JAERI-Tech HIIHIIIIIIIHIE]I(I)IMIEI)IM@HIIIlllllll

2003-069

EFFECTS OF VOLUME FRACTION
AND NON-UNIFORM ARRANGEMENT
OF WATER MODERATOR ON REACTIVITY

~ Xinrong CAOQ", Takenori SUZAKI, Teruhiko KUGO and Takamasa MORI

BEARFIHAARA
Japan Atomic Energy Research Institute




ALR— M, HREFOMEREAER AT L TV A RHEE T,
AFoRAbEIX. BRETFHHEHHEERIMEFTRE (T319-1195 KRBT
EHEEN) T, BHLBRLLZSW, 28, ZOEMCHBEAREFHLELSE LY ¥ —
(7319-1195 KBENRFTEFENR BARETFHBHEFRN) CEEKR I IZEEFAZ2 B ko
TBYET,

This report is issued irregularly.

Inquiries about availability of the reports should be addressed to Research
Information Division, Department of Intellectual Resources, Japan Atomic Energy
Research Institute, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195, Japan.

© Japan Atomic Energy Research Institute, 2003
WmERFET HBERRFHER




JAERI-Tech 2003-069

Effects of Volume Fraction and Non-uniform Arrangement
of Water Moderator on Reactivity

Xinrong CAO", Takenori SUZAKI, Teruhiko KUGO and Takamasa MORI

Department of Nuclear Energy Sysfem
Tokai Research Establishment
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken

(Received July 1, 2003)

From the viewpoint of nuclear criticality safety of fuel rod storage and transport, a series of critical
experiments concerning effects of water hole size, water gap width, water-to-fuel volume ratio and non-
uniform arrangement of water moderator have been performed at the Tank-type Critical Assembly (TCA)
of Japan Atomic Energy Research Institute. In the present study, the effects of volume fraction and non-
uniform arrangement of water moderator on reactivity are evaluated by the water level worth method and
analyzed by the SRAC code. Error sources of experiments and calculations are discussed, especially for an
energy group model. The calculation results of diffusion model with 17-group model show good

agreement with the experiment results within a few dozen cents.
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1. Introduction

Light water plays an important role as a moderator in thermal nuclear reactors. The effective
multiplication factor k-eff, is sensitive to the variation of water-to-fuel volume ratio (volume fraction of
water). This effect becomes more complicated when it is accompanied by the temperature effect.

Nowadays we can obtain an optimal lattice pitch (or optimal water-to-fuel volume ratio) in reactor
design for Nuclear Power Plant (NPP) according to safety and economical principles. However, for fuel
storage tanks there are some special problems arising from the non-uniform fuel rod arrangement. To
evaluate the reactivity of storage tank accurately in consideration of criticality safety, the further studies on
the non-uniform arrangement effect should be carried out.

In the present research, based on a series of critical experiments performed at TCA, the effects of
volume fraction and non-uniform arrangement of water moderator on reactivity are evaluated by the water
level worth method and analyzed with the SRAC code. Meanwhile, error sources of experiment and

calculation results are discussed, especially for an energy group effect.

2. Experimental Facility

2.1 Tank-type Critical Assembly (TCA)

As shown in Fig. 1, TCA consists of fuel rods, grid plates and a core tank (1.83m in diameter and
2.08m in height). The experimental lattices are built in the core tank. The moderator is light water. The
reactor is operated by raising the water level from the bottom of the core tank by a feed water pump. No
control rod is used for reactor operation. The detailed specifications of TCA are given in References 1 and
2.

The enrichment of U is 2.6 wt.%. The 1.25-cm-diameter pellets are clad into an aluminum tube.
The effective length of the fuel rod is 144.15 cm. Specification of the fuel rods is listed in Fig.2, Table 1
and Table 2.

2.2 Core patterns

TCA has flexible properties for constructing various pattern cores. The water-to-fuel volume ratio can
be changed by replacing the grid plates with another set which has a different lattice pitch. The center-to-
center rod spacing of the lattices ranges from 1.849 to 2.293cm, which corresponds to a water-to-fuel
volume ratio ranging from 1.5 to 3.0. The names of cores are summarized in Table 3. The water hole size
can be changed by withdrawing fuel rods from the core. The core patterns used in the present experiments

are shown in Appendix A.
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Table 1 Specification of fuel rod”

Item Value

Uranium composition

24U (wt.%) 0.021

B3 (wt.%) 2.596

28 (wt.%) 97.383
UO, pellet

Diameter(cm) 1.25

Density (g/cm’) 10.4

Height (cm) 1.27

Stack length (cm) 144.15
Aluminum Alloy cladding

Inner diameter (cm) 1.265

Thickness (cm) 0.076

Table 2 Atomic number densities of cell composition®

Region Material wt.% Atom Density
(1 0**atoms/ cm3)
Fuel 2%U 0.021 4.8872E-6
By 2.596 6.0830E-4
B8y 97.383  2.2531E-2
o | 4.7214E-2
Cladding’ Aluminum | e 5.5137E-2
Water H | 6.6735E-2
o | e 3.3368E-2

* homogenized with air gap

Table 3 Names of cores®

Core Name Lattice Pitch (cm) H/U
1.50U* 1.849 433
1.83U 1.956 5.28
2.48U 2.150 7.16
3.0U 2.293 8.65

* The figure gives the water-to-fuel volume ratio
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3. Experiments and Calculations

3.1 Experiment and calculation methods
Experiment method'”¥

Since there is no control rod in TCA, the reactivity is controlled by changing the level of water
moderator. We treat a uniform core as a reference core. When a certain perturbation, such as water hole, is
added to the TCA core, the reactivity effect of this perturbation can be obtained by the water level worth
method.

We assume that H,, and /1, represent the critical water levels of the reference and perturbed cores,

respectively, and that B, and B’ are the vertical geometrical bucklings for the critical water levels of the

reference and perturbed cores, respectively. For the reference core with the water level of H ,, according

to the neutron balance equation, the neutron flux is governed by the following equation:

(-L, —DB? +—];—1——4P)(Ds(x,y) =0, 1)
of

where L, represents an operator of neutron loss except vertical neutron leakage, D a diffusion coefficient

and P an operator of neutron production.

For a critical case with the water level of H ,, Equation (1) can be changed to

zc?
(~L, - DB~ + PY®,(x,) = 0. @
The adjoint equation of Equation (2) is e).(pressed as
(=L, = DB, + P")®,(x,y) = 0. €)
Multiplying (I); to Equation (1) and @, to Equation (3), integrating the products over the whole (x, y)

space and subtracting, we can obtain the reactivity p, added to the core just by changing water level of

the reference core from H, to H,.

L _K(B2-BY), ' @

p.=1-
k.
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=y is a buckling-reactivity conversion factor. To obtain Equation (4), we apply the

s

following relation derived from the Green’s theory and the boundary condition:
(q);’Lh(Ds): (L;tq);’q)s) (5)
When a perturbation, such as water hole, is introduced to the reference core with the critical water

level of the perturbed core H -, the reactivity p » added to the reference core can be given by the

following formula:
p y/ + p z = O 4 (6)
where p, represents the reactivity added to the core just by changing water level of the reference core

from H_, to H,. Then,
p,=-p, =—K(B., - B])

=K(B; -B,,)

2 2
=K| | | =1 | )
H,+A, H,_+A,

where A, is a sum of vertical extrapolated lengths at the upper and lower ends of core.

A K-value is treated as a constant regardless of the core configuration except a water-to-fuel volume
ratio and can be obtained by the experimental method”. The newly evaluated K-values” used for the
present study are listed in Table 4. Assuming that. the K-value is constant regardless of the core
configuration, we can easily and similarly obtain the same reactivity p, added by the perturbation to the
reference core with its critical water level as Equation (7).

The core water temperature is slightly changed around the room temperature 20°C. To get rid of the
temperature effect on reactivity, we correct the critical water level at the experiment temperature to the one

at the reference temperature 20°C by using the following quadratic function” with the K-value :

p=AT-T)+BT*-T}), (8)

where T: the experiment temperature, and

Ty: the reference temperature (20°C) .
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Parameters A and B obtained by the experimental method are listed in Table 4.

Table 4 Vertical extrapolated length", buckling-reactivity conversion factor®

and temperature effect factor”

Core Name A, (cm) - K ($-cm®) 4 (¢/°C) B (¢/°CH
1.50U 12.6 4421 -0.11 -0.0136
1.83U 12.2 4288 -0.22 -0.0138
2.48U 11.3 3923 ~0.08 -0.0137
3.0U 11.1 3967 0.17 -0.0116

Calculation method

The experiment results are analyzed with the SRAC code® (the PIJ-CITATION option) with a cross
section library based on JENDL-3.3. We select the PIJ code, a collision probability method code, for cell
calculations and the CITATION code, a multi-dimensional diffusion code, for core calculations. The
calculation scheme is shown in Fig. 3. For the core calculation, we adopt a horizontal two-dimensional
model with introducing the vertical buckling. The thickness of the side water reflector is 30 cm.

We assume that £, . and kg, , are calculated effective multiplication factors of the reference core
and the perturbed core with a critical water level of the reference core, respectively, and that ﬁeﬁr,,
represents the calculated effective delayed neutron fraction of the reference core. Then we can obtain the

reactivity of the perturbed core relative to the reference core by the following formula:

p,,=[<1—k1 )-(-— )J/ﬂeﬂ,, ©

ef.p eff.r
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3.2 Experiment I: water hole size effect

The reference core is constructed as a 19x19 rod square fuel array with a water-to-fuel volume ratio of
1.83. The water hole with different sizes (the different number and arrangements of water cells) are
introduced to the reference core as perturbations, as shown in patterns 2 to 10 in Appendix A. The core
parameters are listed in Table 5. ’

We choose 2-group, 4-group, 8-group, 10-group, 17-group and 25-group models as a benchmark
calculation model to study the energy group effect on k-eff values. The calculated k-eff values for each
critical core are shown in Fig. 4.

Figure 4 shows that the calculated k-eff values of the 8-group model are closer to unity than ones of
the other group models. But we selected the 17-group model results as the benchmark calculation results
owing to the calculation errors analysis made in Chapter 4.

Table 6 and Fig. 5 show that the reactivity introduced to the core is positive when the water hole size
~ is chosen as one cell size (i.e., one fuel rod withdrawn from the reference core) although the number of fuel
rods decreases. The reason is that the core with the water-to-fuel volume ratio of 1.83 is operated in the
under moderated condition. When a fuel rod is withdrawn, the local water-to-fuel volume ratio increases,
which is beneficial for fission reaction. However, for the case of larger size water hole, the introduced
reactivity is negativé owing to much more decrease of fuel rods. In this experiment, if the water hole size is
more than 21-cell-size, it is impossible to obtain the criticality because the critical water level will be
'beyond the effective fuel rod height 144.15 cm.

It should be noted that inserting the fuel rod in the center of larger water hole would introduce
considerable positive reactivity to the core. For example, one fuel rod in the center of the 21-cell-size water
hole will give a reactivity of about 150 ¢ from a comparison between Cases 9 and 10 because of the
thermal flux peak in the center of water hole. The calculated flux distributions of the 20-cell-size water
hole core are shown in Appendix B. '

From Table 6, differences between calculation and experimental results are within about 25 ¢.
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Table 5 Summary of core parameters (Experiment I: Water Hole Size Effect)

Critical Water

A Measured Core
I\(I::r;ee f\?se (nzag?‘r;ﬁls ()) Level* Temperature | Level at 20°C Calcéulated
' ' (cm) (C) (cm) o
1 1 (0 60.60 15.9 60.734 0.007748
2 2 (D 60.43 15.9 60.563 0.007745
3 3 (3) 61.00 16.0 61.133 0.007737
4 4 (4 60.80 16.2 60.926 0.007734
1.83U 5 5 (5) 62.65 16.1 62.789 0.007730
6 6 (8) 65.00 16.2 65.149 0.007708
7 7 (9 70.00 16.2 70.180 0.007718
8 8 (13) 78.03 16.3 78.262 0.007711
9 9 (20 103.03 16.6 103.478 0.007701
10 [ 10 (21) 140.64 16.5 141.720 0.007717

* Height from the lower end of the active fuel zone

Table 6 Reactivity relative to reference core ( Experiment I)

Case No Experiment results Calculation results Difference' between
(no. of celis) @) (17-group model) calculation and
) () experimental results (¢)
1 (0 0.0 0.0 0.0
2 (D) 3.74 6.42 2.68
33 -8.64 -0.29 8.35
4 (4) -4.17 4.93 9.10
5 (5 -43.01 -29.73 13.28
6 (8 -88.23 -69.12 19.11
7 (9 -171.99 -148.86 23.13
8 (13) -278.45 -254.85 23.60
9 (20 -479.33 -454.02 25.31
10 (21) -616.96 -603.60 13.36
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3.3 Experiment II: water gap effect

The experiment core parameters are shown in Table 7". Two cores are selected as the reference cores.
One is a 24x24 fuel rod square aﬁay with a water-to-fuel volume ratio of 1.5 (pattern 11). The other is a
20x18 fuel rod rectangular array with a water-to-fuel volume ratio of 3.0 (pattern 17). The experiment and
calculation results are listed in Table 8 and Fig. 6. Unlike Experiment I, the number of fuel rods is not
changed while different size water gaps are introduced to the core as shown in patterns 12 to 20 except 17.
Thus, the perturbation reactivity is only caused by the water gap effect. Positive reactivity effects are
observed in Cases 12 and 16, which results from the increased moderation into the under-moderated
system. On the other hand, a much larger water gap size leads to negative reactivity in the core because of

the decrease of interaction effect between two regions divided by the water gap®.
We should pay attention to the cross water gap core (Case 16). The one lattice pitch cross water gap

introduces considerable positive reactivity (113.48 ¢ in the experiment results) to the core. This is caused
by the increment of moderation by the water gaps. From Table 8, the maximum difference between

calculation and experimental results is about 44 ¢ in Case 13.

Table 7 Summary of core parameters (Experiment II: Water Gap Effect)

Measured Core Critical Water
I\Cl::r;ee Case No. (E?tg;ngl;]:s.) Level | Temperature Level at 20°C Cachulated
i (cm) Y (cm) il

11 11 {0) 44.01 19.0 44.02 0.007817

12 12 () 42.42 19.0 42.43 0.007765

1.50U 13 13 (2 48.80 19.0 48.82 0.007733
14 14 (3) 64.05 19.0 64.08 0.007751

15 15 (4) 100.47 19.1 100.57 0.007812

16 16 (1x2) 41.79 19.1 41.80 0.007718

17 17  (0) 41.79 19.3 41.79 0.007668

3.0U 18 18 (1) 46.84 19.8 46.84 0.007628
19 19 (2 65.81 19.4 65.82 0.007639

20 20 (3 130.77 19.4 130.83 0.007712
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Table 8 Reactivity relative to reference core (Experiment IT)

Case No. Experiment Calculation results leference_s between
Core calculation and
Name (no. of gaps results (17-group model) experimental results
and width(cm)) (¢) ()] @)
11 (0,0.0) 0.0 0.0 0.0
12 (1,1.849) 79.83 91.00 11.17
L50U |13 (2,3.698) -204.15 -160.13 44.02
14 (3,5.547) -618.88 -588.37 30.51
15 (4,7.397) -1020.2 -1007.03 13.17
16 (1x2,1.849x2) 113.48 139.98 26.50
17 (0,0.0). 0.0 0.0 0.0
3.0U 18 (1,2.293) -233.21 -199.69 33.52
19 (2,4.586) -737.70 -721.22 16.48
20 (3,6.879) -1205.08 -1237.46 -32.38
400
—0—1.50U, experiment —&— 3.0U, experiment
200 —a—1.50U, caloulation —— 3.0U, calculation
=
@ -200
400
B
2 -600
2
‘g -800
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-1200 %
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Fig. 6 Water gap reactivity worth
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3.4 Experiment III: water-to-fuel volume ratio effect

The experiment core parameters”® are listed in Table 9. The 1.50U core (water-to-fuel volume ratio
1.50) is selected as the reference core. The experiment and calculation results are shown in Table 10 and
Fig. 7. In this experiments, cases of 1.50U (Case 21 and 24) are chosen as the reference cores and the K-
value and the vertical extrapolated length of 1.50U are used for the evaluation of experimental reactivity
effect.

The results show that the reactivity introduced to the core increases when the water-to-fuel volume
ratio changes from 1.5 to 3.0 under the condition that the number of fuel rods is unchanged.

From Table 10, the maximum difference between calculation and experimental results is about 39 ¢ in

Case 26.

Table 9 Summary of core parameters'? (Experiment III: Water to Fuel Volume Ratio Effect)

Measured Core Critical Water

I\(Ij:rrrfe Cll\?se P;tltjm Level Temperature | Level at 20°C Calclzaulated
' ' (cm) CO (cm) o
1.50U 21 1 99.98 15.1 99.45 0.007734
1.83U 1 1 60.12 17.0 60.38 0.007635
248U 22 1 44.51 15.5 44.55 0.007490
3.0U 23 1 41.51 16.5 41.54 0.007404
1.50U 24 21 . 72.86 14.2 73.73 0.007753
1.83U 25 21 51.57 17.6 51.65: 0.007654
2.48U 26 21 40.41 15.5 40.44 0.007509
Table 10 Reactivity relative to the reference core (Experiment IIT)
p Case No. Experiment Calculation results leferencef between
attern | (water-to- results (17-group model) calculation and-
No. fuel volume group experimental results
ratio) (#) @ @
21 (1.50) 0.0 0.0 0.0
1(1.83) 471.71 465.12 -6.59
1 22 (2.48) 988.41 ' 954.05 -34.36
23 (3.00) 1141.09 1114.1 -26.99
24 (1.50) 0.0 0.0 0.0
21 25(1.83) 471.54 456.91 -14.63
26 (2.48) 965.55 929.66 -35.89
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3.5 Experiment IV: non-uniform arrangement effect

The experiment core parameters are listed in Table 117. The core is divided by two regions shown in
Fig. 8: center region (region 1) and side region (region 2). The pattern 22 and pattern 23 show the typical
experiment core configurations for average loading ratio of 5/6 and 2/3, respectively. No benchmark
calculation is performed due to the complicated fuel rod arrangement for this experiment.

When we change the fuel rod loading ratio C;and the x-directional dimension X; of each region under
the condition that the horizontal core dimensions (X and Y) and the total number of fuel rods are constant,
the additional reactivity is introduced to the core owing to the non-uniform arrangement effect of water
moderator. The experiment results are shown in Table 12, Fig. 9 and Fig. 10. The various arrangement of
water cells in the core lead to the variation of reactivity because of the water cell position effect and the
interaction effect among the water cells.

For further explanation, the calculations of one water cell position effect on reactivity are carried out.
The reference core is shown in pattern 1 (Appendix A), where the figures show the position of water cell.
The results are shown in Table 13 and Fig. 11. The water cell effect changes from positive to negative for
the position change from the core center to periphery. This is one reason why the cores having water cells
around the core center give a larger reactivity effect compared with those having water cells around the
core periphery, as seen in Fig. 9. However, too many water cells in the central region result in a negative

effect as seen in Fig. 10.

X (=55.47cm) J
N 1
I |
Region 2 I Region 1 | Region 2 e
(3]
.-
| l ~
[3a]
| i "
l l -
o !
Xa/2 l Xy i Xp/2 v
Il\

N ll“
Lattice piteh = 1.8&9cmT__»,x

Fig. 8 General view of two-region core (Experiment IV)
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Table 11 Summary of core parameters ” (Experiment IV: Non-uniform Arrangement Effect)

Measured
e caseNo. | T ¢ | | | B X2 | Water Level

ame No. (cm) (cm) (cm)
27 - 5/6 - 5/6 0 55.47 46.02

28 - 5/6 1 4/5 | 9.25 46.22 46.78

29 22 5/6 1 3/4 | 1849 36.98 48.26

30 - 5/6 1 2/3 | 27.74 27.73 50.06

31 - 5/6 1 172 {36.98 18.49 52.65

32 - 5/6 1 3/8 | 40.68 14.79 55.56

33 - 5/6 4/5 1 46.22 9.25 45.57

34 - 5/6 3/4 1 36.98 18.49 45.91

1.50U 35 - 5/6 2/3 1 27.73 27.74 47.86
36 - 5/6 1/2 1 18.49 36.98 54.67

37 - 2/3 - 23 |0 55.47 48.27

38 - 2/3 1 3/5 | 9.25 46.22 51.33

39 - 2/3 4/5 3/5 | 18.49 36.98 48.96

40 - 2/3 1 1/2 | 18.49 36.98 55.53

41 - 2/3 1 3/8 |25.89 29.58 67.78

42 - 2/3 3/5 1 46.22 9.25 51.90

43 - 2/3 3/5 4/5 |18.49 36.98 51.47

44 23 2/3 172 1 18.49 36.98 60.89

C: Average loading ratio

C;: Loading ratio of the i-th region (i=1, 2)

X;: x-directional core dimension of the i-th region (i=1, 2)

Table 12 Reactivity relative to reference core (Experiment IV)

Average Experiment results
loading raft;io. C Case No. P ()
27(reference) 0.0
28 -32.30
29 -91.75
30 -158.46
31 -244.93
>/e 32 -330.57
33 19.72
34 4.78
35 -76.11
36 -305.56
37(reference) 0.0
38 -110.04
39 -26.25
40 -229.28
23 41 -502.30
42 -128.82
43 -114.70
44 -369.73
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Fig. 10 Non-uniform arrangement effect vs. loading ratio of region 2 (C=2/3)
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Fig. 9 Non-uniform arrangement effect vs. region width (C=5/6)
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Table 13 Dependence of water cell worth on position

.(Calculation Results)
" Reactivity Calculated
Position b1 (®) B
PO* 6.42 0.007748
P1 6.29 0.007748
P2 6.10 0.007747
P3 5.83 0.007747
P4 546 0.007748
P5 5.01 0.007748
P6 4.40 0.007748
P7 3.43 0.007749
P8 1.46 0.007749
P9 -4.73 0.007751

*The figure represents the distance from the core center by lattice pitch

0 2 4 6 8 10

Distance from center (lattice pitch)

Fig. 11 Water hole reactivity worth vs. position
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4. Discussions

As shown above, we study on the reactivity variation with the perturbation in the core by experiment
and calculation methods. There are uncertainties or errors in the both methods™®.

The main error sources of experiment results include the critical water level measurement uncertainty
and K-value uncertainty. The effect of about 0.08% in critical core size measurement should be included as
the uncertainty of k-eff value as Reference 2 reported. However, the uncertainty is limited within 0.01%
for perturbation reactivity measurement by the water level worth method. We treat the buckling-reactivity
conversion factor X as a constant at converting the variation of critical water level to reactivity. However,
K-value has an error of about 1% * and will slightly change when some perturbations are introduced to the
core, such as water holes, water gaps, etc.

The main error sources of calculation results include the uncertainties in nuclear data library, fuel rod
characterization, benchmark model and calculation method. As reported in Reference 2, the effect of
0:16% by uncertainty of the fuel rod characterization should be included in the uncertainty of k-eff value.
And the effect of about 0.20% is introduced to k-eff value owing to the uncertainty in the vertical
extrapolated length® used in the two-dimensional model chosen in the present calculations. It is difficult to
determine the uncertainty magnitude of nuclear data library and calculation method. The calculation results
listed in Table 6 show that the converged k-eff value slightly underestimates the experimental one. This
fact implies that the data library JENDL3.3 introduces negative systematic errors to the calculation results
of‘ present experiment core with 2.6 wt.% UO,.

Concerning the calculation method errors, we study the energy group effect on the k-eff value. Table
6 and Fig. 4 show that the fewer group model introduces higher positive errors to the results. We can
understand the fact that the 8-group model results are closer to critical k-eff value, unity, because the
positive errors of energy group model and the negative errors of data library are partly canceled out. In this
report, we treat the converged results of 17-group model as the benchmark calculation results. It is popular
in reactor design and fuel management of NPP to choose the 2-group diffusion method which is accurate
enough to meet need of nuclear engineering. However, as shown in Table 6 and Fig. 4, the calculation
results of 2-group diffusion model are not satisfactory for a small size core such as TCA because the space
dependent effect is considerable.

In the spectrum calculation at homogenization, the effect of finite medium should be taken into
account. According to the age theory”, the neutron flux spatial distribution does not depend on the energy
of neutrons in the bare critical reactor, but in the reflected system such as the TCA core, it is difficult to
separate the space and energy distribution of neutron fluxes. However, if the region is sufficiently large
and far from the boundaries, the neutron energy spectrum is space independent. As an example, the
calculated flux distributions of the 19x19 core with 20 water cells in each energy group are presented in
Appendix B. In the present calculation, we select the one-point bare reactor model to provide the neutron

spectrum for collapsing the cross sections into fewer-group ones which are applied to the core calculation.
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This kind of collapsing into 2-group cross sections cannot serve the space dependent spectrum to produce
the satisfactory results in the core calculation. But the situation is quite different for the model with more
than 17 energy groups. The neutron spectrum used for collapsing has slight effect on the results. For TCA,
the 17-group diffusion model is acceptable as the benchmark calculation model and shows a good
agreement with the experimental results within a few dozen cents in reactivity effect of volume fraction

and non-uniform arrangement of water moderator.

5. Conclusions

According to above experiment and calculation results, the followings are summarized:

(1) The positive reactivity can be introduced to the core operated in the under-moderated condition
when water cells or water gaps are formed by withdrawing fuel rods.

(2) The considerable positive reactivity can be introduced to the core by inserting fuel rods in the
center of larger water hole. _

(3) When a lattice pitch of the core is enlarged with keeping the total number of fuel rods, a
considerably large positive reactivity can be introduced.

(4) Mainly due to the positive reactivity effect of water regions, the non-uniform arrangement effects
on the reactivity are complicated and remarkable. It is important to determine the tendency of
reactivity variation when withdrawing or inserting fuel rods, by considering the positive effect of
water moderator in the concerning cores.

(5) The 17-group diffusion model is acceptable for TCA benchmark calculations.
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Appendix A  Core Patterns
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10 (19x19 21 water cells)

9 (19x19 20 water cells)

00000000000 0000000000000

00000000000 000000Q0CV000
iolelolelelolelololvlolololelaloolalololol0l0l0)

Q0000000000000 0000000000
00000000000 0000000000Q00
00000000 0Q00000000000000
000000000000 COOCOO000000

0000000000000 0000000000
000000000000 00000000V000
olololelololo/olelololslolololelolelololo o]0y,
0000000000000 00O0O00000
0000000000000 0000OQO0Q0
Q0000000000000 00000Q0000

000000 0Q0000000000000000
0000000000000 0000000000
0000000000000 00000000000
000000OOOO000O000O0000000

0000000000000 0000Q0L000
Q00000000 C V0000000000000
©00000000000000000Q000Q0C0
0000000000000 0000000000

00000000000 00000000C0000
0000000000000 Q000000000
0000000000 000000C000000D
0000000000000V 00QO00Q000
0000000000 0000000000000
000000000000 0QQ000000000
0000000000 00000000000000
000900000000 000000000VO0
0000000000000 0000000Q0Q0
QOO000C00000000000C000000

12 (24x24 one pitch water gap)

(24x24)

1



JAERI-Tech 2003-069

00000000000 O0000COCLNOO0
Q0000000000000 00000Q00
000000000000 0000C000000
00000000 0O0CO00000000000

00000000 0COO0O000OQQ0000
Q00000000000 Q000C00000000
00000000V OQ000O0000000
000000000000 000000000000

0000000000000 00000CO0000
0000000000000 0000000C00
[elslelolo elololo 0laldlolelolelo 0000107010
Q0Q0QQO000V00000Q0000O00
QOO000000V000COQ000Q0000

Q0000000000000 000000000C
0000000000 0000000000000QC

0000000000000 00000000000

Q0000000000000 000000000C
0000000000000 00000000000

14 (24x24 3 pitch water gap)

13 (24x24 2 pitch water gap)

000000000000
000000000000

COO0OCHO00QC
GOCO0CO0000C

000000000000
000000000000

16 (24x24 one pitch cross water gap)

15 (24x24 4 pitch water gap)

OOOOOOOOOO
OOOOOOOOOO
OOOOOOOOOO
OOOOOOOOOO
0000000000000 00000
00000000 00Q0V00V00
000000000000 00000
0000000000000V 00
0000000000000 0000

Q000000000 O000O000
0000000000000 O0000

0000000000000 00Q000
QQO0000000000000D000
0000000000000 0000000
Q0000000000000 00000Q0
0000000000000 0200000
0000000000000 0000O00

Q000G

Q0 000000000
¢ Q00

00 000000000

0
O
0
e}
)Q
O]
o
O
@)
o)
o
O
@)
O
O
O
@)
O
O
O

QO0UCO0000000000OO000
0000 0CO0000000000000
000000000000 0000V000
0000000000000 000OD00Q0
000000000000 0Q000000
0000000000000 0000000
Q0000000000000 000000
00000000 COO00O00Q0Q0
00 0000000000000 0000
olelololelelelololololololololo olol0]0)
0000000000000 0000000
olo]e ololelelololololololololol0]0l0]0)
0000000000000 0000000
0000000000000 000000Q0
000000000000 QO000000
0000000000000 0Q000000
o/elelelelelelololololelolelolol0l0l0]0)
0000000000 0000000000

18 (20x18 one pitch water gap)

17 (20x18)



JAERI-Tech 2003-069

slelo]olololelolololololelolvle 6/0l0 0]

000000000000 00000000
elelelelololelololole 0lel0l0l0 0 010 0
olelolelolelolelolo]ol0lolelelelo]0lo e
Q00000000 CO000000000
0000000000000 0Q000D

0000000000000 0000000
00000000000 0QD0Q0000
00000000000 O000000000
00000000000 000000000
Q0000000000000 000000
000000000000 OO0000000

CO000000000OO0000000

0000000000000V 000BO0.

0000000000000 000000Q
000000000000 0000000Q
000Q000CO00000I0Q000
0000000000000 0000000

0000000000000 00LLO0
nlelelelolelololelolelolololelelo/0]00)
LOCO000OO0COO000000C
lolelole olelolole olololel0l0]0l0/0l00)
ololelolelololelololololelolololo 010 0]
olololelelolelololelololololel0l0 610/0)
sleleleleloolololololo]ololol0 0 0106/
Q0000000000000 0000Q
0Q00000000O0OOO00C00

ololelelololololo/0l0 o]0 0l0]0l0 o]0 0]
ololelololo/olole o6 o]0l0]0161010.6]0)
0000000000000 0000000
0000000000000 0000
000Q00QO000O00000000
0000000000000 0000000
0000000000000 000000
slololelolelalolololelol0]0l8 010010 0)
OoOOOOOO0O0000000000

20 (20x18 3 pitch water gap)

19 (20x18 2 pitch water gap)

0000000000000 000
0000000000000

000000

olelelolelololelololelololelololelole,

000000000000
olololelelelelolelol0]e)
olelelelololololololale)
0000000000000
000000000000 000
0000000000000 0
0000000000000 00
Q00000000000 000
Q0000000000000
0000000000000
%%%%OOOOOOOOO

ololele)
0000 0000

Q00000
000000000

0O
O
O
O
o
@)
O
O
O

0000000000000 0000000
000000000000 00000000

QOOO0DOQO0OV000
olololelololololelelelo]0le)

Q

O
O
O
o
O

000

21 (20x20)



JAERI-Tech 2003-069

000 000 000 000 OO
O 000 000 000 D00
000 000 000 OO0 0O
~“0O 000 OO0 000 000
cQ00 000 000 000 0O
30 000 000 000 0009
gOOO 000 000 000 00
20 000 000 000 000
000 O00C 00O 000 0O

0000000000000 00000
0000000000 00000000
000000000000 Q0Q000 0

8cs

000000000000 00
000000000000 00
Q000000000000 000
Q0000000000000 00
00000000000 00000
OOOOOOOOOO%OOOO%

000 000 000 000 O
00 000 00O OO0 000
aw O00 OO0 000 00O O
00 000 000 000 000
& 000 000 000 000 0O
400 000 000 00O 000
§ 000 000 000 000 O
00 000 000 000 000
000 000 000 000 O
00 000 000 000 000

Region 1
000000
o0 QOO0

O

Fuel Rod

22 (from Reference 7)

0000000000000 0000
0000000000000 0000
0000000000000 0000
OOOOOOOOOOOOOOOOO
0000 0000000000

O 00 0 0 0 0 000
O O 0000 OO0

R
000000000
0000000000000 00000
0000000000000 00000
0000000000000 00000

fuel Rod

23 (from Reference 7)



JAERI-Tech 2003-069

(19x19 core with 20 water cells, core pattern 9)

Calculated Flux Distribution

Appendix B
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71| N(=10°dyn) kegf 1bf MPa(=10 bar) kgf/cm? atm mmHg(Torr)| 1bf/in*(psi)
1 0.101972 0.22480Q 1 10.1972 9.86923 7.50062 x 10° 145.038
9.80665 1 2.20462 0.0980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
5 E 1Pa-s(N-s/m?}=10P(£7 X)(g/(cm-s)) 1.33322 x 107* | 1.35951 x 10™° | 1.31579 x 107? 1 1.93368 x 1072
B I‘mz/s= 10'St( % b — 2 2) (em?¥/s) 6.89476 x 107° | 7.03070 x 1072 | 6.80460-x 10~* 51.7149 1
T J(=107 erg) kgfom kW=-h cal (Gt& ) Btu ft = Ibf eV 1 eal = 4.18605 J (31 &%)
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1 9.80665 1 2.72407 x 107 0.29487 % 107° 7.23301 6.12082x 10" =4.1855J (15°C)
‘% 3.6 x 10° 3.67098 x 10° 1 8.59999 x 10° 3412.13 2.65522 x 10° 2.24694 x 10 =4.1868 J (EEERETE)
ol 418608 0.426858 | 1.16279 x 10°¢ 3.96750x 107 | 3.08747 | 261272x10°  pmm | pg (LEH)
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1.60218 x 107'* | 1.63377 x 102" 4.45050 x 1072%| 3.82743 % 1072°| 1.51857 x 10~22| 1.18171 x 10™'® 1
Pivd Bq Ci % Gy 1] C/kg R & Sv rem
1 2.70270 x 107" &K 1 & 1 3876 =] 1 100
HE & & 2 .
3.7-x 10" 1 0.01 2.568 x 1074 1 0.01 1
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