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I
Heavy water reactors play an important role in the

United States atomic energy program. Five Savannah
River production reactors and nine other D3O reactors
are built or being built for operation at powers over
one megawatt [1J. Most of these installations are
research and test reactors using the high neutron
fluxes and large irradiation areas achievable with the
heavy water designs. However, also included is the
first US heavy water power reactor, the Carolinas-
Virginia Tube Reactor (CVTR) 12], which went critical
on 30 March 1963.Theexcellentneutron economyand
low fueling costs associated with the DO power
reactors have generated many development programs
and design studies [31. This paper reviews the US
work perfornfed on the physics of these systems since
1958. The major programs considered are the plu-
tonium recycle studies at the Hanford Laboratories,
the natural and slightly enriched uranium lattice
studies at the Massachusetts Institute of Technology,
the conceptual power reactor design studies at the
Savannah River Laboratory and United Nuclear, and
the CVTR studies at the Westinghouse Atomic Power
Division.

LATTICE STUDIES
Buckling and reactivity measurements

Studies at Savannah River in the Process Develop-
ment Pile (PDP), an unreflected D30 critical 495 cm in
diam [4), have provided reference buckling data on
uniform lattices of natural uranium metal and oxide
fuel in DO [5-101. These data, given in Table 1, are
believed free of systematic error and accurate to
better than ±7 pB.

The PDP has also been used for lattice substitution
measurements in which the effect of substituting I to
19 test fuel assemblies for the reference fuel assemblies
in a uniform critical loading is evaluated in terms of the
change in the critical moderator height. Two tech-
niques have been employed. In one, a single substitu-
tion measurement is made and the results analyzed by
two-group, two-region theory 111]. In the other,
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successively larger substitutions are made and the
results analyzed by one- or two-group, three-region
perturbation theory (Persson method [12D or two-
group, three-region diffusion theory (131 to eliminate
boundary effects. As shown by Table 2 [14], the two
methods give good results when the test lattice is
similar to the reference lattice. However, a more
comprehensive study [13] intercomparing the lattices
of Table I showed that the single substitution method
broke down when differences in resonance capture
between the regions were large.

For substitution measurements on irradiated fuel
the Hanford Laboratories built a special critical
facility, the PRCF [151. It consists of a tank of DO
(or H2O) 6 ft in diam and 9 ft high in an underground
cell adjacent to the PRTR storage basin. Although the
PRCF can be used for a variety ofcritical andexponen-
tial studies, immediate plans arc to compare single
irradiated and unirradiated fuel assemblies in the
central lattice position shown in Fig. 1. In a typical
study, the reactivities of three fuel assemblies com-
posed of 19 rods of 1.8 w/o Pu-Al 0.504 inches in
diam [16], which had been irradiated to 30, 56, and
87 MWd in the PRTA [171, were measured in the
PRCF as 67 per cent, 45 per cent and 25 per cent
respectively of the unirradiated element reactivity
worth of 14.4 mk [18, 19]. Tle reactivity values agree
within -4 per cent (-0.6 mk) at 0 MWd and A 12 per
cent (+0.4 mk) at 87 MWd with those calculated by
three-group diffusion theory [20]. The cross-section
changes for the calculations were computed by
MELEAGER [21].

The critical buckling measurements have been sup-
ported by exponential studies, particularly at MIT
[22] and Savannah River [3,9,10]. Sample results from
MIT are given in Table 3 123-28). A particular point
has been to verify the validity or the exponential tech-
niques. The MIT effort has concentrated on. deter,
mining the criteria for equilibrium conditions [291,
while the Savannah River effort has involved extensive
comparisons of exponentials and criticals [9, 30]. The
latter studies demonstrated that the radial buckling of
the exponential could vary with the lattice loading by
as mnuch as 60 ftB in a manner not adequately explained
by theory. Studies at the Hanford Laboratories [31],
MIT [261, and Savannah River [31 also demonstrated
small nonseparabilities of the heterogeneous cell and
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Table 1. Studies of one region D20 lattices in the PDP

'5 6. 127
_PS A' . _'-

jws \S
A. (intas of O998 natural uranium rods, 0.032' Al clad, 3.5' C-C rodpitch (99.75 mol %DiO,

22C) 15,6]

Itods T n- 12 5 5Smodg _ _ _ _ _ _ _ _ _ _ _ _ _

in buike fi i ie *o/ uel 7)
cluste Vik (i3.) Mn Sub Cd Sub Cd Meas. ROC A 1341

I 7D00 0.053 0.024 0.181 1.815 1.312 648 646
5S 0.054 0.016 0.132 1.865 1.318 529 534
9.33 . . 0.050 0.012 0.114 1.916 1.315 408 420

1122 . . 0.048 0.009 0.086 2.016 1.318 230 243
M . . . - 0.0087 0.075 - - -

3 7.0 0 . 0.063 0.063 O.538 2.154 J.318 759 759
9.33 . - 0.031 0.336 2.302 1306 711 712

1212 . - 0.023 0.212 2.497 1.315 505 500
140 . 0.062 0.021 0.242 2.608 1.315 381 379

to . . - 0.021 0.207 - - - -

7 . 5.33 . - 0.072 0.662 2.689 1.308 602 555
1212 . 0.071 0.045 0.457 1.311 611 590
14.00 . 0.067 0.039 0.401 3.229 1.306 516 490
15.2 . 0.068 0.035 0.347 3.794 1.317 286 274
21.00 - 0.033 0354 3.902 - 210 197

co . - 0.033 0.368 - - - -

7 . . 1as2 . 0.057 0.024 0339 3.236 1.313 326 324

19. . . 14.00 . . 0.100 0.091 0.949 4294 1.311 341 156
18.52 . 0.102 0.062. 0.733 5.150 - . 302 194

CO - 0.062 0.712 - - - -

B. Chnfeus of 0.500 natural uranium rods, 0.020' A clad, 0.650' C C rod pitch (99.59 mol /
Da% 22 C)P r7131

Rods Trims. As Measured %JLM Cai. M2 DrD
is hak ousine Coolant Jr. Kinmets, Sb

clse pit. In. diwm. (in.) B. "a BDM ROC A CZ
1  Exp.

19 .. L.08 . . none DsO 339 263 602 607 270 -
933 . . none . D0 352 234 586 587 316 -
9.33 . . 4 x 0.054 D20 213 289 502 494 316 -
9.33 . . 4 x 0.054 Air 213 235 (448)b (457) - 1.06
9.33 . . S x .056 DsO 214 255 469 462 316 -
9.33 . . 5 x 0.056 Air 176 146 (322) (302) 515 1.20

12.12 . . none D20 219 194 412 422 - -
12.12 . . 4 x 0.056 DaO 218 145 363 364 - -
12.12 4 x 0.056 Air 215 163 (377) (383)
14.00 - . none DiO 154 150 304 313 - _

313.. 9.33 . . none D2O 208 330 538 541 258 -
9.33 . . S x 0.056 D20 211 238 449 427 258 -
9.33 . . S x 0.056 Air 202 139 (341) (340) 360 1.09

11.10 . . none D30 244 281 525 - 332 -
12.12 - . none D20 218 278 496 498 - -
12.12 . . x 0.056 DO 217 211 428 418 - -
12.12 . . x O.0O6 Air 213 215 (428) (422) - -
14.00 . none D2O 223 161 384 389 - -

16.17 . . none D20 88 194 282 282 - -

48'.. 12.12 . . none D20 215 265 480 466 291 -
12.12 . 6 x 0.058 D20 217 199 416 383 291 -
12.12 . . 6 x 0.058 Air 207 185 (392) (363) 383 -
14.00 . none D20 153 276 429 412 - -
14.00 . 6 x 0.058 DO 152 222 374 348 - -

14.00 . 6 x 0.058 Air 148 256 (404) (379) - -

2' C-C Rod Pitch.
b Bucklings in ( ) are anisottopic.
' 0.250' x 0.035' Al tubes In six comner rod positions.
d C-C rod spacing 0.656'.
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Table 1. Studies of one region D,O lattices in the PDP (continued)

C. Natural uranium metal tubes (99.59 mol * DaO, 22 'C 181

Tube dimnenss.. In.
Cate.

toawnis 6063 Al Triang, Coolant Measured B', #LB m2' Ma2

OD ID OD ID Rptch (I.) B,2 B,2 B 5s X _ 1

9.33 DO 385 286 671 655 256
9.33 Air 375 195 (570) (529) 357

3WD 2.860 3* 3.640 12.12 Di2 217 341 558 542 -3.0 .6 .9 2.12 Air 212 312 (524) (515) -

14.00 D2O 171 269 440 420 -
14.00 Air 168 270 (438) (426) -

933 D20 375 178 553 531 -
9.33 Ak 378 212 (590) (543) -

0 - 1.090 1.026 12.12 DO 214 330 544 539 -
2.120 1.760 - - 12.12 Air 213 386- (599) (593) -

3.500 2.860 3.890 3.640 14.00 D1O 166 282 448 437 -
14.00 Air 164 341 (505) (500) -

I I

* i

t

over-all flux distributions which slightly affected the
radial buckling but which could be calculated by
finite heterogeneous theory 1311.

The reactivity measurements placing minimum
requirements on the size of the lattice samples are the
null reactivity techniques originally developed in the
PCTR at Hanford [32]. United Nuclear built a special
facility, the PLATR [33], to perform these measure-
ments on heavy water systems; Fig. 2 shows a
schematic view. As listed in Table 4 the PLATR has
been used to study almost 200 lattices of oxide rod
clusters and tubes [34, 35]. Agreement between
PLATR results and SRL buckling, measurements
(transformed into k., numbers by the two-group criti-
cal equation) is evidenced by Fig. 3. A joint study of

null rcactivity methods at the Hanford Laboratories
and MIT [361 has shown that mismatches in the epi-
thermal flux between the buffer and test regions in the
FCTR can lead to erroneous results under the usual

one- or two-group analyses. These errors can be cor-
rected by a three-group analysis or by a new technique
that separately measures the thermal and epithermal
multiplication factors.

Another technique with minimal lattice sample
requirements'is the pulsed-source die-away measure-
ments. This technique is under developmentat MIT
[22], North Carolina State College [37], Savannah
River, and the University of Florida. Results from the
Florida program were presented at the IAEA Sympo-
sium on Exponential and Critical Experiments [38].
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Figure 1. Plutonium recycle critical facility Figure 2. Artist's conception of PLATR
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Table 2. Substitution measurements on U0 2 rod cluster lattices

9.33' Triangular lattice pitch, 99.58 mol . D20, 22.8 *C

6063 Al houjsio
Rods Rod *diremon (in.) Coolant uck lingpa

in Sacidng
cunter CC(in.) OD wan Perturbation Two-group Aveage

19 . . 0.607 . 3.080 0.030 H11O 206 207 207
R07 .1 3.080 0.030 Organic 353 353 353
0.607 . 3.080 0.030 Air 542 548 545
0".5 . 2A79 0.030 Organic 454 460 457
0.598 .. 279 0.030 Air 560 560 560

31 . . . 0t59S . 4.000 0.050 HO 117 108 113
0R607 .. 4.000 0.050 Organic 289 296 293
Q607 . . 4.000 0.050 Air 491 490 491

37 . . . 0607 . . 4.350 0.050 11,0 64 75 70
0.607 . 4350 0.050 Organic 245 258 252
Q.607 . . 4350 0.050 Air 436 433 435
0.607 . , 4.746 0.050 Organic 28 33 31

065 4.746 .050 Organic 10S 116 III
0.650 . . 4.970 0.162 Organic -90 -70 -80
0.650 . . 4.746 0.050 . D2O 399 401 400
0.650 . . 4.746 0.050 Air 364 363 365

Oxidc rods: O.500 nat UWs (10.4 gjcm3) clad in 6063 Al 0.547- OD x 0.020- wall.
Host latice: 31 rod UOs cluster, no housing. on 9.33- pitch (see Table t).
Organic cooant was 73.5% diphenyl oxide. 26 5%y diphenyl.
a Outer dimension across the nats or an hextgon"l housing.

Table 3. Studies of D20 lattices In the MIT exponential
(99.75 mot V. Dat. 22 'C) [23-281

A. Single 1.010' najual uranium rods, 0.028 Al clad

Tfiaurwbar N nio
pith tt . C rod

4.50 . . . . 0.0597 0.0479 0.507 1.017 1.72 848
5.00 . . . . 0.0596 0.0340 0.401 0.948 1.72 865
5.75 . . . . 0.0583 0.0268 0.301 0.859 1.80 815

0 ... . 0.0559 0.0086 - - -

B. Single 0250' enriched uranium rods (1.03% / "U), 0.028 Al clad

Tnawg .

kititce 3e Z2S Pits c -J."
phtch (in.) jr

1.25 . . . . 0.0259 0.0522 0.842 0.813 1.18 1157
1.75 . .. . 0.0232 0.0303 0.434 0.642 - -

2.50 . . . . 0.0181 0.0184 0.224 0.553 1.21 883

a Ncutron density ratio below 0.4 eV. Cross sections calc. by THERMOS.

Reactivity calculations
Two main approaches have been used in the US

development of reactivity calculations for DO lattices.-
One approach, exemplified by the ROCLAND A
[34, 39, 40, 411, BSQ [42], NDC [43], and IDIOT [44]
codes, combines four-factor and diffusion parameter
calculations into a two-group treatment. The second
approach, exemplified in the Westinghouse CVTR
calculations [45-541, uses the standard light water
codes with suitable adjustments for the heavy water

lattices. Figure 4 compares the two approaches. In
general the CVTR codes offer better treatment of
neutron energy variations while the ROCLAND type
codes offer the better geometrical treatments. The
calculations and experiments are compared in Tables
1, 4 and 5 and in Fig. 3. The agreement is generally
excellent although enough normalization is implicit in
the calculations to require that any large extensions
to new types of lattices be again tested against
experiments.
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Table 4. Representative lattices studied in PLATR 134]

Ekiwe ts Hesag. D2O A..
Type or hb Housing Coolant lattice purity Comments

elmntet tubes pitch (in.) ( y) mesa. cole.

Nat. U rods,05O0D, 19 .... . None DsO 7.50 99.18 1.135 1.133 ab,c, d
0.648', C-Cspr. 19 .... . None DsO 8.46 99.16 1.159 1.157 a, b, c. d, ef

19 .... . None D2O 10.46 99.32 1.186 1.180 b. c. df
19 .None DUO 13.22 99.26 1.148 1.155
31 .None D20 8.46 98.82 1.096 1.094
31. . None DaO 10.46 99.30 1.165 1.162 Cd. e.g
31. . None Ds0 13.22 98.89 1.130 1.129
37. . None DzO 10.46 99A9 1.144 1.143
37. . None DuO 11.1 99.14 1.144 1.138 a, cfg, h
37 . None D20 13.22 99.05 1.138 1.136

Nat. UOa tubes 2 .... . Yes D1O 7.50 99.38 1.058 1.060 c, iJ, k, 1
2 . .. . Yes D2O 8.46 99.53 1.097 1.100 c, d, .,J, k, I
2 . Yes DaO 10.46 99.70 1.150 1.152 e, o'r. e 1 J. k, I, m
2 . . Yes DiO 13.22 99.45 1.130 1.144 c, dj. k, I

Nat. UC rods,.0 SOD, 7 .... . Yes Air 7.50 99.75 1.213 1.217 a, n
0.580'. CCspc. 7 ..... Yes Air 8.46 99.75 1.218 1.224 e, n

19 .Yes Air 8.46 99.75 1.172 1.180 ea n
19 .Yes Air 10.46 99.75 1.210 1.209 e4f n
19 . Yes Air 13.22 99.75 1.205 1.212 e. n
31. . . . Yes Air 10.46 99.75 1.176 1.164 e, a
31 Yes Air 13.22 99.75 1.199 - e. o

^ Also done with double cylindrical shroud tubes.
Also done with single hexagonal shroud tubes.
Also done with air coolant.

d Also done with "2o coolant.
a Also done with ofranic cooant.
I Variations in center-to-center spacing measured.
P Also done with single cylindrical shroud tube.
A Variations in D 2 0 purity studied.

Detailed parameter measurements and calculations
Experience has shown that a variety of calculational

assumptions can fit the observed reactivity data.
Accordingly it has proven essential to provide measure-
ments and cakulations of the detailed lattice para-
meters or their observable equivalents. The Westing-
house studies ror the CVTR have been particularly
notable in this respect, comparing parameter measure-
ments made in the LRX critical 145] against many cal-
culational schemes in order to arrive at an optimized
model [49].

S Singe lube element also measured.
* Cylindrical shroud tube and central filler tube.
k Void coefficient measured for individual coolant channels.

Calculated by a method similar to ROCLAND A.
b 3 and 4 tube elements also measured.
a Cluster has single hexagonal shroud tube.
* Cluster has single cylindrical shroud tube.

[n rast-fission measurements the observable quan-
tity is o,,a the ratio ofrOU to z15U fissions. It has been
measured in the MIT [23], Savannah River [6, 59, 60,
61], and WAPD 145, 471 programs by comparing the
gamma activities of enriched and depleted foils ex-
posed in the fuel. The primary experimental problem
lies in determining P(:), the ratio of the '1aU and mU
fissions to their respective fission product activities.
Factors influencing P(Q) were measured directly [23,
59, 601. Also MIT [23, 62] developed an alternative
approach based on counting the 1.6-MeV gamma ray
of ""La several days after the experiment to determine
8,, from the known yields of this isotope in the =1JU
and "'U fissions. The threc-group formulation
developed by Fleishman and Soodak [40] has given
good results in calculating the fast fission effects, but
(as shown by Table 5) MUFIT [52] gives poor results
probably because or the flat flux assumption. Over-all
accuracy of the S measurements is in the ±3-5 per cent
range.

In the resonance energy region the obscrV'ablcs are
Pa. the ratio of epithermal to thermal captures in
2 INU and 8ai, the equivalent ratio for 23U fissions. For
the heavy water programs, the prceerred method or
measuring p., has been based on cadmium ratio
determinations of the 103 keV activity from '9Np
[6, 24, 45, 471. However, Savannah River studies [91
showcd that the direct Cd mcasuremcnts for p2, could
contain large errors. An alternative is to determine the

X ~ ~ ~ ~ ~ 5 *J X n a a at rm n

1.14

n^*n^

Figure 3. km, vs lattice pitch for bare clusters of natural UO, rods
in D,O
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Table 5. 19-rod CVTR fuel clusters In rectangular lattices in D20

Lattice spacing
C-C (inches) e rnodIj fuel

Type Uw 25 p28 CO B> 2 2ff
X Y d data Sub Cd 4) (cm

2
)

6.5 .6.5 0.57 Meas.....0.050 0.055 0.72 0.752 - - -

6.5 6.5 0.60 IMeas. . 0.045 0.0535 0.74 0.747 1.52 770 215
jCWa . . . 0.016 0.0625 0.79 0.693 1.56 - -

6.5 6.5 m6 S Meas. ... 0.044 0.052 0.76 0.764 - - -

Meas . - 0.0483 0.67 - 1I57 782 238
6.5 8. 060 . 0.013 0.0495 0.64 0.637 1.62 - 254

(Mecs. .. . 0.045 0.0356 0.493 0.681 1.63 763 274
8.0 8.0 c .l . .0.010 0.0396 . 504 0.595 1.69 - 280

Fuel: U02 pellets (10.2 dir 3 ) 0.430C D x 0.86r L enriched to 1.1 V 2
35

3U.
Clad: 6061 Al 0.0 OD. 0.032 walL
Housing: 6061 Al 4.00W OD. 02W wall.
Moderator: 99.27-9933 mol D20, 20 *C
Lattice: See Fig. 5.

subcadmium captures in "IU by reference to cadmium
ratios for a nearly 1/w absorber such as copper. Such
problems are minimal in the measurements or the gsU
fission product activities to determine oS, An alterna-
tive to using cadmium ratio measurements at all is to
determine C*, the ratio of total mU captures to total
233U fissions. Sample experimental results for p,,, 85,,
and C are given in Tables 1, 3 and 5.

Calculations of p,, require a detailed geometrical
treatment. In the ROCLAND code, collision proba-
bility techniques are used with a nine-group energy
formulation centered on the wide resonances of 2"U
[41]. In the CVTR methods, auxiliary Monte Carlo
calculations are made with the REPLICA code [46]
to provide the self-shielding factor for MUFT. Both
approaches match the measurements within the rather

large experimental uncertainties, which average 43-4
per cent excluding systematic errors due to cadmium.
However, the MUFI-REPLICA calculations contain
an implicit assumption that the slowing-down flux is flat
over the lattice cell, and they may be expected to break
down at very wide fucl pitches. Thus Table I shows
p,, values as high as 0.368 for isolated fuel assemblies,
whereas the flat flux assumption would require these
values to tend towards zero.

All of the D2O lattice programs have included
thermal flux traverses. The obscrvables are the res-
ponses of activating foils or other detectors, preferably
with a variety of spectral characteristics, at different
points in the lattice. It has been the conclusion of most
or the US lattice programs that the best way to use
this data is in comparisons with detailed multigroup

(

A) CYTR CALCULATIONS

THERMOS IS01
30 Group
Nelkin S.D.
Kernel 1511
Homog. Fuel

Diffusion Consitants
0.0-0.633 eV

REPLICA 1461 MUFT 1521
mome Codlo 54 Group 54
0.625-5530 eV Zero Di;nsionol I on
Fuel Geobetry L28 from REPLICA )AU

AIG 1531
Group
le Dimnensionol
FT Self-Shielding

P3alSi4

2 imension

Diffusion Constants
0.625eV 10 MeV

Figure 4. Block diagrams of DJO lattice calculations
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calculations The THERMOS code 150], originally de-
veloped at MIT, is especially useful for this purpose.
This code has provided excellent agreement with a
wide variety of D2 0 lattice traverses 13, 9, 25, 45, 47],
although there is some evidence of systematic discre-
pancies of about 2 per cent in the moderator-to-fuel
flux ratios In the smaller lattice cells a two-dimen-
sional or a modified THERMOS [63] has been used
to avoid errors associated with cylindricizing the lattice
cell [25, 64J- The preferred scattering kernel for these
calculations is presently the Honeck modification of
the Nelkin kernel [51]. However, MIT studies [64]
comparing THERMOS calculations made with the
Nelkin-Hooeck, Brown-St. John, and Wigner-Wilkins
kernels showed maximum variations of ess than 3 per
cent in any of the observable quantities.

27"Lutetiun has been widely used as a thermal
spectrum indicator both in comparison with THER-
MOS calculations and for neutron temperature deter-
minations based on the Westcott formulism [65].
Detailed comparisons of the relative response of
2"lutetium and a I/Y detector in a purely Maxwellian
spectrum were made at Hanford Laboratories [66],
over a range of neutron temperatures and correction
techniques 167), they were developed for subtracting
the epithermal response of these foils in actual lattice
measurements. Typical neutron temperature deter-
minations in the CVTR criticals gave moderator

values near the physical lattice temperatures but fuel
values some 700 to 80° higher [471.

The thermal neutron distribution measurements are
ordinarily combined with the appropriate cross sec-
tions and diffusion coefficients to provide values for
the thermal diffusion area. The diffusion parameter
most directly obtainable in the DO lattice measure-,
mcnts is the over-all migration area, M'. This has
been measured in the critical facilities at Savannah
River 17, 8, 9] and Westinghouse [45, 47] by com-
paring buckling and ken changes through the two-
group critical equation. In Tables I and S the actual
measurements were of water height changes versus
periods. Data have been obtained at Hanford Labora-
tories using this technique for irradiated lattices [20,
68, 69]. Calculational codes for evaluating the migra-
tion areas are the same as those discussed earlier for
the bucklings.

Special lattice studies
A particular problem is met in the diffusion measure-

ments and calculations whenever the lattices contain
voids, since in these cases the diffusion coefficients
will be different along and against the direction of the
voids. The simplest method of observing the effects
compares water height versus period measurements
with and without void in the lattice. These measure-
ments give the anisotropic migration area in the
direction in which the water height changes. At
Savannah River the Persson perturbation analysis 112]
was used to determine the changes in diffusion coeffi-
cients resulting from creating voids at various loca-
tions in the test fuel assemblies. Results from both
methods are shown in Table I [7, 13]. A study of
voided UO, tubes by the Persson method [10] has

Mmasured Power. Pa,

TeP VIEW Or CONE

C O OSS I K CT ION O PA
PUEL CLUSTER

(SEE TABLE 5)
Figure 5. Measured power distributions In CVTR critical

experiment compared with PDQ calculations
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given satisfactory ageemcent with Benoist [58] calcu-
lations for void frmlions up to lO per cent or the cell.

Most of the powr reactor lattices are extremely
heterogeneous both in using large and widely spaced
fuel assemblies and in using many different types of
fuel assemblies and other lattice components. Studies
with the CVTR (Fig, 5) and the very heterogeneous
HWCTR reactor PC) have shown that the PDQ code
can give good resuls for these lattices although some
normalization is involved in the way the PDQ grid is
chosen. Effort has also been put into the development
of heterogeneous codes as exemplified by HERESY I
[71] and 2 [72], and KERNMAT [73]. These codes
take input data from the lattice parameter codea
already discussed to determine neutron absorption
and production coefficients for each lattice componenL
The neutron flux in the lattice is then calculated in
terms of four kernelswhich give the slowing down and
thermal diffusion distrbutions from the lattice com-
ponents considered as line sources and sinks.
HERESY I and XERNMAT are essentially three-
group methods allowing ror resonance absorption at
a single energy; HERESY 2 permits a multigroup
res'onance treatment Tests at Savannah River have
shown good agreement between these codes and uni-
form lattice bucklings 110]. However, with actual
heterogeneous lattices difficulties are experienced in
defining the cells used to generate the input parameters.
Such calculations are improved [74] by an iteration
technique in which cell sizes determined from the
zero current boundaries in the lattice calculations are
fed back into the parameter calculations.

The effective delayed neutron fraction fi must be
considered a variable in a D2 0 lattice. In part this is
because these lattices operate with a variety of fission-
able materials and in part because they have varying
escape probabilities for the high energy y's producing
delayed photoncutrons. Measurements of P have
been made in the Savannah River [75] and Westing-
house programs 145, 47] by comparing the kinetic
response of the reactor to known changes in
reactivity. The Westinghouse results indicated a'y
escape factor of 0.10 for the CVTR lattice. Escape
factors. of 0.46 and 0.99 were obtained 176] from
analogous experiments on the 19-rod U02 and Pu-Al
fuel assemblies used in the PRCF and PRTR. The
closely related quantity p11, the ratio of the delayed
neutron fraction to the neutron lifetime, was measured
by transfer-function studies in the PRTR and by noise
analysis and step reactivity changes in the PRCF to
be 6.6 + 0.6 sec1 for the PRTR lattice 169, 77].

Most or the lattice measurements discussed have
concerned natural and slightly enriched uranium
systems. Limited work has also been done with other
systems. The Hanford program, designed to investi-
gate burn-up [78, 79] and plutonium recycle systems,
included zero power critical studies of these lattices in
the PRTR [69, 80, 81] plus the development of a
variety of burn-up codes such as RBU [82] and
MELEAGER [21]. Counterpart Westinghouse codes
are CANDLE [83] and TURBO [84]. Investigations

on thorium-235U fueled D20 reactors have been
reported from the Argonne National Laboratory [85,
86, 87]. Finally, Savannah River is irradiating thorium
and plutonium to produce some 120 kg of 233U and
3 kg of 241Cm and has reported studies of byproduct
production -of 232U in the '3U [88].

OPERATIONAL CHARACTERISTICS OF
D.O REACTORS

Means for incorporating the lattice physics informa-
tion discussed above into the design of the fuel lattices
for actual D20 reactors are conveniently provided by
techniques such as Savannah River's FAD code [89].
This code automatically designs tubular fuel assemblies
by iterating BSQ physics calculations against engineer-
ing and economic calculations until an optimum is
achieved under the input parameters of the problem.

The next stage is to add control capabilities to the
lattice. The PRTR uses moderator level control with
automatic sensors to maintain the reactor power
within i0.25 MW at 70 MW output 1901. However,
most US designs of D20 power reactors use multiple
control rods. (The PRTR has multiple shim rods.) The
purpose is to provide xenon override capabilities and to
allow for flux shaping in addition to criticality and
shutdown control. Flux shaping is particularly impor-
tant in the large D2 0 power reactors because these
reactors can develop large flux tilts which lead to
power losses and xenon oscillations 191]. (In a typical
experiment in the PDP a uniform displacement of the
lattice by 0.4 cm in the total 495 cm diam produced a
flux tilt of 7 per cent.). The methods discussed earlier
for reactivity evaluations of the uniform lattices have
proven adequate for determining control rod worths
[9,48, 61, 92]. Further, studies at Savannah River have
shown that even one-group diffusion theory gives
good results in computing the flux shaping produced
by the control rods if the measured lattice cell buck-
lings are used as input. In more advanced calculations
the four-group two-dimensional PDQ code [54] has
matched the complex flux distributions in the HWCTR
to within 3 per cent radially and 5 per cent axially [93].

Interesting physics parameters of the DjO lattices
are encountered in evaluating the operational coeffi-
cients. Such studies have been made both in the con-
ventional zero-power experiments and in the actual
operating D2 0 reactors such as the CVTR, the
HWCTR, and the PRTR. For example the measured
moderator temperature coefficients for the PRTR and
PRCF as determined from period measurements in
the zero-power, zero-irradiation startup lattices were
(-8.8 i: 0.3) x lO-5, k/k(0C 1' and (-24.6 i 0.5) x
10-5 Ak/k(C) 1-. Most of the measurements have in-
volved either moderator heating or uniform lattice
heating. However, the fuel temperature coefficients for
the UO 1and Pu-Al nineteen rod fuel assemblies [16] for
the PRTR have been measured in the PCTR as (-2.3
: 0.2) x 10- 5(0C)-1 and (-0.7 d 0.3) x 10-6(0 C)-'
respectively [94]. In general both the ROCLAND and
CVTRcalculational techniques haveproven adequate to
handle the temperature coefficient calculations [47, 95].
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Tables I and 2 show the bucklings of representative
D20 lattices with various fuel coolants. The effects
influencing the measured reactivity changes are quite
involved, but for lattices near the optimum moderator-
to-fuel ratio the reactivity or the lattices with different
coolants is in the order D1,, gas, organic, H20. Thus
the effects or void creation by coolant boiling is
usually (but not always) negative for the D2O coolants
and positive ftor the organic and HO coolants. Simi-
larly the coelficint for an inleakage of H.0 into the
D20 is negative in all but the most undermoderated
lattices, but the effects or a DO leak into an organic
or H2 0 coolant would be expected to be positive.
These variations have been studied as important safety
coefficients in the D2 0 reactors. Thus for the PRTR
a value or -16 x 10- Aklk has been measured for
total loss of coolant from the startup core [81]. The
effects of the introduction of light water into the
moderator have been measured in detail at Savannah
River [3, 6, 30J.

Calculations or the void and coolant interchange
effects provide a severe test of the D1O lattice calcula-
tion schemes. The agreement with experiment has been
only fair (Table 1 [34,47]). Streaming effects have been
handled by the methods of Behrens [96] and Benoist
[58]. As evidenced by the earlier anisotropy discus-
sions, these methods are probably reasonably ade-
quate, so the difficulty lies directly in the calculation
of the lattice parameters, in particular p and a. The
problems of void location have been treated by two-
or three-group perturbation theory at Hanford [69,
97], Savannah River [98J. and Westinghouse [45, 47]
with uniformly good results.

The final stage of the physics evaluations or the D,O
reactor lattices has been to determine the over-all
reactor stability. Transfer function measurements have
usually proved unsuccessful in the large D.0 reactors
because variations in moderator circulation patterns
usually Mask most other effects (99]. A more success-
ful approach has been to combine the measured
physics coefficients and other reactor parameters into
an analytical transfcr function. A new IBM 704 code
LASS [100] has just been completed at Savannah
River for comprehensive linearized analyses of D20
reactor stability. The effects or xenon oscillations can
be incorporated into this analysis by use of a second
code OX [101].

True accident analysis of the D1O reactors requires
the use of non-linearized equations to follow serious
reactor excursions. An alternative is being explored in
the SPERT 11 1102] experiments which involve shut-
down studies of heavy water reactors of the CP-5
type [103]. Shutdown mechanisms for initial asymp-
totic periods between 50 and 500 ins correlate with the
formation of steam voids.

CONCLUSIONS
Although much work remains to be done in detailed

reactor design and on determining the parameters for
irradiated lattices and lattices operating on fuel cycles
other than "sU/"'U, the studies described in this

report are felt to provide a sufficient basis for the
conceptual physics design of the present generation of
D5O power reactors in the US.
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ABSTRACT-RaSUMt-AHHOTALA,9-RESUMEN

A/268 Etats-Unis d'Amdrlque

Ltudes de r~seaux et experiences critiques
sur des ensembles mod~r~s a l'eau lourde
par J. L. Crandall et al.

Au cours des cinq dernieres annees, les experiences
critiques et exponentielles faites A Brookhaven, A
Hanford, au Massachusetts Institute of Technology,

A Savannah River et aux laboratoires de Westinghouse
ont fourni une base experimentale solide pour la phy-
sique des reacteurs concernant les reseaux uranium -
eau lourde. Les efforts ont porte principalement sur
la mesure des laplaciens de plus de 200 reseaux dif-
ferents, representant une vaste gamme de types de
r6seaux et de formes du combustible. On a Egalement
mis au point des methodes d'activation pour mesurer
certains parametres: rapport du nombre de fissions
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neutrons rapidk neutrons lents, capture de neutrons
dc resonance,taxdeconversion, distribution spectrale
des neutrons. Toatefois, les mesures par activation ont
ete appliqueesikn plus petit nombre de reseaux que
les mesures deaplaciens. Les Itudes les plus recentes
ont ete notamxt consacres aux problemes poses par
les charges hft&ogbnes et les effets anisotropiques.

Les exporien critiques et exponentielles ont ete
completees pardes etudes de substitution, tant du type
classique que: da type A reactivit6 nulle applique A
Hanford et parUnited Nuclear. Les mesures de substi-
tution sont paticulitemnent utiles du fait qu'elles
fournissent des aeurs diffrentielles et qu'elles per-
mettent 1'tudc d'n reseau pour Iequel on ne dispose
que de quelquesechantillons de combustible. lassem-
blage critique de recyclage du plutonium (PRCF) est
une nouveaute intaessante parmi les apparcils de
mesures de substitution qui permettent d'etudier le
combustible iradi i Hanford. La me thode des neu-
trons pulses dans les reacteurs a eau lourde semrvait
d'abord essentidlUemnt A I'etude de l'eau lourde elle-
meme, mais on rutilise maintenant aussi pour les
reseaux, en particulier dans les centres universitaires
(Massachusetts Institute of Technology, Universit6
d'Etat de Caroline du Nord et Universit6 de Floride).
Une installation experimentale unique en son genre
est Ie reacteur SPERT 1I, qui sert aux etudes d'arret
et d'etats transitoircs dans Ies rcseaux A eau lourde.

Bien que la pius grande partie des recherches aux
Etats-Unis aient e6 concentrees jusquici sur les
reseaux A uranium, quelques travaux en cours portent
sur les reseaux i plutonium et A thotium. On etudie les
r6seaux plutoniferes pour obtenir des renseignements
sur les effets de la formation de plutonium dans les
reacteurs A uranium naturel, sur les reacteurs A
recyclage du plutonium et sur l'irradiation du plu-
tonium en vue d'obtenir des transuraniens. Les reseaux
A thorium et eau lourde sont etudies A la fois pour les
reacteurs surgenerateurs a thorium et pour la produc-
tion d'uranium 233.

Avec cette abondance de donnees experimentales, la
plupart des programmes de calculatrices servent essen-
tiellement a faire des interpolations. Plusicurs methodes
de calcul electronique ont WtC mises au point pour
l'etude detaillce de certains problcmes de physique
des reacteurs A eau lourde. On peut citer divers pro-
grammes de Monte-Carlo pour l'etude des processus
de ralentissement des neutrons et de capture par
resonance, le programme THERMOS, etabli par
Honeck pour l'etude des effets du spectre des neutrons
thermiques, et Ie programme HERESY, elabor6 par
Klahr pour l'6tude deflets heterogcnes. On a obtenu
igalement debons resultats en adaptant aux r6acteurs
A eau lourde les m6thodes de calcul appliques pour
les reacteurs A eau legere; c'est notamment le cas des
programmes CANDLE ct PDQ de Westinghouse.

Comme les donnees concernant les reseaux A eau
lourde se traduisent par la construction d'un nombre
toujours croissant de reacteurs, on a combin6 les
donrndes de physique aux dornnes technologiques et
economiques pour les calculs des caracteristiques

techniques et des coits; eest le cas, par exemple, du
programme FAD de Savannah River. Lesa-aspects
operationnels des reseaux ont egalement mune grande
importance pour l'evaluation des dispositifs de corn-
mande, des possibilit6s d'aplatissement du flux et des

* coefficients d'exploitation du reacteur. On a mis au
point des programme speciaux, comme OX et LASS,
qui combinent toutes ces donnies pour permettre des
6tudes de stabilit6. La plupart des donn~es experimen-
tales sur les coefficients d'exploitation proviennent des
experiences A puissance nulk; toutefois, on obtient
maintenant des renseignernents importants grace aux
dives reacteurs a eau lourde qui sont en service aux
Etats-Unis, notamment les reacteurs plutonigenes de
Savannah River, Ie reacteur experimental des Caro-
lines et de la Virginie (CVTR), Ic reacteur d'essais
technologiques A eau lourde (HWCTR), le reacteur
d'essai A recyclage du plutonium (PRTR) et des
r6acteurs dc recherches comme lc CP-5 et le MITR.

A/268 CWA
klCCneAoBaHHR peweTOK H KpHTUqec-
KHe onblTbl B CHCTeMax C TRenoBo30-
HbuM 3aMeOAHTeneM
IAc. KpaHAan et al.

;pwrTHM'ecKHe mm oXcisonenmuIaJn~buo MIITIJA,

Jmp08eAei3IlumC aa 31ocaeAlRe )IRT XeT D Zaaopa-
ropmx B Bpyxxeinene, Xaim4iopAe; Macca9yceT-
cKoM TOxitonormnecKom )4HCTrITyTC, B CaBamlIa-
PHBCpcKoi1 laarpaTopux n B =a6opaTdpunX qnrP-.

mu eBecTHnrayam aano3muJNx oc0OB j0nn AuraiuMIR
peaRTOpoD Ira ypaile n[ sTJaenofi Bone. B onmnTax
rzaBiltlM o6paaom npemjycbmaTpNBavnx mamepeulue
nannacnaua. Buno szcnepoDaiio CBL11lne uAyXCOT
pemeToR pa3awntoro Txna u (J)opu -roumlna. Pa3-
pa60Tanmz aKTHcuaikmonHUC meTomz Ann n3uepc-
IINH TnaxX ReCa'annI, xax OTrnomeCHme ce'ieumii
;JeneClln ira 6mcTpUx H TrenaownUx HmeHTpOlax, Pe-
:3OrauCIuR BaXBaT llCIITpOIIOB, XH30I14HIHITTU
uocMIpo0asoBAcTa n ciieKTp itefiTponoB. Jalinacit-
an namepnAcm c Gonbunm nomnHecTnox pemeToz;
110 cpannexnmo c xonnIVeCTBOm pemeTOR, ira XOTO-
pWx ipuHselffrnAc6 aKTamiawtonolue meToULr.
B nocneAllec npeun mccreAyioTc.R rereporenuito
SarpyaKMH D nMrammm UilM30TpOTIII.

Jtailjime, ronyienrruo B pe3yjv6TaTrO IpfTHIO-
cx x)! aCllnoHenlHa1U1it.x OnlbTOB, 6LuxH Aonon-
3teHLi o6iqrrmnium cranIAaPTIIuMH 3iccjreAonauunmn
ni xmeMpenhnmMH npHM niyneCoi peaKTHrBHOCTH, No-

TOPbLC npoBoArnrc, Ba XanHOPAo It D a6opaTo-
pHYIX )HpMIA 4lOhnaMiTc ljllulomiap*. rnpH orpa-
nIwicintom KOonHqccTue o~paa.oB Mounnsa Ann Hm-

mmoja AItmdeperrHRianon AHnu McnAConaMsra pemno-
TOK IlpaRTMICKlM 1JIMC3HUIM1 JIBJIHIOTCH M0TOAI1
.3aMCHc1h$. HouIM MillTepec1uM Apo6anneunem t.
ycTpOlRMTIaM, B KOTOpLX yIorTpe6nmloTcn MOTO-
;ti1i :aaMenenim, nimneTCT 34pMT310CCtanl YCTDUOII-
IKU C, monm10pMIru110 IMyTorn1esnsM niMxnoM (PRGF)
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htns1 113Y1IeiI ns o6 3ywu'noro Tonannsa si Xauldop-
jiC. 1Im I3lJbC33l1 i1f]Tp)311allI MeTO~3i~aI AJJ1I TO!-
)le13j1023OOllbI x ClICTOII, aci3oJswYeman rjilawnIi hiOr-
1)d:343M 11pii 13234"ClIlI111 T)KCt'JI) BI)AtU, II i31)CJIIŽ1-

13T'0 33Cm 111"mell"eIII ItR AAR11 SacCleoA1211ii~f Pt-
IIICTOK3, h(ITO~PWO II3X)3OBOTCH D f ~lUy1BCpCHT0TCK{OI
uIpor paxim Macca-iyctfcnn cilmr1lcK31
3IiICTIITYTOM it yuHiiepewre~amit *urrairou Cenelp-.
51ai LI! JIpoi1iiiii I E(pI)JzJ3A. Y111M.Ka~suxa :)KcIIO-
PlIMCIITaJwiLIb( YCTP00ta?'tM RD331N11Rcfl PCL1HTOP
S PEJRT-11I, )NOTtqfl~ii 30030,11163YC5C 31 AXI 13y'einelu

OCT11lhI111111 K fl0P0XDARIII flpoxtcccol 7fl3)3AcnO0A-
1i1.)x pew11070K.

llal)Jj~y c p~aLpat60TwuR ypalloaux MTM1

(:WIA Ylla1cT01tutee upeum 11poDoAiRTCn 01IUTU'

II2Iy'OJIMCBMUl f It TtOp~eDW]IR fl CzTemaxsM. Pciu"~-
Ni1t C 1IJAYTOlIHex :s3y'Iajwrcn 23xn1 )IccJIe3oflaitsfu

1()(13011T011 1111110JJIN IA1yHIIX ]JYI 13 1ea11rTopaX iI;!
Ilpnpoj~11oM ypallP. AaUI3Mx o ellCTem1x C 1JI11T011,.

1111Hl I tf"u~lCkMl.KZ1ob ii n6 o6aiyielnilis linfy-
T01IM!! Anil II p%)3130ACTI37~alypfnni X1cmel,-
Tron. CIICTCM Li D20 - Tb fimy'aai~wit c -roi Kit :31w-
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A/268 Estados Unidos de Amdrica

Estudio de redes y experimentos criticos en
sistemas moderados por D,0
por.J. L Crnndall et ao.

Durante los filtimos cinco ainos las experiencias
criticas y exponenciales realizadas en los laboratorios
de Brookhaven, Hanford, Massachusetts Institute of
Technology, Savannah River, y Westinghouse, han
suministrado una firme base experimental a la fisica
de reactores de utanio - D1O. Se ha prestado la mayor
atenci6n a las medidas de laplaciana, habiendose
estudiado m.as de-200 redes dircrentes que abarcan una
amplia gama de tipos de reticulado y formas de com-
bustible. Se han desarrollado tambicn tecnicas de
activaci6n con cl fin de medir magnitudes tales como
ias razones de fisi6n raipida a termica, captura por
resonancia, razones de conversion y distribuciones
espectrales. Sin embargo. cl conjunto de redes a las
que se les ha aplicado las t~cnicas dc activaci6n ha
sido menor que aquel en que se han realizado medidas
de laplaciana. Los estudios mas recientes se refieren
fundamentalmente a los problemas que plantean los
sistemas heterogeneos y los efectos de anisotropla.

A los datos de los experimentos criticos y exponen-
ciales deben aniadirse los estudios de sustituci6n reali-
zados tanto segin el metodo claisico, como segfin la
variante de reactividad nula, tal como se ha practicado
en Hanford y United Nuclear. Las medidas de sustitu-
cidn son particularmente Mtiles tanto para suministrar
resultados por diferencia, como en el caso de disponer
de una cantidad limitada de combustible a ensayar.
Una nueva c interesante contribuci6n a las instala-
ciones de sustituci6n es la instalaci6n Plutonium
Recycle Critical Facility (PRCF) que tiene por finali-
dad estudiar combustible irradiado en Hanford. Las
tecnicas de fuente pulsante en sistemas de DO encon-
traron su principal aplicaci6n en el estudio del propio
D3 Q, pero ahora se esta aplicando tambien para
estudiar redes, principalmente en los programas del
MIT, y de las univcrsidades del estado de Carolina del
Norte y de Florida. Una instalaci6n experimental
particularmente notable es el reactor SPERT 2, se
esta utilizando en estudios de transitorios y de parada
en redes de DO.

Auntique hasta la fecha la mayorla de los trabajos
Ilevados a cabo en los Estados Unidos se han concre-
tado a sistemas de uranio, actualmente se estain
iniciando algunos trabajos relativos a sistemas de
plutonio y torio. Las redes de plutonio se estudian a
fin de obtener informacifn sobre los efectos de acumu-
laci6n del plutonio en reactores de uranio natural,
sabre el ciclo del plutonio y sobre irradiaciones de
plutonio para producir elementos transuranicos. Los
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sistemas de D1 0 - torio se estudian tanto con vistas a
los reactoms reproductores de torio, como a la pro-
ducci6n dc mU.

En raz6n a ia enorme inrormaci6n experimental de
que se disponc, la mayorla de los programas de calculo
son fundaentalmente formularios destinados a inter-
polar entre puntos experimentales. Otros m6todos de
cilculo se ban disciiado con cl fin de examinar detalla-
damente aspectos especlficos de la risica de los reac-
tores de DD. Ejemplos son: los diversos programas de
Monte Caflboquc estudian el proceso de la moderacion
y la captua por resonancia, programa THERMOS,
desarrollado por Honeck para examinar el espectro
termico, y el programa HERESY, desarrollado por
Klahr para examinar e'ectos de heterogeneidad. Se
han obtenido buenos resultados por la Westinghouse,
con los programas CANDLE y PDQ, adoptando los
metodos de cilculo para el agua ligera a-los reactores
de D2 0. I

A medida que la informaci6n sobre redes de nO
se ha ido incorporando a los proyectos, los datos

fisicos se han combinado con los t&nicos y econ6micos
en los calculos de disenio y optimizaci6n de costos. Tal
es el caso del programa FAD de Savannah River.
Considerable ha sido tambien la importancia con-
cedida a los aspectos operacionales del disefio de
reactores en la evaluaci6n de los sistemas de control
de las posibles formas del flujo y de los coeficientes
operacionales del reactor. Algunos programas espe-
ciales, comno OX y LASS, se han desarrollado con el
fin de combinar estos datos con vistas a los estudios de
estabilidad. La mayor parte de la informaci6n experi-
mental que existe sobre los coeficientes operacionalos
proviene de experimentos a potencia cero; no obstante,
actualmente se esti obteniendo mucha informaci6n
merced a los diferentes reactores de DjO que
funcionan en los Estados Unidos, como los reac-
tores de producci6n de Savannah River, el Carolinas
Virginia Test Reactor, el Heavy Water Compon-
ents Test Reactor y el Plutonium Recycle Test
Reactor y los reactores de investigaci6n CP-5 y
MITR.


