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The buckling-reactivity conversion factor (K-value} which is used in
the water level worth method is one of the most important constants of
the Tank-type Critical Assembly (TCA) of Japan Atomic Energy Research
Institute. The K-value has been considered a constant value regardless
of the core configurations. Computational study on the K-value was
performed by means of two-dimensional transport perturbation theory to
investigate how much the K-value varies among various core configurations
in light water moderated and reflected U0; cores. The calculation indi-
cates that the K-value varies by 5% within the limits of this investiga-
tion. The varience of the K-value components of fuel cell and other
regions cancel out each other, which makes the varience of the K-value

over various core configurations relatively small.

Keywords: Water Level Worth Method, Buckling-reactivity Conversion
Factor, Low Enriched Uranium, Light Water Moderator, Transport

Perturbation Theory, TCA
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1. Introduction

The Tank-type Critical Assembly (TCA)(I) of Japan Atomic Energy
Research Imstitute ordinarily uses no control rods. This reactor is
operated in a way that water level is lower than the effective length of
fuel rod. Reactivity is controlled by the level of light water modera-
tor, which can be applied to the reactivity measurement methed. When a
certain perturbation is added to TCA core, there are some cases where the
reactivity effect of this perturbaticon must be measured. In order to
measure this reactivity, the perturbed or unperturbed core is made criti-
cal by controlling the water level and measuring this level. Multiplying
the difference of vertical buckling of each critical core by the buckling-
reactivity conversion factor, the reactivity effect caused by a perturba-
tion can be obtained. According to the modified one group theory, the
buckling-reactivity conversion factor is the ratio of migration area to
infinite multiplication factor. Hence, it can be inferred that this
buckling-reactivity conversion factor does not change regardless of the
number of fuel pins or horizontal configuration of the core as far as
water—-fuel volume ratio of a unit cell consisting of the core is fixed,
or the added perturbation is small.

The buckling-reactivity conversion factor of the core can be obtained
experimentally by the following procedure. The water level of a critical
core is raised up slightly and the subsequent positive reactivity is mea-
sured by the positive period method. By dividing the reactivity by the
difference of the vertical buckling, the buckling-reactivity conversion
factor can be obtained. Errors in measured reactivity and vertical buckl-
ing, however, make this factor inaccurate. Hence, an alternative method
which correlates the reactivity with the vertical buckling over a wide
range of water levels has been adopted. By changing the number of fuel
rods or the configuration of the core, critical water level varies and a
positive reactivity measurement by the positive pericd method can be
performed at several critical water levels. Therefore, the correlation
between the water level and reactivity which can be easily converted to
the buckling-reactivity comversion factor can be obtained over a wide
range of water levels. This buckling-reactivity conversion factor has
been used in order to evaluate the reactivity effect of a perturbation
added to the core, such as the insertion of absorber material or temper-

ature change of the moderator. This methodology is based on the assump-
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tion that this factor is a conmstant value regardless of the number of
fuel rods, the configuration of the core, or perturbation. This assump-
tion, however, has not been confirmed in detail. In order to obtain
accurate reactivity effects experimentally, it is essential that the
variance of this factor be evaluated for various cecre configurations.
The objectives of this paper are to (a) evaluate the buckling-reactivity
conversion factor of several core configurations by a computational
method, (b) clarify the variances of this factor, and (c) discuss the
relationships between the core configuration and the buckling-reactivity

conversion factor.

2. Theory

2.1 Experimental Method to Evaluate the Buckling-reactivity Conversion

Factor

According to the modified one group theory, the effective multipli-
cation factor is given by
Koo
kaofrr =.—‘; (1)
1+M Bg
where ko : Infinite multiplication factor
M%:; Migration area

Bé: Geometrical buckling.

!
When geometrical buckling changes to Bé , this change results in the

reactivity p(=1/keff—1/kéff) expressed by
2 7
= Y52 _p2
po= kw(Bg -Bg )s - (2)

on the condition that M2/k. does mot change. Several fuel rods are added
to a critical core with critical water level Hc, and the water level
changes to He'. The reactivity effect of this added fuel rod can be
- estimated as follows:
o=Kﬂ”TKﬁﬁ (3)
U+ - ‘
\LHC Az ) Hé—H\ZJJ
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tion that this factor is a constant value regardless of the number of
fuel rods, the configuration of the core, or perturbation. This assump-
tion, however, has not been confirmed in detail. 1In order to obtain
accurate reactivity effects experimentally, it is essential that the
variance of this factor be evaluated for various core configurations.
The objectives of this paper are to (a) evaluate the buckling-reactivity
conversion factor of several core configuraticns by a computational
method, (b) clarify the variances of this factor, and (c¢) discuss the
relationships between the core configuration and the buckling-reactivity

conversion factor.

2. Theory

2.1 Experimental Method to Evaluate the Buckling-reactivity Conversion

Factor

According to the modified one group theory, the effective multipli-
cation factor is given by
K
keff = —— (1
1+ Bg
where ko: Infinite multiplication factor
M?: Migration area

Bé: Gecmetrical buckling.

!
When geometrical buckling changes to B2 , this change results in the

reactivity p(=1/keff—1/kéff) expressed by
MZ r
o = 7-(B5-B5 ), (2)

on the condition that ¥%/k, does mot change. Several fuel rods are added
to a critical core with critical water level Hc, and the water level
changes to He'. The reactivity effect of this added fuel rod can be

estimated as follows:

Id 2

2
T K
o = K W - (3>
\s\Hcﬂz ngjﬂz
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where K: Buckling-reactivity conversion factor (¥2/ku),

A,: Vertical extrapolated length.

A certain perturbation is added to a critical core and if the K-value can
be considered to be constant regardless of this perturbation, the re-
activity can be obtained by Eq.(3). This method of measuring the re-
activity is called "the water level worth method".

In order to evaluate the buckling-reactivity comversion factor, the
K-value, the differential water-level worths dp/dd are fitted by the
least squares method to an equation(l),

2
gﬂ:zK.___'”__. (4)

df (H+A,) 3
As stated in Chap.l, the differential water-level worth is obtained by
dividing the reactivity measured by the positive period method by the

increment of water level from critical water level.

2.2 Calculational Method

A method to calculate the K-value based on the diffusion perturba-
tion theory was derived in Ref.(2). In this paper, the K value was
calculated by the transport perturbation theory. The well-known system

of multigroup transport equation of X-Y geometry is written(?) as

Gegrad 9 (7, H+CIE+ gl+ 82)89(3,%) =
3zE (=) (5)
G g G
r 7 ! ! r ¥ ! ! !
> [, 287980 a2 L 3 v I ERPE:
g'=1 4 Koff 4“91=1

where B%: Z-direction buckling,

[* . >
i(r): Total cross section for g-group at r,

!
The adjoint equation with Z=direction buckling B%f to Eq.(5) is written

as

’
. B2 )wg(}*’ﬁ) =
g -
BZt(r)

—ﬁ'grad Wg(;,§)+(zg(;)+
(6)

G r 14 ! ! r G r r L4
5 [, 529" 3 pa e @'y i X o [ EiHal
g’=1 : 4TKLFF g'=1
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where Wg(;,ﬁ): Adjoint angular flux,

!
kéff: Effective multiplication factor corresponding to buckling B% .

Constants except for vertical buckling do not change.
Taking the inner product of Eq.(5) with Wg(;,ﬁ), and of Eq.(6) with
@g(;,ﬁ), and subtracting gives(“)

G
)> _[ it |, af —— IEF,DHE.H
v 4T g.,*
, g=1 3z¢(r) ,
p(=1/kerr=1/kerr)= = (BZ-BZ )
> 8 g' +! gl > 2! szf > g, >
ar 3 X ae v (7,8 ) X — |, a7 (r,q)
v il b = 4n1 J47r
g =1 g—l (7)

The buckling-reactivity conversion factor, the K-value, is defined by

r
this equation. When B3 +B%, the K-value defined by Eq.(7) is the buckl-
ing-reactivity conversion factor at a water level corresponding to the

buckling BZ.

3. Calculations

By use of the method derived in Chap.2;2, the K-values of the vari-
ous Tank-type Critical Assembly(TCA} core configurations were calculated.
In this paper, 2.,6wtZ enriched UQ; fuel rods with 14.2mm 0.D., which have
been utilized for almost all the experiments at TCA, were chosen. The
fuel rods are arrayed with 19.56mm square lattice whose water—-to-fuel
volume ratio is 1.83. The group constants with 10 energy groups of this
unit cell were calculated by the cell calculation of the SRAC code sys-
tem(5) with the library based on JENDL-2. The angular flux and adjoint
flux with 10 energy groups were calculated by using S, transport code
TWOTRAN-II(3), The critical vertical buckling was investigated in this
S, calculation. This calculation was performed by S5g calculation with a
30cm-thick water reflector. The K-values of Eq.(7) were calculated by
using the total cross-section and angular flux and adjoint angular flux

~obtained above.
(1) K-value in regular rectangular fuel lattice

The calculated K-values of n x m rectangular fuel lattice illus-
trated in Fig., 1 are shown in Table 1. Suzaki(®) measured the K-value
for 17 x 17 core by pulsed neutron source method and obtained K=31.2 +

0.2cm2. The calculation overestimates the K-value by 1.2%. But it is
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where Wg(;,a): Adjoint angular flux,

’
kéff: Effective multiplication factor corresponding to buckling BZ

Constants except for vertical buckling do not change.
Taking the inner product of Eq.(5) with ?g(;,ﬁ), and of Eq.(6) with

@g(;,ﬁl, and subtracting gives(”)

G

)) J‘ @t | ,_ah —— 9@, 07,0

v 4 g.*
, g=1 3Ii(r) ,
p(=1/kers=1/kers)= 5 (BZ-B% )
| 23 [, a'v &3 f:u—vsz ated (7,%)
v i X 4 s ~ 4y thw s

g’=1 g=1 (7)

The buckling-reactivity conversion factor, the K-value, is defined by

7
this equation. When B% +B§, the K-value defined by Eq.(7) is the buckl-
ing-reactivity conversion factor at a water level corresponding to the

buckling BZ.

3. Calculations
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ous Tank-type Critical Assembly(TCA) core configurations were calculated.
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Sy calculation. This calculation was performed by Sg calculation with a
30cm-thick water reflector. The K-values of.Eq.(Y) were calculated by

using the total cross-section and angular flux and adjoint angular flux

obtained above.

(1) K-value in regular rectangular fuel lattice

The calculated K-values of n x m rectangular fuel lattice illus-
trated in Fig. 1 are shown in Table 1. Suzaki(6) measured the K-value
for 17 x 17 core by pulsed neutron source method and cobtained K=31.2 +

0.2cm?2. The calculation overestimates the K-value by 1.2%. But it is
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considered that the calculation agreed approximately fairly with the
experimental results, since the measured value was derived by using the
calculated effective delayed neutron fraction. This difference is not
substantial, since the purpose of this paper is to investigate the dif-
ferences of the calculated K~values among various core configurations.
(2) K-value in fuel lattice with water gap

In order to study the neutron interaction effect among coupled
cores, many critical experiments have been performed for coupled cores
where several cores are separated by the light water moderator(7) at TCA.
The water gap makes the neutron spectrum and flux distribution around the
water gap quite different from that of cores without water gap. Thus, it
is expected that water gap produces a significant effect on the K-value.
The core configurations for which K-values were calculated are illus-~
trated in Figs. 2 and 3. Calculated K-values are shown in Table 2.
{3) K-value in fuel lattice with borated plates

Critical experiments on trap cores composed of four rectangular fuel
lattices separated by a water gap and borated stainless steel plates, as
shown in Fig. 4, were performed(a) at TCA. The reactivity effect of
borated plates were estimated with the water level worth method. 1In this
calculation, a plate with a thickness of 3.0mm and boron content of 0.7%
was dealt with. Calculated K-values are shown in Table 3.
(4) K-value in fuel lattice with Gd,0;-U0, rods

A few Gd,03-U0, rods were replaced with 2.6wt% enriched UO; rods in
the 21 x 21 rectangular core lattice and reactivity effect and power dis-
tribution were measured(®) at TCA. The K-values of these lattices with
several fuel rods containing 3wt% Gd;03 were calculated. The core con-
figurations are illustrated in Figs. 5(a), (b}, and (c¢). Calculated.
K-values are shown in Table 4.
(5) K-value in fuel lattice with soluble boron in the moderator

Critical experiments on the fuel lattice with soluble boron in the
moderator were performed(l)’(lo) at TCA. Calculations were carried out
for a regular square lattice whose moderator contained 100, 350, and
600ppm soluble boron. Calculated K-values are shown in Table 5.
(6) K=value in fuel lattice with higher moderator temperature

The variations of the reactivity with temperature were measured for
moderator temperatures ranging from 0 to 80°C at tca(1),(10) | The dif-
ference in the critical water level due to temperature was converted into

reactivity by the water level worth method. The K-values were calculated

— /5 —
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for a 19 x 19 regular square lattice at 52 and 77°C. Calculated K-values

are shown in Table 6.

4., Discussion

The numerator of Eq.(7) represents diffusion coefficient averaged
over the whole core. The diffusion coefficient of water is smaller than
that of fuel lattice. Therefore, the K-value decreases as the water
reflector or water gap exerts more effect on the K-value. In additionm,
since total cross-section increases as the neutron energy decreases, it
can be seen from Eq.(7) that the K-value increases as the neutron spec-
trum averaged over the whole region gets harder.

As seen from Table 1, the K-value for n x n cores increases with
increasing n. This calculational result can be explained fairly well in
the following. As the core size increases, the effect of the water re-
flector region on the diffusion coefficient averaged over the whole core
decreases. By the same reasoning, the K-value of the fuel lattice with
one or two lattice pitch water gap is smaller than that of the fuel lat-
tice without water gap, as shown in Table Z. Since a higher moderator
temperature makes the diffusion cocefficient larger, this temperature rise
can cause the K-value to increase.

Insertion of borated plate or Gd,03-U0; rod, containing soluble
boron in the moderator which makes mneutron spectrum harder can cause the
K~value to increase. Tables 3~6 show this tendency.

The K-value is calculated by integration over the whole energy and
whole region. In order to clarify which factor dominates the K-value,

the K-value is separated as

K = Ky, ctr,wtKe,c*Ke W (8)
where
-
kz,c = ( X JVtCellAg(r)dv)/F’
g=E¢p
.
Ky, = ( 21 fV¢CellAg(r)dV)/F,
9=Eth
: >
Kp,c = (X .[v«:CeuAg(_r)dv)/F’

g>E¢p



JAERI—M 93—170
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tice without water gap, as shown in Table Z. Since a higher moderator
temperature makes the diffusion coefficient larger, this temperature rise
can cause the K-value to increase.

Insertion of borated plate or Gd,03-U0C, rod, containing soluble
boron in the moderator which makes mneutron spectrum harder can cause the
¥~value to increase. Tables 3~6 show this tendency.

The K-value is calculated by integration over the whole energy and
whole region. In order to clarify which factor dominates the K-=value,

the K-value is separated as

K = Kp,ctKp, wtkg ,ctKe , W (8)
where
-
Kr,c = ( X JVtCellAg(r)dv)/F’
g=<Etp
>
krw = (2 [vecorste@anir,
9=E¢p
' +
Kp,c = (X IVcCellAg(r)dV)/F’

g>E¢p
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. : >
Kp,w = ( 2 jVﬂtCellAg(r)dV)/F’
g>Eth

> > 1 > > > >
ag(r) = mem——;- 7 (7, (7,0,

VZ%

G
' >t gl > ! > > >
X7 J.[mcm v (7,0 )EHJ’A“dQ@g(r,Q)
g=1 .

Etp, = Thermal cut off energy (0.683ev).

By Eq.(8), the K-value is broken down into each component of two energy
groups (thermal(<0.683ev), and epithermal) and two regions (fuel cell and
others). The calculated components of the K-value are shown in Tables 7~
11, Tables 7, 8, 9, lO,Vand 11 correspond to the representative cases of
Tables 1, 2, 3, 4, and 5, respectively.

Although the component of fuel cell region varies from 26 to 3lcm?,
that of other regions also varies so that the K-value lies between 30 and
32c¢m2, Thus, the regional component of the K-value varies not a little
among various core configurations. The variance of the K~value is, how-
ever, kept relatively constant, since the variance of regional components
cancel each other out. The calculational result in Table 2 that the K-
value of the core with more than three lattice pitch water gap between
two rectangular cores is larger than that of single core seems to be
doubtful, but it can be explained by Table 8. When the water gap is
wider than three lattice pitches, the contribution of fuel cell region to
the K-value is approximately cbnstant regardless of the gap width and
that of water gap region makes the K-value larger than the K-value of
single core.

From Tables 1~6, the followings are remarkable;

(1) 1In the cores composed of fuel rod and light water moderator, the K-
values lie between 30.2 and 31.2cm?(Tables 1, 2). The K-value is con-
fined to within about 3% variance.

(2) The insertion of the absorber material, such as borated plate,
Gd,03-U0, rod and soluble boron makes the K-value larger by 5% at most
within the limits of this investigation.

(3) When temperature of light water moderator is raised up from room
temperature to 77°C, the K-value increases by 4Z.

The accuracy of the reactivity measured by water level worth method
depends not only on the K-value, but also the water level, the accuracy

of measured water level, differences between critical water levels and

_.f7i
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the accuracy of vertical extrapolated length, as seen in Eq.(3).
Hence, whether these variances of the K-value are significant or not is

not covered in this paper.

5. Conclusion

.

The buckling-reactivity conversion factor (K=value)} which is one of
the most important factors at TCA was investigated for various core con-
figurations. In general, as diffusion coefficient averaged over the
whole core becomes larger, or neutron spectrum of the core gets harder,
this value increases. Hence, when a perturbation which makes diffusion
coefficient larger or makes neutron spectrum harder is added to the core,
the K-value increases. Furthermore, as the number of fuel rods increases,
the K-value increases. The variance of the K-value ranges within about
5% at most, since the variance of the K-value components of fuel cell and
other regions cancel each other out. Though few examples of core config-
uration are described above, these are typical examples of core config-

urations encountered at TCA and it is sufficient to consider them only.
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Table 1 K-values of nxm rectangular

lattice
nxXm K (cn??
1Tx17 30. 83
1818 30. 90
19x19 30. 95
21 %21 31. 05
22X22 31. 10
24 %24 31.19
17x34 31.13
18%35 31.18

Table 2 K-values of fuel lattice with
water gap

2-rectangular cores (Fig.2)

Gap width (pitch) K (cm®)

0 (18x36) 3118
1 30. 74
2 30. 84
3 31.04
5
7
9

3112
31.01
30. 99
o (18x18) 30.90

4-rectangular cores (Fig.3)

Gap width (pitch)

K (cm?)

41 G2
1 l 30, 15
1 2 30. 33

— 10 e
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Table 3 K-values of fuel lattice with
borated plates

4~regtangular cores (Fig.4)

Gap width (pitch)

K (cm?)
Gl G2
1 1 31.71
1 2 31.61

Table 4 K~values of fuel lattice with
Gd,03~U0, rods

21 x21 rectangular cores

Number of
K (cn®)
GdzDs‘UUz rods
1 (Fig.5{a)) 31.15
5 (Fig.5()) 31.46
9 (Fig. 5(c)) 31.76

Table 5 K-values of fuel lattice with
soluble boron in the moderator

Content of
K (cm?)
soluble boron{ppm)
100 31.27
350 31.70
600 31. 82
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Table 6 K-values of fuel lattice with
higher temperature moderator

Temperature of

K (¢cm®)
moderator °C)
27 30.95
52 31.49
77 32.16

Table 7 Component of the K-value of rectangular
fuel lattice

Component of the K-value(cm®)

Region Energy Rod array
18 x18 24 %24
Fuel cell Epithermal(Xe.c ) 26.68 - 27.87
Thermal  (Kr. ¢ ) 2. 44 2. 45
Reflector Epithermal (Ke, « ) 1.41 0. 68
Thermal (Kt w ) 0. 35 0.18
Total 30.90 31. 18
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Table 8 Component of the K-value of fuel lattice
with water gap

Two rectangular cores (Fig.2)

Component of the K-value(em®)

Region Energy Gap width(pitch)

1 5 oo

Fuel cel! Epithermal(Ke ¢ ) 26.23 26.60 26.€6
Thermal (Ke.c ) 2,40  2.41 2,44

Reflector Epithermale w ) 177 1. 69 1.41
tWater gap Thermal (K. w ) 0.34 0.42 0. 39

Total 30.74 31.12  30.80

Four rectangular cores (Fig.3)

Component of the K-value(cm?)

Region Energy Gl G2 Gl G2
1 1 12

Fuel cell Epithermal(Xs. ¢ ) 24.30 23.77
Thermal  (Kr. ¢ ) 2.34 2.31

Reflector Epithermal{Ke w ) 3.07 3,61
tWater gap Thermal (K1 w ) 0. 45 0.64
Total 30. 17 30.33
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Table 9 Component of the K-value of fuel lattice
with borated plates

Component of the K-vaiue{cm?®)

Region Energy Gl G2 61 G2

1 1 1 2

Fuel cell Bpithermal{Ke, c ) 26.860 26. 06
Thermal  (K+, ¢ ) 2.33 2. 33

Reflector Epithermal Ke, w ) 2.53 2.91
+Water gap Thermal  {Kr. w ) C.25 0.31

+Borated plate

Total 3171 31.61

Table 10 Compenent of the K-value of fuel lattice
with 9 Gd,03-U0, rods (Fig. 5(c))

Region Energy Component of the K-value(cm?)
Fuel cell Bpithermal (Ke. ¢ ) 27.90
Thermal (KT. c ) 2. 33
Reflector Epithermal (Ke. w ) 1.20
Thermal  Kr w ) 0.33
Total 1. 76

Table 11 Component of the K-value of fuel lattice
with 600ppm soluble boron in the moderator

Region Energy Compenent of the K-value(cm?)
Fuel cell Epithermal (Ke, ¢ ) 28. 82
Thermal  Kr ¢ ) 2.34
Reflector Epithermal Kz w ) G.56
Thermal  Kr w ) 0.10
Total 31. 82

— 14 .



JAERI-M 93—170

Water reflector

O O O -rmermmmmmmmmmmmme e O
OC T

O N
| ol
5 =
| =
=
? =
@ S O Y

<7 pitches—

Fig. 1 Rectangular fuel lattice

Water reflector

QOO ---smeesememm s 0 oo Y o 0
@] : Qo
O 1 Q
=
LR
18x18 rod array | 18X18 rod array
!d_)‘

2
e S S 5
>
Gap width

Fig. 2 Fuel lattice with water gap (two rectangular cores)
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