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ABSTRACT

The performance of a natural-uranium gas-graphite reactor is closely dependent,
throughout the station lifetime, on a accurate fuel and absorber cycle pro-
gramming. This programming entails the knowledge of the reactivity variation
as a function of irradiation, and an accurate assessment of the reactivity control-
led by various factors, namely absorbers, xenon, boron contained in the graphite,
control rods and temperature effects.

For each general condition of core irradiation, the algebraic sum of the
deviations of reactivity components controlled by the aforesaid factors from the
reference values represents the intrinsic reactivity variation from the initial core
conditions.

The execution of these reactivity balances, extended to the first four years
of reactor operation, permitted the intrinsic reactivity variation of the Latina
reactor to be known as a function of the energy generated.

The reactivity balances were performed on the basis of experimental data
and calculation methods whose validity was verified by comparison with the
results of measurements purposely taken.

The results obtained for the intrinsic reactivity variation are generally in good
agreement with similar data relating to other reactors of the same type and
provide a valid contribution to data availability.
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1.0 PURPOSE OF THE RESEARCH PROGRAM ()

- The performance of a natural-uranium gas-graphite reactor is closely
dependent on proper exploitation of the core throughout the station lifetime,
It is indeed hecessary to maintain reactor conditions such as will afford the
maximum thermal output with the best utilization of the fuel. For this pur-
pose an adequate neutron flux distribution must be maintained by program-
ming the fuel and absorber cycles appropriately. This program entails the
a priori knowledge of the reactivity variation as a function of fuel irradia-
tion. In particular, by virtue of the considerable progress in metallurgy,
the discharge limits used in programming the fuel cycle may be conditioned
only on the available reactivity,

In 1965, that is, at the beginning of this research, the reactivity varia-
tion in gas-graphite reactors as a function of irradiation could not be closely
estimated because of the uncertainties extant on some of the fundamental
data. The experiments conducted at Latina under this contract considerably
contributed to thé elimination of these uncertainties. The measurement
techniques used for the research program permitted Vvery valuable informa-
tion to be gathered, even though the measurements were taken on a commer-
cial power reactor,

For the determination of the intrinsic reactivity variations, several
measurements, described later, had to be taken periodically, and the fuel
irradiation data had to be updated continuously by means of heat balances
and power distribution measurements. In addition, a great deal of data
had to be processed with the station computer .(see Appendix I).

Since the Latina fuel cycle has an initial delay of one year, reactivity
equilibrium conditions cannot be reached but after a long period of station
operation. To obtain as much information as possible in the determination
of the reactivity variation, the measurements scheduled in the research
program were spread over a period of three years. To complete the picture,
the data collected during station commissioning and first operation -- that is,
before the execution of this contract -- were also processed.

1.1 Reactivity balances

The experimental determination of the intrinsic reactivity variation as a
function of irradiation is based on reactivity balances. The variation in reac-
tivity in any moment of the reactor life can be represented in the steady-state
condition by the following formula:

APr‘ods * A?abs * A?T * AS)Xe * A5)boron - AS)’cot

where:
= variation in rod-controlled reactivity as a function of temperature

p
‘rods . s . s s
and irradiation as compared with the initial reference conditions

(*) Manuscript received on 11 December 1968.



A?abs = variation in absorber-controlled reactivity as a function of temperature

and irradiation as compared with the reactivity controlled by the initial
absorber distribution

APT = variation in reactivity owing to temperature deviations from reference
conditions

Ag)Xe = variation in reactivity owing to xenon deviations from reference con-
ditions

A?boronz variation in reactivity owing to gradual depletion of the boron initially

present in the graphite

A?tot = variation in intrinsic core reactivity as compared with the reference

tion

1.

conditions.

The research program entailed the assessment of these terms as a func-
of irradiation according to the following procedure.

The term A rads’ which is essential for the determination of the reactivity
balance, was c?btained by extrapolating the control rod calibration curves
measured periodically,

The term A?ab was computed with a calculation program, the adequacy of
which was verified by comparison with the results of measurements pur-
posely taken,

The term ASJ was calculated from the reactivity temperature coefficients
ohtained experimentally,

The term AP was computed on a théoretical basis; it takes into account
Xe s s . .- .

the reactor power variation from the reference conditions at the time of

balance performance.

The term Ap was computed &n a theoretical basis; it takes into ac-

oron s . .
count the boron content variation as compared with the reference condi-
tions,

The term Apt , obtained as the algebraic sum of the preceding terms,
represents the intrinsic reactivity variationfrom the reference conditions
and constitutes the final result of the work conducted under the research
program.,

The following chapters describe the calculation procedures used for the

determination of the individual terms of the reactivity balance, and the mea-
surements on which the calculations were based. Chapter 9 gives the experi-
mental results and the conclusions.

Appendix I provides a summary description of the GEPAC 4050 computer

and main calculation programs required for the processing of the experimen-
tal data, It is known that the parameters used for the execution of reactivity
balances are representative of the core as a whole, so that it is necessary
to make an ideal subdivision of the core in zones and to process the zone
data by extremely painstaking calculation procedures, such as the ones de-
scribed in ref. 7 for the calculation of the temperature coefficients,



2.0 AVERAGE REACTOR AND ZONE IRRADIATIONS

For the purpose of this research, it is essential to know the average irradia-
tion to be correlated with the intrinsic reactivity variations, and the irradiations
of the individual zones into which the core is ideally subdivided, to be used as
the basic information in the calculation of absorber worth, control rod worth,
etc.

2.1 Determination of the average reactor irradiation

The average irradiation of the fuel is defined as the ratio between the in-
tegral of the thermal reactor power over a given time interval and the tonnes
of fuel which generated the related energy.

The thermal reactor power is determined by heat balances performed both
on the steam side and on the gas side of the station (see ref, 48). In practice,
since the heat balances on the steam side, though more accurate, are very
tedious and more difficult to perform, for the determination of the reactor
power use was more frequently made of the balances relating to the gas side,
appropriately correlated by means of a normalization constant to the balances
performed on the steam side from time to time as a cross-check.

To determine the power variations in the time lapse between two succes-
sive heat balances, use was made of the chart recording the electric power
generated (recorded continuously and very accurately). The electric power
was then converted into thermal power by means of the station efficiency fac-
tor,m , which does not vary appreéciably within this time interval.

The thermal power chart thus obtained was then integrated to give the
generated energy chart,

For the first part of the fuel cycle, the average core irradiation was
obtained simply by dividing the cumulative energy generated by the tons of
fuel present in the reactor.

When refuelling started, the energy produced by the discharged channels
was deducted from cumulative energy generated by the reactor to obtain the
average core irradiation., The energy generated by the discharged channels,
and thus the corresponding discharge irradiations, were determined as ac-
curately as possible on the basis of the average channel power in the zone
from which the channels weré discharged, The average channel power in
the zone was obtained from the gas flow rates and temperatures at the out-
let of the instrumented channels,

Figs. 2.1.1to IV give the average fuel irradiation as a function of the
cumulative energy generated. Figs. 2.1,V to VII give the cumulative thermal
energy as a function of time,



2.2 Determination of zone irradiations

In order to determine the actual zone irradiations to be used in the cal-
culations, the reactor was ideally subdivided (Fig, 2.2,I) axially into four
zones (each having the height of two fuel elements), and radially into-seven
concentric annular zones (containing respectively 8, 115, 384, 421, 444,
1092, 455 fuel channels).

On the basis of this core subdivision, the average irradiations of the indi-
vidual radial zones was calculated, taking into account any fuel discharges.
The results thus obtained were then multiplied by the respective axial shape
factors, derived by averaging the shape factors determined experimentally
every other week during operation (see refs. 5, 22, 33, 39, 47).

A detailed description of“the method followed for the determination of
the zone irradiations is provided in the report under ref, 22,

Tables 2.2.1 to IX give the zone irradiations calculated at different
dates. The linear interpolations between one date and the next (Figs.
2.2.1II to VIII) are approximate because of the irregular manner in which
the fuel was discharged because of operating requirements.
























TABLE 2.2.1

-ZI-

THERMAL ENERGY = 675,000,000 kWh THERMAL ENERGY = 1,860,000,000 kWh
IRRADIATION AS OF 15.11.1963 IRRADIATION AS OF 15.2.1964
AVERAGE CORE IRRADIATION = 105 MWD/T AVERAGE CORE IRRADIATION = 290 MWD/ T
Rad Rad.
zZone one

1 2 3 4 5 6 7 1 2 3 4 5 6 7
Ax. Ax.
zone zone
I 119§ 114 110 103 97 70 40 1 336 322 313 297 276 189 109
II 196 | 192} 191 188 180 133 80 I1 567 555 548 532 509 372 222
111 142 | 147| 152 154 [151 120 76 11 384 400 | 412 | 416 416 335 211
v 68 70 73 76 73 57 37 v 159 164 172 184 184 154 103
Rad. Rad.
zone 131 | 131 131 130 {125 95 58 || zone |361 360 361 357 346 262 161
I I




TABLE 2.2.11

THERMAL ENERGY = 3,310,000,000 kWh

IRRADIATION AS OF 15.5.1964
AVERAGE CORE IRRADIATION = 516 MWD/T

THERMAL ENERGY =

IRRADIATION AS OF 15.7.1964
AVERAGE CORE IRRADIATION = 614 MWD/T

3,940, 000,000 kWh

Rad. Rad.
zone one

1 2 3 4 5 6 7 1 2 3 4 5 6 7
Ax, Ax.
zone zone
I 606 | 578 | 558 529 491 338 194 I 721 688 664 | 629 585 | 401 231
II 1018 | 996 | 984 952 914 669 396 II 1210 {1186 1170 11134 1088 | 795 470
I1I 676 | 707 | 733 737 735 591 375 111 804 | 842 872 | 877 876 | 702 446-
v 272 | 284 | 299 322 320 2617 183 v 323 | 338 356 | 383 380 | 318 217
Rad. Rad.
zone 643 | 641 | 643 635 615 466 287 || zone 765 | 763 765 | 756 732 | 554 341
I 1

-EI-



TABLE 2.2.I11

THERMAL ENERGY =4,450,000,000 kWh THERMAL ENERGY = 8,720,000,000 kWh
IRRADIATION AS OF 31.8.1964 IRRADIATION AS OF 14.5.1965

AVERAGE CORE IRRADIATION =694 MWD/ T AVERAGE CORE IRRADIATION = 1,100 MWD/T
Rad. Rad.

zone one

1 2 3 4 5 6 7 1 2 3 4 5 6 7

Ax. Ax.
zone \ zone

I 819} 781} 753 716 665 455 260 1 92111208 | 1147 | 1066 993 712 424
II 1374 113461329 1297 1242 904 531 11 162312150 | 2081 | 1962 | 1880 | 1427 877

IT1 905 | 948 980 986 984 791 504 II1 1143 | 1581 | 1604 | 1581 | 1561 | 1275 830

v 357 373 | 393 418 417 354 246 v 470 | 652 675 699 695 589 399

Rad. Rad.
zone 864 | 862 | 864 854 827 626 385 || zone 1039 11397 [ 1376 {1327 | 1282 {1001 632

-v’[—




TABLE 2.2.1V

THERMAL ENERGY =

IRRADIATION AS OF 13.8.1965
AVERAGE CORE IRRADIATION =

9,402, 236, 701 kWh

1,147 MWD/T

THERMAL ENERGY =
IRRADIATION AS OF
AVERAGE CORE IRRADIATION =

11,636,193,463 kWh
28.12.1965

1,393 MWD/T

Rad. Rad.
zone one
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Ax, Ax.
zone zone
I 1054 (1273 ] 1125 1134 999 755 473 I 1369 | 1509 1362 | 1377 1235 919 588
11 1856 (2287 | 2051 2093 11900 1512 968 11 2463 | 2702 2469 | 2526 | 2333 {1826 (1206
111 1307 |1711 | 1598 1675 {1583 1363 911 111 1824 | 2039} 1927 | 2039 1927 1627 [1136
v 529 | 696 664 732 696 621 4317 v 765 840 804 899 854 748 544
Rad. Rad.
zone |1186 |1491 | 1359 1409 (1294 1062 697 zone 1605 | 1772) 1640 | 1710 1587 (1280 868
I 1

-SI-



TABLE 2.2.V

THERMAL ENERGY = 12,935,276,728 kWh

IRRADIATION AS OF 17.3.1966

AVERAGE CORE IRRADIATION = 1,490 MWD/T

THERMAL ENERGY =
IRRADIATION AS OF 15.4.1966

13,432,188, 378 kWh

AVERAGE CORE IRRADIATION = 1,542 MWD/T

Rad. Rad.
zZong one
1 2 3 4 5 6 7 1 2 3 4 5 6 7

Ax. Ax.
zone zone

I 1070 [1586 | 1445 |1502 |1229 | 977 | 644 || T 1149 {1663 | 1498|1518 | 1252 | 1017 | @72
I [1939 (2852|2628 2803 [2345 | 1950 |13201] 11 2085 {2995 | 2732|2849 | 2399 | 2033|1379
IIT |1465 |2209 (2109 |2279 (1976 | 1761 |1244 || 11 | 1579|2326 | 2198 |2321 | 2028 | 1844|1303
v 607 | 896 | 864 | 991 | 870 | 806 | 595 || v 656 | 942 | 898[1003 | 890 | 844| 622
Rad. ] Rad.
zone |1270 |1886 |1761 [1894 [1605 | 1373 | 951 1367 [1981 | 1831|1923 | 16842 | 1434 994

zone

-9‘[-



TABLE 2,2,VI

THERMAL ENERGY = 14,476,642,536 kWh

IRRADIATION AS OF 21.7.1966

AVERAGE CORE IRRADIATION = 1,462 MWD/T

THERMAL ENERGY =15, 385,641,002 kWh

IRRADJATION AS OF 4.10.1966
AVERAGE CORE IRRADIATION =

1,557 MWD/ T

Rad.
one
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Ax.
zone
I 1342 1343| 1385 1306 1217 1032 688 I 1481 | 1438 1466| 1351 128711102 740
11 2435| 2419| 2529 2467 2328 2034 1394 11 26941 2599 2687 2551 2464 |2168 1497
111 1828] 1863 2019 2012 1958 1816 1303 111 20421 2024 2165{ 2097 2087 11949 | 1402
v 7441 T753| 825 855 857 834 618 v 839! 831 900| 914 926 | 898 668
Rad. Rad.
zone 1587} 1594 | 1689 1660 1590 1429 1001 || zone 1764|1723 180411728 1691 (1529 1077

-LI-



TABLE 2.2,VII

THERMAL ENERGY =

IRRADIATION AS OF 18.12.1966

AVERAGE CORE IRRADIATION =

16,406, 207,894 kWh

1,573 MWD/T

THERMAL ENERGY =
IRRADIATION AS OF 31.3.1967
AVERAGE CORE IRRADIATION =

18,053,637,567 kWh

1,418 MWD/T

Rad. Rad.
zZone one
1 2 3 4 5 6 7 1 2 3 4 5 6 7

Ax. Ax,
zone zone

I 1647) 1510| 1408 1388 1297 1117 757 I 1187 759 8411 971 1140|1220 854
II 2984 2719| 2569 2598 2462 2195 1528 1I 2203} 1415 1577) 1860 217912399 1722
111 22731 2129) 2077 2149 2095 1979 1440 111 1686] 1091 1263} 1532 1855 {2179 1627
v 946| 888| 878 961 942 917 691 v 674 412 500 662 83011018 783
Rad. Rad.
zone 1962 1811 1733 1774 1699 1552 1104 1437, 919 10451 1256 1501 |1704 1247

zone

-8I-



TABLE 2,2, VIII

THERMAL ENERGY =
IRRADIATION AS OF 18.7.1967

19,558,515,974 kWh

AVERAGE CORE IRRADIATION = 1,286 MWD/T

THERMAL ENERGY =
IRRADIATION AS OF 21.8.1967

19,999,907,454 kWh

AVERAGE CORE IRRADIATION = 1, 338 MWD/T

Rad. Rad.
zZone one
1 2 3 4 5 6 7 1 2 3 4 5 6 7

Ax. Ax.
zone zone

I 1454 1100711034 868 931 980 933 I 1528 11079 1080 936 993 | 1001 952

1I 2651 118431911 1669 1786 1927 1877 1I 2778 {1967 1992 {1790 1901 {1968 | 1914

111 2020 (1427 11532 1364 1500 1728 1774 111 211711527 1599|1465 1601 17661 1809

v 829 | 565 623 571 652 797 853 v 8741 611 654 | 622 701 816 870
Rad. Rad.

1739 (121011275 1118 1217 1358 1359 1824 (1296 1331 (1203 1299 1387| 1386 |

zone

zone

-6'[—
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three dimension by means of the PDQ 02 and FTD2 codes, taking into account
the singularities present in the core.

The basic criterionis to determine core reactivity, flux distributions at a
certain level, and channel power by means of an FTD2 calculation in which a
few parameters associated with the radial variation of the axial flux shape have
been introduced. These parameters are the axial bucklings and axial flux in-
tegrals computed by means of the PDQ 02 code in R, Z geometry.

The nuclear lattice constants are computed by the method correlated with
the experimental results of the British Industries Collaborative Expérimental
Programme (ref, 56).

A few modification were made to account for the experimental results
obtained duringthe commissioning and initial operation of the Latina reactor.

The cells containing control rods and empty channels are represented in
the FTD2 code by lattice parameters obtaihed by homogenizing the hetero-
geneous structure so as to maintain the cell boundary conditions.

In addition, the FTD2 has a particular option for the representation of
the absorbers located in interstitial positions of the lattice, as occurs in the
Latina reactor.

The singularities are dealt with differently in the PDQ 02 for reasons
of cylindrical symmetry; the absorbers and control rods are homogenized
within the respective areas of influence by the supercell technique.

The thermal extrapolation length of the gray rods is obtained by the
diffusion theory, referred to the fine structure of the channel flux. The
corresponding epithermal extrapolation length was assumed to be infinite,

The epithermal extrapolation length of the black rods is also obtained
by means of the diffusion theory, whereas the thermal extrapolation length
is obtained by Kushneriuk and MacKay's method.

The results of the calculations performed as described above are sum-
marized in table 3, 2.1 which also lists, for comparison purposes, the ex-
perimental results obtained from the first set of measurements on the La-
tina reactor.

The calculated values of the absorber-controlled reactivity were ob-
tained by difference between the eigenvalues resulting from 'the FTD2 cal-
culations. These results are plotted in Fig, 3, 2.1.

From an examination of table 3, 2,1 and Fig, 3.2.1 it appears that,
apart from the measurement relating to absorber B+8L+2H, the differences
between the calculated and measured values are on the order of 4-6% for ab-
sorbers loaded with light rings, and 1% for the absorber loaded with three
heavy rings,
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It should be borne in mind that the results are greatly affected by the
local value of the flux in the measured channel; a 2% error in the evalua-
tion of the local flux produces an error of about 4% in the absorber-con-
trolled reactivity.

Since the differences observed between the calculated and measured
reactivities can be attributed partly to inaccuracy in the evaluation of the
local flux in the measured channel, it was not deemed advisable to vary
the extrapolation lengths used in the calculations,

3.3 Calculation of the reactivity controlled by the various absorber patterns

The calculation of the reactivity absorbed by the fourteen patterns con-
sidered (see refs. 38, 50) is based on the method described in paragraph
3.2. In practice, two calculations were performed, one with and one with-
out the interstitial absorbers associated with the pattern being examined,
and the controlled reactivity was obtained by difference,

Fach time a slightly different reactor subdivision was used according
to the position of the group B general control rods selected at the time of
the calculation, Fach zone was characterized by given values of irradia-
tion, fuel temperature and moderator temperature derived from experi-
mental data.

It should be noted that the sector rods were always considered fully
withdrawn, because the quantity of interest is the sum of the reactivities
controlled by the absorbers and rods respectively. On the other hand,
the reactivity controlled by the sector rods is obtained from experimental
calibration curves measured in the presence of absorbers and correlated
on a theoretical basis to nominal operating conditions; therefore, these
curves already take into account the variation in absorber-controlled
reactivity as a result of sector rod withdrawal,

The group B general rods were not withdrawn in the same manner as
the sector rods because they are normally just slightly inserted and at any
rate distributed uniformly enough over the core and therefore the varia-
tion of absorber controlled reactivity owing to their withdrawal is negli-
gible.

The results and all the information of interest are given in table 3, 3.1.
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TABLE 3.1.1: Measurements performed on channel Q9 F 09 IZ (central zone)

at 1100 MWD/T

' x
T1/2 go g Ab.solute Type of
weight (p.c.m. /kg)
(sec) (p.c.m.) (p.c.m.) channel
(kg)
150 36.1 30.9 43.368 0.716 B+3L
228 26.5 22,7 26.618 0.853 B
114 45,7 39.1 60.118 0.651 B+6L
137 39.9 34.2 56.700 0.603 B+3H
75 64.6 55.3 91.338 0.605 B+8L+2H
where:
B, weight of a basic absorber element = 3.3273 kg
H, weight of a heavy ring =1.2534 kg
L, weight of a light ring =0.6979 kg

TABLE 3.1.1I :

Measurements performed on channel
at 1500 MWD/T

09 F 09 IZ (central zone)

T 1/2 So S Weight Type of *
(sec) (p.c.m.) (p.c.m.) (kg) (p.c.m. /kg)| channel
183 30.6 25.8 43,368 0.595 B+3L

219 26.9 22.7 36.646 0.619  |B+H

151 35.9 30.3 56.700 0.534 B+3H

113 46.1 38,9 76.754 0.509  |B+5H

TABLE 3.1.1II: Measurements performed on channel 13 F 07 IZ (peripheral

zone) at 1500 MWD/ T

T1/2 So S Weight Type of ©
(sec) (p.c.m.) (p.c.m.) (kg) (p.c.m. /kg)| channel
155 34.9 29.4 69.006 0.426 B+41+2H
130 40.9 34.5 82.450 0.418 B+10L
206 282 23.8 56700 0.420  |B+3H

333 16.7 14.1 26.618 0.529 |B

* Each channel comprises eight typical absorbers




TABLE 3.2.1:
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Comparison between the theoretical and experimental results

relating to reactivity controlled by absorbers of differentweights

Type Weight . Calc(ull)ated Calcflzlllted (1) - (2)
of (kg) Eigenvalue reactivity reactivity (2)
channel (FTD2)
(p.c.m.) (p.c.m.) (%)
Empty -- 1.000271 -~ -- -
B 26.618 1.000484 21.3 22.8 -6.6
B+3L 43,368 1.000570 29.9 31.1 -3.8
B+6L 60.118 1.000645 37.4 39.3 -4.8
B+10L 82. 450 1.000725 45 .4 -- --
B+3H 56,700 1.000618 34.7 34.3 +1.1
B+6H 86.782 1.000727 45.6 -- --
B+10H 126.890 1.000825 55.4 -- -
B+8L+2H 91.338 1.000745 47.4 55.6 -14.7
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4.0 DESCRIPTION OF THE METHOD USED FOR ROD CALIBRATION UNDER
REDUCED-TEMPERATURE ISOTHERMAL CONDITIONS

The method used to calibrate the control rods during operation utilizes
the xenon-induced reactivity transient following a rapid power reduction from
rated value to a few kW, After a power variation, the amount of reactivity
absorbed by xenon first increases and then decreases slowly to zero.

During the first 8-10 hours after shutdown, the xenon effect combined with
the temperature effect generally renders the reactor subcritical notwithstand-
ing the complete withdrawal of all the control rods.

Subsequently, as xenon decays, the reactor becomes critical again; from
this moment onwards, the reactivity gradually released as a result of xenon
decay is balanced by insertion of the rods to be calibrated (see. Fig. 4.0.1I).
If, during this balancing stage, the rods are periodically withdrawn for a few
minutes from the height corresponding to z withdrawal cycles to the height
otz + Az cycles thus permitting the reactor to diverge temporarily, then
from the measurement of the doubling time we may derive (through a, ap-
posite correlation formula) the reactivity AS) released as a result of rod
withdrawal by Oz cycles from height z, After every measurement of the
doubling time, the reactor is balanced again by means of the rods.

These measurements, repeated at different values of z, provide the
incremental ratios (AP/AZ)Z' Then the calibrdtion curve, that is, the
rod-controlled reactivity versus withdrawal cycles, is obtained by integrat-
ing the above-mentioned function, It should be noted that the measurement
is performed in isothermal conditions,but at 'a lower temperature than the
operating temperature, so that it is necessary to extrapolate the results
to the nominal reactor conditions.

4.0.1 Processing of experimental data

Processing of the experimental data is based essentially on the corre-
lation between doubling times and reactivity so that it is necessary to do
some preliminary work to determine such correlation with reference to
the irradiation conditions existing in the core at the time of the measure-
ment, On the basis of these preliminary data it is then possible to pro-
ceed with the determination of the control rod calibration curves.

The following three paragraphs describe the method adopted to deter-
mine the correlation between reactivity and doubling times, and the data
processing performed to obtain the rod calibration curve and the evalua-
tion of the xenon transient,

4.0.2 Correlation between doubling times and reactivity

It is known that this correlation is computed on a theoretical basis on
a fresh core, with due consideration being given to the various groups of
delayed neutrons originated by fission. As irradiation increases, the com-
position of fissile isotopes in the fuel changes, with a gradual depletion of
U-235 and enrichment in Pu-239 and Pu-241. Since the groups of delayed
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neutrons produced by the fission of these last two isotopes differ from one
another and from those produced by U-235 both in magnitude and in the
decay constant, the correlation between reactivity and doubling time
changes as fuel irradiation increases.

It has been demonstrated theoretically (see ref, 53,para.l) that it is
possible to calculate a corrective factor ¥ of the correlation between doubl-
ing time and reactivity for a fresh core; this factor is very nearly the same,
for a given irradiation level, over the whole range of doubling times of in-
terest for the measurement.

To compute the factor \6’ which is representative of the whole reactor,
we proceed as follows:

a, The reactor is subdivided ideally in "'n'' zones in cylindrical symmetry,

and for each zone the fissile isotope contents of the various species are
calculated and the value OfXRZ is determined.according to the procedure
described in ref, 53.

b. Since the flux levels are always extremely low during the measurements
and it is thus not possible to find out the flux shape with the normal in-
strumentafion, the flux shapes are derived by means of the theoretical
calculation methods described in paragraph 4 of ref, 53.

c. These flux shapes can then be used to weigh the zone factorsy 7 with
respect to the square of the flux, and thus to obtain the y factor rep-
resentative of the reactor as a whole.

d. By special studies it was then demonstrated that the variation of the
flux shape,which follows a rod movement during calibration and the
decay of xenon, determines a variation in the X factor by about 1% at
the most.

e. Ref, 53 (pages 12 and 47) provides a comparison between the values of
the vy factor obtained from models having a different number of zones.
From the study conducted in the above-mentioned report it appears that
a point model of the reactor with an irradiation equal to the average
core irradiation -- that is, not weighted with respect to the square of
the flux -- provides a reactor factor ¥ which differs by only 1.6% from
the corresponding value obtained with a 112-zone model, Therefore, it
appears reasonable to consider the { factor referred to the average
core irradiation accurate enough for the processing of the experimental
data,

4,0,.3 Determination of the calibration curves

The experimental data are processed as described below.

a. Fach doubling-time measurement.is preceded and followed by a certain
number of balancing points measured experimentally,
For each measurement, a series of statistical interpolations is performed
between the preceding and following balancing points. Starting from the



interpolation performed between the point immediately preceding and the
point immediately following each individual measurement, the interpola-
tions are then extended, wherever possible, to include the balancing
points related to other preceding and following measurements, These
interpolations are performed by means of polynomials of different or-
ders between the 1st and the 9th,

For each point of doubling-time measurement it is thus possible to deter-
mine (by means of the statistically more reliable polynomial) the position

that the rods would have assumed to balance the reactor if they had always
exactly compensated the xenon transient,

Knowing the position (z + Az) = 2% (see Fig. 4.0.I) which the rods occupied
at the time of the doubling-time measurement and the position to which
they would move to keep the reactor balanced if they had compensated the
xenon transient exactly, we can determine the control rod capacity coeffi-
cient defined as

oL (2) =¢AP]
Az,

where:
Q = reactivity corresponding to the measured doubling time;
z = movement of the rods from the balancing position z.

Since the measurement of the doubling time takes several minutes during
which the rods, if they had continually compensated the xenon transient,
would have moved from position z' to position z', in consideration of the
narrowness of the interval (z''—z'), it is believed sufficiently approximate
to identify the control rod capacity coefficient with the derivative of the
calibration curve at the point (z"' +z')/2 = z.

d. The curves of the capacity coefficients «((z) related to the calibrated rods

are then plotted by statistical interpolation of the measurement points.

The rod calibration curve is then determined by integration of the func-
tion o (z).

4.1 Experimental measurements

The 100 control rods in the reactor (see Fig, 4.1.1) are subdivided in-

to the following groups:

1,

20 sector rods, automatically controlled, having the function of main-
taining the average gas temperature at the channel outlets constant in
each of the nine sectors into which the core is subdivided,
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2. 22 group B general rods used to follow reactivity transients that atre not
compensated or that can be compensated in practice by the sector rods
and absorbers,

3. 46 group A general rods,normally all out,

4, 12 safety rods, for added protection, which are normally withdrawn even
during reactor shutdown.

4,1.1 Results of the experimental measurements

a) Calibration at 128 MWD/T

During commissioning, the group B general rods were calibrated by
means of the air-poisoning technique, with the sector rods positioned at
286 withdrawal cycles.

To demonstrate the validity of the xenon technique as a means to cali-
brate the control rods during operation, the group B general rods were
calibrated between 155 and 228 withdrawal cycles with the sectors rods
completely withdrawn.

A comparison of the results obtained with the two techniques would
have been more meaningful if the average reactor irradiation and the posi-
tion of the sector rods had been the same in both cases. This was not
possible for operating reasons but, nonetheless, the good agreement be-
tween the results obtained in the two cases (see Fig., 4.1.1.1) sufficiently
confirms the validity of the rod calibration method based on the xenon-
decay transient,

b) Calibration at 1100 MWD/T

The initial purpose of this measurement was to calibrate the sector
rods between 435 (complete withdrawal) and 200 cycles, and then the B
rods between 200 and 286 cycles (see Table 4,1, 1III).

Fig, 4,1.1.1II shows the curve of partial sector-rod calibration with
the B rods withdrawn. With regard to the group B rods we note that, since
they were calibrated in the range between 200 and 286 withdrawal cycles,
in order to determine the related absolute calibration curve, it has been
necessary to evaluate the reactivity controlled by this group of rods in
correspondence of the first point, that is, at 286 cycles. For this pur-
pose, after having obtained the two curves representing the variations
in reactivity absorbed respectively by the sector rods and by the B rods
as a function of the withdrawal cycles, we plotted the values as a function
of the time lapse from the beginning of the calibration and geometrically
joined the two resulting curves, thus obtaining the absolute value of reac-
tivity absorbed by xenon (see Fig, 4.1.,1.VI),
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The difference between the reactivity absorbed (absolute value) by xenon
at the time of criticality with all the rods out and at the time when the B rods
were at 286 cycles (and the sector rods at 276 cycles) gives the absolute value
of reactivity absorbed by the two groups of rods in those positions. Hence,
the curve in Fig. 4.1.1.1II was plotted; then, assuming that the sector rods
at 276 cycles absorb about the same amount of reactivity both when the B
rods are all out and when they are at 286 cycles, we obtained by subtraction
the absolute value of reactivity absorbed by the B rods alone at 286 withdrawal
cycles. The whole curve was then normalized on this point (see. Fig. 4.1.1.1IV.

With regard to the corrective factor X for the correlation between doubl-
ing time and reactivity, we simply used the factor corresponding to the aver-
age reactor irradiations, that is, 0.857, instead of the factor obtained as an
average of the zoneY R7's weighted over the square of the flux because, as
stated in paragraph 4,0. 2, the difference between the ¥ values obtained with
the two methods is practically negligible,

c) Calibration at 1425 MWD/T

Fig. 4.1.1.11 shows the new calibration curve for the sector rods between
435 and 272 withdrawal cycles, with the B rods withdrawn,

Fig, 4.1,1.11I gives the sum of the reactivities controlled by the B rods
(between 435 and 200 cycles) and by the sector rods positioned at mid height.

Fig. 4.1.1.1IV shows the reactivity controlled by the B rods alone in the
assumption, as a first approximation, that the semi-inserted sector rods al-
ways absorb the same amount of reactivity (695 p.c.m.), whatever the posi-
tion of the B rods.

Fig, 4.1.1.V represents the sum of reactivities controlled by the sec-
tor rods (between 272 and 249 cycles) and by the B rods stationary at 200
cycles. Also in this case, in order to evaluate the absolute value of the cali-
bration curve, it was necessary to calculate the reactivity absorbed at the
first point, that is, at 249 withdrawal cycles. The procedure was similar
to the one described in the preceding paragraph.

4,2 Description of the method followed for the theoretical calibration of
the sector rods and related results

Since it was not possible, for various reasons, to calibrate the control
rods experimentally with the reactor in nominal conditions, the variation in
reactivity absorbed by the rods at different irradiation levels was evaluated
on a theoretical basis by passing from the experimental calibration condi-
tions (isothermal reactor at 180° C) to normal operating conditions (average
weighted graphite temperature at 310° C),

For each of the theoretical calibrations, we assessed the characteris-
tic parameters of the zones into which the core was ideally subdivided for
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the purpose of the calculations (see Fig, 4.2.I), namely, the average irradia-
tion, average temperature, average specific power of the zone, absorber pat-
tern, etc. These parameters, appropriately processed, were used as input
data for the system of computer programs.

For each situation of interest two FATE (a synthesis of the PDQ02, PIF-
FERO and FTD2 programs as mentioned in the preceding paragraph 3. 2) runs
were performed, one with the sector rods inserted at about mid height, and
the other with the rods all out. The difference between the eigenvalues ob-
tained by the FTD2 code for the two cases represents the reactivity absorbed
by the semi-inserted sector rods.

These calculations were repeated for various irradiation levels and ab-
sorber patterns, both with the reactor isothermal at zero power and reduced
temperature, and with the reactor in nominal operating conditions, as shown
synthetically in tables 4.2.1, II and III.

4,3 Comparison of calculated and experimental results in isothermal condi-
tions

For the purpose of comparing the calculated results with the experimental
ones, the values of the sector rod capacity at mid height are tabulated in table
4.3.1, referred to the cases dealt with on a theoretical basis and experimen-
tally. As will be noted from this table, notwithstanding some difference be-
tween the absolute calculated and experimental values, there is an agree-
ment in the trend of the rod capacity variation as a function of irradiation.

In particular, it may be noted that:

1. The calculated values are constantly overrated by about 19% with respect
to the experimental values,

2. The percent reduction in rod capacity from a fresh core to an irradiated
core is practically the same, both in the theoretical and in the experi-
mental analyses, in every case considered, namely -27.3% versus
-27.7% at 1100 MWD/T, and -9.8% versus -9.6% at 1525 MWD/T.

3. The results justify the use in hot conditions -- with appropriate adjust-
ments -- of the calculation methdd adopted ih cold conditions for the
determination of the sector rod worth. It is known that there are no
experimental calibration curves for the Latina core evaluated under
nominal operating conditions.

With regard to the variation in rod worth with irradiation, we may
comment as follows:

1. The reduction in sector rod worth in cold condition which occurred be-
tween the first and second calibration can be explained qualitatively if
allowance is made for the greater hardness of the spectrum (owing to
the increased irradiation, the increased absorber weight and the effects
of the positive moderator temperature coefficient, Indeed, the modera-
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tor temperature coefficient is a monotonic function which increases with
irradiation so that, at the time of the second calibration,the central zone
containing the sector rods was characterized by a higher positive tem-
perature coefficient thanthat of the peripheral region. In going from
nominal hot conditions to cold calibration conditions, this circumstance
determined a relative reduction in the neutron flux in the zone contain-
ing the sector rods.

This is possibly the reason for the variation in B-rod worth between the
first and second calibrations.

2. The increase in sector rod worth which occurred between the second and
third calibrations can be explained qualitatively if allowance is made for
the lighter absorber weight in the whole reactor and the reduced irradia-
tion in the zone affected by the sector rods (from 1341 to 1208 MWD/ T)
owing to accelerated fuel discharge only in the central flattened area
where the sector rods are located.

With reference to the preceding remarks concerning the calibration of
group B rods, it may be noted that the average local irradiation in the
areas surrounding the rods themselves increases from 1116 to 1532
MWD /T between the second and third calibrations, whereas the twenty
absorbers nearest the B rods are lighter by more than 53 kg of steel
rings,

These conflicting effects may explain the fact that the B-rod worth re-
mained practically constant between the second and third calibrations,

4.4 Criterion followed to obtain semi-empirical calibration curves under
nominal operating conditions

Tables 4.2.1 and II and Fig, 4.4.1 give the results of the calculations
for the reactivity absorbed by the sector rods at 302 withdrawal cycles at
zero power and at nominal power,

The ratios of the reactivity absorbed at nominal power to that absorked
at zero power give the theoretical factors for conversion from cold to hot
conditions as a function of irradiation,



TABLLE 4.1.1: Reactor conditions at the time of power reduction, related to the

three calibrations

DATE 11.1. 1964 14.5. 1965 31, 3.1967
- Average core irradiation, MWD/T 128 1100 1425
- Thermal power, MWt 440 750 730
- Max fuel temperature, C 430 444 462
- Average inlet gas temperature, C 175 180 185
- Average outlet gas temperature, C 371 385 391
- Coolant pressure, kg/cm2 11.3 13.2 12. 4
- Blower speed, rpm 1550 2250 2250
- Average sector rod position, meters 400 4.2 3.92

cycles 282 292, 28 272

- Average irradiation in sector rod area, MWD/T 250 1341 1208
- Group "A" general rod position All out All out All out
- Group "B" general rod position, withdrawal meters 443 680 6.70
cycles 303.1 392 385

- Average irradiation in rod "B" area, MWD/T 126 1116 1532
- Safety rod position All out All out All out
~ Absorber pattern No. 2-3 No. 8 No. 12
- Time of beginning of power reduction 22,30 22.45 22,25
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TABLE 4.1.1I:

Reactor conditions at the beginning of measurements relating to the three

calibrations

- Blower speed

- Thermal power

Coolant pressure

- Max fuel temperature

- Average fuel temperature

- Max graphite temperature

- Average graphite temperature
- Average inlet gas temperature

- Average outlet gas temperature

~ Position of all rod groups

- Time of beginning of 1st measurement

50

150

150

150

150

150

150

500

All out

15.05

10

218

212

209

197

190

202

10.5

500

All out

13. 46

10
229
222
219
208
200
214

10.5
500
All out

9,00 (1. 4. 67)

kwt

kg/ cm?

rpm

-09-



TABLE 4,1 111 :

Sequence of doubling-time measurements

I = 128 MWD/T I = 1100 MWD/T I = 1425 MWD/T
Sector rod Rod "B" No. of doubling Sector rod  Rod "B" No. of doubling Sector rod Rod "B" No. of doubling
. Time Time Time
withdrawal withdrawal time . withdrawal withdrawal time withdrawal  withdrawal time
required required required
cycles cycles measurements cycles cycles measurements cycles cycles measurements
All out 228 + 155 7 8 435 + 200 All out 14 15 435 + 276 All out 7 11
276 300 + 200 30 47 276 435 + 200 17 25
200 7 13

272 + 249
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TABLE 4.,2.1:

Sector rods at 302 withdrawal cycles = 4,75 meters' withdrawal

Isotherm reactor at 180'C - Zero power

kg of loaded steel Medium fuel irradiation MWD/T Sector rod
Absorber No. of un-
Flattened Unflattened Sector rod con- DATE controlled
patter No. TOTAL loaded fuel
flux area flux area trolled area Reactor reactivity
channel
(PDQO2) (p.c.m.)
2 997, 68 302, 34 1300. 02 113 120 23,11. 63 - 666
8 2962, 99 2244, 62 5207. 61 1077 1039 18. 3. 65 206 535
10 2119. 07 1942, 23 4061, 30 1463 1418 28.12. 65 926 586
12 1745, 41 1384. 31 3129.72 1027 1425 31. 3,67 2059 664
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TABLE 4.2,11 : Reactor at nominal operating power , temperature 310°C

Sector rods at 302 withdrawal cycles = 4,75 meters' withdrawal

kg of loaded steel Medium fuel irradiation MWD/ T Sector rod
Absorber No. of un-
Falttened Unflattened Sector rod con- DATE controlled
patter No. TOTAL Reactor loaded fuel
flux area flux area trolled area reactivity
channel
(PDQO2) (p.c.m.)
2 997. 68 302. 34 1300, 02 113 120 23.11.63 - 694
S 2773. 23 1604, 99 4414. 22 523 516 19.5.64 - 737
7 3293. 20 2175. 59 5468. 79 851 870 18.11.64 205 712
8 2962. 99 2244. 62 5207. 61 1077 1039 18. 3. 65 514 723
9 2505, 01 2125. 28 4630, 29 1203 1150 13.8.65 779 752
10 2119, 07 1942, 23 4061. 30 1463 1418 28.12.65 926 799
12 1745. 41 1384. 31 3129.72 1027 1425 31.3.67 2059 788

-eg-
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Instead, for the combined temperature coefficient, used is made of the
ratio between the intrinsic reactivity variation and the temperature varia-
tion (approximately the same for both the fuel and the moderator) which
produced it, Thus, this coefficient also includes the moderate temperature
effects caused by xenon,

5.1 Description of the method used for the measurement of the combined
temperature coefficient

The method selected for the measurements of the combined temperature
coefficient, as explained later on, is based on the reactivity transient result-
ing from a decrease in coolant temperature at the core inlet,

The procedure for this measurement can be summarized as follows:

a. The reactor is kept at a constant power level long enough to reach
xenon equilibrium.

b. Reactor operation is shifted from automatic to manual, while the power
level is kept constant until the end of the measurement by slight move-
ments of the sector rod bank,

c. With the reactor at equilibrium, a preliminary measurement of all the
parameters of interest is taken.

d. Feedwater heating in the heat exchangers is reduced so as to lower the
coolant temperature at the core inlet by about 8'C.

e, When equilibrium of the new core temperatures is reached, the para-
meters of interest are monitored for two hours in order to detect any
small xenon transients caused by slight fluctuations in the power level.

f. A final measurement is taken of all the parameters of interest.

This method lends itself well for application to gas-graphite power reac-
tors, both because of its simplicity and because of the reliability of the re-
sults which are obtained from relatively simple processing of the experi-
mental data.

The essential data to be processed for this measurement are:

(a) fuel and moderator temperatures;
(b) control rod positions during the measurement.

The parameters to be determined for the calculation of o(c are:
(a) rod-controlled reactivity variation, A?tot’ during the temperature transient;
(b) temperature variation, A T—;, representive of the core as a whole,

Once these two parameters are known, the temperature coefficient is given
by the formula:

o - A5-')tot
c A=T§
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In this formula AP o can be determined from the rod movement curve
by means of the calibration curve corrected to allow for the difference be-
tween the reference conditions and those in which the calibration was per-
formed. On the contrary, in consideration of the particular type of tran-
sient occurring during the measurement, A T_ for the initial and final
equilibrium conditions can be assumed, with a gocd degree of approxima-
tion, to be the same for the graphite and for the fuel, so that the corres-
ponding temperature variations weighted over the square of the flux are
also equal, As a result, to determine A ’T‘-_, it will suffice to determine
the graphite temperature variation weightelgl over the square of the flux.

5.2 Description of the method used for the measurement of the separate
temperature coefficients

The methods for the measurement of the temperature coefficients
separately are generally based on the analysis of rapid transients, but
some of these methods -- though used successfully on other reactors --
proved difficult to apply to the Latina reactor. This is owing to the dif-
ficulty of interpreting the core temperature transients correctly without
resorting to overly complicated and time-consuming calculation models,

The main cause of the difficulties encountered is to be attributed to
the location of the thermocouples which indicate the moderator tempera-
ture in the various zones into which the reactor is ideally subdivided. In
fact, the thermocouples are located near the corners of the graphite
blocks and thus away from the fuel channels, In our reactor, this circum-
stance, combined with the presence of small gas leaks from the channels,
results in temperature readings, during transients, which are not repre-
sentative of the graphite as a whole. To bypass this difficult, efforts were
made to develop a suitable method to determine the separate temperature
coefficients starting from equilibrium conditions.

This method is based essentially on the analysis of two successive
transients, the first being obtained by a rapid reduction in power and the
second by a rapid reduction in the coolant flow rate. Fach transient is
prolonged until thermal equilibrium is reached and the xenon transient is
measured. In this manner, three different conditions of thermal equilibrium
and corresponding reactivity variations are established in the core so that,
by determining the fuel and moderator temperature variations at equilibrium
as compared with the initial conditions, and the corresponding reactivity
variations net of xenon effects, we may write a two-equation system in
the unknowns o(u and o(g to determine the separate temperature coefficients,

It should be noted that the two equations of the system are independent
as they refer totwo equilibrium conditions which differ in power level and
coolant flow rate. However, after the reduction relating to the first tran-
sient, the power level is maintained rigorously constant in order to sim-
plify the evaluation of the xenon transient,
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To process the experimental data relating to the two equilibrium condi-
tions reached during the measurement, we may write for each condition a
balance equation, referred to the initial condition, in which the reactivity
variations AS’: net of the xenon effects, appear as the sum of the reactivity
variations attributed to changes in fuel temperature and moderator tempera-
ture, respectively. Analytically, we have:

A?l ) O<uA Tu1+ o(gATgl

A?Z ) 0(uATu; O(gATgZ

By solving this system of two equations we find the values of the unknowns
o« and o¢ which respectively represent the temperature coefficients of uranium

and graplgite .

5.3 Experimental results

The experimental results are summarized in tables 5.3.1 and II and are
plotted in Figs, 5.3.1I and II. These results were used to account for the de-
viations from the reference temperature during the performance of the indi-
vidual reactivity balances,



- 79

TABLE 5.3.1.

Irrad'n o™ C Irrad'n X C Irrad'n X ¢
MWD/T p.c.m)/"C MWD/T p.c.m)/ C MWD/T (p.c.m)/" C
102 -1.73 1049 6.30 1547 10.97
314 1.35 1090 6.36 1545 10.53
520 3.54 1113 6.58 1482 10.24
575 4.52 1114 6.73 1566 10.49
625 4.89 1148 6.69 1563 10.92
716 5.03 1180 7.33 1440 9.74
870 5.70 1233 7.70 1325 8.35
895 6.06 1329 8.73 1338 8.73
944 5.89 1489 9.50 1396 8.74
983 6.05 1479 10.24 1435 8.69
TABLE 5.3.1I

Irrad'n Xg Ay
MWD/T |(p.c.m)/  C|(p.c.m)/" C
819 7.34 ~1.16
1019 7.85 -0.97
1149 7.62 -0.54
1384 11,36 -1.44
1507 12.42 -1.16
1302 9.29 -1.23
1525 10.92 -1.24










-82 =

6.0 DETERMINATION OF XENON-CONTROLLED REACTIVITY

The reactivity controlled by xenon at equilibrium is a function of the
number of fissions and of the type of fissile isotopes and neutron spectrum,
In order to evaluate the variation in xenon-controlled reactivity as a func-
tion of irradiation, calculations were. performed with the ALTHAEA code
referred to a channel typical of the whole core.

The results demonstrate that between 0 and 1600 MWD/ T the xenon-
controlled reactivity varies only by a few tens of p.c.m. The partial
transients in xenon-controlled reactivity measured during rod calibra-
tion and following reactor scrams also support the calculations. Indeed,
if the experimental transients are extrapolated to the time of reactor scram,
the xenon-controlled reactivity values differ slightly from the initial value
corresponding to the fresh core.

For this reason it was not considered worthwhile to deal with the xenon-
controlled reactivity variation at equilibrium separately, and it was there-
fore included in the overall core reactivity variation,
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7.0 DETERMINATION OF BORON-CONTROLLED REACTIVITY

Among the impurities contained in the unirradiated graphite of the Latina
reactor core, boron is present in about 0,08 ppm. The parasitic absorption
of reactivity by boron decreased with graphite irradiation because of the
gradual reduction of boron resulting from the nuclear transformations in-
duced by exposure to the neutron flux.

The results of the calculations to evaluate this effect are shown in

Fig. 7.0.1.

Since the variation in boron-controlled reactivity constitutes a phenomenon
which is conceptually separated from the variation of the intrinsic core reac-
tivity as normally defined, the boron effect was deducted from the latter.









- 86 -

Deviation of average weighted moderator temperature from
reference conditions (300" C)

A
(10) At

Reactivity variation associated with deviation of average
weighted moderator temperature from reference conditions

(p.c.m.)

(11) A?g

(12) ATu = Deviation of average weighted fuel temperature from reference
conditions (450" C)

(13) A?u = Reactivity variation associated with deviation of average weighted
fuel temperature from reference conditions (p.c.m.)

(14) PXe = Xenon-controlled reactivity under balance conditions (p.c.m.)

(15) A?Xe = Reactivity variation associated with power deviation from refer-

ence (720 MW)
(16) Apboron: Variation in boron-controlled reactivity from initial value (p.c.m.)

(17) /—\9tot = Reactivity variation with respect to initial reference balance at
irradiation zero (p.c.m.)

The results tabulated in Tables 8.0.1to X are represented graphically
in Fig. 8.0.1. The results relating to the subsequent operating period are
not included in this figure as the average core irradiation remained prac-
tically constant from the eleventh absorber patter onwards.



P
DATE : Eth Pth n:::; f rods Aj71'ods P abs Af abs ATg Af g ATu Af u ? Xe Af Xe Afboron Af tot
0 0 720 1 510 0 659 0 0 0 0 0 | 2040 0 0 0
31.5.63 | 10 45, 000 319 1 1020 510 659 0 -9 -27 -65 -98 | 1368 672 -3 | -290
10.6.63 | 18 103. 000 313 1 1050 540 659 o | -20 -55 -82 -124 | 1352 -688 -4 | -331
29.6.63 | 38 225. 000 523 1 755 245 659 0 -8 -19 -37 -s5 | 1779 -261 -6 -96
5.7.63 48 270. 000 558 1 744 234 659 0 -9 -18 -34 -50 | 1831 -209 -11 -53
9.7.63 57 300. 000 569 1 759 249 659 0 -7 -14 -31 -46 | 1850 -190 -13 14
16.11.63] 112 685. 000 226 2 1421 911 | 1128 469 -3 -2 -73 -106 | 1103 -937 -22 313
21.11.63 118 725. 000 459 2 896 386 | 1128 469 +5 +2 -25 -36 | 1669 -371 -24 | 426
23.11.63] 120 745, 000 461 2 912 402 | 1128 469 16 +2 -23 -35 | 1670 -370 -24 | 444
26.11.63] 126 795. 000 453 2 942 432 | 1128 469 16 +1 -24 -35_| 1660 -380 -25 462
9.12,63 | 131 840. 000 223 2 1554 | 1044 | 1128 469 -4 0 -82 -119 | 1090 -950 -25 419
25,12.63] 165 . 045, 000 460 2-3 949 439 | 1362 703 +4 -3 -36 -s3 | 1670 -370 -31 685
29,12.63] 171 . 109. 000 448 2-3 936 426 | 1362 703 +4 -4 -37 -54 | 1650 -390 -30_| 651
17.1.64 | 215 390, 000 682 2-3 837 326 | 1585 926 +9 -17 +3 4 | 1994 -46 -35 | 1159
24.1.64 | 232 . 500. 000 698 3 765 255 | 1682 | 1023 | +11 -27 +7 +10 | 2007 -33 -36 | 1192
31.1.64 | 251 .616. 266 708 3 838 328 | 1682 | 1023 | +11 -32 +10 +14 | 2028 -12 -38 | 1283
14.2.64 | 292 . 860. 000 701 3-4 737 227 | 2054 | 1395 | +11 -44 +7 +10 | 2018 -22 -42 | 1524
20.2.64 | 304 . 965. 000 712 3-4 663 153 | 2140 | 1481 | +13 -54 +11 +16 | 2031 -9 -43 | 1544
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TABLE 8.0, II
P

DATE ! Et.h Ptb nztr:lebr:r f rods Af’x’ods f abs Af abs A Tg Af g AT Af u f) Xe A’:’Xe Afboron’ Af tot
22.2.64 314 . 000, 000 706 3-4 629 119 2140 1481 11 -50 8 12 2026 -14 -43 1505
25.2.64 322 . 045. 000 697 3-4 681 171 2140 1481 11 -50 6 9 2007 -33 -44 1534 |
10. 3. 64 348 . 255. 000 695 3-4 727 217 2286 1627 11 -57 6 8 2006 -34 -47 1715
17. 3. 64 367 . 365. 000 700 4 731 221 2326 1667 11 ~-60 7 10 2017 -23 -48 1767
23.3.64 384 . 470. 000 694 4 772 262 2326 1667 11 -65 6 8 2005 -35 -49 1788
26. 3. 64 392 . 520. 000 710 4 768 258 2326 1667 11 -70 9 12 2029 -11 -49 1807
9.4.64 429 . 760. 000 708 4-5 777 267 2460 1801 11 -82 4 6 2028 -12 -51 1929
20.4.64 459 . 950. 000 716 4-5 765 255 2596 1937 12 -94 6 9 2035 -5 -55 2047
28.4.64 474 . 045. 000 674 4-5 851 341 2621 1962 6 -49 -7 -10 1987 -53 -56 2155
13.5.64 503 . 270. 000 470 5 1062 552 2008 2141 1 -13 -26 -36 1690 -350 -57 2237
22.5.64 520 . 345. 000 479 5 1024 514 2008 2141 2 -22 -24 -33 1703 -337 -58 2205
26. 5. 64 525 . 380, 000 476 5 1060 550 2008 2141 2 =27 -24 -33 1701 -339 -58 2234
30. 5. 64 532 . 424, 283 477 5 1074 564 2008 2141 2 ~23 -24 -33 1702 -338 -58 2253
6.6.64 545 . 490, 000 479 5 1084 574 2008 2141 4 -46 -25 -34 1703 -337 -59 2239
12.6.64 557 . 560. 000 477 5-6 1079 569 2822 2163 4 -46 -26 -34 1702 -338 -60 2254
25.6.64 575 . 690, 000 488 5-6 974 464 2932 2273 6 -70 -22 -28 1715 -325 -61 2253
6.7.64 598 . 830. 000 492 5-6 891 381 3035 2376 5 -62 -19 -26 1728 -312 -62 2295
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A aasia.

L, oy san

Pattern

DATE ! Eth Pt:h number Fmds )orods ! fabs fabs A Tg Afg AT Afu er Aer )oborcn A)otot
20,7.64 625 3.995. 000 483 6 932 422 3056 2397 4 -51 -22 -29 1712 | -328 -64 2347
27.7.64 635 4. 080. 000 480 6 947 437 3056 2397 S -60 -22 -28 1705 | -335 -64 2347
3.9.64 715 4. 500. 000 701 6 682 172 3056 2397 9 -110 0 0 2018 -22 -67 2370
16. 9. 64 738 4.706.120 699 6 638 128 3056 2397 10 -118 1 1 2017 -23 -69 2315
29.9. 64 761 4.910. 000 714 6 625 115 3056 2397 10 ~117 2 3 2031 -9 -70 2319
6.10.64 776 5. 035. 000 718 6-7 628 118 3048 2389 14 -171 9 12 2038 -2 =71 2275
22.10. 64 801 5. 275. 000 719 6-7 606 96 3029 2370 14 -176 2 14 2038 -2 =72 2230
30. 10. 64 822 S5.435.948 731 6-7 621 111 3029 2370 15 -184 6 20 2050 10 -72 2255
6.11.64 834 5. 535.000 721 6-7 626 116 3029 2370 14 -170 7 8 2040 0 -73 2251
27.11. 64 865 S. 870. 000 720 7 577 67 2992 2333 11 -144 3 4 2039 -1 -74 2186
30.11.64 869 5.926.563 733 7 584 74 2992 2333 13 -162 7 8 2051 11 -74 2190
7.12.64 878 6.045. 000 728 7 553 43 2992 2333 10 -132 6 7 2048 8 -75 2184
18.12. 64 895 6. 240. 000 728 7 543 33 2992 2333 10 -124 5 6 2048 8 -76 2179
23.12.64 906 6. 320. 000 728 7-8 545 35 2922 2263 9 -113 4 6 2048 8 -77 2122
29.12. 64 917 6. 465.727 729 7-8 577 67 2896 2237 9 -119 S 6 2049 9 -78 2121
4.1.65 932 6.537.214 725 7-8 557 47 2896 2237 12 -153 8 10 2045 5 -79 2067
11.1.65 944 6.661. 443 728 7-8 555 45 2896 2237 12 -152 8 10 2048 8 -79 2069
22.1.65 956 6.851. 286 727 7-8 508 -2 2896 2237 12 -153 8 9 2047 7 -80 2018
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TABLE 8.0, IV

P
DATE | s o | o] Proas |Sfoss | Pave | 2B BT L | AT 2P | Pre [PPre [“Proson SPror
26.1.65 962 6. 922,586 726 7-8 505 -5 2896 2237 12 -156 8 10 2047 7 -80 2013
29, 1. 65 968 6. 976. 071 728 7-8 506 -4 2902 2243 12 -154 8 10 2048 8 -80 2023
8.2.65 982 7.149, 993 727 8 593 83 2788 2129 11 -141 5 6 2047 7 -81 2003
10, 2. 65 985 7. 185, 056 727 8 549 39 2788 2129 11 -148 6 7 2047 7 -81 1953
15. 2. 65 992 7. 269, 248 665 8 633 123 2788 2129 3 -42 -22 8 1978 -62 -81 2075
24. 2. 65 1013 7.422.908 722 8 583 73 2788 2129 10 -141 4 5 2040 0 -82 1984
28. 2.65 1022 7.493, 379 721 8 557 47 2788 2129 10 -136 3 4 2039 -1 -82 1961
6.3.65 1031 7.598. 135 724 8 577 67 2788 2129 11 -149 9 10 2045 5 -83 1979
15. 3. 65 1037 7.713.542 723 8 604 94 2788 2129 11 -149 8 10 2044 4 -83 2005
18. 3. 65 1039 7.766. 144 727 8 587 77 2788 2129 11 -154 11 12 2047 7 -83 1987
28. 3. 65 1045 7.932,.023 726 8 576 66 2788 2129 12 -159 10 12 2047 7 -84 1971
9.4.65 1069 8. 136, 835 723 8 537 27 2788 2129 10 -134 6 7 2044 4 -84 1949
13.4.65 1080 8. 207,053 739 8 561 51 2788 2129 12 -132 12 14 2059 19 -84 1997
21.4.65 1091 8. 345, 436 729 8 537 27 2788 2129 11 -155 9 10 2049 19 -85 1945
26. 4. 65 1096 8. 425. 820 733 8 554 44 2788 2129 12 -163 10 12 2051 11 -85 1948
3.5.65 1108 8.529, 885 592 8 618 108 2788 2129 -5 79 -40 -46 1882 -158 -86 2026
5.8.65 1145 9, 268. 465 723 9 691 181 2572 1913 13 -184 8 9 2042 2 -87 1834
13, 8.65 1148 9. 402, 236 723 9 624 114 2572 1913 14 -191 8 9 2042 2 -87 1760




TABLE ©.VY, Vv

Pattern

DATE ! Eth Pth number Prods A f’rods fabs Af’abs ATg AFS Ot APu : er FXe Af:,boron Af,t:ot
17.8.65 1150 9.472.541 732 9 604 94 2572 1913 12 -177 9 10 2050 10 -88 1762
28.8.65 1157 9.655. 321 733 2 583 73 2572 1913 12 -168 8 9 2050 10 -88 1749
17.9.65 1191 9.972,011 739 9 566 56 2572 1913 13 -182 9 10 2059 19 -89 1727
8.10. 65 1205 10.292. 019 739 9 559 49 2572 1913 10 ~-147 9 10 2059 19 -90 1754
19.10.65 1234 10. 477. 661 723 9 570 60 2572 1913 9 -139 5 6 2042 2 -90 1752
28. 10, 65 1258 10.623. 969 727 9-10 590 80 2569 1910 7 -110 5 5 2045 5 -90 1800
31.10. 65 1264 10, 677. 993 743 9-10 568 58 2569 1910 10 -150 9 10 2062 22 -90 1760
2.11.65 1269 10.713. 064 740 9-10 563 53 2569 1910 12 -175 7 8 2061 21 -90 1727
7.11,65 1283 10. 800, 686 735 9-10 594 84 2569 1910 11 -163 6 6 2051 11 -9 1757‘
16. 11,65 1307 10. 951. 256 730 9-10 595 85 2569 1910 11 -175 5 5 2047 7 -91 1741
24, 11.65 1328 11.086. 861 743 9-10 602 92 2569 1910 12 -176 8 8 2062 22 -91 1765
13.12.65 1378 11. 404, 010 741 9-10 755 245 2262 1603 13 -195 10 10 2061 21 -91 1593
14, 12.65 1381 11.421.514 737 9-10 775 265 2241 1582 12 -184 8 8 2058 18 -91 1588
28. 12,65 1418 11.636. 193 737 10 887 377 2142 1483 12 -190 8 9 2058 18 -92 1605
3.1.66 1428 11.741.471 747 10 890 380 2142 1483 10 -162 12 12 2069 29 -92 1650
22.1.66 1456 12. 040, 012 747 10 827 317 2142 1483 10 -157 12 12 2069 29 -92 1592
25.1.66 1458 12.092. 857 752 10 810 300 2142 1483 10 -158 13 13 2072 32 -92 1578
10. 2. 66 1489 12. 355. 822 757 10 820 310 2142 1483 12 -192 13 13 2075 35 -93 1556

-'[6-



TABLE 8.0, VI
Pattern
DATE ! F‘th Pth number frods Af)rods f’abs A,Pabs ATg Afbg 6 Tu Af,u ,‘oXe A)")Xe Af)boron Af’tot
14, 2. 66 1500 12.425. 813 740 10 813 303 2142 1483 13 -208 12 12 2061 21 -93 1518
25.2.66 1508 12.616. 211 732 10 784 274 2142 1483 14 -220 11 11 2050 10 -93 1465
28. 2. 66 1507 12. 668. 090 743 10 777 267 2142 1483 13 -209 12 12 2062 22 -93 1482
4,3.66 1507 12.737. 878 738 10 751 241 2142 1483 16 -253 16 16 2058 18 -93 1412
17. 3. 66 1495 12.935. 276 725 10 738 228 2142 1483 15 -233 13 13 2043 3 -93 1402
22.3.66 1509 13.018.671 743 10 710 200 2142 1483 14 -226 15 15 2062 22 -93 1401
28.3.66 1494 13.122.696 747 10-11 762 252 2060 1401 14 -217 16 16 2069 29 -93 1388
8.4.66 1519 15,313.711 748 11 881 371 1976 1317 14 -223 12 12 2070 30 -93 1414
15.4.66 1547 13.432.188 749 11 834 324 1976 1317 13 -212 12 12 2071 31 -93 1379
19. 4. 66 1556 13.502. 504 756 11 838 328 1976 1317 13 -218 13 13 2080 40 -94 1386
13.5.66 1537 13, 869. 482 721 11 784 274 1976 1317 14 -227 5 5 2042 2 -94 1277
17.5.66 1541 13,939, 977 722 11 751 241 1976 1317 14 -222 5 5 2043 3 -94 1250
31.5.66 1529 14,107. 818 478 11 1075 551 1976 1317 9 -146 -29 -29 1700 -340 -94 1263
8.6.66 1515 14.196.707 484 11 1087 577 1976 1317 6 -104 -29 -29 1726 -314 -94 1353
16.6.66 1506 14, 290. 141 481 11 1069 559 1976 1317 7 -117 -28 -28 1721 -319 -94 1318
23.6.66 1491 14.371.417 504 11 1063 553 1976 1317 7 -113 -24 -24 1746 -294 -94 1345
30.6.66 1479 14.453.562 480 11 1040 530 1976 1317 7 -123 -28 -28 1705 -335 -94 1390
11. 8. 66 1446 14.570. 546 675 11 806 296 1976 1317 5 —9177 , ”77—711 -11 1988 =52 -94 1365




Pattern

DATE ! Fth Pt lnumber Prods Af rods §abs Afa\bs ATg Afg ar Af’u Pxe A Pxe 8 focron Aftot
16.8.66 1459 14,654. 459 701 11 674 164 1976 1317 9 ~-157 -2 -2 2019 ~21 -94 1207
26. 8.66 1481 14,795. 365 719 11 705 195 1976 1317 9 -142 0 0 2039 -1 -94 1275
31.8.66 1494 14, 880. 850 709 11 696 186 1976 1317 9 -152 0 0 2027 -13 -94 1244
5.9.66 1506 14.958.747 619 11 870 360 1976 1317 1 - 22 -26 -26 1920 ~-120 -94 1455
9.9.66 1516 15.023.798 703 11 691 181 1976 1317 12 -187 0 0 2021 -19 -94 1198
14.9.66 1529 15. 106. 545 716 11 664 154 1976 1317 12 -202 2 2 2032 -8 -94 1169
19.9.66 1535 15.185.988 711 11 672 162 1976 1317 13 -219 2 3 2028 -12 -94 1157
29,9, 66 1548 15. 301. 457 695 11 700 190 1976 1317 13 -213 0 0 2010 -30 -94 1170
4,10, 66 1551 15. 385. 641 715 11 655 145 1976 1317 16 -259 6 7 2030 -10 -94 1106
10. 10. 66 1559 15.488. 116 711 11 673 163 1976 1317 16 -259 6 7 2028 -12 -94 1122
21.10.66 1549 15.532, 833 694 11 660 150 1976 1317 14 -235 1 2 2009 -31 -94 1110
25.10. 66 1549 15.648. 419 707 11 666 156 1976 1317 15 -247 4 4 2024 -16 -94 1120
11,11.66 1538 15. 879. 304 6397 11-12 679 169 1981 1322 12 -196 -2 -2 2011 -29 -94 1170
21,11, 66 1553 15. 999, 622 711 11-12 741 231 1936 1277 14 -225 2 2 2028 -12 -94 1179
23,11.66 1558 16, 034, 966 720 11-12 735 225 1928 1269 14 -226 3 3 2038 -2 -94 1175
25.11.66 1562 16, 070. 206 712 11-12 715 209 1919 1260 13 -206 0 0 2028 ~-12 -94 1157
10, 12, 66 1579 16.271. 439 717 12 862 352 1853 1194 10 -171 -1 -1 2033 -7 -94 1273
17.12.66 1584 16. 389. 383 670 12 936 426 1853 1194 6 -103 -20 -30 1980 -60 -94 1333
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TABLE 8.0, VIII

Pattern
DATE : Fth l?:h number rrods A?rods ?abs a ;Fabs ATg a fg AT A f er A fxe A fboron A ftot
23.12.66 1575 16.493. 247 711 12 802 292 1853 1194 11 -176 -1 -2 2028 -12 -94 1202
30. 12. 66 1567 16.613. 888 716 12 809 299 1853 1194 12 -191 0 0 2032 -8 -94 1200
4.1.67 1569 16.701. 006 721 12 832 322 1853 1194 10 -167 0 0 2035 -5 -94 1250
9.1.67 1555 16.788. 083 719 12 827 317 1853 1194 10 -164 0 0 2034 -6 -94 1247
13.1.67 1557 16.857. 421 714 12 842 332 1853 1194 10 -161 -1 0 2031 -9 -94 1262
20, 1.67 1564 16.978. 899 717 12 831 321 1853 1194 10 -163 0 0 2033 -7 -94 1251
7.2,67 1521 17,207, 189 716 12 906 396 1853 1194 14 -220 4 4 2032 -8 -94 1272
13.2.67 1499 17.311.581 725 12 901 391 1853 1194 14 -231 6 7 2042 2 -94 1269
16. 2. 67 1485 17.363.922 728 12 893 383 1853 1194 14 -231 6 7 2048 8 -94 1267
3.3.67 1439 17.600. 691 717 12 922 411 1853 1194 12 -184 1 2 2033 -7 -94 1323
10. 3. 67 1424 17.719. 889 721 12 929 419 1853 1194 12 -195 3 3 2038 -2 -94 1325
16. 3.67 1435 17.822.630 722 12 933 423 1853 1194 13 -199 2 3 2038 -2 -94 1325
30. 3. 67 1423 18. 036. 979 725 12 972 462 1853 1194 13 -198 4 5 2042 2 ~94 1371
12.5.67 1350 18. 540. 087 716 12 1045 535 1853 1194 9 -138 0 0 2032 -8 -94 1489
24.5.67 1300 18.730.766 715 12 1076 566 1853 1194 12 -174 2 3 2030 -10 -94 1485
16.6.67 1336 19. 051. 644 707 13 998 488 2080 1421 11 -166 0 -1 2024 -16 -94 1632
19.6.67 1328 19. 101. 342 714 13 993 483 2080 1421 11 -166 0 1 2030 -10 -94 1635




Pattern

DATE ! Eth th number Prods Aﬁods f;abs AS:’_abs AT'g Af’g ATu Af’u er A?Xe Mboron A?tot
23.6.67 1320 19.167. 337 704 13 992 482 2080 1421 11 -163 -1 ~2 2020 -20 -94 1624
11.7.67 1296 19. 438. 589 720 13 981 471 2080 1421 12 -174 0 1 2039 -1 -94 1624
14.7.67 1294 19, 489, 940 728 13 942 432 2080 1421 12 -173 2 2 2048 8 -94 1596
18.7.67 1286 19. 558. 515 720 13 949 439 2080 1421 12 -174 0 1 2039 -1 -94 1592
21.7.67 1296 19.609. 315 715 13 951 41 2080 1421 11 -165 -1 -1 2030 -10 -94 1592
27.7.67 1300 19.707.583 719 13 953 443 2080 1421 11 -170 0 0 2037 -3 -94 1597
21.8.67 1338 19. 999, 907 719 14 954 444 2179 1520 11 -168 1 2 2037 -3 -94 1701
3.9.67 1366 20. 165, 564 628 14 1061 551 2179 1520 0 6 -32 ~34 1930 -110 -94 1839
7.9.67 1376 20. 233. 419 722 14 985 475 2179 1520 13 -197 5 6 2036 -4 -94 1706
14.9.67 _ 1393 20. 354, 280 722 14 1014 504 2179 1520 13 -198 S 6 2036 -4 -94 1734
18.9. 67 1403 20.423.522 721 14 980 470 2179 1520 13 -199 S 6 2035 -5 -94 1698
28.9.67 1430 20, 597. 956 723 14 992 482 2179 1520 13 -199 6 7 2038 -2 -94 1714
6.10. 67 1451 20.733. 359 728 14 1025 515 2179 1520 13 -208 7 7 2048 8 -94 1746
20, 10, 67 1486 20.957.635 727 14 1028 518 2179 1520 13 -210 7 7 2046 6 -94 1747
25.10. 67 1499 21.040. 759 726 14 922 412 2179 1520 13 -204 6 7 2045 S -94 1646
10. 11. 67 1520 21, 286,992 729 15 805 295 2428 1769 14 -221 8 8 2050 10 -94 1767
17.11.67 1535 21. 408, 508 735 15 765 255 2428 1769 13 -219 9 9 2053 13 -94 1733
22.11. 67 1525 21,497,083 732 15 768 258 2428 1769 13 -209 7 7 2051 11 -94 1742
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In addition, the above-mentioned documents contain the detailed results
of the measurements for the determination of absorber-controlled and rod-
controlled reactivity under special conditions. These results permit the
verification of the adequacy of the calculation methods to represent both the
absorbers and the control rods under various irradiation conditions,
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DOC. 824.211,811/28
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sorbitori'’.
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"Raccolta dei dati concernenti le distribuzioni del flusso neutro-
nico misurate dal 19.1 al 24.8.1967"",

DOC. 824.211,811/40

""Raccolta dei dati concernenti la potenza termica, la potenza
elettrica e la posizione delle barre settoriali e generali gruppo
B relativi al periodo 1° maggio - 31 agosto 1967".
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tembre - 31 dicembre 1967,
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""Reattivitd controllata dalla 13* e 14"~ configurazione di assor-
bitori".
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""Rendiconto delle misure dei coefficienti di temperatura elaborate
durante il 9° quadrimestre di esecuzione del contratto''.
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APPENDIX I

Description of the data processor installed at the Latina Station and summary
list of programs used to perform the reactivity balances.

The computer installed at Latina is a GEPAC 4050 unit, provided entirely
with silicon semi-conductors,

The computer uses parallel-type aritiimetics with 24-bit words. The main
memory constituted of ferrite cores contains 16, 000 words which can be located
individually. The auxiliary memory is a magnetic drum containing 131, 000
words.

The computer is designed to permit parallel performance of different tasks
and to render the calculation speed independent from the speed of the mechani-
cal components, such as the printers or the selective relays for input-output
signals,

The arithmetical operations can be performed with a fixed point or float-
ing point. The fixed-point operations are performed by electronic circuits
and the floating-point operations by special sub-programs. Fixed-point opera-
tions can be carried out on numbers up to 223, and the floating-point operations
up to 2¥32,

The computer can be programmed in the symbolic language PAL, typical
of GEPAC computers, or in a modified version of FORTRAN II.

Control of on-line program execution is entrusted to a supervisory pro-
gram or ''Monitor", Communications between the operator and the computer
occur through a special typewriter and panel. Another panel is installed in
the control room to provide information on demand to the station shift opera-
tors. In the control room the output data are printed out by two electric
fixed-carriage IBM typewriters.

About one thousand values are sent to the computer from the plant, some
of which arrive inthe analog form and some in the digital form.

An automatic restart device has been provided to enable the computer to
continue a program after a power supply failure which has not exceeded fen
minutes.,

The main functions assigned to the computer (ref., 19) are:

- Collection of station data

- Periodical calculation of the power generated by the reactor

- Periodical calculation of xenon poisoning

- Calculation of the average weighted temperatures of graphite and fuel,
which are essential to obtain the reactivity coefficients

- Periodical calculation of channel powers and statistical weights

- Very-high-speed data collection during neasurements

- Calculation of zone irradiations

- Calculation of the reactivity balance,
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