coolant Temperature Coefficients

(37 element bundle) (X10-3/°C)
Temp. B o o B
Factors 160°  260°  290° 320

a(y) —12.4 —8.5 —6.2 —2.6
a(p) 16.4 27.2 33.4 - 44.0
a(f) 0.4 4.0 5.9 9.2
afe) 6.3 10.5 12.8 17.0
a(Pr) -1.8 -—-12 —0.82 —0.23
a(Pr) —0.91 —1.5 -1.9 —2.6
a(kess) 8.1 30.5 43.3 65.0

Of the contributions to temperature coeffi-
cient, it has been taken to be equal to the
prompt temperature coefficient for the fuel
coefficient since this varies significantly a-
long with the effects of Doppler broadening
of 2*U resonance. And it was found!’ that
the contribution of the changes of fast fi-
ssion factor due to temperature variations
was very small compared to other factors
and hence negligible in the lattice. Thus
calculations are only made of other parame-
ters except e.

The factor y is determined by the energy
spectrum of thermal neutron, and neutrons
in a unit cell are primarily thermalized in
the moderator. The gradients of als>rption
rate in the fuel is larger than those of fi-
ssion rate with respect to increasing tem-
perature. One can thus expect to get nega-
tive temperature coefficient of . And the
results shows that the magnitude with ne-
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gative sign represents the most important
contribution to the overall temperature coe-
fficient.

Variations of parameter f depending on
temperatures mainly come from the depres-
sion of the thermal flux distribution across
the cell. And the density changes of mo-
derator due to its thermal expansion will
contribute to the positive temperature coe-
fficient of reactivity. There are some dis-
crepancies between analytical formulas and
LATREP in calculating f because the flux
depression in the vicinity ¢f fuel and mo-
derator boundary is found to be small accor-
ding to diffusion theory. Thus it follows
from Eq. (38) that the value of a(f) may be
underestimated. Since the two terms in the
bracket of Eq. (38) are quantities with ne-
gative signs, it is evident that the tempera-
ture coefficient is positive but small com-

pared with other parameters.

As fuel temperature increases, which al-
ways gives rise to broadening of Doppler
effect, the absorption rate is found to be
largely increased in resonance region. This
effect leads to the negative temperature
coefficient of fuel. The atom density of
heavy water is decreasing as a function of
moderator temperatures. This results that
the concentration of fuel in the cell becomes
large compared to the moderator concentra-
tion. As was noted that values of p decrease
with increasing fuel concentration, the
changes of moderator temperatures affect
to negative temperature coefficient of p.

Changes in the neutron leakage due to
temperature are determined by the density
of heavy water and the cross sections. The
calculated results show that temperature
effect to reactivity of neutron leakage is

Table 3. Fuel Temperature Coefficients (x10-¢/°C)

Temp °C 500° 936° 1500° 2000°
(a)y Single Rod —5.1 —5.3 —4.9 —4.6
Bundle —3.6 —3.7 —3.5 —3.3
a(p) Single Rod —5.8 —4.5 —3.8 —3.4
Bundle —10.2 —8.1 —6.7 —5.8
Calculation —-7.7 —6.2 ~5.1 —4.5
alf) Single Rod —1.7 —1.7 —1.5 —1.4
Bundle —1.0 —1.0 ~1.0 —0.9
ae) Single Rod 0 0 0 0
Bundle 0 0 0
a{Pr) Single Rod —0. 81 —0.85 —0.82 —0.79
Bundle —0.60 —0.63 —0.61 —0. 60
a(Pr) Single Rod 0 0
Bundle
a(Kess) Single Rod —13.4 -12.5 —11.2 —10.2
Bundle —15.3 —13.4 —11.7 —10.7
Calculation ~7.7 —6.2 -5.1 —4.5
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Table 4. Moderator Temperature Coefficient (X10°¢/°C)

Temp °C

Factors 30° 50° 68° 90° 110°
a(7) Calculation —81.8 —83.4 —84.9 —86.6 —88. 1
LATREP(A) —72.3 —70.7 —69.0 —66.9 —64.9
LATREP(B) —57.7 —56.9 —56.0 —54.9 —53.7
a(p) Calculation —16.5 —28.9 —37.9 —47.2 —54.9
LATREP(A) —13.6 —21.6 —27.9 —35.0 —42.7
LATREP(B) —21.8 —35.0 —45.0 —56.5 —68.3
alf) Calculation  34.3 36.2 37.3 38.2 39.0
LATREP(A) 68. 1 66.3 64.2 61.7 58.2
LATREP(B) 48.0 47.5 46.6 45.2 42.8

a(e) Calculation — — —_ — -
LATREP(A) 0.3 0.5 0.5 0.7 0.9
LATREP(B) 0.5 0.7 0.8 1.0 1.2
a(Pr) Calculation —25.4 —28.9 —31.6 —34.4 —36.8
LATREP(A) —25.3 —28.1 —30.3 —32.8 —35.3
LATREP(B) —21.7 —24.2 —26.2 —28.4 —31.3
a(Pp) Calculation —4.9 —8.7 —11.5 —14.8 —-17.7
LATREP(A) —5.4 —8.6 —11.1 —13.19 —16.6
LATREP(B) —5.4 —8.7 —11.3 —14.2 —16.8
a(Kete) Calculation  —94.4 —113.8 —128.6 —144.7 —158.5
LATREP(A) —48.1 —62.3 —73.5 —86.2 —100.2
LATREP(B) —58.1 —~76.5 —90.9 ~107.5 —125.3

(A): Single Rod

small for a large power reactor.

The temperature coefficients of fuel and
moderator are given in Table 3 and 4, res-
pectively.

Table 3 includes
only the computations of the prompt tem-

As was noted before,

perature coefficient which lie in between
the two approximations and show that a
good prediction can be made by using the
analytical formulas. However, comparing
the results of calculations using the for-
mulas to those of LATREP, observed in
Table 4 are some discrepancies in the cal-

culations of the parameters z,p, and f.

(B): 37 Elements Bundle

Although the numerical values among the
computations differ in an individual mo-
derator temperature, the variations associa-
ted with the moderator temperature coeffi-
cients are appeared to be along the same
signs of quantities.

Although calculations have been carried
out for a unit cell, it can be concluded that
the overall temperature coefficient is nega-
tive at operating range of Wolsung Unit 1.
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