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ABSTRACT

Experiments have been performed in a simulated CANDU-BLW

lattice in ZED-2 to determine the perturbing effect of a mock-

up BLW booster rod on the surrounding lattice, the neutron density

distribution within the booster and its reactivity effect.

Experiments were performed with the booster vertical along

the axis of the lattice, and horizontal across a diameter of the

lattice near the position of maximum axial flux.

The maximum observed neutron density perturbation was

~ + 55% at a distance ~20 cm from the booster.

Reactivity measurements in terms of changes in lattice

critical height were made relative to a standard absorber.

Simplified perturbation theory calculations were performed

to compare with the measured relative reactivity effects.
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I • INTRODUCTION

This report is the second(l) of a series describing experiments

performed in the heavy-watEr-moderated critical facility ZED-2(2)

to investigate specific problems relating to the proposed CANDU-BLW

reactor ( 3) .

In the BLW reactor excess reactivity is required to override
135_ . .., h .... .......:l • +-,. An . +-- Xe po~son so ~nat tne reactor may ue s~ar~eu up Wl~nln ~v m~nu_es

of a shutdown and to overcome the effect of the increase in average

coolant density (void collapse) which accompanies shutdown. This

excess reactivity will be provided by booster rods, highly enriched
')~c;

in ~v~U, which can be inserted into the lattice interstitially and

perpendicular to the fuel channels. These boosters are cooled by

h d h 235 t' f 5 / I heavy water an ave a U concen rat~on 0 ~ .2 g em engt .

The strong neutron absorption by the booster rod and its action

as a large source of fast neutrons produce large neutron density

perturbations about the booster. To prevent overheating in the

booster or adjacent fuel channels the magnitude of these perturba­

tions must be known. Further, for control purposes it is essential

to know the reactivity worth of the booster rods.

The experiments described here investigate the reactivity

effects and flux perturbations on the surrounding lattice due to a
235

booster rod having a U content comparable to that of the proto-

type booster, in a mock-up CANDU-BLW lattice in ZED-2.

The results obtained in these experiments, although not directly

applicable to the situation in the power reactor, due to differences

in the lattice composition and size and the booster rod construction,

do form a standard set of results with which to compare methods of

calculation.
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II. FUEL AND LATTICE

Because prototype BLW fuel was not available the experiments

were performed using a mock-up lattice which approximated in fuel,

coolant and moderator absorption areas to that proposed for the

prototype BLW reactor. This mock-up lattice was composed of 52,

28-rod U0
2

fuel assemblies arranged in ZED-2 in an open centered

square lattice of spacing 27.94 cm (11 in.). Details of the 28-

rod U0
2

fuel assemblies are given in Figure 1 and Reference 4.

Each fuel rod consists of natural uranium oxide fuel pellets (1.42cm

dia., density 10.45 g/cm3) contained in Zircaloy-2 sheaths (1.43cm ID,

0.045 em wall). Four, eight and sixteen of these rods 49.7 em long

(fuel length 47.7 cm), are located by end plates on three circles

of diameters 2.326 cm, 5.304 cm and 8.412 cm respectively, to form

a fuel bundle. A fuel assembly consists of five of these bundles

within aluminwu pressure (ID 10.19 em, OD 10.78 em) and ealandria

(ID 12.46 cm, on 12.74 cm) tubes.

During operation, the coolant in the BLW reactor will be a

mixture of boiling light water and up to 33% steam(3) 7 in the

experiments described here the coolant was room temperature light

water.

Such a lattice has a low reactivity(l) (B 2 ~ 1.16 m- 2 ) and a

Ddriver ' region was required to achieve a critical system in ZED-2.

Figure 2 illustrates the arrangement used. The driver region was

composed of 119 or 120 (see Sect. III-4) ZEEP natural uranium

metal rods 3.257 cm (1.282") dia. at a pitch of 13.97 cm (5t")

placed in an annulus around the BLW fuel zone. [Note: the separa­

tion between the last two rows of ZEEP rods on the North side of

the reactor was 8.10 cm (3-3/16") 7 in the neutron density pertur­

bation measurements one ZEEP rod was removed from the centre of the

last row on the South side of the core (see Sect. III-4)]. Between
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U0 2 FUEL

DIAMETER 1·42 eM

DENSITY 10·45 GM/CC

a--~_ ZR- 2 SHEATH

1.0. I' 43 CM

0.0. 1·52 CM

PRESSURE TUBE

1.0. 10'19 CM

0.0. 10·78 CM

CALANoRIA TUBE

LO. 12'46 eM

0.0. 12' 74 CM

ANNULUS

Fig. 1 Cross section through 28 rod fuel assembly
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the driver and BLW zones was a buffer region of 24 air-cooled

7-rod natural uranium oxide fuel assemblies.

helped match the spectrum differences at the driver-BLW zone inter­

face. Details of the ZEEP and 7-rod U0
2

fuel assemblies are given

in References 5 and 6 and Figure 3.

The booster rod simulated in length
235

and U content per unit

length a booster rod proposed for the BLW reactor. Figures 4, 5

and 6 illustrate the simulated booster and the method of suspension

in ZED-2. The booster consists of eighteen t" diameter rods of

an alloy of 28 wlo uranium (enriched to 93 wlo 235U) and superpure

aluminum, sheathed in Alcan 28 aluminum. Figure 4 illustrates the

arrangement of the 18 fuel rods~ the length over the fuel is 147 em
235

(58"), the total fuel content of the booster 775 g U. To facili-

tate the attachment of foils to the booster it was arranged to be

able to split the booster in half longitudinally; this is done in

Figure 6.

For safety in suspending the booster, it was contained in a

4tH OD aluminum (Alcan 6061) tube of ?G" wall, fitted with end plates

(see Figure 4) . The booster support tube ~~s suspended

from the beams supporting the fuel assemblies. The horizontal

suspension consisted of two aluminum clamps around the support tube

connected via universal joints to ~" OD, 0.047" wall aluminum tubes

(see Figures 4, 5 and 6) . For vertical suspension a

ill! wall aluminum tube was attached to the end plate of the suspen­

sion tube. Free access of the D
2

0 moderator was ensured by holes

in the end plates and the walls of the containing tube.

III. EXPERDMENTS

1. Macroscopic Neutron Density Measurements

Experiments were performed to compare the neutron density

distributions at typical lattice positions when no perturbation
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Fig. 5 BLW booster and support tube

Fig. 6 BLW booster dismantled
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was present, and when the booster rod was suspended both horizontally

and vertically in the core.

Figure 7 illustrates the unperturbed lattice; A' and A through

N are thin-walled aluminum thimbles at cell boundary positions

holding 1.13 cm dia., 0.025 cm thick copper foils. Thimbles AI,

A to E and K to N contained foils at heights of 105 cm and 155 cm

[all measurements are relative to the floor of the reactor vessel];

thL~bles F to J contained foils at an elevation of 105 cm. In

addition thimbles AI, A and E carried a full set of foils located

at 10 cm intervals from 15 cm to 215 cm and thimble J a set at 10 cm

intervals from 65 cm to 145 cm.

at neighbouring fuel assemblies similar

copper foils were taped to the outside of the calandria tubes of

fuel assemblies Fl to F9 on the East and West sides at heights of

105 cm and 155 cm. In addition, foils were placed on the South side

of assembly Fl at these two elevations, and

this assembly at 10 cm intervals from 15 ern to 215 cm.

The second experiment was performed with the booster rod sus­

pended symmetrically about the core centre and along the East-West

diameter at a height of 105 cm (close to the mid-core height) .

Figure 8 illustrates the arrangement of the thimbles and the foils

on calandria tubes. Thimbles AI, A to E, J and K to N, and assem­

blies Fl to F9 held foils in the same locations as in the unperturbed

lattice.

A ·third experiment was performed with the booster rod suspended

vertically at the centre of the core with its centre at an elevation

of 105 cm. Figure 9 illustrates the arrangement of the thimbles

and the foils on calandria tubes. Thimbles AD, A to D, E I and K to

N held copper foils at a height of 105 cm. Thimbles AI and E I also

contained a set of foils at 10 cm intervals from 15 cm to 215 ern.

In this experiment thimbie E could not be used because of the
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suspension system of the booster rod~ it was replaced by thimble E t

which is at the same cell location and same core radius as thimble

E.

Foils were taped to the East and West sides of the calandria

tube of assemblies Fl to F9 and the South side of Fl~ at an eleva­

tion of 105 cm. In addition the North side of the calandria tube

of Fl held a set of copper foils at 10 cm intervals from 15 cm to

215 cm.

2. Detailed Neutron Density Measurements at Booster Rod

Figures 8 and 9 illustrate the location and orientation of

the booster rod when suspended horizontally and vertically in the

simulated BLW core.

When suspended horizontally in the lattice the booster held a

long aluminum section at its centre along the longitudinal axis

which extended ~ 19" beyond the East end of the booster (see Figure

6). This aluminum strip held copper foils at the locations indi­

cated on Figure 8 at radii given in Table 8. Copper strips 5 rom

wide and 0.010" thick were wrapped around the circumference of fuel

rods *1 to *9 (see Figure 8) and four copper foils were taped to

the support tube~ in a North-South plane through the booster rod

mid length (see Table 8). A gold wire 0.010" dia. and ~ 20 cm long

was attached along the East end of rod *1.

When suspended vertically~ fuel rods *1 to *9 (see Figure 9)

held copper strips~ and copper foils were taped to the North~ South~

East and West sides of the support tube~ all at 105 cm elevation.

3. Neutron Spectrum Measurements

To compare the perturbed and unperturbed distributions

accurately it was necessary to correct the measured foil relative

activities for epithermal neutron activation to give relative total

neutron densities.
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In the BLW region of the unperturbed core rjT IT values weren 0

known at various cell locations from previous measurements. Addi-

tional measurements were made at thimble A' and the calandria tube

of F9 using pairs of indium and copper foils and comparing their

activity ratio with the activity ratio of a similar pair of foils

in thimble A where rjT IT was determined by an indium cadmium-
n 0

ratio measurement.

In the perturbed lattice, with the booster horizontal~ spec-

trum measurements were made at thimbles A', D, E, and J, at the

calandria tube of Fl (all at 105 cm elevation), at the centre of

the booster, and on rod #1 at the East end of the booster (adjacent

to the gold wire), using pairs of gold and copper foils and COffi-

paring their activity ratios to that of a similar pair of foils in

thimble A where rjT IT was obtained by an indium cadmium-ratio
n 0

measurement.

with the booster vertical, similar measurements were made at

thimble AI, the calandria tube of Fl, the centre of the booster

(foils taped to a light aluminum support) and on rod #1 of the

booster, all at 105 cm elevation.

4. Reactivity Measurements

In the reactivity measurements the lattice was similar to

that of
'1":"';_... __ ..,

L'..L':!u..1.<:: ~ but it contained 120 ZEEP fuel assemblies; the

last row of ZEEP assemblies on the South side of the lattice con­

tained a fuel assembly in the central position (i.e. the position

occupied by thimble AI in Figure 7) .

Pile critical heights were determined for the following con-

ditions:

(a) Bare pile
(b) Bare pile + cobalt wire
(c) Booster rod suspension system, vertical in pile
(d) Booster rod + suspension system, vertical in pile
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(e) Booster rod suspension system, horizontal in pile
(f) Booster rod + suspension system, horizontal in pile

In (b) a 0.100" diameter cobalt wire extended axially through

the moderator at the centre of the core; it served to calibrate the

pile for relative reactivity changes.

In experiments (d) and (f) the booster was located in the core

at the same positions as in the neutron density measurements des­

cribed in Sect. III-l above.

IV. RESULTS AND DISCUSSION

1. Lattice Neutron Density Perturbations

Relative foil activities A(r,z) were converted to relative

total neutron densities n(r,z) using the expression n(r,z) a A(r,z)/

(r- n + G s r~ J~ ) ~ where for the foils used G_ q and G s are'-th'" r 0 -v -n' -0" .. ---- - --- ---~ th~ r 0

known, (G
r

, G
th

are the resonance and thermal neutron self-shielding

factors). For the perturbed lattice rjT IT values are assumed
n 0

to be the same as in the unperturbed lattice at distances > 50 cm

from the measured values were

used (see Table 1). At positions < 50 cm from the booster rod where

measurements were not made, r/T IT values were obtained by use of
n 0

a plot of n(r,z) x rjT IT vs distance from booster. Interpolation
n 0

between points at which measurements were .--._A-.
lUQUC led to negligible

error since the epithermal activation was < 4% of the thermal acti­

vation at all points.

The resulting relative total neutron densities in the unper­

turbed and perturbed lattices normalized to 1000 in thimble Al at

an elevation of 105 cm are given in Tables 2 to 4.
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TABLE 1: SL~~MJ\.RY OF r/T IT VALUES
------------ n 0

Location r/T IT
n 0

Method

. . . a)
Cu-In Activ1ty Rat10 relat1ve to

UNPERTURBED LATTICE

a) Indium-Cadmium Ratio0.0272

0.0259

Thimble A

Thimble Al

Assembly F9-West 0.0369 "

Thimbles B to I 0.0210 Indium-Cadmium Ratio Measurements in
BLW(AS) Lattice

Thimble J 0.0285 "

"

"
"

"
"
"

Au-Cu Activity Ratio Relative to b)

BOOSTER ROD HORIZONTAL

b)Indium-Cadmium Ratio

0.0220

0.0326

0.0176

0.0581

0.0848

0.0500

0.0270

0.0233

Thimble A

Thimble Al

Thimble D

Thimble E

Thiruble J

Assembly Fl-North

Centre of Booster

Rod #1 of Booster

Thimble A

Thimble AI

BOOSTER ROD VERTICAL

0.0278 c) Indium-Cadmium Ratio

0.0228 Au-Cu Activity Ratio Relative to c)
1\ 1.-.. 1.,. 1:' 1 _l\Tr..,...+-'h
rt;::;::;,t::1UU..L;j .&.: .L-,L"V.L \- .... .1 0.0878 II

Centre of Booster

Rod #1 of Booster

0.0801

0.0389

"
"



TA.BLE 2: NORMALIZED TOTAL NEUTRON DENSITIES - B L W ~ LATTICE UNPI~RTURBlm

--
ELEVATION ABOVE FLOOR OF CALANDRIA (em)

Location 15 25 35 45 S5 65 75 85 95 105 115 125 135 145 155 165 175 185 195 205 215

A' 425 502 591 679 760 831 892 940 977 1000 1010 1007 99'1 961 919 865 800 724 638 54!; 442
A 508 611 724 840 945 1037 1115 lLl78 1225 1256 1269 1265 1244 1206 1152 1082 997 899 788 66!1 540
B 1321 1218
C 1272 1177
D 1249 1156
E 489 580 690 799 906 1001 1081 lLl47 1196 1229 1245 1243 122:4 1187 1136 1068 985 888 779 657 531

F 1343
G 1353
H 1383
I 1438
J 1242 1336 1419 1475 1514 1527 1527 1494 1451

1243 1148
t-'

K '"L 1291 1170
M 1298 1198
N 1383 1278

Fl N 415 460 546 632 7J.9 806 842 874 920 940 955 950 940 920 887 858 768 686 604 517 424
S 955 875
E 969 863
W 937 905

F3 E 988 863
W 944 907

F5 E 991 927
W 988 898

F7 E 1052 973
W 1011 928

F9 E 705 602
W 841 699



T.I'.BLE 3: NORMALIZED TOTAL NEUTRON DENSITIES - BLW BOOSTER HORIZONTAL

ELEVl\,TION ABOVE FLOOR Ol~ CALANDRIA (em)

:Location 15 25 35 45 55 65 75 B5, 95 105 115 125 135 145 155 16~' 175 IB5 195 205 215

A' 45>9 539 635 724 805 B74 92B 968: 992 1000 992 969 930 B76 BOB 727 634 532 420 293 144
A 565 678 799 920 1040 1126 1196 12481 12B3 1294 1:2B3 1255 1193 1132 1035 930 BOO 658 '513 350 163
B 1426 1144
C 1499 1180
D 1693 1262
E 662 794 965 1145 1323 1515 1679 1825> 1877 1851 1888 1864 1719 1543 1365 1193 1000 809 614 414 197

J 1457 1559 1636 1696 1708 1700 1640 1567 1471

K 1817 1346
L 1729 1297
M 1605 1227 I-'
N 1565 1239 -..J

Fl N 5~'1 623 749 894 1044 1204 1304 1401 1372 1119 1345 1410 1321 1188 1059 947 781 623 475 326 162
S 1459 1010
E 1402 1015
W 1381 1064

F3 E 1338 969
W 1366 1057

F5 E 1243 968
W 1280 980

F7 E 1210 950
W 1220 941

F9 E 749 528
W 914 630



TABI.E 4: NORMAb,IZED TOTAL NEUTRON DENSITIES - BLW BOOSTER VERTIClIL

ELEVATION ABOVE FLOOR OF CALANDRIA (em)

Location 15 25 35 45 5!5 lOS 75 85 95 105 115 125 13'5 145 155 165 175 185 195 205 215

A' 453 535 630 715 796 81;5 921 962 989 1000 996 977 942 893 B31 755 66B 571 464 349 214
A 1276
B 1396
C 1471
D 1669
E' 724 863 998 1163 1333 14El3 1588 1670 1742 1774 1772 1722 1648 1555 1425 1271 1099 934 750 539 316

K 1768
L 1555
M 1412
N 1424 .....

(X)

Fl N 618 694 814 947 109:2 1231 1272 1326 1369 1381 1416 1352 1298 1232 1l.37 1039 880 738 592 430 263
S 1405
E 1416
W 1377

F3 E 1238
W 1298

F5 E 1097
W 1158

F7 E 1088
W 1079

F9 E 698
W 837
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Figure 10 illustrates radial neutron density distributions in

various directions in the unperturbed core. Due to the low reac­

tivity of the BLW region and the surrounding Idriver l region, the

distribution follows an I o function at radii < ~ 100 em. Figure 11

illustrates corresponding distributions in the two perturbed lattices.

Axial neutron density distributions in the unperturbed and

the perturbed lattices are given in Figures 12 and 13. These figures

illustrate the effect of the booster rod on the lattice. As expected,

the presence of the booster increases the total

over the lattice whilst the strong thermal neutron absorption of

the 235u causes a local depression of the neutron density near the

booster.

To discuss these perturbation effects quantitatively we define

a flux perturbation factor F(r,z) where

F (r, z)
perturbed

unperturbed

n(r,z) and n.(R,z) are the relative total neutron densities at points

having co-ordinates r, z and at the same height z at radius R of

thimble AI respectively. Thimble AI was chosen as the reference

position since it is a large distance away from the source of per­

turbation (~ ten migration lengths), and should be essentially

unaffected by it. The validity of this assumption is indicated by

Figures 14 and 19 where F(r,z) decreases smoothly to 1.0 at thimble
,

A. Furthermore, the results of least squares cosine fits to the

activity distributions obtained at thimble AI in the perturbed and

unperturbed lattices gave values of 0 " a measure of the total axialz
extrapolation length, which agree well within the limits of error

(see Table 7) .
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Tables 5, 6 and 8 list the values of F(r,z). Figures 14 to

17 illustrate the results for various directions in the core perturbed

by the horizontal booster. Figures 14, 16 and 17 illustrate a large

peaking of the total neutron density with a maximum F(r,z) ~

at a distance ~ 20 em from the booster. Near the booster the strong

thermal neutron absorption severely depresses the neutron density

(see Figure 17). Figure 16 plots F(r,z) for all points on a North­

South diametral plane through the core, against distance from the

booster. This illustrates that the perturbation of the lattice is

not the same in all directions about the booster.

When the booster is suspended vertically it extends from a

height of ~ 31 cm to ~ 179 cm, i.e. it is almost a full length per­

turbation axially. Figure 18 illustrates F(r,z) at thimble EO and

the North side of assembly Fl. Radial effects are illustrated in

Figure 19 which uses all available data from foils in thimbles and

on calandria tubes in various directions through the core. The curve

shows a large flux peaking, a maximum F(r,z) ~ 1.47 occurring at a

distance ~ 20 cm from the booster.

2 . Neurron Densitv Measurements at Booster Rod
ri

(a) General

Table 8 lists normalized relative total neutron densities for

the foils on the booster rod and suspension tube when the booster

is both horizontal and vertical. Also listed in Table 8 are F(r,z)

values for foils along the axis of the booster: these values are
235

illustrated in Figure 20. The strong thermal absorption in the U

depresses the neutron density within the booster, the perturbation

factor along the axis of the booster varying between ~ 0.68 at the

centre to ~ 0.63, 42 cm along the booster (see Table 8, Figure 20).

Beyond the end of the booster the F(r,z) rises rapidly to a maximum

of ~ 1.2, at ~ 20 cm beyond the end of the fuel.



26

TABLE 5, FLUX PERTURBATION FACTORS F(r, z) - BLW BOOSTER HORIZONTAL

ELEVATION ABOVE FLOOR OF CALANDRIA (em)

Location 15 25 35 45 55 &5 75 85 95 105 115 125 135 145 155 165 175 16S 195 205

A' 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.00Q 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.00a 1.000 1.000 1.000 1.000
A 1,031 1.033 1.027 1,027 1.039 1.034 1,030 1.030 1.030 1.030 1.029 1.032 1.021 1.030 1.022 1.024 1.012 0.998 0,987 0.975

• 1.079 1.069

c 1.179 1.141
D 1.356 1.243
E 1.253 1.215 1.301 1.344 1.378 1.441 1.493 1.547 1.545 1.506 1.544 1.559 1.496 1.426 1.368 1.330 1.279 1.219 1,195 1.173

1.116 1.121 1.121 1.132 1,12S 1.142 1.116 l.1l7 1.113

•
L

M

FlN
S

E
W

1.228 1.260 1.216 1.326 1.371 1.42:1 1,489 1.558 1.469

1.462
1,339
1.236
1.131

1.185 1.404 1.544 1.497 1.418
1.527
1.447
1.474

1.334
1,263
1.166
1,104

1.358
1.314
L338
1.339

1,314 1.281 1.236 1,193 1.177

F3 S
W

F5 E
w

F7 E
W

F' E
W

1.354 1.278
1.447 1.327

1.254 1.188
1.295 1.243

1.150 1.112
1.207 1.155

1.062 0.998
1.0B7 1,026

TABLE 6: FLlr~ PER'l"uRBATION FACroRS Fir, zj - ELW BOOSTER "v"ERTlCi;,L

ELEVATION ABOVE FLOOR OF CALANDRIA (em)

Location 15 25 35 45 55 .5 15 .5 95 105 115 125 135 145 155 '.5 175 165 195 205 215

A' 1.000 LOOO 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 Looo 1.000 1.000 1.000 1.000 1.000
A 1.016
B 1.057
C 1.156
o 1.336
E a) 1.389 1.397 1.356 1.383 1.405 1.425 1.424 1.424 1.438 1.443 1.444 1.428 1.414 1.408 1.388 1.364 1.335 1.332 1.323 1.282 1.230

1.422

1.204

M

FIE N
S
E
W

F3 E

W

F5 E

W

F7 E
W

F9 E

W

1.088

1.030

1.3981.4151.3971.4231.4501.4681.4641.4821.4691.4621,473 1.467 1.452 1.441 1.418 1.3871.171 1.3651.3461.300 1..i62
1,471
1.461
1.469

1,253
1.374

1.106
1.173

1.034
1.067

0.991
0.996

a) Based on neutron densities in thimble E of unperturbed lattice and thimble E' of perturbed lattice
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SUMMARY OF LEAST SQUARES FITS

TO AXIAL ACTIVITY DISTRIBUTIONS

Region of No. of a z 6 1

Experiment m-1 0 z
Fit. Points cm cm

Unperturbed Ai 15 1.148 117.7 27.1 ± 3.3

A 12 1.166 117.7 22.8 ± 2.7

E 16 1.180 119.1 19.7 ± 2.4

F1
a)

12 1.144 119.0 27.9 ± 4.5N

Booster AI 15 1.265 105.2 28.0 ± 2.9

Horizontal A 16 1.296 104.9 22.1 ± 1.6

Booster AI 15 1.242 107.4 27.8 ± 2.9
Vertical

(a) The activities at this location did not fit a COS1ne

distribution as well as expected - presumed due to the
random orientation of the fuel bundles.

TABLE 8: MEASUREMENTS AT BOOSTER ROD

WEST DISTANCE FROM CENTRE OF HORIZONTAL BOOSTER ROD (em) EAST

70 42 14 14 28 42 56 70 77 84 91 98 105 112

NORMALIZED TOTAL NEUTRON DENSITY"

787 801 830 903 827 885 782 817 795 1414 1680 1672 1590 1669 1717

FLUX PERTURBATION FACTOR F (r. z)

0.619 0.642 0.676 0.672 0.672 0.654 0.626 0.591 0.625 1.047 1.168 1.212 1.205 1.175 1.134

NORMALIZED TOTAL NEUTRON DENSITY' (See Figures 8 and 9)

Fuel Rod *
BOOSTER HORIZONTAL

Location on
Suspension Tube

6 818
7 926
5 934
8 927
2 952
3 948
1 1047
4 1044
9 1030

BOOSTER VERTICAL

6 796
7 811
5 888
8 881
2 891
3 895
1 968
4 981
9 968

Top 1454

North 1360

Bottom 1427

South 1362

North 1294

South 1283

East 1304

West 1310
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Fig. 20 Plot of F(r,z) for foils along
centre line of horizontal booster rod

• •

07

EAST

END OF FUEL
•

END OF ROD" I

FUEL IN BOOSTER ROD

65 75

DISTANCE FROM CENTRE OF BOOSTER ROD (em)

Fig. 21 Relative activity distribution,
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The detailed flux peaking at the end of a fuel rod is illus-

trated by the relative activities obtained from the gold wire on

fuel rod #1, see Pigure 21.

(b) Average Neutron Density in Booster Rod

Prom the neutron density measurements made at the sheaths of

the fuel rods of the booster and at thimble F in the unperturbed

lattice, and detailed neutron density measurements made in an unper­

turbed cell of this lattice (see Appendix A), we can determine

n n nps s
=

n
TTn

np f)TnvV2 --2

where n s and ~02 are the average neutron densities at the sheaths

of the 18 fuel rods of the booster in a plane perpendicular to the

booster at its mid length (see Table 8), and the average neutron

density in the U0
2

fuel of the simulated unperturbed BLW lattice

respectively (see Appendix A). np is the relative neutron density

at thimble P (a cell corner location), elevation 105 em, in the un-

perturbed lattice.

Prom Tables 2 and 8

n
s

n
P

From Appendix A
n

cell corner = = 2.65

Therefore
n

s

~O
2

= 1.84

Note: When the booster is perpendicular to the fuel assemblies a

cell average value of the above ratio must take into account
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the cell neutron density fine structure. Using the results

of Figure Al of Appendix A we obtain for the horizontal

booster a cell average value of

n
s

Cell Av.

= 1=75 (1)

Kushneriuk's 'blackness' theory has been used to esti-

mate the ratio of the neutron density at the surface to the

average neutron density in a fuel rod of the booster, n
235

,

(see Appendix B), and ignoring flux depression through the

alumimun sheath,

n
s = 1.18 (2)

Ass~~ing the above ratio is applicable to each fuel rod

of the booster, then combining expressions (1) and (2) we

can obtain an estimate of the ratio of the average neutron

density in the fuel of the booster rod to the average neutron

density in the fuel of the unperturbed lattice, for the booster

perpendicular to the assemblies of the lattice;

\ ~1.5
ICell Av.

3. React~vity Measurements

Because of the multi-zone nature of the reactor core it is not

readily possible to calibrate the pile in terms of absolute reac­

tivity changes using the cobalt wire technique.

The results of the reactivity measurements expressed in terms

of changes in axial buckling aB2 are listed on Table 9 where
z
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1

+ ~H ) 2
c

1

H>J
r

H
c

is the extrapolated unperturbed pile critical height l= H D
2
0(the

heavy water critical height) +~. where ~I = 22.06 em as determined

]

vz' V z
from previous experiments .

~H is the change in pile critical height due to the pertur­
c

bation.

Table 9 lists values of H
c

' AH
c

and AB; for all experiments.

All results are expressed at a temperature of 22.2S o C and a heavy

water purity of 99.963 a/o D
2
0.

V. REACTIVITY MEASUREMENTS; A COMPARISON WITH CALCULATION

These calculations were performed as a check on the ability

to calculate such reactivity effects using perturbation theory.

Because of the multi-zone nature of the lattice used in these experi­

ments it is not readily possible to calculate the absolute reac­

tivity changes caused by the cobalt wire or the booster rod. However,

comparison can be made between predicted relative reactivity changes,

6k, and the measured changes in axial buckling, AB~, since

') ') ? ? ? ?
6k = F(h) (L '" + L'" + 2L'" L'" B'") AB-

co s s z
")

i.e. 6k = A~BL
co Z

( 3)

F(h) is a factor which expresses the change in radial buckling

with critical height for this

L2 L2 and B2 have their usual meanings., s

It is assumed that A remains constant under the various pertur-

bations.
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TABLE 9: LATTICE REACTIVITY DATA

I 2

I H 6H 6B
Experiment c c z

em ~~ I"'l
'-ILL -Com

Cobalt Wire 265.257 +0.776 -8 .17xlO-3

Suspension system
265.237 +0.685 -7.21xlO-3

Vertical

Booster Vertical 265.200 -21.380
-2

+25.69xlO

Suspension system r)t:.c: r)f'\r) 11 r)t:.r. -2_1 ':Jr) ..1r.
C.U:.J.c.;Jc. T..L.C.UV -.L. • ..)C-h.J..V

Horizontal

Booster Horizontal 265.267 -25·716
-2

+31. 73xlO
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The reactivity effect of inserting a highly enriched booster

rod at an interstitial position in the lattice is essentially

composed of two terms, a reduction in the neutron density at the
.. 235

booster due to the thermal neutron absorpt~on ~n the U and in

the structural material (aluminum) of the booster, and an increase

in the neutron density about the booster due to the neutron produc-

. 235 b' . h 238 f h b
t~on by the U. Resonance a sorpt~on ~n t e U 0 t e ooster

rod is negligible because of its low relative concentration.

Perturbation theory enables us to express the net reactivity

effect as

Jl~F Wf
[\ .., ,

¢i - [~ W ¢v] ¢JA1J- 2: W
t dVt a t t 235 a

ok Bo ster=k r(v 2: p Wf ¢t)u dV

J ' ,
Lattice

( 4)

where the subscripts P, f, t, 235, AI, U refer to fission, fast,
235

thermal, U, aluminum and the natural uranium fuel of the lattice,

respectively. ¢ and Ware the neutron flux and importance respec­

tively and the prime refers to a value in the perturbed lattice.

V is volume.

¢ - 1 at the centre of the unperturbed lattice 7 (r,z) = (0,105).

We assume that

p

and that the importance, Wt , is proportional to the flux ¢t 7 also

that W
t

shows no fine structure in a cell.

Note that equation (4) only includes terms weighted by flux,

terms weighted by flux gradient are ignored.
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(4) givesRearrangement of equation

6k ~ c [1:::;B2 - (~a) 235 _I . a r~\- ¢~ di1
AI) J - - J

Booster

(5)

"where "t" is the distance along the longitudinal axis of the booster

from the booster mid length and " a " is the geometric cross sectional

area of the fuel in the booster. C is a constant of the lattice.

From Figures 18 and 20 we know that F(r,z) is not constant

along the booster, the integral of equation 5 can therefore be

written as

r
J¢t ¢~ di =

Booster

b(F (1)
J F (0)

Booster

(6)

where b is the ratio of the average total neutron density in the fuel

of the booster rod in a plane through the booster rod at 1 = 0 and

perpendicular to its long axis, to the total neutron density at the

location (r,z) = (0, 105) in the unperturbed lattice.

-b = n 2-':it:::(1= O}i.e. .J.J

Note that for the horizontal booster lib" must include cell

fine structure effects.

Values of lib" were obtained using the measured relative total

neutron densities at the surface of the 18 fuel rods of the booster,

see Tables 2 and 8, a ratio of average neutron density in the fuel

to neutron density at the surface of a fuel rod, calculated using

Kushneriuk's 'blackness' method(7) (see Appendix B), and the detailed

neutron density distributions of Appendix A.
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F(!}/F(O} is the ratio of the flux perturbation factors at a

location "i" along the booster and at' the centre of the booster rod,

evaluated using the experimental results of Figures 18, 20 and 21.

Inserting into equation (5) suitable values of v, b
f

, b
a

,

values of p and L 2 calculated for a 28 rod lattice using T.~TREP(8) ,
2and values of Band IQI from experiment, we obtain

[Ok] = +492 C milli-k
vertical

Applying equation ~)to a cobalt wire (a pure absorber) passing

axially through the centre of the lattice we obtain

For the wire used in these experiments

A 2
(b V)C = 27.90 cma 0

Hence

ok = 14 C milli-k--Co

Comparing this reactivity effect with that calculated for the

booster rod vertical in the lattice we obtain

[OkJvertical
ok

Co

+492= -14 = -35

This compares favourably with the equivalent experimental ratio (see

e~~ation 1, Table 9) of

[~B~Jvertical
= +26.6

-0.817 = -32.6

VI. STATISTICAL WEIGHT THEORY APPLIED TO THE

ROTATION OF THE BOOSTER ROD

Comparison can also be made between the relative reactivity

effects of the booster horizontal and vertical in the lattice as
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predicted using statistical weight theory, and the corresponding

measured values of changes in axial buckling.

Using equation (6) and values of 'Q' based on the experimental

results obtained with the booster horizontal and vertical we obtain

[okJhorizonta1

[okJvertica1
=

Qhorizonta1 = 1.30
Qvertica1

(see equation 3This ratio can be compared
2

[~BzJhorizontal

r~B2J
z vertical

33.1= = 1.2426.6

and Table 9) with

Agreement is good between the 'ca1cu1ated and experimental

ratios indicating the applicability of the theory to describe the

rotation.

VII. CONCLUSIONS

Experiments have been performed using a simulated CANDU-BLW

core in ZED-2 to investigate the reactivity eff~cts and the per-

turbing effect on the surrounding lattice when a mock-up BLW Booster

rod is inserted into the lattice both parallel and perpendicular

to the fuel assemblies.

The booster rod acted as a large source of neutrons and raised

the overall neutron density in the lattice, a maximlli~ increase in

the neutron density ~ +55% occurring ~ 20 cm away from the booster

when it was horizontal in the lattice. When the booster was vertical

in the lattice the perturbation was ~ +47% and again occurred ~ 20 ern

from the booster.

At the booster the strong thermal neutron absorption in the

235u depresses the neutron density, a depression in the neutron

density along the axis of the booster relative to the unperturbed
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density of ~ 35% being observed.

Detailed neutron density measurements at the cladding of the

18 fuel rods of the booster combined with 'blackness' calculations

and detailed neutron density distributions in an unperturbed cell

of the 28-rod lattice, gave an estimate of

in the 235u fuel rods relative to the U0
2

fuel of the simulated

BLW lattice.

Results of reactivity measurements made with the booster

parallel and perpendicular to the fuel assemblies of the lattice

are expressed in terms of changes in axial buckling relative to the

effect of a standard cobalt absorber in the lattice.

A perturbation theory calculation of the relative reactivity

effects of the booster and the standard absorber was in fair agree­

ment with the equivalent experimental value.

The application of statistical weight theory to the relative

reactivity effects of the booster parallel and perpendicular to

the fuel assemblies of the lattice gave good agreement with

experiment. This indicates the applicability of the theory to

describe this rotation.

Although the results obtained for neutron density perturbations,

relative reactivities and relative neutron densities in the fuel of

the booster are not directly applicable to the BLW reactor, due to

differences in the lattice, operating conditions, and design of

the booster, they do serve as a useful normalization of the theories

used to describe these problems.
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APPENDIX A

Detailed Neutron Density Measurements in a Lattice Cell;

28 Rod U0
2

Fuel, H
2

0 Coolant, 11 11 Square Lattice pitch

This section summarizes the results obtained from neutron

density fine structure measurements made in a cell of a lattice of

28 rod U0
2

fuel, cooled by room temperature light water, at a

square pitch of 11 11
•

The experimental techniques involved measurement of copper

foil and manganese wire activities and correcting to relative total

neutron densities using spectrum parameters measured using the

In-Mn-Lu relative foil activity method. A detailed description

for a similar set of experiments is given in Reference 9.

Table Al lists values of total neutron density at various

locations in a lattice cell relative to the fuel average total

neutron density.

Figure Al illustrates relative manganese wire activity

distributions in three directions in the moderator; along a line

between nearest neighbour fuel assemblies, designated West; along

a line between fuel assemblies diagonally opposite in the square

lattice, designated North-West, and along a cell boundary, desig-

nated North-South.
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TABLE AI: RELATIVE TOTAL NEUTRON DENSITY MEASUREMENTS

n fuel

1.000+.2% 0.663+.3%

n
o

1.170+ .4%

n
c

1.106+.9% 1.785+.9%

n
a

1.807+.9% 1.819+.9%

n edge

2.434+.9%

n corner nmod

2.379+.7%

fuel, I, M, 0, c, pt, a, ct, mod, edge, corner refer to average

fuel, inner fuel rods, middle fuel rods, outer fuel rods,

coolant, pressure tube, air gap, calandria tube and moderator, and

point values at the cell edge and cell corner respectively, all rela­

tive to the fuel average.
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APPENDIX B

Blackness Calculation of Neutron Dens~ty in 235u Fuel

Measurements were made of relative total neutron density at

the sheaths of the 18 fuel rods of the booster (see Sections III-2

and IV-2(b». To predict the source production and absorption

terms of equation (4) J Section v, it is necessary to know the

ratio of the neutron density at the sheath to the average neutron

density in the fuel of a fuel rod; n
S
/n

235
.

The ratio of the flux at the outside of a fuel rod to the

average flux in the fuel was calculated for an infinitely long

fuel rod in a predominantly scattering medium using Kushneriuk's

expression(7)
~

G
·?s a(2-e)=
¢fuel

=app e 1
a

where a is the radius of the absorber

1 is the absorption mean free path in the fuel, and
a

e is the ublackness u of the fuel.

Using appropriate values of 'al and 1 , and tables of
a

'blackness' we obtain

G ~
app

n
s = 1.18




