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ORNL/TR-91/23 
Abstraot 

A oritioal experiment for the Pranoo-Qerman High Flux Reactor was carried 
out in the French reaotor EOLE (CEN Cadaraohe). The purpose of the experi-
ment was to cheok the calculation methods in a realistic geometry and to 
measure effects that can only be calculated imprecisely (e.g. beam bole 
effects). The structure of the experiment and the measurement and calcula-
tion methods are described. A detailed comparison between theoretical and 
experimental results was performed. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do iiot necessarily state or reflect those of the 
United States Government or any agency thereof. 
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ABSTRACT 

A critical experiment was carried out for the heavy-water-cooled Franco-
German High Flux Reaotor that made it possible to test the calculation 
methods used to design the reactor and to determine the parameters that 
cannot be calculated. 

The factors investigated were tbe control rod characteristics, the reactiv-
ity value of B10 dissolved in the core, tbe flux and power distributions, 
and gamma heating for reactors with and without solid boron and for experi-
mental equipment in the reflector. In addition, the safety rod shutdown 
effect, tbe temperature coefficient and tbe reactivity of experimental 
equipment was measured. The experimental and theoretical results are in 
satisfactory agreement, except for the reactivity of the beam holes, which 
is underestimated by tbe calculation. 
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1. IHTBODDCTIOH 

As regards neutron physics, the Franco-German High Flux Reactor [1, 2] was 
designed almost exclusively on the basis of an extended theoretical study. 
The critical experiment ALIZE III [3, 4] made it possible to check at a 
relatively early state the validity of the calculation methods used. This 
experiment reproduced only a few of the characteristic properties of the 
High Flux Reactor correctly, namely the narrow fuel zone and the heavy 
water reflector, but it had a core moderated with light water and did not 
correspond very closely to the High Flux Reactor as regards core and re-
flector geometry. The High Flux Reactor has a very specifio structure: 
the core consists of only a single fuel element; consequently there is no 
possibility of varying the critical mass, the total control reactivity is 
housed in one rod, and the reactivity of the solid boron zones and the 
experimental equipment in the reflector cannot be calculated very well. 
Because of this it was necessary to carry out a critical experiment, the 
structure of which would correspond to the High Flux Reaotor as aoourately 
as possible in all parts. This was implemented in the experiment FOEHN. 

The main goal was to obtain answers to the following questions: 

- To what extent are the methods for calculating reactivity and also flux 
and power distribution valid? 

- How great is the reactivity of internal components for which calculation 
does not provide satisfactory results, such as experimental equipment, 
solid boron, etc., and what are the corresponding flux distributions? 

- How must the calculation methods used to date be changed in order to be 
extrapolated from the experiment to the High Flux Reactor? 

Tbe experimental program is constructed accordingly. The first part of tbe 
test program deals with a reaotor without reflector internals and solid 
boron. Tbe excess reactivity is compensated for by boron dissolved in the 
core and by the central control rod. This relatively simple geometry lends 
itself most readily to checking the calculation methods experimentally. 
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In the second part of the program the solid boron zones are attaohed to the 
core ends and their effeot investigated. In the third part dummies for the 
high flux reactor experimental equipment are installed in the reflector, 
and their effeot. on reactivity and flux and power distribution in the 
system is measured. 

The fourth and last part of the test program deals with the safety rods, 
the void and temperature coefficients, and the effect of the spatial posi-
tion of the source and detector on the 1/M curve during reactor startup. 

The most Important test results are summarized in this report and are 
compared with the theoretical results. 

16 
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2. STRUCTURE OF THE EXPERIMENT 

The experiment entitled FOEHN was carried out in the French reactor EOLE 
[5] at Centre d*Etudes Nucleaires Cadarache. EOLE was appropriately modi-
fied for this purpose. The reaotor and its internals will be described 
below to the extent necesaary for understanding the tests (see also [6]). 
Figure 2.1 shows a vertical section through the reactor. 

2.1 Description of the Reaotor 

2.1.1 The Core 

The fuel zone has the shape of a hollow cylinder and a height of 80 cm, an 
outside radius of 19.5 cm and an inside radius of 14 cm. It is constructed 
of plates bent in the shape of involutes; they contain the fuel, which is 
in the form of a uranium-aluminum alloy. In order to obtain the most 
unambiguous fuel zone geometry possible, the fuel is not clad along the 
edges of the plates. 

Characteristics of the fuel plates: 

Fuel 
Load 
Total U-235 mass 
Number of plates in core 
Plate length 
Plate width 
Plate thickness 
Thickness of lateral Al cladding 

U-Al alloy with 90* U-235 
0.0568 g U-235/cm2 
8556 g 
276 
80 +0/-0.05 cm 
6.83 +0/-0.02 cm 
0.127 +0/-0.005 cm 
0,01 cm 

The plates are involute-shaped between the radii 14 cm and 19.5 cm. The 
evolute radius is 13*4855 cm. A gap of 0*18 cm remains between the assem-
bled plates (see Figure 2*2). 
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[Key to Figure 2.1:] 

A rotating plug 
B core 
C protruding beam hole 
D stack 
E adjustment mechanism of neutron source 
F adjustment and holding device for' the beam holes 
G beam holes 
H shutdown rod dummies 
I safety rods 
J gra^nite base 
K control rod drive 
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The plates are assembled in a core barrel. On the Inner radius they are 
beld by 6 combs distributed over the core height and milled out of the 
inside wall of tbe core barrel. The comb teeth are 1 cm long and 0.2 cm 
high (see Figure 2.3). On the inside radius the plates are held by small 
riders* which are mounted on the plates. The portion of the riders that 
protrudes to the outside fits in recesses of the outer 7 holding rings, 
which separate the fuel zone from the outside over its entire height (see 
Figures 2.4 and 2.5). The outside wall of the core barrel is fitted over 
the core, assembled as described above, so that a watertight vessel is 
formed, which is oonnected to tbe core loop by a 1 cm thick Al pipe (see 
Figure 2.6). The core barrel must be leaktight because a portion of the 
excess reactivity is compensated by boron dissolved in tbe core, and the 
entry of boron into tbe reflector must be avoided. All core structures are 
fabricated from the aluminum alloy AG 3-NE. 

Fig. 2.6 The core is installed in the central stack 
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All parts of the core are coated with an epoxy phenol resin so that good 
runoff of the heavy water from the gaps is guaranteed and contamination of 
the surfaces by the boron dissolved in the loop will be avoided. The resin 
was deuterized before startup. 

The free volume in the fuel zone was determined on the basis of the dimen-
sions of the fuel plates and core structures as measured after fabrication. 
We obtain 

VD20 solution a 27'000 cm3. 

The total free volume in the core barrel, i.e., including the gaps around 
the fuel zone, was measured as 

28,850 cm3. 

The exact knowledge of these volumes is necessary in order to be able to 
compare the experiment with the calculations. 

2.1.2 The Beflector 

The core is located in the center of a cylindrical tank filled with DgO 
having the following dimensions: 

diameter: 230 cm, 
height of D20: 2 2 0 cm* 

A stack passes through the tank axially; lt extends to the upper rotating 
plug and has the function of guiding the core and preventing the entire 
amount of heavy water in the reflector from being contaminated by boron in 
the event of a leak in the core barrel. In addition, the stack simulates 
more or less the structures of the High Flux Reactor above and below the 
core. 
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2.1.3 The Loops 

2.1.3*1 The Core Loop 

The core loop makes it possible to Till the core barrel with heavy water or 
a solution of heavy water and boron anhydride or to empty it into a supply 
vessel. Samples of the solution can be taken by way of a suitably designed 
valve in order to analyze the boron concentration. To avoid an overflow of 
the solution and contamination of the DgO in the stack, a collector vessel 
is mounted above the core. 

2.1.3*2 The Stack Loop 

The stack is sealed off from the radial reflector. It has its own loop, 
which can be heated and cooled (see Figure 2.7)* 

2.1.3*3 The Reflector Loop 

The reflector look can also be heated and cooled like the stack loop. In 
order to guarantee uniform temperature distribution in the reflector, the 
tank is thermally insulated from the outside. 

All loops are equipped with electrical level Indicators and temperature 
measuring points. 

2.1.4 Control Kleaents and Safety System 

The excess reactivity of the reactor is compensated partly by the boron 
dissolved in the D20 of the core and partly by a control rod that is in-
serted from below into the central flux trap that is surrounded by the 
core. The absorber section of this control rod is a tube of metallic 
nickel having the following dimensions: 
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length 100 em 
outside radius 12.6 cm 
wall thickness 0.5 cm 

It sits on a sled, which is driven by an electric motor via a rod and a 
worm gear (see Figure 2.7)* The rod can be operated at two speeds: 

upwards at 0.2 cm/sec and 0.1 em/sec, 
downwards at 0.1 cm/sec. 

The rod position is indicated by a phase valve (Selsyn) with an accuracy of 
+0.01 cm. The total distance that the rod can travel is 103 cm (see Figure 
2.1). 
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Fig. 2.7 Space below the reactor. Ia the foreground the control rod 
drive Is visible, in tbe background on the left the supply 
tank for the core loop, and on tbe right the heat-insulated tank 
of the stack loop. 
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Fig. 2.8 View into the reflector tank. - (1) Reactor safety rod, 
(2) simulated safety rod, (3) support rod for the simulated rod, 
(t) beam hole dummies, (5) beam h o l e dummy for conversion 
electrons, (6) central stack. 
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[Pages 11 and 13 of the original German text were missing from tbe copy 
provided to the translator. Thus the final portions of Section 2.1, the 
entire Section 2.2 and the beginning portions of Seotion 2.3 (including the 
first part of 2.3.1) are missing. Since the first page of the table of 
contents, page i, was also missing, it is impossible to Include even tbe 
titles for these missing sections. 

The text continues with the end of Section 2.3*1 

— Translator's Note.] 
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... it is flanged to a vertioal support rod. The beam h o l e can be adjust-

ed as regards angle and height by means of a mechanism on the upper end of 
the support rod, which is accessible through an opening in the rotary plug 
(see Figure 2.9). 

Pig. 2.9* Positioning mechanism of the d u m m y beam h o l e s 

Figure 2.12 shows a section through the dummy of the hot souroe. It is 
held by cross beams above the DgO surface. 

The cold source is simulated by an aluminum vessel having an inside diame-
ter of 40 cm and a height of 50 cm. The wall thickness is 0.5 cm. The 
liquid deuterium is replaced by heavy water. The effect of the cold moder-
ator on the absorption is the wall is simulated by an increase in the wall 

29 



ORNL/TR-91/23 
thiokness, by an aluminum bell having a wall thickness of 0.3 om, which can 
be fitted over the source container (see Figure 2.13). 

The vertical ohannel for beta spectrometry has in inside diameter of 20 cm 
and a wall thickness of 0.2 cm. It passes through the reflector to its 
total height. 

The pneumatic transport systems are simulated by vertical Al tubes with an 
inside diameter of 4 cm and a wall thickness of 0.2 cm. 

A horizontal beam hole is led through the reflector tank wall to the out-
side. It can be adjusted in tbe azimuthal and axial directions (see Figure 
2.10). Figure 2.11 gives a view of the reactor with tbe rotary plug re-
moved . 

2.3.2 Safety Rods 

For safety reasons it was not possible to install the shutdown rods of the 
High Flux Reaotor in the same slanted position in F0EHN. In addition, the 
decision to use only 5 rods instead of 6 was made at a time when it was no 
longer possible to change the FOEHN design. 

Six (6) dummy safety rods are used; they are supported by upright aluminum 
guide tubes having a diameter of 4 cm and a wall thickness of 0.4 cm. The 
safety rods consist of 0.2 cm thick cadmium tubes having an outside diame-
ter of 9 cm and a length of 150 om. The cadmium has a 0.05 cm thiok stain-
less steel cladding. In the inside of the rods is looated D20 and the 
aluminum guide tube. The rod insertion depth and the radius on which they 
stand can be varied gradually. 
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Fig. 2.10 Exiting bean h o l e . Turning knuckle and beam h o l e end 
outside the D20 tank. 

Fig. 2.11 View of reactor without rotary plug. - (1) beam hole positioning 
mechanism, (2) cold source guide tube, (3) hot source guide 
tube, (4) beam h o l e for conversion electrons. 
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Fig. 2-12 Vertical section through the hot source dummy* 
(A) Graphite blook, (B) measuring probe holes* (C) Zircaloy 
vessel, (D) Al guide tube. 
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Pig. 2.13 Vertical seotion through the dummy of the cold source. 
(A) source vessel, (B) bell, (C) valve, (D) holding tube, 
(E) guide tube for test probes. 
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2.3.3 Solid Boron 

A portion of the excess reactivity of the High Flux Reactor is compensated 
by boron zones at both core ends, which also flatten the power peaks there 
at the same time. The boron burns off in the course of the reactor cycle. 
It is housed in the extension of the fuel plate, it is 3 cm high, and it is 
limited by the same radii as the fuel, i.e., 14 and 19*5 cm. For 
simulating these boron zones in FOEHN it is possible to attach to the ends 
of the core barrel plate packages, the composition of which is selected 
such that they correspond with respeot to boron load, geometry and metal to 
D20 ratio to the boron zones of the High Flux Reactor. The packages con-
sist of horizontal, borated aluminum plates and pure aluminum plates 0.1 cm 
thick, which are assembled by means of vertical pins and spacer rings. 
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2.4 Differences between FOEHH and the High Flux Beaotor 

The struoture of FOEHN accurately reproduces the High Flux Reactor (HFR) in 
so far as possible. In some cases, however, this was not feasible. We 
present below a list of tbe differences that are significant from a 
neutron-physical standpoint (cf. Figures 2.1 and 6.1). 

D20 Reflector Dimensions: 
FOEHN: R = 115 cm, H = 221 cm 
HFR: R = 125 cm, H = 250 cm. 
In addition, the DgO tank of the HFR is surrounded by an effectively 
infinite, thick H20 reflector. 
The DgO reflector of the HFR is precisely cylindrical, and the core 
sits 10 cm above the reflector midplane. 

Aluminum Structural Material around tbe Core: 
External wall thickness 1.1 oro Al 0.8 cm Al 
Internal wall 0.61 c*. £1 0.68 cm Al 
Between fuel and solid boron 0.6 om Al 0.41 cm Al 

Control Rod: 
The HFR control rod has in its lower section to a length of 40 cm 
twioe the wall thickness as the FOEHN control rod. 

Boron Zones: 
The load of individual boron plates in FOEHN is higher than that 
in the HFR, i.e., there the self-shielding in the plate is smaller. 

Dissolved Boron in the Core: 
In FOEHN a part of the excess reactivity is compensated by dissolved 
boron, i.e., the absorption in the FOEHN core is greater than in the 
HFR core. 

Safety Rods: 
Only 6 upright rods of 0.1 cm cadmium -it having an outside 
diameter of 9 cm can be installed in FOEHN, whereas HFR is shut down 
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by 5 rods that are slanted slightly with respect to the vertical; 
they have an outside diameter of 10 cm and consist of an alloy of 
0.80 Ag, 0.05 Cd and 0.15 In. 

Reflector Internals (Beam Hole, Sources): 
The wall thickness of the so-called standard beam holes in the High 
Flux Reactor having a diameter of 10 cm on the nose will amount to 
approximately 0.4 cm; they will be slightly tapered towards the 
outside and closed off at the nose by a 0.2 cm thick semi-spherical 
shell of aluminum, whereas the corresponding dummies in F0EHN are 
simple hollow cylinders 10 cm in diameter with a wall thickness of 
0.2 cm, which are sealed on the ends by a flat 0.2 cm thick aluminum 
plate. 

The dummy of the hot source corresponds essentially to the real hot 
source; no final solution has yet been reached for the cold 
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3. CALCULATION METHODS 

3.1 Diffusion Calculations 

All calculations of reactor reactivity and macroscopic thermal and epither-
mal flux distribution are carried out on the basis of diffusion theory 
using the program ALCI [7]* 

Ve use 6 energy groups having the following limits: 
1 fast group 10 MeV - 0.821 MeV 
2 intermediate group 821 keV - 5-5 keV 
3 epithermal group 5.5 keV - 0.625 eV 
4 thermal group, core 0.625 eV - 0 eV 
5 thermal group, reflector 0.625 eV - 0 eV 
6 thermal group, flux trap 0.625 eV - 0 eV. 

The neutrons of the 3 thermal groups diffuse in the system independent of 
one another without any interaction. 

3-1.1 Group Constanta 

The group constants for Groups 1 to 3 were calculated using the code MUFT 
IV in the version FORM [8], whereby braking in heavy water was based on the 
age theory. In these calculations the spectrum of an infinitely extended 
medium was assumed. However, this does not agree well with reality, espe-
cially for the core zone. By means of an iteration calculation it was 
found that the reaotivity of a reactor is 750 pcm higher when the fast 
group constants are calculated in an infinitely extended medium (buckling 
B2 = 0) that the reactivity of a reactor in which the outflow from the core 
in the fast groups is just as great as the outflow with which the fast core 
data were calculated. In order not to have to carry out this calculation 
again for each core mixture, all fast data are calculated without outflow 
and the calculated reactivity of the reactor reduced by 750 pom. 
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The constants for thermal groups 4 to 6 were determined using the one-
dimensional thermalization transport code THERMOS [ 9 ] . The geometry corre-
sponded to a horizontal section through the reactor (see Fig. 3.1). 
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Fig. 3.1 Geometry and source distribution for tbe THERMOS calculations. 
1 = core, 11 s external tank, 21 = internal tank, 50 = external 
reflector (D20), 51 = internal reflector (DgO). 
A source of epithermal neutrons (1 eV) 
B 4th group (source In core) 
C 5th group (source in external reflector) 
D 6th group (source in internal reflector) 

The source of epitbermal neutrons (1 eV) corresponded to the epithermal 
.flux distribution of a diffusion calculation. It was found for 

Group 4 in the fuel zone 
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Group 5 in the external reflector, 
Group 6 in the flux trap. 

The absorption and fission cross sections are determined by the code as a 
mean value over the spectrum and the zone 

//dE dr 0(E,r) tr(E,r) 
E R 

ff = — 7 7 <3-J J dE dr 0(E,r) 
E R 

The group constants used for the most important materials are listed in 
Table 3.1. 

The diffusion constants for the 5th and 6th groups were determined such 
that a diffusion calculation in the same geometry (infinite cylinder) for 
the corresponding energy group yields the same ratio of maximum to mean 
fission rate Sg^/S in the fuel zone as the THERMOS calculation. (The 
fission rate in a 5 mm wide strip on the outer core rim is selected as tbe 
maximum fission rate. This corresponds more or less to the "hot thread of 
stream1* for the core thermodynamics.) 

In the 4th group the diffusion coefficient determine by THERMOS is used. 
Figure 3 .2 shows the power distribution in an infinite cylinder, which is 
calculated using THERMOS and also using the diffusion theory. The fission 
rate ratio (S^qy/S) based on the diffusion calculation, which is obtained 
by superposition of the 3 thermal groups, is 4.3J lower than the ratio 
calculated with THERMOS. This effect must be taken into account in the 
thermodynamic design of the core. 

3*1.2 Geoaetzy for the Diffusion Calculations 

The geometry of the reactor (see Figure 2.1) was simplified for the diffu-
sion calculation so that the capacity of the code ALCI is not exceeded and 
the calculation times remain reasonable, but so that ke f f and tbe flux and 
power distributions are reproduced as accurately as possible. The 
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Fig. 3.2 Absorption distribution in an infinite hollow cylinder, 
calculated with THERMOS and on the basis of the diffusion 
calculation 

40 



ORNL/TH-91/23 
structural material—aluminum~was mixed with D20 so that zones that dif-
fuse sufficiently well are formed. In the core zone the fuel plates were 
homogenized with the borated D20, whereby the fine structure of the flux 
was taken into account (see Section 3.2). In order not to eliminate t*> 
local perturbation of the central control rod with the flux and powei 
distribution, the nickel was not mixed with D20 but was treated in th<~ 
calculation as a pure metal in its real geometry. The holding structi 
made of aluminum, which is inside the nickel pipe, was pounded or. vo the 
nickel, so that for calculation purposes an effective thickness of 0.51 cm 
was obtained. 

Below the D20 tank is a graphite base containing the oounting tubes of the 
reactor instrumentation, and in a downward extension of the reactor axis is 
a D20sfilled cylinder with the guide structure for the control rod. These 
parts act as a reflector, increase the k Q ^ value, and shift the flux 
distribution somewhat. They were simulated in the calculation by a D20 
layer which brings about the same flux shift but yields a 50 pom higher 
reactivity amount. 

Figure 3 . 3 shows the geometric diagram used in the diffusion calculations. 
The numbers in the individual zones correspond to the materials listed in 
Table 3.1 and the corresponding group constants. 

3*2 The Disadvantage Factor In the Core 

The fuel zone is constructed of aluminum plates that contain the uranium. 
Between these plates are gaps which contain boron-poisoned D20. Sinoe the 
plates absorb to a much greater degree than the borated D20, the neutron 
flux in the plates will also be lower than in the water gap. This effect 
can be taken into account in the diffusion calculation—where fuel plates, 
D20 and boron are considered to be a homogeneous mixture—by multiplying 
the boron absorption by a factor g, which is explained as follows: 

k « .. jp (3-2) 
• »P P *»B B 
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Fig. 3.3 Geometric diagram of the reaotor for two-dimensional diffusion 
calculations 

eff 
Z + L •»P 

'£ _ 

»,B (3-3) 

where E a,p 
a,B ~ 
*P = 

H -
g = 

absorption cross section of fuel plate, 
absorption cross section of boron, 
flux in the plate, 
flux in boron (in DgO gap), 

V^B* 
In the homogeneous mixture the boron reactivity is underestimated, 
therefore, by a factor g. 
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The calculation of g is not simple in the present case, since the flux in 
the core is not isotropic everywhere and the strength of the anisotropy 
varies with the radius. This is due to the faot that practically all 
thermal neutrons from the reflector into the core and that, in addition, 
the orientation of the plates with respect to the flux gradient varies with 
the radius. 

The fine structure of the flux on three cylindrical plates was calculated 
using the program THERMOS. It is shown in Figures 3 a n d 3*5, together 
with the geometric diagram of the calculation. We obtain 

^THERMOS = 0.969. 

For the isotropic flux in an infinitely extended plate lattice it is 
possible to calculate g easily on the basis of the integral transport 
theory [10]. The result is 

Sisotropic = 

The real value will lie between the two. However, g-rHERMOS w a s u s e d 9 0 

that the calculation has the tendency of overestimating the boron 
reactivity. 

3.3 Group Constants for the Solid Boron Zones 

The solid boron zones on the core ends represent a much greater problem for 
treatment based on tbe diffusion theory than the fuel zone. Its absorption 
is even greater therm. " A n d t h e flu* dr°P i n t h e Plates is 
much more pronounced sinoe the boron-aluminum plates have an absorption 
cross section that is about 2 . 3 times greater than the fuel plates. 
Because of the complicated, truly three-dimensional geometry it is 
difficult to cover the spectrum correctly and determine the diffusion 
coefficient so that it reproduces the flux distribution in the boron zone 
correction, if one only has available a one-dimensional thermallzation 
program. 
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Fig. 3-4 Fine structure of tbe neutron flux of Group 4 on three 
individual fuel plates 
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Fig. 3.5 Fine structure of the neutron flux of Group 5 on three 
individual fuel plates 
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The fast and eplthermal group constants are determined using MUFT IV in 
accordance with Seotion 3.1. The thermal constants were calculated with 
THERMOS in plate geometry. The boron zone was 3 cm thick and contained 
Boron-10, aluminum and heavy water in a homogeneous mixture; on the right 
side it was reflected by 50 cm D20, and on the left was a zone that 
simulates the structural materials between solid boron and fuel and then a 
fuel layer that was reflected on the left by 10 cm D20 (see Figure 3.6). 
The thickness of the fuel plate was selected suoh that the neutrons that 
are formed in the left DgO reflector have, after they have passed through 
the fuel layer, the same spectrum as the mean spectrum of neutrons of the 
5th and 6th groups in the core, i.e., their energy corresponds to the 
energy of the neutrons that stem from the fuel side, coming from the 
reflector and from the flux trap, and penetrate into the boron zones. The 
source distribution corresponded to the axial distribution of the 
epithermal flux (Group 3) on the radius R = 16.75 of a two-dimensional 
diffusion calculation. For Group 4 the source was in the fuel and in the 
boron zones; for Group 5 (= Group 6) it was in the D20 of the refleotor. 
This calculation yields the value Ia>£) for the boron zone that is averaged 
over the flux and the zone. 
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2 (cm] 
Pig. 3*6 Geometric diagram for calculation of the thermal group 

constants in the solid boron zones. 1 = core, 31 = structural 
material, 46 = solid boron, 50 = external reflector (D20), 51 = 
internal reflector (D20) 
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Using this result, the disadvantage factor in the boron plates was 
calculated aocording to the equation familiar from probe theory [11]: 

00 1 - 2 • *3(*'Zm) 
' ^ ' ( 3 ' " 

Eg = 3rd order exponential integral , 
d = plate thickness, 
£a s absorption cross section in the plate. 

Now the THERMOS calculation is repeated, whereby the homogeneous boron 
concentration is changed: 

N^B1 0) = N0(B10) . go . 

Thus we obtain an effective absorption cross seotion safi> with which g^ 
can be calculated and so on until the prooess converges. The result is 

g = 0.81. 

The diffusion coefficient of the 4th group is the following value, whioh 
was determined directly by THERMOS: 

1 D = ~ — . 3 
i 

For the 5th group (= 6th group) D is determined such that a diffusion 
calculation in the same geometry as the THERMOS calculation yields the same 
ratio: 

absorption in the outermost-plate . 
mean absorption in the boron zone 

3.4 Corrections 

As already mentioned, several corrections must be made to the results of 
the diffusion calculations. 
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Due to the superposition of the three thermal groups, the ratio of power in 
the hot thread of stream to the mean power is overestimated by 4.39* 

The k@ff value of the diffusion calculation must be reduced by the 
following amounts: 

Effect of the spectrum in calculating the group 
constants for Groups 1-3: 

Effect of the DgO layer, which simplifies the contour 
of the lower reflector edge: 

Structural materials in the reflector. In the 
reflector tank there are a number of structures whose 
reactivity was calculated (e.g. holder for the safety 
rods at the bottom, etc.). This effeot resulted in a 
correction of 

Alloying constituents in AG 3-NE. The alloying con-
stituents of AG 3-NE increase somewhat the absorption 
of the structural materials. The reactivity that is 
consumed as a result amounts to 

H20 concentration in the D20. The H-O concentration 
in the D20 increased in the course of the reactor 
operation period. The calculations were all done with 
99*8001 D20 and 0.2) H20. For measurements where the 
H20 concentration is higher, the corresponding diffusion 
calculation must be reduoed by the following amount for 
every 0.01$ H20: - 38 pom 

- 750 pcm 

- 50 pcm 

- 50 pcm 

- 475 pcm 

3-5 Calculation of the Safety Rods 

In theoretical treatment of the safety rods we encounter two difficulties: 

a) The rods represent highly absorbent ("black"), non-diffusing zones 
that can strictly only be treated using the transport theory. 

b) The geometry is truly three-dimensional (R,Q,Z)* and cannot be 
treated a priori using a diffusion program that is only two-
dimensional . 

* R = radial, 9 = azimuthal, and Z = axial coordinates. 
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Point a) is solved very successfully by introducing suitable boundary 
conditions on the boundary surfaoe of the absorbing zone [12], while Point 
b) the known methods, such as those used by RUDERMANN [12] and SPINKS [13], 
were unsuccessful. This led to the development of a new method that makes 
it possible to split the R-O-Z problem into a R-0 problem and a R-Z 
problem, which can be treated separately. 

3.5.1 Boundary Conditions and Constants for the Shutdown Rods 

The majority of the measurements was carried out with cadmium rods, which 
can be considered "black11 for thermal neutrons and completely transparent 
for neutrons of higher energies. The boundary condition for a black plate 
is as follows according to transport theory: 

1 6 0 . 1 , — 1 . (3.5) 
0 6 r d 0.71. \t r 

d s extrapolation length, 
Xfcr s transport path length in the surrounding medium. 

For calculation of the "gray" rod made of stainless steel (18/8), the 
boundary conditions are determined using SPINKS' method [14]. The material 
composition of the "gray" rod was: 

18 - 20% Cr 
8 - 10^ Ni 

74 - 70 t Fe. 

Thus we obtain the following cross sections for the gray rod: 

Za = 0.2421 + 0.0024 
transport = °'81»3 ±0.011. 

The extrapolation length d for a gray rod becomes 

dgray = dblack + ^ a * * * \ r » (3'6) 
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where 3 = blackness of the rod. 

@ 1s tabulated in [14] as a function of the absorption and transport 
properties of the rod. One obtains 

6 = 0.596 
and 

dgray = 1.612 • Xtr. 

The epithermal absorption of the gray rod cannot be disregarded. The 
effective microscopic cross sections of the rod material in the fast and 
epithermal groups are calculated with MUFT IV in a mixture of 80? DgO and 
20% rod material, in order to better take into account the moderation 
effect of the D2O that surrounds the rod. 

3.5*2 The Method of the Equivalent Absorber 

The absorber rods are positioned more or less symmetrically with the core 
axis and form a type of semi-transparent curtain for neutrons between fuel 
and external reflector. Their effect consists in the fact that they absorb 
the neutrons that were moderated in the reflector on their way back to the 
core. This is expressed in an azimuthal and radial (R-Q) buckling of the 
neutron flux, tbe form and degree of which is a function of the radial and 
azimuthal position of the rods and of the different composition of the 
reactor. In addition, the axial flux distribution is disturbed depending 
on how far the rods are inserted into the reactor. One assumes that the 
R-Q perturbation can be calculated independently of the axial perturbation, 
and that the curtain formed by the rods can be replaced by a "gray" 
curtain, which is homogeneous in the 0 direction and has the same 
absorption effect as the rod lattice. Therefore the R-0 perturbation is 
replaced by a basic R perturbation. If then the ... 

[Text missing at this point in copy supplied to 
translator: page 33 of the original German. 
Translation continues on page 34.' — Translator*s Note] 
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3.5.2.2 The R-Z Problem 

After the equivalent ngrayn curtain has been determined for all heights Z 
where the radial composition of the reactor changes, the rod lattice is 
represented in R-Z geometry by the corresponding cylindrical "gray" zones, 
the axial configuration of which corresponds to that of the rods. Thus the 
axial flux perturbations are correctly taken into account, such as the 
conditions at the core ends, the insertion depth of the rods, the position 
of the central control rod, etc. The value ke f f yielded by this 
calculation corresponds to the k e f f value for the correct reactor. 

The individual steps in the calculation are shown schematically in Figure 
3.7. 

It should also be noted that the method is not only valid for rods that are 
distributed uniformly over the circumference but even yields good results 
in extreme cases, such as with a single eccentric rod. 

3.6 Calculation of the Kinetic Parameters 

3.6.1 The Generation Time in the Critical Reaotor 

The generation time was calculated according to the customary formulation 
of perturbation theory: 

( rg(E,r)0+(K,r) 
' ' v(B,r) 

\ ' ~ , (3-8) 
J | Ef(E,r) 0(E,r> 0+(E,r) dE dr 
V D 

where the direct (0) and adjoint (0*) fluxes from a diffusion calculation 
where keff = 1 are used. The neutron velocity was averaged over the group 
in the epithermal zone by using as a basis a 1/E behavior of the flux. In 
the thermal zone the velocities in the individual regions were determined 
using THERMOS. 
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Schematic diagram of the steps for calculation of the safety rods. 
I Reactor with 4 safety rods (A), ring core (B) and reflector (C) 

II Horizontal section throuth the reactor (I) 
III Geometric diagram for the R-6 calculation with rods 
IV Geometric diagram for the R-Q calculation for determining the "gray" zone (D) 
V Geometric diagram for the R-Z calculation for determining the reactivity of the rods. 
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3 - 6 . 2 Delayed Neutrons 

Determination of the effective fraction of delayed neutrons was based on 
the values measured by KEEPIN [15] • Weighting was carried out in 
accordance with perturbation theory [16]: 

j J fl x d 0 + v L t 0 ** ** 
V E 

eff " (3-9) 
J J(Xp(1"fl)+ *Xd> e+VZf 0 dV dE 
V E 

6 where a = L B. . i=l 1 
X^ = spectrum of delayed neutrons, 
Xp = spectrum of prompt neutrons. 

In this case it was assumed that the delayed neutrons of Groups 2 to 6 are 
formed with an energy of 620 keV and those of Group 1 with 250 keV [15]. 

In the diffusion calculation these groups were treated as neutrons 
diffusing separately from the prompt neutrons. The group constants were 
calculated with the program MUFT IV, whereby the source neutrons had an 
energy of 620 or 250 keV, respectively. In the third group the group 
constants for prompt and delayed neutrons do not differ for all practical 
purposes; they can therefore be combined. Thus we obtain the following 
group scheme for the diffusion calculation: 

Groups Type of Origin Energy Limits Fission ( v ) Spectrum * Scattering 
1 prompt lO liev-821 kev XjCl-fl) 
2 prompt 821 keV-5.53 k«V X2U-i> c » 

2« delayed 820 keV-5.5 3 k«V 2 e 1*2 i c » 

2b delayed 250 k*V- 5.53 keV ? 3 delayed and 
prompt 5,53 keV-O.625 eV o 1 1 

4+5+6 delayed and 
prompt 0.625 eV- o ev o 1 
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Using the group fluxes we can write Equation (3.5) for N groups: 

j | | ( Xd 0+)t ( V Lf 0) d dV 

°eff = 11 ' (3-10) 
f f p p 1 i ( H ) + f l X d 1 i ] V ( v V )

J
d v 

V 

With a value 3 = 0.00650 we obtain 

6 eff = 0-00679-

In addition to delayed neutrons, the fission fragments emit delayed gamma 
quanta, which allow photoneutrons to form due to (y,n) reactions in the D20 
moderator. The probability that gamma quanta formed in the core generate a 
photoneutron was estimated for an infinite cylinder geometry that 
corresponded to a horizontal section through the reactor. Thus we obtained 
the effective delayed photoneutron fraction as 

6eff,ph = 0.00033. 

This value involves a relatively great uncertainty. Therefore great effort 
was made to determine it more precisely experimentally and to study its 
effect on tbe results of reactivity measurements (see [17] and Section 
4.4). 

The following was obtained as the value for the entire effective fraction: 

B e f f = 0.00712. 

The constants for the delayed neutrons are listed in Table 3.2; they are 
used for evaluation of kinetic measurements. 

The decay constants for the photoneutrons correspond to the first 4 groups 
that BERNSTEIN measured [18]. 
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Tab. 3.2 Data for delayed neutrons 

Group •1 °i,eff \ (s"1) 
1 0.0315 0.000224 0.0124 
2 0.2093 0.001488 0.0305 

*> 3 «*J 
4 

0.1875 0.001333 0.111 *> 3 «*J 
4 0.3772 0.002682 0.301 
5 0.110 0.000782 1.13 
6 0.0399 0.000284 3.00 

to 7 c ' 0.0301 0.000214 0.2772 1 O Q 0,0094 0.000067 0.0169 4-1 4—1 _ O 3 9 .C 0). ft clO 
0.0031 
0.001 

0.000022 
0.000013 

0.00481 
0.0015 

3.7 Calculation of Fast Flux and Gai—a Heating Rates 

Calculation of the fast flux was carried out using the programs NIOBE [24] 
and MERCURE 3 [25]. NIOBE yields the flux distribution and the angle 
distribution of the flux in a spherical geometry. For this purpose the 
cylinder geometry of the reactor was converted to volume-equivalent 
spherical shells. Starting with the result of a NIOBE calculation, the 
cylinder geometry of the reactor can be taken into account correctly using 
MERCURE 3. A more detailed description of the method is given in [26]. 

MERCURE 3 calculates the gamma attenuation according to a linear 
attenuation model, taking into account the build-up factors. The library 
described in [27] was used for the starting values. 
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Table 3*1 Group constants for diffusion calculations 

(continued on next page) 

Mix-
ture 

Concentration Fast Groups Thermal Groups Mix-
ture 

Concentration 
1 2 3 4 9 6 

1 

Fuel 
w/0 
boron 

K | J 5 - 0 , 0 0 0 4 7 3 6 

N U 8 - 0 , 0 0 0 0 4 6 8 

NJJ > 0 , 0 0 0 0 7 8 

NQ - 0 , 0 1 9 4 3 2 

NP - O , 0 3 8 7 8 6 

N ^ - 0 , 0 2 4 5 6 

H B I O - O , O 

D 
Z^Z, 

Ir 

E . 
% 

2 , 1 5 8 9 2 3 

0 , 0 6 1 9 2 4 

0 , 0 0 1 9 1 1 

0 , 0 0 1 4 2 1 

0 , 0 0 0 9 4 9 

1 , 3 9 9 0 9 4 

0 , 0 2 3 3 7 6 

0 , 0 0 2 3 3 7 

0 , 0 6 0 5 6 3 

0 , 0 0 1 3 4 2 

0 , 0 0 0 9 4 7 

1 , 6 4 4 8 2 3 

0 , 0 1 9 3 4 1 

0 , 0 2 1 8 0 9 

0 , 0 2 2 0 3 4 

0 , 0 1 4 0 6 7 

0 , 0 0 8 8 7 2 

1 , 0 3 1 2 

0 , 1 1 9 3 1 

0 , 2 4 1 7 0 2 

0 , 0 0 9 2 7 4 

0 , 1 1 9 3 1 

0 , 0 9 9 0 9 8 

0 ( 6 0 2 3 9 

0 , 2 0 3 3 3 

0 , 4 1 3 6 8 8 

0 , 2 0 3 3 3 

0 , 1 6 9 9 4 4 

0 , 6 7 3 8 9 

0 , 1 7 7 0 2 

0 , 3 9 9 7 4 9 

0 , 1 7 7 0 2 

0 , 1 4 7 4 3 6 

5 

Fuel H -
BlO - 4 

0 , 1 0 4 0 7 * 1 0 

D 

LfZr 

Zf 

2 , 1 5 8 6 9 8 

0 , 0 6 1 9 8 9 

0 , 0 0 1 9 1 1 

0 , 0 0 1 4 2 3 

0 , 0 0 0 9 4 9 

1 , 3 9 8 6 1 6 

0 , 0 2 3 3 9 0 

0 , 0 0 2 3 3 6 

0 , 0 6 0 5 6 6 

0 , 0 0 1 3 7 4 

0 , 0 0 0 9 4 7 

1 , 6 3 6 9 7 8 

0 , 0 1 9 7 4 2 

0 , 0 2 1 6 4 0 

0 , 0 2 2 0 1 7 

0 , 0 1 4 9 9 4 

0 , 0 0 8 8 0 4 

1 , 0 0 3 1 

0 , 1 3 0 7 0 7 

0 , 2 3 2 6 4 2 

0 , 0 0 4 7 4 8 

O , 1 3 0 7 0 7 

0 , 0 9 9 3 4 9 

0 , 5 8 2 7 9 

0 , 2 2 6 1 8 2 

0 , 4 0 7 3 9 0 

0 , 2 2 6 1 8 2 

0 , 1 6 6 9 6 3 

0 , 6 3 8 9 7 

0 , 1 9 6 8 0 3 

0 , 3 9 3 4 8 3 

0 , 1 9 6 8 0 3 

0 , 1 4 4 8 7 0 

[Translator's Note: Commas in the above ta^Te and in the continuation on 
the following pages should be read as decimal points.] 
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Mix-
ture 

Concentratlor Fast Groups . Thermal Groups. Mix-
ture 

Concentratlor 1 
2,158428 
0,661994 
0,001511 

0,001425 
0,000549 

2 
1,398233 
0,023403 
0,002336 
0,060569 
0,001401 
0,000946 

3 
1,630791 
0,020079 
0,021504 
0,022002 
0,015737 
0,008749 

4 5 6 

7 

Fuel N ID 23 
B -4 0,19513*10 

D 

Er 

Ef 

1 
2,158428 
0,661994 
0,001511 

0,001425 
0,000549 

2 
1,398233 
0,023403 
0,002336 
0,060569 
0,001401 
0,000946 

3 
1,630791 
0,020079 
0,021504 
0,022002 
0,015737 
0,008749 

0,9794 
0,14053 
0,22592 
0,004342 
0,14053 
0,092597 

0,5672 
0,24594 
0,40245 

0,24594 
0,16494 

0,6282 
0,21355 
0,34807 

0,21355 
0,14265 

11 
Outer 
tank 
w/o 
BlO 

Hai= 0,02654 
Kh » 0,735.10"4 
Md *0,036682 
Nq = 0,01838 
Hb10 • 

o 2,223280 
0,058491 

0,000780 

1,469213 
0,021874 
0,057711 
0,000092 

1,792440 
0,011488 
0,021581 
0,000397 

1,4379 
0,003814 

0,003814 

1,3222 
0,004922 
0,011091 
0,004922 

1,3639 
0,004462 

0,004462 

15 
Outer 
tank 

Bio 
0,116 • 10* 

0 
V * 

2,223248 
0,058492 

mm 

0,000780 

1,469156 
0,021676 
0,057711 
0,000096 

1,790685 
0,01154 
0,021580 
0,000586 

1,4323 
O,006331 

0,006331 

1,3094 
0,008290 
0,010953 
0,008290 

1,3599 
O,007377 

0,007377 

17 
Outer 
tank 

v ° = 

0,217 * 10~8 

D 

Er 

2,223221 
0,058492 

0,000780 

1,469105 
0,021677 
0,057712 
0,000099 

1,789181 
0,011585 
0,021978 
0,000749 

1,4271 
O,008458 

O,008458 

1,2985 
0,011194 
0,010835 
0,011194 

1,3500 
O,009953 

0,009953 

21 
Inner 
tank 

NA1-0,02654 
Nh -0,735.1? 
Nd »0,036682 
Nq >0,01838 
NbJO-0.0 

b 

Er 
£ a 

2,223280 
0,058491 

0,000780 

1,469213 
0,021674 
0,057711 
0,000092 

1,792440 
0,011488 
0,021581 
0,000397 

1,4736 
0,003473 

O,003473 

1,3598 
0,004462 

0,004462 

1,3894 
0,004263 
0,011091 
0,004263 

25 
Inner 
tank 

N , _ • nio 
0,281*10™^ 

D 

£r 

2,223271 
0,058491 

0,000780 

1,469199 
0,021674 
0,057711 
0,000093 

1,792012 
0,011500 
0,021581 
0,000443 

1,4768 
O,003991 

O,003991 

1,3637 
0,005128 

0,005128 

1,3868 
0,004971 
0,011057 
0,004971 

27 
Inner 
tank 

N s 
B1 0 

0,526. 10"6 

O 
LfLr 

Zr 

2,223267 
0,058492 

0,000780 

1,469188 
0,021675 
0,057711 
0,000094 

1,791640 
0,011511 
0,021581 
0,000483 

1,4787 
0,004438 

O,004438 

1,3667 
0,005693 

0,005693 

1,3862 
0,005564 
O,011028 
0,005564 
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Mix-
ture Con cent rat ioii 

Fast Groups Thermal Groups Mix-
ture Con cent rat ioii 1 2 3 4 5 6 

31 
End 
plate 
w/o 
BlO 

Na, =0,031673 Al 
ND20=O,O155O2 

K b I O - ° 

D 

Er 
A 

2,2953 
0,053034 

0,001318 

1,54427 
0,018766 
0,051719 
0,0001102 

1,96489 
0,009852 
0,018656 
0,0004597 

1,6110 
0,004271 

0,004271 

1,4972 
0,005465 
0,009393 
0,005465 

1,4972 
0,005465 

0,005465 

3S 

End 
plate 

V o s 

0,273 • 10"5 

D 

£ a 

2,295105 
0,052396 

0,000696 

1,547448 
0,018644 
0,051700 
0,000119 

1,963265 
0,009851 
0,018525 
0,000897 

1,5765 
0,10045 

0,010045 

1,4574 
0,012891 
0,008954 
0,012891 

1,4574 
0,012891 

0,012891 

37 

End 
plate 

N . = eio 
0,5101 • 10"5 

D 
V ^ r 

2,295038 
0,052397 

0,000696 

1,547304 
0,018647 
0,051701 
0,000126 

1,959175 
O,009955 
0,018521 
0,001266 

1,5482 
0,01498 

0,01498 

1,4248 
0,01927 
0,008689 
0,01927 

1,4248 
0,01927 

0,01927 

40 
Struc-
tural 
mate-
rial 

=0,031673 

1^-0,015502 

D 2,2953 
0,053037 

0,001318 

1,54427 
0,018786 
0,051719 
0,0001302 

1,96489 
0,009852 
0,018658 
0,0004597 

1,5246 
0,005235 

0,005135 

1,5246 
0,005135 
0,009393 
0,005135 

1,5346 
0,005135 

0,005135 

41 
Bottom 
of out-
er tanl 
iio 

NAJ-0,034644 
N^-0,014125 

*BlO 

0 

V E r 
L r 

2,0909 
0,048429 

0,001315 

1,40677 
0,017114 
0,047114 
0,000119 

1,7899 
0,009052 
0,018995 
0,000495 

1 , 4 6 0 1 
0,007274 

m 

0,007274 

1,4601 
0,007274 
0,008557 
0,007274 

1,4601 
0,007274 

0,007274 

45 
Bottom, 
of out-
er tanl V o 

2.294-10 

D 

V Z r 
Er 
Ea 

2,314821 
0,049626 

m 

0,000655 

1,579546 
O,017283 
0,048970 
0,000121 

2,053584 
0,008975 
0,017162 
O,000531 

1,4494 
0,008143 

O,008143 

1,4494 
0,008143 
0,008443 
0,008143 

1,4494 
0,008143 

0,008143 

47 Bottom 
Df 
juter 
tank 

N = 
B i o 
4,29 • lo"7 

0 2,314815 
0,049626 

mm 

0,000655 

1,579533 
0,017283 
0,048971 
0,000122 

2,053187 
0,008984 
O,017161 
0,000564 

1,4455 
0,008821 

O,008821 

1,4455 
0,008821 
0,008420 
0,008821 

1,4455 
0,008821 

0,008821 

SO 
3uter 
V 
reflec-
tor 

ND»0,06637 

NQ=0,03325 
H„=0,000133 H 

0 

2r 

1,912339 
0,090267 

0,001166 

1,234363 
0,036664 

0,089101 

1,233166 
0,019877 

0,036664 
0,000002 

0,8198 
0,7485 
• 10-4 

0,7485 
• 10"4 

0,8198 
0,7485 
• 10"4 
0,019875 
0,7485 
• 10"4 

0,8198 
0,7485 
. 10~4 

mm 

0,7485 
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Mix- Concentration Fast Groups Thermal Groups 
ture 

Concentration 
1 2 3 4 5 6 

51 0 1,912339 1,234363 1,233166 0,8198 0,8198 0,8198 
D O ND =0,06637 E a + E r O,090267 0,036664 0,019877 0,7485 0,7485 O,7485 2 
flux 
trap 

Nq =0,03325 
Er _ 0,089101 0,036664 

.10-4 .10-4 • 10"4 
0,019875 

2 
flux 
trap 

NH = 0,000133 0,001166 0,000002 0,7485 0,7485 0,7485 NH = 0,000133 
.10-4 .10-4 .10-4 

52 D 1,7454 0,78532 0,2062 0,18512 0,17940 0,17972 
Contro 
rod Mi 100% 0,0019 0,0076 0,023565 0,20732 0,26299 0,26196 
core NKI " . Lr - 0,0019 0,0076 - - 0,0059. 
spec-
trum. 9,13 • 10 - - 0,0176e5 0,20732 0,26299 O,26196 

53 D 1,7454 0,78532 0,2062 0,1401 0,1401 0,1401 
Contr. 
rod NNi - V E r 0,0019 0,0076 0,023565 0,3555 0,3555 0,3555 
Maxwell 
spec-
trum 

9,13 • lo"2 
Z . -

0,0019 
m 

0,0076 
0,017665 0,3555 

0,0059 
0,3555 0,3555 

56 Solid 
boron 

M -0,03867 
HZ-0,01938 
Kh«0,000078 

0 2,1971 
0,0606 

1,4409 
0 ,0229 

1,6390 
0,0175 

0,8703 
0,1917 

0,38 
0,2957 

0,38 
0,2957 

zone N..-0,0248 
H** -1,517 
Bl° ao-4 

Sr - 0,05976 0,0223 0,003167 - -N..-0,0248 
H** -1,517 
Bl° ao-4 0,000841 0,000552 0,01434 | 0,1917 0,2957 O,2957 
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4.1 Flux Measurements 

4.1.1 Measurement of the Neutron Flux 

All measurements of the static distribution of the neutron flux in the 
reflector were carried out using activation probes. 

The probes were held in the reactor by Therphane ("Mylar") tape, to which 
they were affixed. Positioning in the axial direction was better than 0.2 
cm, and in the radial direction better than 0.1 cm. 

For detectors under cadmium covers, these errors are somewhat greater. The 
most important data for the detectors used are shown in Table 4.1. 

4.1.2 Flux Measurement Corrections and Errors 

If probes having a 1/v oross section are used, then the measured activities 
are proportional to the neutron density and not to the flux, as obtained 
from a diffusion calculation. In order to be able to compare calculation 
and measurement, corrections must be made in the measured values; these 
corrections take into account the epithermal activation (beyond 0.625 eV) 
and the mean energy of the thermal spectrum. For this purpose we make the 
following simplifying assumptions. The effective thermal cross section has 
a 1/v curve (for Mn this is exactly true; Dy deviates somewhat); the energy 
of the thermal neutrons exhibits everywhere a Maxwell distribution, which 
is characterized by the mean velocity v; and the effective cadmium 
separation energy is 0.625 eV. Then the flux 0 can be determine as follows 
from the activation A: 

0. th • B v 
v 
o 

(4.1) 
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Table 4.1 Summary of the probes used for flux measurements 

[Commas in numbers in following table should be read as decimal points — Translator's Note] 

.Energy Range Probe Composition Dimensions 
(ca) 

Counting Method Type of Reaction 

1 thermal 
relative 

0,9 Un + 0,1 Ni 
(metal) 

0,6 0 x 0,01 ft , 211 scintillation 
counter 

55. 56 Mn (n,y) Mn 
Tl,2 s 2»5® h 
0act = 13,2 + 0,1 barn 

2 thermal 
relative 

Dy (metal) 0,2 0 x 0,009 0 , 2 It scintillation 
counter 

Dy164(n,Y) By165 

Tl/2 = 1 4 0 m i a 
cx . = 800 • 100 barn act — 

3 thermal 
absolute 

Kir on A1 substrate 1,0 0; „ 
100 - 300ytt(/ca 

ft , 411 proportional 
counter (methane flow 
rate meter) 

Mn&5(n,Y) Mn56 

T 1 / 2 = 2,58 h 
ffact s 13,2 + 0,1 barn 

4 epithermal 
relative 

In metal under 
0,08 ca Cd 

0,6 0 x 0,01 with 
0,009 A1 cladding 

ft , 2It scintillation 
counter 

InHSU.y) In*1* 
Tl/2 s 5 4»22 "in 

S epithermal 
relative 

Au metal under 
0,08 ca Cd 

0,6 0 x 0,01 with 
0,009 Al.cladding 

ft , 211 scintillation 
counter 

Au»7(b,Y) Au198 

T 1 / 2 = 2,704 d 

6 epithermal 
absolute 

Au metal under 
0,08 ca Cd 

1,0 0 x 0,002 ft , 411 proportional 
counter (methane flow 
rate meter) 

Au197(n,Y) Au198 

T 1 / 2 = 2,704 d 

7 fast 
relative 

0,9 P (red) + 
0,1 araldite 
under Cd 

1,3 0 x 0,13 with 
0,009 Al cladding 

ft' activity P31(n,p) Si31 
a = 31 + 2 ab 
Tl/2 = 1 5 7 •la (0"> 

8 fast 
absolute 

0.9 P (red) + 
0.1 araldite under 
Cd 

1,3 0 x 0,13 with 
0,009 Al cladding 

'2ft scintillation 
counter, comparison w. 
probes calibrated in 
4tt geometry 

P31(a,p) si31 

<j = 31 +s 2 ab 
T1/ 2 = 157,5 Bin 

9 fast 
absolute 

sulfur under Cd 1.8 0 x 0,25 
9.9 0 X 1,4 

comparison with P 
probes calibrated in 
4TT geometry; G acti-
vity 

^ U . P ) P32 

T1/2 = 14,2 d 
a = 60 mb (ft ) 



ORNL/TR-91/23 
where B = proportionality factor 

v = mean thermal neutron velocity , 
vQ 2/yfl • 2200 m/sec 
RCd = cadmium ratio (see below). 

v/v0 was calculated by the code THERMOS in cylinder geometry as a function 
of the radius (see Figure 4.1). In order to take into account the 
distribution near the core ends, it was assumed that the same spectrum 
prevails at all points that have the same distance from the core surface. 
Since the correction is only a few per cent, even close to the core, the 
errors of this simple scheme do not have much of an effect. 

The error of the relative thermal flux measurements is about + 2 <; for the 
absolute measurement it is about ± 3 9 * 

The epithermal flux measurements are carried out using resonance detectors 
(Au, In) below cadmium. The epithermal activation Aep^ therefore 
corresponds to the following: 

oo 
A.Pi • H-d [ *1/v<« ».,t ¥ * f ».Pi«i> \ w o • (4.2) 

1.046 cadmium correction factor [11], 
cadmium separation energy, 
1/v portion of the activation cross section, 

epithermal flux 
contribution of the i-th resonance 
i-th effective resonanoe integral, 
number of atoms in the probe. 

The epithermal self-shielding CQp i = Ieff/Iact was determined according to 
[19]• For gold probes 0.002 cm thick we obtained Ce p l = 0.384 ± 0.004. 
The resonance integral is 1535 + 40 barn, according to [20]. Thus we can 
calculate the epithermal flux per lethargy unit. 

where FCd 

ECd = 1/v _ 

êff,i = 
N'd = 
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Under the assumption that the epithermal flux per lethargy unit u is not a 
function of the energy (1/E curve), Eq. (4.2) can be written as follows: 

Aepi ? 0epiCu) N*d'rCd'CePi'1act <«-3) 
AePi 

- M . d . ? c d . C e p i . l a c t ' <*•*> 

No absolute flux measurements were taken with indium probes. The absolute 
error is approximately + 4 to + 15 % in the present measurement, depending 
on the location of the measurement (except in the reflector, the flux is 
very low, which results in poor statistics). 

The threshold reactions of phosphorus and sulfur were used to measure the 
fast flux: 

GO 
A fast " *'d I a(E) ®<S) 

ES (4-5) 

op s the effective activation cross section averaged over the fission 
spectrum. 

The flux is thus given as 
oo 

• fast - = - • / < * « > « » « • (4.6) 

In order to determine the absolute value of 0f a a t, the counting device was 
calibrated with thin phosphorus probes without beta self-shielding (20 
mg/cm2 P-31). which were irradiated in a known thermal flux. The reaotion 
P-31(n,y)P-32 with oa c t = 190 m barn was used (see [21]). 

For phosphorus the calculation was based on the following values (Eg = 
threshold energy): 

op = 31 ± 2 mb [22] 
Eg = 3 MeV 

and for sulfur: 
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o„ = 60 mb 
Eg = 3-2 MeV 

The error is 13? for the fast flux measurements near the core. 

4.1.3 Measurement of the Spectrua 

The cadmium ratio Rgd is the ratio of the activities of a Mn probe that was 
irradiated at the same spot) once under a cadmium cover and once without 
cadmium at the same reactor power. No additional corrections were made. 
The cadmium separation energy is 0.64 eV with the 0.08 cm thick covers 
used. 

For measurement of the thermal spectrum, which varies sharply in the core 
and in the vicinity of the core, uranium-plutonium and lutetium-manganese 
probes were irradiated in pairs. 

Since the plutonium 239 resonance at 0.297 eV has more or less of an effect 
on the total activation of the probe depending on the hardness of the 
spectrum, a reference value for the thermal spectrum can be obtained from 
comparison with a probe having a 1/v cross section (U-235)> as well as when 
lutetium-176 is used, where the resonance is 0.142 eV. 

The probes that were used had the following characteristics: 

Pu/U 
v a 2200 a/sec 

(4.7) 

R, Lu/Ma 
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Type of Measure-ment Probe Composition Dimensions 
(cm) Comments 

RCd Mn under 0.08 cm 
thick Cd covers 

Ma probe 0.6 0 
x O.Ol clad w. 
0.005 A l 

55. 56 Mn (n,y)Mn 
Tl/2 • 2*58 h 
<ract = 13.2 + O.l barn 

R P u / U alloy of Al + Pu 

alloy-of A l + U 

0.7 0 x 0.017 
2.5 ng/ca* 
P\|239 

0.7 0 x 0.03 
5 Bf/CB2 U235 

The gammas of the fission 
products above 511 keV are 
counted. 
4-6 hours after irradiation 

^ L u / M u Mn powder in plastic 

Lu powder in plastic 

1.1 0 5 ag/cm2 
with 0.005 Al 
cladding 

1.1 0 10 B « / C B 2 

w. 0.005 Al 
cladding 

The gamma activity above 
2 75 keV is counted, 
6-9 h after irradiation 

The gamma activity above 
35 keV is counted k days 
sifter irradiation 

The prevailing error souroe for the spectrum measurements we utilized is 
the imprecise positioning of the probes, especially at locations having a 
sharp flux gradient. 

On the tank surface in the core midplane the variation in thermal flux is 
about 30f per cm, i.e., Rq^ at this point with a positioning of +0.1 cm 
has an error of + 3J. For Rpu/u and R̂ ti/ibi ̂ he probes were irradiated in 
pairs. In order to limit the error caused by the flux gradient, they were 
attached first so that the Pu or the Lu probe pointed towards the core and 
then so that they pointed towards the outside. The average of the two 
measurements was then taken as the measured value. 

The measurement error without taking positioning into account is as 
follows: for RCd = 1*, for Rpu/ 0 = 1> and for RLu/Mn = 2%. 
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The energy transferred by gamma radiation to the structural material was 
measured using two different methods, glass dosimeters and an ionization 
chamber. 

Since the ionization chamber requires a much higher experimental expendi-
ture, most measurements were carried out with the glass dosimeters. 

4.1.4.1 Measurement of Gamma Heating by Glass Dosimeters 

For several years we have had good results at Kernforschungszentrum Karls-
ruhe with glass dosimeters for radiation protection within the facility, 
and this experience indicated that they would also be suitable for measur-
ing radiation doses at Eole. They have the advantage over other detection 
methods that they are very handy—their dimensions are 6.9 x 6.9 x 4.5 mm; 
in detection sensitivity they are energy-independent linearly up to doses 
of several 10,000 roentgen and with suitable encapsulation for attenuating 
the gamma radiation of smaller energies. 

Since the Japanese Yokota dosimeters used in Karlsruhe had too high a 
neutron sensitivity because of their lithium content, other lithium-free 
and boron-free glass dosimeters were used for our purposes (supplied by 
Sohott und Gen., Mainz). They consist of AgPo^, NaPO^, KPOg and Al(PO^)^. 
Their gamma sensitivity was determined using Cs-137 and Co-60 sources in a 
calibrated configuration, whereas the neutron sensitivity was determined in 
the thermal column of the critical configuration STARK in Karlsruhe. In 
this experiment the thermal flux was measured with Au probes and the y+n 
dose with the dosimeters at the same time at different distances from the 
core. The separation of the total dose in gamma and neutron fractions 
yielded the following sensitivity p to thermal neutrons: 

p • ( 8 - 1:1 ) • io"16 *./*/0t • 
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Radiation causes in the dosimeters the formation of isolated Ag, Ag+ and 
Ag"1"1" atoms, whose number is proportional to the radiation energy. (Thermal 
neutrons are detected via the decay products of activated atoms.) These 
isolated atoms are the cause of fluorescence centers that can be excited 
with UV light. The detection of the dose received by the glass lies in the 
measurement of the light emitted after excitation of the fluorescence 
centers, the intensity of which light is proportional to the number of 
these centers. The calibration and measurement of the irradiated glass 
dosimeters was done at the Institut fuer Strahlenschutz [Institute of 
Radiation Protection) at KFZ Karlsruhe. 

Tin capsules having a wall thickness of 1 mm were used as filters for gamma 
radiation in the energy range up to 50 keV, in which the detection 
probability is higher than at greater energies. 

For the purpose of irradiation in FOEHN the encapsulated glass dosimeters 
were affixed to Mylar tape, mounted In the desired position and subjected 
there to neutron and gamma flux for one hour at a constant reactor power 
(about 35 W). 

4.1.4.2 Measurement of Gamma Heating Using an Ionization Chamber 

Some measurements of the gamma dose were carried out using an ionization 
chamber through which C02 flowed. The chamber consists of a hollow 
graphite cylinder 250 mm long and 22 mm in diameter. It is enclosed by a 
Teflon cladding having a wall thickness of 2 mm. The active volume of the 
chamber is about 20 cm^. 

The gamma sensitivity determined with a Co-60 source is 1200 W/g/amp. The 
sensitivity to thermal neutrons was measured in the thermal column of the 
reactor NAIADE II in Fontenay-aux-Roses and is 1.2 x 10"^ Wsec/g/0t. 

66 



ORNL/TR-91/23 
4.2 Power Measurement 

4.2.1 Probes for Measuring tbe Power Distribution 

The power distribution in a fuel plate was measured with probes that have 
the same composition as the fuel plate itself. They have the dimensions 
0.5 x 0.3 x 0.127 cm and are placed in correspondingly punched holes of 
special fuel plates. This method guarantees a very precise positioning of 
the probes, whereby at the same time the local flux perturbation remains 
small. Because of tbe great number of measuring points (123), the probes 
were distributed to three plates and activated in two separate irradia-
tions. Common measuring points in the core and reflector make it possible 
to normalize the two measurements (see Figure 4.1). 

Tbe measuring plates can be installed at any point in the core so that even 
azimuthal power variations can be measured. 

The probes were calibrated relative to one another by measurement of their 
natural gamma activity above 130 keV. Figure 4.2 shows the gamma spectrum 
of natural radiation. The threshold energy for the calibration lies 
between the two resonances of 95 and 146 keV. 

After irradiation the gamma activity of the fission products above 511 keV 
is measured, which is proportional to the power that was released in the 
probe during irradiation. The counting rate was normalized on a monitor 
that had the same composition as the probes. 

4.2.2 Error Involved in Power Measurement 

The relative error of the individual measuring points is caused primarily 
by its positioning, i.e., since they are in the fuel plate itself, by the 
distance from the adjacent plates. For the majority of the measuring 
points tbe resulting error is < 1J, except for the points on the upper and 
lower plate edge, because the measuring plates had become somewhat deformed 
after long use. However, this error is not systematic and does not much 

67 



o\ 
CD 

$ 
r 

f iH 

J U . 

plate 
midplane 

© 
J U . 
J U . 

XL. 
o so 

H » I 
VO 

Fig. 4.1 Special fuel plate with holes for holding detectors for power measurement in the core ro to 



ORNL/TR-91/23 

11 

rsooo 

IMkil \ 

i\ 

11 

rsooo 

n 1 i 
I 1 I 

1 

\ i V 
i 
i 1 1 I t Ci 

10000 
librat^Lon 

i 
rJ j 

e n e r g > _ I t » i V 
V o so too iso aoo 

channel number 
Fig. 4.2 Natural gamma spectrum of uranium deteotors 

A counting rate 
B calibration energy 
C channel number 

affect the power integral or consequently the power in the hot thread of 
stream or the yield. The error for the power integral is + 0.5); the error 
for the power in the hot thread of stream is about + 1). 

4.3 Determination of "Rendeaent" 

"Rendement" [French term meaning "yield"], the measure of the "quality" of 
the High Flux Reactor, was defined as the ratio of the maximum thermal flux 
^max,th^ 1x1 fche r e f l e c t o r t o the total core power (Ptot): 

0 
r - ;~'t h . (4.8) 

tot 

For experimental determination of r we rewrite this equation somewhat: 

«,th 
r a V V V P . ' 
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mean fission rate in the core 
oore volume 

= ia-10 W per fission. 
3.125 

The measured mean fission rate is only known precisely with respect to a 
proportionality factor a, which is a function of the probe type and the 
counting device and differs from the factor b, which appears in measurement 
of the thermal flux. 

We determine the factor b/a from the activity of an uranium probe of the 
same type, which was used for power measurement in the oore, and a man-
ganese probe, both of which had been irradiated together at a point in the 
reflector where the flux is well thermalized. 

If we assume that 

A.. ^ = b. .0 = activity of the Mn probe in the reflector, Mn.R a,th *R,th 
A h A Mn,nax = a,th «ax,th s activity of the Mn probe in the flux maximum, 

u . Ay^ = ••̂ -f (th . R,th = activity of the uranium probe in the 
reflector, 

A u,c c - mean activity of the uranium probes in the 
oore, 

then we can write the "rendement" as follows, after several trans 
formations: 

Ma.R * Vc ' *?fth-V'P 
Mn.aax AU,R 

(4.10) 

If we also consider that the neutrons are not completely tbermalized at the 
point of the flux maximum but that they have a greater mean velocity v than 
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v - ~ • 2200 — , 
° JrC sec 

then we can finally write: 

r - A><n'""x . -L • . __! . (4.11) 
A„ „ V A .. • *p Mn,R o U,C X,th 

The epithermal activation of the Mn probe has already been subtracted at 
AMn,max 8X1,1 AMn,R aooording to formula (4.1). The ratio v/vQ was 
calculated using THERMOS (Figure 4.3). The effective microscopic fission 
cross seotion °f,eff(0-235) = 503 barn at the measurement point (R = 50 cm) 
was also oaloulated with THERMOS. 

Fig. 4.3 Mean relative velocity of the thermal neutrons in the reactor 
midplane 
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4.4 Reactivity Measurements 

4.4.1 Stable Period (•Approche oinetique") 

The "approche cinetique" [French term meaning "kinetics approach"] involves 
measurement of the stable reactor period of variously supercritical states, 
which are generally selected between +1— and +250 pom. The reactivities 
corresponding to the periods are calculated using the Inhour equation and 
plotted against the rod position H. Since generally the differential 
quantity 6p/6H (p = reactivity, H = rod position) does not vary much within 
one interval 6H of several mm, these points lie approximately on a straight 
line, the extrapolation of which according to p = 0 yields the rod position 
for the critical reactor. The slope of this curve is equal to the 
differential reaotivity <5p/<$H, which characterizes the rod at the 
respective point (strictly speaking it applies to a mean rod position in 
the interval AH, within which the measuring points lie). See Figure 4.4. 

In this way determination of the critical rod position He and of 6p/6H can 
be carried out even with great precision during measurement, which is a 
primary advantage of this method. Adaptation of the curves mentioned above 
to the measuring points using the method of least error squares increases 
the precision of the results even further. 

S 1 
[pcm 

H [cm] 

Fig. 4.4 Diagram of an "Approche cinetique" 
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The aocuraoy of the determination of critical rod position is not a 
function of kinetic parameters and is on the order of the acouracy of rod 
positioning—about + 0.1 mm in accordance with a maximum + 2 
(reading accuracy). On the other hand the method proves to be laborious 
and generally not much more accurate than continuous reactivity measurement 
(see below) when it is used for calibration of the control rod, for 
example. 

Since measurement is only possible within a small interval AH near the 
critical position He, a relatively large number of different boron 
poisonings are necessary for calibration, of the control rod for example. 

If a sufficient number of values 6p/6H (about 10 in our case) have been 
measured as a function of rod position, then their graphic integration 
yields the reactivity of tbe rod with great accuracy, which is then a 
function only of the suitable selection of the kinetic parameters in the 
Inhour equation. 

4.4.2 Continuous Reactivity Measurement (Continuous Run) 

Changing the composition of the reactor, for example when the control rod 
is inserted, brings about a change in the time-dependent power curve. One 
measure of this is the reactivity, which is linked to the multiplication 
factor k e f f by 

P - -5 • •eff 

The relationship between reactivity p(t) and the neutron density n(t) is 
given by the kinetic equations: 

n/t> - fl 3(t) A f da P ( t ) * HTtT £Tt7 V. a r ^ * ) 

whereby S(t) represents the density of the delayed neutrons at time t; S(t) 
is a function of the "prehistory" of the reactor, i.e., of the curve of the 
function n(t) over time, and can be calculated from it and by using the 
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kinetic parameters Xi and A = 1/k: 

s(t) * l a • (0(0) + \ 
i 1 J n(t ) e dx ) . 

o 
If the reactor flux is measured at any point as a quantity proportional to 
the power as a function of time, then the reaotivity can be calculated for 
any point in time or for the corresponding rod position. 

A required initial condition is that the concentration of the precursor 
nuclei of delayed neutrons is in equilibrium, i.e., that the following is 
true at the start of the measurement at time t = 0: 

Since this condition in our measurements was only incompletely satisfied 
for the delayed groups with long decay time, the following procedure was 
used (see Figure 4.5). 

Stabilization of the reactor for generation of the equilibrium of the 
precursor nuolei with short deoay time was carried out for about 3-5 
minutes at low power—about 10" 3 W. 

S(0) a 6 • n(o). 

[pcm]1 k 
200 z 

t [sec] 

-*ooo 

Fig. 4.5 Diagram of a continuous reactivity measurement 
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At the end of this phase we began to register the flux signal. Then the 
reactor was run with a period of about 15 sec = 200 pom to a power of 30 W, 
whioh was reaohed aooordingly after about 150 sec. During this phase 
precursor nuclei were accumulated, which provided the majority of the 
delayed neutrons in the subsequent third phase, in which the reactor was 
run subcritically—to -4000 pom maximum. The precursor nuclei from the 
stabilization phase and thus the accuracy of the initial condition played a 
secondary role. 

The velocity of the rod was 1.035 mm/sec during withdrawal and 2.07 mm/sec 
during insertion, and the corresponding reactivity velocities were 22 
and/or 44 pcm/sec maximum. 

The flux was measured by a BF-3 counter tube run in chamber operation (Type 
CCC2b, sensit. 2x10~llt A/n/cm2/s). The d.c.-amplified signal (amplifier 
A.C.L.I.C.) was measured with a digital voltmeter (NLS 4200), and its 
output was punched on tape after appropriate modification with a reoorder 
(Tally). The system permits coverage of 5 decades at a maximum of 10 
information units [bits?] per second. 

The switchover time between two decades is below 1/10 sec. The punched 
tape was transformed after measurement into punched cards, and the 
reactivity at every measuring points was figured using a computer program. 
The measuring points at which the rod was in motion were identified by 
means of an additional signal marking. 

This continuous method of reactivity measurement has the advantage of great 
speed and also of the fact that the measured range is closely packed with 
measuring points. In a period of about 10 min, which was the time used per 
measurement, reactivities of up to 10 $ were measured by approximately 2000 
measuring points (8/seo). 

On the other hand, there is a sensitive dependence on kinetic parameters, 
especially in the subcritioal range. The longer the measurement takes, 
i.e., the longer the reactor is run at a subcritical level, the greater the 
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degree to whioh tbe constants for the long delayed photoneutrons, which are 
unfortunately not well known, become part of the calculation. 

For example, the differential reactivity 6p/6H at a certain rod position 
was a function of whether this rod position was reached at the beginning or 
at the end of a "continuous run"; in the end 5p/6H was several per cent 
smaller in each oase. Furthermore it can be observed that the calculated 
reaotivity does not remain constant if the reactor remains in a certain 
subcritioal state. This phenomenon becomes especially clear about 2 min 
after the precursor nuclei are formed in the superorltical phase. 

For this reason the measurements were always evaluated only during the 
first 80-100 sec, which corresponded to a mean "measuring section" of 2500 
pcm per measurement. It can be shown that if the photoneutrons are not 
taken into account at all In a measurement lasting 100 sec, the error of 
reactivity is 6.5%', if we assume that the constants A.̂  and of the 
photoneutrons all involve an error of 20%, then we obtain by quadratic 
addition after 100 sec an error of 2% for the reaotivity. For a 
measurement lasting up to 200 sec the corresponding errors for the 
reactivity are 18? and 6?, respectively, and for 50 sec then are 6% and 
1.1?, respectively. 

Not explained is the difference that exists between the results of period 
measurement and continuous measurement; the rod calibration with "approche 
cinetique" (kinetics approach) yielded a reactivity that was about 4? 
higher. This effect cannot be attributed to erroneous photoneutron 
constants. 

On the other hand it was found that some other possible error souroes are 
of secondary Importance: 

The approximations used in the computer program had no effect on the 
result; in particular, an increase in the velocity of the variation 
of reaotivity by a factor of 2 (rod velocity) had no effeot on the 
result. 

The signal statistics are sufficient; a variation in power by a 
factor of 100 did not exhibit any effect. 

76 



ORNL/TR-91/23 

The quasi-static background of photoneutrons, which stems from the 
long-lived gamma activity of the core, does not have any significant 
effect on the measurement as long as this background remains small 
in comparison with the fission neutron flux* This was guaranteed 
with our measurement conditions. This background could also be 
approximately calculated from the critical rod position resulting 
from the "approche cinetique" and tbe rod position at which the 
reactor was stabilized before the "continuous run." The background 
source Q was taken into account in the calculation by tha equation 
P0 = ^/0O'Q. 

Harmonic waves in the flux distribution at the location of the 
chamber do not play a role. This was deduced from the fact that 
the distance of the chamber from the core did not affect the 
measurement result; two measurements up to -4500 pcm at the radius 
515 and 835 mm, respectively, yielded tbe same result. 
The perturbation of the chamber signal by gamma radiation is slight. 
A variation in gamma compensation voltage did not measurable affect 
the chamber current. 

It is difficult to state exactly the errors that were made with this 
measurement method given the large number of parameters involved. We 
estimate that the measured reactivities are about 4) too small. 

A more detailed analysis of the measurement method and sources of error as 
well as a description of the solution methods used for the kinetic 
equations are given in [23]. 

4.4.3 Pulsed leutron Source 

This classic method involves measurement of the decay constant a of a pulse 
of fast neutrons, whioh is shot into the suboritical system. From the 
equation 

p a'*ett/A 

= fteff/A-*'fteff 

we can then calculate Immediately the reactivity of the system. Since the 
quantity aQ = @eff/A was very much a function of the rod position, of. 
Sec. 5*10, it had to be determined in a separate measurement as a function 
of the rod position. 
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This was done by extrapolating the values measured at different boron 
poisonings for subcritical states of different levels (between -300 and 
-1500 pom) to the critical state. The respective reactivity of the 
subcritical state was taken from other measurements carried out with 
"continuous run" or "approche cinetique" methods. 

By means of a suitable (computer) evaluation of the measurement signal it 
was possible to suppress the effect of the harmonic waves. An exponential 
function having the form e~at was fitted to the decay curve of the pulse 
after different times T after tbe start of the pulse. With increasing T, a 
converges towards a value that corresponds to the decay constant after 
damping-out of harmonic waves. The exponential function was fitted using 
the method of least error squares. 

The main advantage of this method is also its greatest disadvantage. It is 
independent of all kinetic oonstants that affect the delayed neutrons; on 
the other hand the generation time A in the form aQ = &/A is incorporated 
in the result to a great degree. Although it is possible to measure &/A 
rather accurately (see above)» this quantity only applies to the critical 
reactor, and A corresponds to the life of the static case. 

In tbe case of <* measurement in tbe subcritical system, on the other hand, 
A corresponds to the dynamic life; the more subcritical the reactor is, the 
more this life differs from the static life. Thus it is not a surprise 
that the more subcritioal the measured state is, the more the reactivities 
measured with pulsed neutrons differ from those measured with the 
"continuous run" method. 

Since there was little Information about the dynamic life, and since tbe 
pulsed measurements were also laborious in comparison with the "continuous 
run" measurements, this method was gradually dispensed with in the course 
of tbe measurements. 
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1.5 Determination of tbe Boron Concentration In tbe Core 

It was found in the course of the measurements that the differential boron 
reactivity A p / A C (pom/g/1) 1s practically independent of other parameters 
(poisoning, configuration, etc.)* Therefore the reactivity difference 
between two states could be expressed by the equivalent difference in boron 
concentration, independent of the respective state. Since it was also 
found that the reactivity value of the dissolved boron could be calculated 
rather accurately, it was desirable to have accurate knowledge of the boron 
concentrations, both relative to one another and also absolutely. 

4.5*1 Preparation of the Boron Solutions 

The starting product for preparation of the boron solutions was boron 
anhydride (B20o) having the following characteristics: 

The starting product was weighed in e. nitrogen atmosphere and dissolved in 
an appropriate amount of D2O, in order to obtain tbe desired boron 10 
concentration for the respective experiment. 

4.5*2 Cheaical Analysis of the Boron Solutions 

The precise boron concentration of the solutions used in the experiment was 
determined using an iodometric method. The boric acid that was formed when 

moisture content 
impurities 
boron 10 
density of BgOg 
lithium is not detectable 
sodium 
ratio of starting product 
(B20^ + impurities) to 
boron 10 

0.68f (± 0.2$) 
0.29 (± 0.19) 
90.1 at. 9 (± 0.19) 
1.812 g/cm3 

<. 80 ppm 

3.814 + 0.015 
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B20g was dissolved In water 

B203 + 3 D20 B(OD)3 

dissociates, when laevulose Is added, Into H+ ions and boron-laevulose 
compounds. When potassium Iodide and potassium iodate are added, iodine 
(I~) is released quantitatively, which was titrated using sodium 
thiosulfate. 
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5. PERFORMANCE OF MEASURBffiNTS, COMPARISON OF RESULTS OBTAINED 
EXPERIMENTALLY AND THEORETICALLY 

5.1 State I: Core without Solid Boron and without Experimental Equipment 
In the Refleotor 

5.1.1 Comparison of Measured and Calculated Critical Reactor States with 
Different Control Rod Positions 

The critical control rod position HQ was determined for different concen-
trations C of the B-10 dissolved in the core using the "approche cinetique" 
method. During the measurements the degree of purity of the heavy water in 
the reflector was 99.747 % DgO. 

The measured critical states are listed in Table 5.1.1. 

Table 5.1.1 Experimentally determined critical reactor states 

Control Rod Boron Mean Control Rod Differential 
Position Concentration Position for Measuring Control Rod 

dp/dH Reactivity 
Hc (cm) C (g B-10/1) H (cm) dp/dH (pcm/cm) 

17-2 0.2477 19.5 146 
35-7 0.3349 37-^ 202 
45.5 0.3863 48.6 195 
46.73 0.3855 47.7 193 
59-6 0.4501 61.8 154 
60.1 0.4509 61.9 149 
60.2 0.4536 62.4 149 
66.1 0.4781 68.8 125 
85.7 0.5268 8 9 . 6 74 
89.0 0.5386 90.7 66 
89-6 0.5386 91-2 65 
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(The error of H0 is smaller than 0.1 cm, and the error of - nailer 
than 0.1 pom/cm.) Each point of do/dH was measured for dlffe. 
positions H + AH and adjusted according to the method of leas. . r 
squares (see Sec. 4.4.1). 

Table 5.1.2 gives the calculated reactivities for different boron concen-
trations and control rod positions. In order to find the critical boron 
concentration of a given control rod position, we interpolated graphically 
between tbe calculated reactivities (see Figure 5.1.1). 

Table 5*1.2 Calculated reactivities for different control rod positions 
and boron concentrations 

Control Rod Boron Reactivity Reactivity 
Position Concentration = ln(keff) = (k-l)/k 

(cm) (g B-10/1) (pom) (pcm) 

no rod 0 24,449 21,709 
no rod 0.1438 17,885 16,367 
no rod 0.2877 11,785 11,110 
no rod 0.3955 7,455 7,184 
no rod 0.5394 1.963 1,944 
0 0.1438 2,780 2,743 
0 0.2877 - 3,036 - 3,076 
0 0.3955 - 7,163 - 7,411 
20 0.2877 - 815 821 
34 0.2877 11,875 1,857 
34 0.3955 - 2,338 - 2,364 
50 0.3955 918 915 
50 0.4585 - 1,568 - 1,581 
51 0.4585 - 1,397 - 1,409 
61 0.4585 408 408 
61 0.5394 - 2,608 - 2,646 
82 0.4585 2,870 2,829 
82 0.5394 160 160 
100 0.5394 1,028 1,020 

The quantity p = ln(kef»j. was used when designing the High Flux Reactor 
for setting up the reactivity balance. In the present report 
P = (k-l)/k is used uniformly for the reactivity (unless otherwise 
specified. 

82 



ORNL/TR-91/23 

The measured and calculated control rod positions for = 1 are plotted 
in Figure 5-1.2 as a function of boron concentration. 

The curves show that tbe calculation overestimates tbe reactor reactivity; 
the higher tbe boron concentration and tbe further tbe control rod is 
withdrawn, tbe more tbe reactivity is overestimated. 

This effect can have tbe following causes: 
tbe reactivity of the control rod is overestimated, or 
tbe boron reactivity is underestimated 

or tbe two causes can be combined. An additional factor is tbe shift 
parallel to tbe experimental curve caused by 

overestimation of tbe excess reactor reactivity 
witbout boron and control rod. 
imprecise knowledge of tbe solution volume in the 
core. 

In order to be able to determine the actual amount of these errors, we must 
compare tbe calculated and measured reactivities of the control rod. 
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Fig. 5.1.1 Diagram for determinating the boron concentration of critical reactors without 
solid boron for certain control rod positions. The points correspond to the 
calculated reactors from Table 5.1.2. 
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5-1.2 Calculated and measured critical reaotors with different 
control rod positions H. and boron concentrations C. 
A = reactors without solid boron and without dummy beam holes, 
B = reactors with solid boron and without dummy beam h o l e s . 
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5-1.2 The Reactivity of the Control Rod and the Boron Value 

The reactivity of the control rod was determined experimentally using 
different methods (see Section 4.4). 

With the "continuous run technique" (CRT) the procedure begins with the 
critical reactor and the control rod is inserted into the core. The reac-
tivity variation p(t) of the system can be calculated from the flux curve 
over time, which is observed during insertion. The control rod can be 
calibrated in pieces ApQ of about 2,000 to 3,000 pcm, whereby lowering of 
the boron concentration always brings about a return to the critical state. 
The total reactivity of the control rod is then 

N AP „ , - ZAP.* control aal 11 
rod 

In addition, the reactivity of a small variation AH was determined for 
different control rod positions H by observing the positive reactor period. 
The solution of the Inhour equation then yields the amount Ap, to which AH 
corresponds. A curve can be drawn through the measured points Ap/AH for 
different positions H (see Figure 5.1.3)* The integral of this curve is 
then the control rod reactivity. In this case it is primarily the careful-
ness of graphic integration that affects the result, as well as the kinetic 
parameters The effect of generation time is slight, assuming that 
small reactivities are involved (see Section 4*4). 

The experimentally determined control rod characteristics are plotted In 
Figure 5.1*4. Several values are oompiled in Table 5*1*3* 

For reactivity jumps smaller than 4,200 pcm, the results of "continuous 
run" and pulsed source methods do not differ practically at all. For this 
reason only the continuous run result was given. 

Using the stable period, only the rod characteristics between the rod 
positions -20 and -90 were determined. In order to be able to plot them 
with the other values in a common diagram, we assumed for the position -90 
cm the same reactivity that had been determined using the continuous run 
technique. 
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Fig. 5.1.3 Differential control rod reactivity dp/dH as a function of the 

rod position for a reactor without solid boron 

In order to calculate the control rod reactivity we proceed as with the 
continuous-run technique. Starting with a critical reactor having the 
boron concentration C^ and the control rod position H^, we move the control 
rod in accordance with an amount of about 2,000 to 3*000 pcm to H2 and then 
reduce the boron ooraentration to C2 until ke f f = 1 and so on. 

The control rod characteristics can be constituted from the Ap values 
between HnandH^. The procedure is indicated in Figure 5.1.1 by the 
thick arrows. 

The result is entered in Fig. 5.1.4 and Table 5.1.5. 
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H fcnrj ^ 

FJg. 5.1.4 Control rod characteristics of the reactor without solid boron. 
A s calculation, B = measurement using "approche cinetique," 
C s continuous-run measurement 
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Table 5.1-5 Reactivity of tbe control rod 

Continuous-run technique 
Stable period 
Calculation 

Reactivity of the rod between 

H = 20 and 90 H = 0 and 100 
(pcm) (pcm) 

10,000 12,610 
10,500 
10,970 13,770 

The calculation therefore overestimates the rod activity by 9% with respect 
to the CRT measurement and by 4.3? with respect to measurement using a 
stable period. 

Since for the critical reactor any change In control rod position AH corre-
sponds to a change in boron concentration AC, tbe boron value dp/dC can be 
determined if the control rod reactivity curve is known. Calculation and 
measurement yield the following results: 

Continuous-run technique « 35 700 + 600 pc«/g B10/ltr, dC . — 
Stable period |£ , 37 5 S 0 +1000 pc«/g Bl0/ltr, 

Calculation « 38 700 pcm/g B10/ltr. 
aC 

The measured values are obtained from the fitting of a curve to the measur-
ing points Ap/AC as a function of the concentration C using tbe method of 
least error squares. The error limits correspond to the variation in the 
values Ap/AC. 
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5-1-3 Flux Measurements 

5-1-3-1 The Thermal Flux Distribution in the Reflector 

The thermal flux distribution in the reflector was measured using manganese 
probes. The thermal flux was calculated from the activation values in 
accordance with 4.1.2 and normalized to 1 W reactor power using the meas-
ured "rendement. The control rod was at H = 60 cm, the boron concentration 
was 0.450 g/liter. The measurement values are listed in Table 5.1.4. 

Several typical radial and axial flux distributions are plotted in Figures 
5.1.5 through 5.1*9 in comparison with the calculated values. 
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Fig. 5.1.5 Axial distribution of the thermal neutron flux at 1 W reactor 
power for the radii R = 23*5, R = 25*5, R = 29*5 (without 
solid boron) 
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Fig. 5-1-8 Radial distribution of the thermal neutron flux at 1 watt 
reactor power for Z = 82.5, Z = 97-5 and Z = 122-5 (without 
solid boron 
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Fig. 5-1.9 Radial distribution of the thermal neutron flux at watt 
reactor power for Z = 132-5 and Z = 152-5 (without tolid boron) 
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Table 5.1.4 Measured thermal flux distribution in the reflector, corrected for epithermal absorption and 
spectrum hardening near the core, normalized to 1 x 10" ̂  W reactor power 
[Commas should be read as decimal points — Translator's Note] 

\ r (cm) 
Z (cm) \ 

23,5 25,5 27,5 29,5 31,5 33,5 35,5 39,5 43,5 51,5 63 ,5 7 5 , 5 83 ,5 

182,5 1,041 1,030 1,016 1,004 0,960 0,928 0,857 0,802 
167,5 1,566 1,568 1,561 1,523 1,477 1,414 1,303 1,211 1,003 0 , 7 4 0 0 , 5 2 3 0 ,384 

152,5 1,604 1,840 1,912 1,943 1,957 1,950 1,919 1,782 1,644 1,351 0 , 9 6 3 0 ,674 0 , 4 8 8 

142,5 1,411 1,834 1,950 2,096 2,167 2,194 2,173 2,055 1 ,892 1 ,521 1 ,082 0 , 7 4 6 0 , 5 4 1 

137,5 1,462 1,873 2,063 2,174 2,294 2,304 2,277 2,147 1 ,992 

132,5 1,501 1,941 2,128 2,254 2,334 2,358 2,377 2,244 2,079 1,683 1 ,172 0 , 8 0 2 0 ,585 

127,5 1,560 1,993 2,178 2,310 2,415 2,442 2,423 2,304 2,130 1 ,716 1 ,189 

122,5 1,590 2,017 2,209 2,348 2,476 2,441 2,466 2,349 2,142 1,748 1 ,222 0 , 8 5 2 0 , 6 0 2 

112,5 1,538 1,970 2 ,160 2,292 2,438 2,434 2,432 2,326 2,139 1,736 1,209 0 , 8 2 2 0 , 5 9 4 

107,5 1,931 2,239 2,365 
97,5 1,368 1,743 1,916 2,023 2,129 2,139 2,139 2,064 1,910 1,563 1,104 0 , 7 5 5 0 , 5 5 9 

92,5 1,272 1,781 1,982 2,000 
82,5 1,076 1,366 1,492 1,585 1,673 1,682 1,706 1,654 1,526 1 ,271 0 , 6 4 4 0 , 4 8 4 

72,5 0,956 1,154 1,230 1,298 1,356 1,365 
62,5 0,885 0,950 1,000 1,037 1,110 1,037 1,017 0 , 9 7 9 0,808 0 , 3 5 3 

52,5 0,652 0,701 0,785 0,752 0,769 
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The relative deviation between measurement and calculation is about 2-3%, 
except very close to the core for the measuring points at the radius 23.5 
cm. There positioning errors due to the sharp flux gradient have a great 
effect. The difference between measurement and calculation at that point 
is 8?. Systematically the computed values are 2.2? higher than the meas-
ured values due to the difference between measured and calculated yield 
("rendement") (see 5.1.5). 

5.1.3.2 Thermal Spectrum Measurements 

As described in U.1.3» spectrum measurements were carried out with reso-
nance detectors, with Pu/U probes and with Lu/Mn probes in the reflector 
midplane. The measurement results are plotted In Figures 5.1.10 and 
5.1.11. The solid curves were calculated according to 

Pu/U 

r 6 
jk 

Pu ffa.j W e p t 0. 
fi u LjI4 VJ 0 — 0. 

<yPu(2300 m/s) 
ffaU(2200 m/s) 

(5.1) 

and, correspondingly, for RLu/Mn' The activation cross section oafj was 
calculated for the thermal groups as a function of the radius by means of 
the code THERMOS; 0j are the thermal group fluxes of a two-dimensional 
diffusion calculation, ° a | e p i is the effective absorption cross section in 
the lethargy Interval of the 3rd group, and 0^ is the flux in the 3rd group 
of the diffusion calculation. 
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Fig. 5-1.10 Ratio of Pu-239 to U-235 in the reflector midplane. A = 
measuring point at which the Pu probe pointed at the core, 
B = measuring point at which the U prove pointed at the core. 
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Ratio of Lu-176 to Mn in the reflector midplane. A = 
measuring points at which the Lu probe pointed at the core, 
B = measuring point at which the Mn probe pointed at the core 

95 



ORNL/TR-91/23 

5.1.3.3 The Cadmium Ratio 

The cadmium ratio RCd was calculated using the same formulation as in [4]: 

th T ,/fl A epi a — • _v • 0 + <j a v 2 th • o 0 epi (5-2) "Cd J°P* . "epi 
where o|h - 13.3 b for Mn probes, 

°|pi = 1-72 b for the lethargy interval of the 3rd group; the 
contribution of higher energy is negligible. 

0th = 04+05+06 o f t h e diffusion calculation, 
0e p i » 03 of the diffusion calculation, 
vT s most probable velocity in the real speotrum. 
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RCd was measured in the reactor midplane and calculated (see 4.1). The 
theoretical and experimental values are plotted in Figure 5.1.12. Up to a 
value of about Rg^ = 100, measurement and calculation are in good agree-
ment, i.e., even the epithermal flux of the diffusion calculation up to 
about 40 cm agrees well with the measurement, sinoe it was shown in 5.1*3*1 
that the thermal fluxes can be easily calculated. 

5*1.3*4 Epithermal and Fast Flux Distribution in the Reflector 

The epithermal flux distribution in the reflector midplane measured with 
gold and indium probes is plotted in Figure 5.1*13* For indium no absolute 
measurement was carried out, and for this reason the values were normalized 
to the measurement with gold probes on the radius R = 27*5 om. The calcu-
lated curve was obtained from a diffusion calculation. 

The distribution of the fast flux was measured with phosphorus and sulfur 
probes. The theoretical distribution was calculated for the threshold 
energy of phosphorus according to transport theory (Figure 5*1*14). 

5.1*3*5 Absolute Measurement of the Thermal Flux 

In order to be able to normalize thermal, epithermal and fast flux measure-
ments among one another, we carried out absolute thermal flux measurements 
at two points in the reflector. Irradiation was done ac 
30.2 W for one hour. 

R = 35.5 om, Z s 111 cm, 0t h s 0.735 ± 0.04 x 109 n/cm2s 

R a 87.5 om, Z s 111 cm, 0fh = 0.164 + 0.02 x 109 n/cm2s 
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5-1-4 The Power Distribution in the Core 

The power distribution in the oore was measured using the method described 
in 4.2. The measuring points were integrated over the oore volume and 
normalized to a mean power of one. The measurement results are compiled in 
Table 5.1.5. The coordinates relate in this case to the fuel zone: H • 0 
is the lower plate edge, H = 80 is the upper plate edge; R = 14 is the 
inside radius and R = 19*5 the outside radius of the fuel zone. The error 
limit for about 90? of the measuring points is 1?. Some of the measuring 
points on the plate edge, especially for H = 79-75 cm, exhibit larger 
errors (of several percent), which can be explained by the positioning, 
which at that point is not very accurate, in connection with a sharp flux 
gradient. Figures 5.1.15 through 5.1.21 show the comparison between meas-
urement and calculation for several typical radial and axial power distri-
butions. In the case of the radial distribution far from tbe core ends we 
see clearly that the measuring points exhibit about the same difference 
from tbe calculated curve as we found between diffusion theory and THERMOS 
calculation (see Figure 3*2). Figure 5.1.22 shows a perspective view of 
the measured power distribution. 

The gradient on the outer core edge is steeper in the measured distribution 
(as is the case with the THERMOS calculation) than is given by the diffu-
sion calculation, whereby the differences between experiment and calcula-
tion are only about 2 to 3?i however, except for the points on the radius R 
= 19*395, where the measurement yields a 10? higher value than the calcula-
tion. In the case of tbe infinite cylinder (Figure 3.2), THERMOS also 
gives a 10? higher value for this radius. The power distribution at tbe 
core ends (H = 0.25 and H = 79*75) is given somewhat lower by the calcula-
tion than by the experiment. This effect is due to the assumption that was 
made in the calculation, namely that the spectrum does not change in tbe 
axial direction. This is certainly not correct on the upper and lower core 
edges. Tbe spectrum there is softer, since the thermal reflector neutrons 
flow in from above and in a radial direction at the same time, and thus the 
local power there is higher than is given by the calculation. 
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Table 5.1.5 Relative power distribution in the core without solid boron, experimental values normalized to 
a mean power of 1. 

[Commas should be read as decimal points — Translator's Note] 
Plate 
weight H 

(c«) 
Radius 
(cm) 
14,35 14,65 14,95 15,25 15,90 16,75 17,60 18,25 18,55 18,85 19,395 

79,75 2,5247 2,2931 2,3323 2,2518 2,1002 2,1656 2,1558 2,3767 2,5115 2,5618 2,9004 (H=79,55) 
79,06 2,0302 2,6260 
78,55 1,7642 1,2228 2,4228 
78,06 1,6608 • • 1,0912 2,3470 
77,15 1,5239 0,9205 2,1803 
75,00 1,3380 1,1518 1,0203 0,9272 0,8218 0,8020 0,9149 1,1075 1,2551 1,4642 2,0507 
72,50 1,2673 0,7715 1,9772 
70,60 1,2375 0,7730 1,9769 
62,50 1,2820 1,1417 1,0136 0,9371 0,8407 0.8270 0,9440 1,1293 1,3157 1,4818 2,0233 
55,00 1,3340 • 0,8600 2,1180 
47,50 1,2910 0,8630 2,1315 
40,00 1,1.620 1,0985 0,9491 0,8971 0,8348 0,8280 0,9442 1,1541 1,3180 1,4889 2,0459 
32,50 1,0266 0,7600 1,9600 

• 25,00 0,7329 0,6440 1,7807 
17,50 0,6279 0,6011 0,5472 0,5335 0,5237 0,5580 0,6627 0,8574 0,9755 1,1134 1,5648 
10,00 0,5291 0,4706 1,3556 
7,50 0,5354 0,4467 1,3130 
5,00 0,5015 0,4839 0,4381 0,4241 0,4057 0,4440 0,5312 0,6897 0,7862 0,8977 1,2751 
2,85 0,5315 0.4836 1,3029 
1,94 0,5870 0,5430 • 1,3195 
1,45 0,6646 0,5862 
0,94 0,6899 1,4421 
0,25 0,8992 0,8945 0,8782 0,8707 0,8902 0,9384 1,0359 1,1621 1,2329 1,3258 1,5329 (H=0,45) 
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So that the oaloulated and measured values can be oompared it is necessary 
to determine the mean relative core power from the measuring points. For 
this purpose two methods were used. 

Mechanioal Integration: 

The radial power distributions were plotted and integrated. This yielded a 
mean axial distribution. The integral over this distribution gives the 
mean core power. For control purposes we started with the integration of 
the axial power distributions and then determined the mean radial power 
distribution. The results of both methods agreed. 

Mathematical Integration: 

By means of an electronic computer program, polynomials are fitted between 
the measuring points such that smooth ourves are formed that make it possi-
ble to represent the power distribution as shown in Figure 5*1.20. This 
distribution can then be integrated with any accuracy. The result is about 
1% lower than the result of mechanioal integration. 

An important parameter for the thermodynamic design of the High Flux Reac-
tor is tbe radial flux form factor Frad> whioh is defined as the ratio of 
the mean power in strips between R = 19 and R = 19.5 om to the mean power 
of the entire core. From the measurement it follows that 

Frad (exPeriment) a 1*727, 

while the calculation yields 

Frad (calculation) = 1.649. 

The difference is therefore 4.79* On the basis of the difference between 
the THERMOS and diffusion calculations (see 4.2) we would have expected 
that Fr a d (experiment) would be 4.39 greater. The real error is only 0.49, 
which is completely within the limits of error given by the integration and 
the measuring method. 
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Fig. 5.1.15 Radial power distribution in 
the core without solid boron. 
H = 62.5 cm above lower core edge. 
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Fig. 5.1.16 Radial power distribution in 
the core without solid boron. 
H = 5, 17.5 and AO cm above 
the lower core edge. 
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Fig. 5.1.17 Radial power distribution in 
the core without solid boron. 
H = 0.25 and 75 cm above the 
lower core edge. 
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Fig. 5.1.18 Radial power distribution in 
the core without solid boron 
for H = 79.75 cm above the 
lower core edge. 
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Fig. 5.1.19 Axial power distribution in the core without solid boron for the 
radii R = 14.35 amd 16.75. 

o 
CO 

i-3 SO I VO 

ro u> 



ORNL/TR-91/23 

Fig. 5-1-20 Axial power distribution In tbe oore without solid boron 
for the radii R = 15.25 and 18.55 
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Fig. 5.1.21. Axial power distribution In the core without solid boron 
for the radius R = 19*395. 
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5.1.5 The "Rendeaent" (Tield) 

The "rendement" ("yield" in French) 
0 u th.max r = 1 
ptot 

was determined using the method described in 4.3- The uranium probes that 
are activated in the core do not bring about any perturbation of the flux 
distribution since then are a part of the fuel plate itself. If the same 
proves are irradiated in the D20 reflector however, then a flux disturbed 
by the probe is measured there. This magnitude of the perturbation was 
calculated using the well-known formula [11], according to whioh the cor-
rection factor that must be applied to the measured value of is 
+ 5.6*. 

In addition, the H20 concentration in D20 during the measurement wus 0.29), 
whereby the "rendement" is reduced by 0.6) as compared with the 0.2) H20 
concentration. (The dependence of the "rendement" on the H20 concentration 
in the reflector was determined using diffusion calculations.) Taking 
these effects into account, we obtain the measured "rendemsnt" as 

"measured = x 1 0 ? n / o m 2 a W 

with sua error of + 2). 

The diffusion calculation in the same geometry yields 

"calculated s 2'5 3 5 x 1 0 ? 

i.e., a difference of + 2.2), in other words exaotly the error limit for 
the measurement. 

5.2 State 2: Core with Solid Boron without Reflector Internals 

State 2 differs from State 1 by the installation of solid boron zones on 
the core ends (see Sec. 2.3*3)• These consisted of 12 horizontal plates 
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each, some made of pure aluminum (Al) and some of borated aluminum (A1B), 
with a loading of 5x10"^ g Bnat/cm2. The boron zones were constructed 
aocording to the following scheme: 

AIB, Al, AIB, A1B, Al, AIB, A1B, Al, AIB, A1B, Al, A1B. 

5.2.1 Critical States 

The experimentally determined critical states are shown in Table 5.2.1. 
The H20 concentration in the heavy water was 0.2659 during the 
measurements. 

Table 5.2.1 Experimentally determined critical reactor states with solid 
boron 

Control Rod 
Position 
Hc (cm) 

Boron 
Concentration 
C (g B-10/1) 

Mean Control Rod 
Position for 

Measuring dp/dH 
H (cm) 

Differential 
Control Rod 
Reactivity 

dp/dH (pcm/cm) 

35.22 0.210 37-5 215 ± 7 
44.7 0.258 45.5 219 ± 1 
45-7 0.270 48.0 219 ± 2 
60.9 0.350 63-9 172 ± 5 
66.4 0.371 69.9 142 + 1 
81-5 0.419 89.8 40 + 2 
81.5 0.419 98.0 2.6 ± 0.2 

Table 5*2.2 contains the calculated reactivities for different boron con-
centrations and control rod positions. 

We interpolated between tbe calculated reactivities in order to find the 
boron concentration that is obtained for a given control rod position = 0 
(see Figure 5.2.1). The resulting critical reactor states are plotted in 
Figure 5.1.2 (Curve B). 
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Table 5.1.2 Calculated reactivities for different control rod positions 
and boron concentrations 

Control Rod Boron Reactivity Reactivity 
Position Concentration 

H (cm) C (g B-10/1) P - l n k e f f ( p c m ) P - <PC»> 

no rod 0.4576 336 335 
no rod 0.5384 -2678 -2710 

0 0.1436 - 708 - 710 
20 0.0 6442 6250 
20 0.1436 303 303 
20 0.2872 -5575 -5725 
34 0.1436 2556 2525 
34 0.2872 -3265 -3320 
44.7 0.2872 - 708 - 710 
44.7 0.3948 -4855 -4980 
60 0.3948 -1682 -1700 
60 0.4576 -4116 -4190 
82 0.3948 1128 1120 
82 0.4576 -1112 -1115 
100 0.4576 - 238 - 238 
100 0.5384 -3121 -3173 

5.2.2 The Reactivity of the Control Bod and the Heaotivity of the Boron 
Dissolved In the Core 

The reactivity of the control rod and the boron value (dp/dC) was deter-
mined using the same methods described in Sec. 5.1*2. 

The control rod reactivity is listed in Table 5*2*3* while Figure 5*2.2 
shows the characteristics of the control rod for a core having solid boron 
zones at the ends. 
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Table 5.3 Reaotivity of the control rod for a core containing solid boron 

Reactivity of the rod between 
H s 35 and 90 cm H = 0 and 100 cm 

(pcm) (pcm) 

Continuous-run technique 8350 11,920 
Stable period 9200 
Calculation 9150 12,990 

The differential reactivity of the 
described in 5.1.2. The following 

Continuous-run technique 

Stable period 

Calculation 

boron concentration was determined as 
values were obtained: 

|£ - 38 230 pem/g B*°/ltr, 

• 40 230 pem/g B10/ltr, ac 
m 40 ISO pcm/g B10/ltr. 

5>2.3 The Reactivity of the Solid Boron Zones 

The reactivity of the solid boron zones, expressed in a difference of boron 
concentration in the oore (AC), can be read directly from Figure 5.1.2. It 
is equal to the vertical distance between the curves for reactors without 
solid boron and with solid boron for the calculated reactors. The measure-
ments were unfortunately not carried out with precisely the same control 
rod position so that the measured control rod characteristics (Figures 
5*1.4 and 5.2.2) must be relied on for assistance in determining the reac-
tivltv difference that results from the different rod positions. 

To convert the difference in boron concentration to a reactivity differ-
ence, the average of the boron values from 5*1.2 and 5.2.2 was used: 

Stable period - 38 890 pcm/g B10/ltr, 

Calculation » 38 430 pca/g B^/ltr. 

Some measured and calculated values are given in Table 5*2.4. 
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» 
H I-cm | 

Fig. 5-2.2 Control rod characteristics of the reactor having solid boron. 
k = calculation, B = measurement using the "approche 
clnetique," C = continuous-run measurement 
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Table 5*2.4 Reactivity of the solid boron zones 

Control rod position H Reactivity of the solid boron (pcm) 
(cm) Measurement (stab, period) Calculation 

17*2 4090 4830 
35.5 4750 5200 
45.5 4570 4940 
46.7 4930 4930 
60.9 4050 4610 
66.1 4220 4540 
81.5 4030 4340 
90 — *»300 
100 4550 

The reactivity of the solid boron zones is plotted in Figure 5*2.3 against 
the oontroi roc* position. Two measuring points differ clearly from the 
curves that one can draw through the other points. This phenomenon is less 
highly pronounced but already visible in Figure 5*1*2t where the reactors 
that were used to calculate the boron reactivity also differ somewhat from 
a curve that one can draw through all critical states. The strong 
dependence of the solid boron reactivity on control rod position is 
evident. This can be explained by the strong flux bulging and Importance 
shift, caused by the oontroi rod. 

The calculation overestimates the solid boron reactivity by about 8?. For 
tbe measuring points at H = 17*2 we obtain a larger error, but the 
determination of this point is very doubtful. 
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H leml 

Pig. 5.2.3 Reactivity of the solid boron zones as a function of rod 
position 

5.2.4 The Thermal Veutron Flux Distribution in the Reflector 

The thermal flux distribution in the reflector was measured by using the 
same method as used in Sec. 5*1.3*1* The measured values are shown in 
Table 5*2*2. Several characteristic flux curves are shown in Figures 5*2.4 
to 5*2*7* As regards the error limits, the same applies that was stated in 
Sec. 5.1*3*1* The boron concentration in the core was 0.258 g B-
10/liter during the measurement, and the control rod was positioned at H = 
44.7 cm. 

5.2.5 The Power Distribution In the Core with Solid Boron 

The power distribution was measured using the method described in sections 
4.2 and 5*1*4. The measured values are shown in Table 5*2.6. 
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Fig. 5.2.4. Axial distribution of tbe thermal neutron flux at 1 watt 
reactor power for the radii R = 23.5, 2?.5 and 31.5 (with 
solid boron) 

Fig. 5.2.5 Axial distribution of the thermal neutron flux at 1 watt 
reactor power for the radii R = 35.5, 43.5, 51.5 and 83•5 
(with solid boron) 
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Fig. 5.2.6 Radial distribution of the thermal neutron flux at 1 watt 
reactor power for Z s 71, 81, 101 and 111 (with solid boron) 

Fig. 5.2.7 Radial distribution of the thermal neutron flux at 1 watt 
reactor power for Z = 121, 141, 161 and 171 (with solid boron) 
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Table 5.2.5 Measured thermal neutron flux distribution 0 x 10"? n/cm2a 
in the reflector at 1 watt reaotor power with solid boron 

[Commas should be read as decimal points — Translator's Note] 

V R<cm) 
H(cm)\ 

23,5 27,5 31,0 33,5 35,5 37,5 39,5 

181 0,9574 0,9224 0,8768 0,8310 
171 1,2638 1,2162 1,1836 1,1168 1,0672 
161 1.3973 1.4562 1.4784 1,4394 1,3761 
151 1,2904 1,6412 1,7851 1,7830 1,7232 
141 1,4636 1,9093 2,1072 2,0986 2,0637 2,0328 
131 1,6640 2,1611. 2,3967 2,3952 2 1266 2,3001 
126 2,4761 2,5041 2,4317 2,3750 
121 1,7829 2,3089 2,5402 2,5368 2,5333 2,4760 2,4152 
116 2,5383 2,5641 2,4823 2,4292 
111 1,7532 2,2716 2,5066 2,5170 2,4976 2,4631 2,3909 
106 2,4383 2,3901 
lOl 1,6042 2,0957 2,3018 2,3356 2,3398 2,3056 2,2500 
91 1,4069 1,8222 2,0323 2,0529 • * 2,0178 1,9817 
81 1,1239 1,4658 1,6560 1,6981 1,6400 
71 0,8863 1,1489 1,2847 1,3208 1,2941 
61 0,8242 0,9216 0,9719 0,9851 0,9560 
51 0,6045 0,6648 0,6882 0,7016 

\ R ( c s ) 
H(c«)\ 

43,5 51,5 67,5 75,5 83,5 91,5 95,5 

161 1,2787 O,4229 
151 1,5762 0,4879 
141 1,8666 1,5366 0,5460 
131 2,0950 1,7026 1,0479 0,7964 0,5892 
121 2,2340 1,7928 1,0887 0,8250 0,6118 0,4427 0,3581 
111 2.2225 1,7824 1,0843 0,8266 0,6117 0,4427 0,3606 
101 2,0846 1,6920 1,0342 ' 0,7956 O,5858 0,4223 0,3479 
91 1,8660 1,5200 0,9437 0t7312 0,5428 
81 1,5362 1,2937 0,8336 0,6438 0,4853 
71 1,2236 O,4176 
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Table 5.2.6 Relative power distribution 
a mean power of 1. [Commas 

in the core with solid boron. Experimental values normalized to 
should be read as decimal points — Translator's Note] 

[Height above 
lower core edge 

Z (cm) 

Radius 
(cm) . 
14,35 14,65 14,95 15,25 15,90 16,75 17,60 13,25 18,55 18,85 iy,3y 

79,75 1,2617 1,1367 1,0807 0,9924 0,9023 0,8946 . 0,9708 1,1586 1,2664 1,4038 1,8-100 
79, OG 1,1577 1,7956 
78,55 1,1152 0,7138 1,7609 
78,06 1,030 • 0,7054 I 1,7518 
77,15 1,0978 0,6885 1 1,7620 
75,00 1,0947 0,9687 0,8770 0,7968 0,7082 0,6966 0,8015 0,9889 1,1146 1,2653 1,7799 
72,50 1,1423 0,7301 1,8183 
70,00 1,1813 0,7740 1,9097 
62,50 1,3150 1,1794 1,0616 0,9743 0,8880 0,8800 0,9931 1,2161 1,3458 1,5414 2,1313 
55,00 1,3564 0,9315 2,2620 

! 47,50 • 1,3118 0,9275 2,3-72 
40,00 1,0142 0,9537 0,8855 0,8438 0,8084 0.856C 0,0112 1,2612 1,4062 1,6161 2,2504 I 
32,50 0,9511 0,8000 2,1266 i 
25,00 0,8502 0,7224 1,9383 
17,50 0,7313 0,6753 0,6400 0,6051 0,5872 0,6257 0,7491 0,9407 1,0623 1,2310 1,7123 
10,00 0,5930 0,5121 1,4317 
7,50 0,5567 0,4770 1,3121 
5,00 0,5110 0,4742 0,4459 0,4239 0,4093 0,4420 0.S392 0,6769 0,7785 0,8976 1,2601 
2,85 0,4847 • • 0,4245 1,2224 
1,94 0,4794 0,4167 0,1911 
1,45 . 0,4794 0,4238 1,2000 
0,94 0,4839 1,1990 
0,25 0,5018 0,4759 0,4512 0,4397 0,4338 0,4766 0,5805 0,7211 0,8090 0,9171 1,1850 (Z-0,45) 
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Several calculated power curves with the corresponding measuring points are 
plotted in Figures 5.2.8 through 5.2.13. The boron concentration was 0.258 
g B-10/liter and the control rod was positioned at H = 14.7 cm. 

OA 
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• t«ml ^ 

Fig. 5.2.8 Radial power distribution in the core with solid boron for 
Z = 0.25 and 5 cm above the lower core edge 

A comparison with the power distribution without solid boron shows clearly 
the effect of the boron zones. The power peaks at the core ends are almost 
completely reduced. Likewise, the calculated power distribution at the 
ends (Z = 0.25 and 79*75 cm) with boron agrees much better with the 
measured values than when there is no boron, since in the first case the 
absorbing zone representing the core is almost extended by the boron zones 
and the complicated, three-dimensional spectrum conditions at the ends 
(which were not considered in the calculation) no longer have an effect on 
the power distribution in the fuel. The calculated power distribution in 
the core is shown in Figure 5*2.14 in a perspective representation. 

120 



m lcm| 

Fig' 5.2.9 Radial power distribution in the 
core with solid boron for Z = 40 
and 62.5 cm above the lower core 
edge 

I 

Radial power distribution in the 
with solid boron for Z = 75 and 79.75 
cm above the lower core edge 
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Fig. 5-2.11 Axial power distribution in the oore with solid boron for the 
radii R = 14.35, 16.75 and 18.25 

H i n t 

Fig. 5.2.12 Axial power distribution in the core with solid boron for the 
radii R = 17.6, 18.55 and 18.85 cm 
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Fig. 5*2.13 Axial power distribution in tbe oore with solid boron for the 
radius R = 19*39 om 

The radial power distribution averaged over the oore height is plotted in 
Figure 5*2*15* Again we fine here the same differences between calculation 
and measurement as in Figure 3*2 between diffusion calculation and THERMOS 
calculation. The radial flux form factor, defined as in 5*1*4, was ob-
tained as: 

calculation (uncorrected) Fpad = 1.736 , 
measurement Frad = 1-786 . 

If we consider that the diffusion calculation is expected to calculate Fpad 
too low by 4.3), then we obtain 

calculation (corrected) "̂rad = 
1.811 . 

The calculation result is thus 1.4) higher than the result of the measure-
ment. 
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. Fig. 5*2.15 Radial power distribution averaged over the core height Z for 
a core with solid boron 
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5.2.6 The "Rendwent" 

The "rendement" (yield) 0 th.max 
r = — — — — P 

was determined as in Sec. 5*1.5. Measurement yielded 
Measured = 2.56 ± 0.05 x 107 n/cm2sW . 

The diffusion calculation yields 

Calculated s 2-64 x 10? n/om2sW . 

The calculated value is thus 3% higher than the measured value. 

5.2.7 Flux Distribution in tbe Boron Zones 

In order for the burnup of the solid boron during the cycle period in the 
High Flux Reactor to be correctly calculated, it is important for the 
absorption in the boron zone (0 x £a|Sff) to be well known. For this 
purpose the neutron density in the Z direotion was measured in and above 
the boron zones at the radius R = 17>1 cm with manganese probes and com-
pared with the result of the diffusion calculation. According to (4.1) the 
activity A of a 1/v probe oan be calculated as follows: 

l * R„ A o Cd . . 
A = 5 ' ^ ' ^ ' 0 t h ' ( 5 ' 2 ) 

The proportionality factor B is obtained from the measurement of the 
"rendement," vT/vQ from a THERMOS calculation (the same with which the 
thermal group constants for the diffusion calculation had been determined), 
the cadmium ratio Rq^ according to Equation 5.1 (see 5.1.3«2) and 0th = 

5+®6 from the diffusion calculation. 

Measured and calculated values were normalized to a reactor power of 1 watt 
and plotted in Figure 5.2.16. The calculation reproduces the neutron 
density distribution in the boron zone rather well as far as form and 
absolute height, with differences of about 3 to 4? from the measured 
values. Further up in the axial reflector the calculated flux is approxi-
mately 10? below the measured values. 
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5.3 State 3: Core with Solid Boron and the Totality of the Dummy Beam 
Holea 

5.3.1 Geoaetry of the Structure 

The basic scheme of the configuration of the beam hole dummies (Scheme 1) 
is shown in Figure 5.3.1 in a top view. The coordinates of the individual 
internals are given in Table 5.3*1. 

NORTH 

Fig. 5.3*1 Basic scheme of the configuration of the beam hole dummies in 
the refleotor tank (Scheme 1). See Table 5*3.1 for explana-
tion. 
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Table 5.3.1 Dimensional data for the installation scheme for beam hole dummies. L = overall length, e = wall 
thickness, D = inside diameter, r = radius of the circle to which the channel axis is a tangent 
(the values in parenthese relate to Scheme II), R = radius of the channel nose, x = distance between 
channel nose and center of holding flange, h = height of channel nose above or below core midplane. 
[Commas should be read as decimal points — Translator's Note] 

Nr.- Name and Function in the High L e D r R X h |Orientation Nr.- Flux Reactor (cm) (cm) (cm) (cm) (cm) (cm) (cm) i • 
1 H13 Horizontal beam hole for 

fission products 
83 0,2 15 55 (47) 55,6 (49,1) 67,5 - 25 horizontal 

2 1112 Horizontal beam hole 76,5 0,2 10 45 (39,4) 52 (49,0) 59 - 25 horizontal 
3 • Hll Horizontal beam hole 101,2 0,2 10 43,3 43,2 85 • 25 horizontal 
4 . H10 Horizontal beam hole 91 0,2 lO 45 (37) 45 ( 37 , 2) 114,5 0 horizontal 
6 H 8 Horizontal beam hole 88 0,2 10 49,6 50,7 81,3 + 10 horizontal 
7 H 9 Horizontal beam hole to tt.e 

hot source 
97,5 0,2 10 45 45,3 79,5 + 15 

8 H 5 Horizontal beam hole 88,3 0,2 10 45 (37) 47,3 (40,8) 80 - 25 
9 II 4 Horizontal beam hole 48,8 0,2 10 65,3 36,65 + 15 
10 H 3 Horizontal beam hole 53,2 0,2 10 62,2 39,2 + 15 

H 2 Neutron conductor for thermal 
neutrons 

58,8 0,2 15 
kon. 5 ° . 30" 

49,8 - 20 

13 H 7 Continuous horizontal beam 
hole for capture gammas 

178,4 0,2 10 55 55 - 30 horizontal 

14 V 1 Cold source 198,5 0,5 40 70,0 0 vertical 
15 V 2 Hot source 256,3 0,5 30 49,6 - 10 
16 V 5 Pneumatic tube for irradiations 120 0,2 4 91 91 0 
17 V 4 Pneumatic tube for irradiations 100 0,2 4 37,5 + 20 
19 IH4 Upward sloped beam hole 80 0,2 10 45 (37) 54 (48,8) 67,4 + 25 sloped 35° 
21 IH2 Upward sloped beam hole 

(to the hot source) 
93,3 0.2 10 49,6 53,9 74,2 .+ 22 sloped 35° 

22 IH3 Upward sloped beam hole 
(to the hot source) 

84 0,2 10 45 (37) 54,1 (48,9) 67,2 + 25 sloped 35° 

23 V 3 Vertical beam hole for 
.conversion electrons 

220 0,2 20 75 -110 vertical 

24 IH1 Upward sloped beam hole 
(to the cold source) 

35 0,2 10 78,75 25,25 + 25 sloped 35° 
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5.3*2 Critical States, Reactivity of the Control Rod, of the Boron 
Dissolved In the Core, and the Total Reactivity of the Experimental 
Equipment 

The critical states that were realized are shown in Table 5.3.2. Figure 
5-3«2 shows the critical control rod position as a funotion of the boron 
concentration. 

The HgO concentration in the reflector was equal to 0.263? during the 
measurement. 

Table 5«3«2. Critical reactor states with beam holes and solid boron 

Hc (cm) C (g B10/ltr) H (cm) dp/dH (pcm/cm) 

80,4 0,347 90,3 40,5+ 2 
71,1 0,311 74,2 128 + 1 
59,6 0,260 61,8 184 + 2 
57,9 0,248 .60,1 198 + 2 
50,3 0,210 52,2 222 +10 
38,5 0,143 40,3 229 + 9 
24,9 0,078 27,4 162 + 2 
[Commas should be read as decimal points — Transl. Note] 

The control rod reactivity was determined according to the methods 
described above. The reactivity as a funotion of rod position is plotted 
In Figure 5.3>3* 

The total reactivity between H = 0 and H s 100 was measured using the 
continuous-run technique: 

A p control rod s 12»25<> P°*-

Between the rod positions H s 30 and H = 90 we obtained the following 
values with the methods indicated: 

continuous run: control rod = 9' 7 2 5 p c m ' 
stable period: Apcontrol rod = 10»15 0 P°m-
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Fig. 5*3.2 Measured critical control rod position as a function of boron 
concentration for reactor ith solid boron and dummy beam 
holes (Curve A) and for . ,-jtora with solid boron and without 
beam hole dummies (Curve B) 
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Tbe differential reactivity of tbe boron dissolved in the core was 
determined as above: 

continuous run technique fLB -dC 
stable period 

37 500 pcm/g BX0/ltr, 

38 900 pcm/g B10/ltr. 

The total reactivity of the experimental equipment can be taken from Figure 
5-3-2. The two curves for the reactors with and without beam holes for 
points with the same control rod position are characterized by a difference 
in the boron concentration. One A p unit corresponds to this difference. 
For the boron value we have selected the mean value from the measurements 
using the method of the stable period with and without beam holes; dp/dC = 
39,500 pcm/g B-10/liter. 

The values determined in this way were plotted in Figure 5*3.4 as a 
function of the control rod position. Due to the variation in tbe critical 
states, tbe Ap values for the beam holes do not lie on a smooth curve. 

The point for H = 80 is especially doubtful. However, the fact that Ap 
increases, the further the control rod is inserted, is characteristic. 

For the control rod position H = 50 we obtain a beam hole reactivity of 

When boron values measured with tbe continuous-run technique are used 
(dp/dC = 37.850 pcm/g B-10/liter) we obtain 

p = - 3300 +160 pom 

p s - 3160 + 160 pom 
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Fig- 5-3-3 Reactivity of tbe control rod in the reactor with solid boron 
and beam hole dummies. A obtained with the continuous-run 
method, B with the "approche cinetlque" 
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Fig. 5.3.4 Measurement of the reactivity of dummy beam holes (Scheme 1) 
as a function of control rod position 

For calculation purposes the beam holes were homogenized in four radial 
zones over a height of 80 cm (symmetrical to the core midplane). Figure 
5.3.5 shows the void and aluminum concentration as a function of the radi-
us, as was used in the calculation. This method is actually only permissi-
ble with very small cavities in the moderator, since it can take the 
"streaming1* effect in the beam hole into account only incompletely. It is 
difficult to determine this effect theoretically when there is such a 
complicated configuration of cavities as exists in the present case. An 
attempt has been made to use the theories of BEHRENS [28] and CARTER and 
JARVIS [29], but this led to completely unrealistic results. Therefore 
only the result of the calculation with homogenized beam holes is given 
here. 

The following was obtained as the total reactivity of the beam holes for a 
control rod position of H = 50 cm: 
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Calculation: P (beam holes) = 2,380 pcm. 

In addition the reactivity of the structural material of the beam holes was 
calculated, i.e., the cavities were filled with D20. This calculation 
yielded the following (also for the control rod position H = 50 cm): 

p(aluminum of the beam holes) = 1615 pcm. 

voM 

I 

ao «o «o to too tao 
N lent I 

Fig. 5-3-5 Homogeneous void and aluminum concentration in the reflector 
as a function of the radius, as was used in the diffusion 
calculation 

Under the assumption that the reactivity of thin aluminum structures can be 
calculated rather easily (see 5*8), we obtain the void effect of the meas-
' urement as 
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P (void, measurement) = 3300 - 1615 pom 
1685 pcm 

and from tbe calculation as 
p (void, calculation) = 2380 - 1616 pcm 

= 765 pcm, 

i.e., tbe simple mathematical model used underestimates the void effect by 
a factor of 2.2, if we assume that the calculation reproduces the aluminum 
effect correctly. 

5-3-3 The Reactivity of Several Experimental Devices 

5.3-3-1 Cold Source 

During the reactivity measurements on the cold and hot sources the boron 
concentration was 0-239 g B-10/liter. The control rod position ranged 
between H s 53 and H a 60 cm- The reactivities were determined by observ-
ing the stable period and using the control rod characteristics measured by 
means of the stable period method. 

All other beam holes were installed during the measurements. The cold 
source of the High Flux Reactor was simulated in FOEHN by the dummy shown 
in Figure 2.13* 

In the initial state the vessel was filled with D20 and the bell fitted 
over it. The axis of the source was on the radius R a 70 om. The bell 
simulates the higher absorption in the vessel wall caused by the softer 
spectrum of the "oold" neutrons in the actual cold source. A reactivity of 

Ap = -194 pcm 

is inserted by the D20-filled cold source with bell-

The effect of the "bell" Is Ap a - 4 1 pcm. 
If the 56-6 liter DP0 in the source vessel is replaced by nitrogen, we 
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obtain a reactivity contribution of 
Ap a - 390 pcm. 

If tbe cold source is moved from R = 70 cm to R = 65-6 cm, thei lows 
that 

Ap s - 66 pcm. 

The aluminum volume of the oold source with "bell" is 5.9 x 10^ cm^, and 
that of the bell alone is 1.5 x 10̂  cm^. From Figure 5-8.1 we obtain for 
the radius R = 70 cm an aluminum reactivity of -3.4 x 10~2 pcm/cm^ Al and 
for R = 65.6 cm in accordance with -5*0 x 10"2 pom/cm^ Al. With this 
values the reactivity of the cold source at R a 70 is determined as 

Ap (calculated) = - 201 pcm, 
the effect of the "bell" as 

Ap (calculated) = - 51 pcm, 
and the effect of the shift in the souroe from R a 70 cm to R a 65.6 cm as 

Ap (calculated) s - 94 pcm. 

5*3'3>2 Hot Souroe 

The basic configuration of the dummy of the hot source of tbe High Flux 
Reactor is shown in Figure 2.12. The free space in the Zircaloy source 
vessel was filled with nitrogen, and the space between cladding and source 
vessel with D20. At the radius R = 49.6 this configuration brings about 
a reactivity of 

Ap a - 1100 pom. 
If only the cladding is installed, then we obtain 

Ap a - 550 pom, 
and if the source is installed without cladding, we obtain 

Ap s - 550 pom, 
i.e., no measurable shielding of the source and cladding could be detected. 

If in tbe source without cladding tube the graphite block and nitrogen 
volume is replaced by D20, then we obtain a reactivity gain of 

Ap a + 480 pcm. 
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The reaotivity of the hot and oold sources together was measured as 
Ap = - 1290 pcm. 

5-3-3-3 Channel No. 11 

Channel no. 11 simulates the thermal neutron conductor of the High Flux 
Reactor. Its reactivity in the position given in Table 5-3-1 was measured 
as 

Ap = - 2 7 0 pom. 

5 - 3•3 - 4 Channels 1 and 7 

In order to be able to determine the effect of a modification of the 
configuration of channels H9 and H13 in the High Flux Reactor, we measured 
the change in reactivity that results when Channel 1 is put in the place of 
Channel 7 and Channel 7 in the place of Channel 1- This change yielded 

Ap = - 110 pcm. 
In addition, the total reactivity of Channel 1 was measured. For the 
installation position as given in Table 5-3-1 we obtained 

Ap = 124 pom, 
and for installation in place of Channel 7 

Ap s 2 9 0 pcm. 

In this case its position is characterized by the radius of the circle 
tangential to the channel axis r = 45 cm and the distance of the channel 
nose from the middle of the flange x = 67.5 cm. 

5.3-3-5 Reactivity Effect Resulting from Bringing Some Channels Closer to 
the Core (Scheme II) 

Starting with the basic scheme, the beam holes No. 1, 2, 4, 8, 19, 22 and 
24 were turned around their holding rods so that their axes become tangents 
to the radius r = 37 cm (see Table 5-3-1)- This change brings about a 
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reactivity of 
Ap = - 215 pom. 

5-3.4 Fluxes in the Reflector 

5.3*4.1 Thermal Neutron Flux in the Reflector 

Measurement of the thermal neutron flux in the reflector with beam holes 
had two goals. First of all, it is desirable to know the flux at each 
individual channel nose, and secondly the azimuthally averaged radial flux 
distribution is of interest, since it permits comparison with the fluxes of 
the diffusion calculation in which tbe channels had been homogenized. 
Figure 5*3*6 shows the radial and azimuthal distribution of the measuring 
points in the reflector* 

The fluxes at the channel noses were measured as described above with 
manganese probes and normalized over the "rendement" (see Sec. 5*3*5) to 1 
watt reactor power. The results are given in Table 5-3-3* The flux 
depression was calculated using the fluxes from Sec. 5*2.3* During the 
measurement the core was poisoned with 0*177 g B-10/liter, and the control 
rod was positioned at H = 47*1. The precision of the measurement is + 4jt* 

In addition, the thermal flux in the cold and hot source dummies was meas-
ured, as well as on the surfaoe of the irradiation channel No. 17* The 
oold source was filled with D20, the boron poisoning in the oore was 0.255 
g B-10/liter, the control rod was positioned at H = 59*4 om. The flux 
curves are reproduced in Figures 5.3*7> 5*3*8, 5*3*9 and 5*3*10, and the 
measured values are given in Table 5*3*4* 
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NORTH 

Fig. 5>3«6 Radial and azimuthal distribution of the flux measuring points 
in the reflector and on the channel noses 

For measurement of the "homogeneous" flux distribution, a large number of 
probes was irradiated; they made it possible to determine the azimuthal 
flux distribution for different radii and heights and to take the mean 
graphically. 

In Figure 5*3*11 some typical azimuthal flux distributions are plotted. 
Beginning with the mean values, it is possible to determine the mean radial 

* flux distribution. It is plotted in Figure 5*3*12 for H = 111 om (reactor 
midplane). For comparison purposes the flux distribution of the diffusion 

• calculation is also given. 
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Table 5.3*3 Thermal neutron flux on the beam hole noses at a reactor power 
of 1 watt. The fluxes are given for the center of the 
ciroular disk that forms the channel nose, for a point that 
lies on the nose 4 om above the center, and for a point that 
lies 4 om below that (R and h have the same meaning as in 
Table 5-3-1)• Schemes I and II refer to the configuration of 
the beam holes in the reflector, see 5.3.3.5* 

C h a n n e l F l u x on the C h a n n e l N o s e F l u x Depressior 
R h (n/cm2s) • 10" 7 'channel n o s e 
(cm) (cm) + 4 cm ce n t e r - 4 cm 0 u n p e r t u r b e d 

1 55,6 -25 1,010 0,984 0,962 0,781 
2 52 -25 1,098 1,047 1,029 0,753 
3 45 +25 1,637 1,672 1,724 0,874 
4 45 0 1,819 1,798 1,791 0,842 OJ e 7 45,3 +15 1,488 1,490 1,497 O ,715 

1 8 47,3 -25 1,196 1,128 1,093 0,721 1 o 00 11 49,8 -20 1,189 1,128 1,099 0,709 
19 54 +25 1,214 1,192 1,230 0,785 
22 54,1 +25 1,161 1,151 1,166 0,758 

M 1 49,1 -25 1,215 1,173 1,137 0,785 
2 49,0 -25 1,175 1,1-12 1,090 0,748 V 6 3 43,2 +25 1,579 1,612 1,659 0,740 

<0 M 4 41,3 0 2,112 2,089 2,0i83 0,896 O w 7 45,3 +15 1,549 1,559 1,572 0,748 
8 40,8 -25 1,402 1,324 1,282 0,745 

[Commas in the above table should be read as decimal points — Translator's 
Note.] 

141 



ORflL/TR-91/23 

Table 5.3.1. Thermal neutron flux distribution In the hot and cold sources 
and on Channel No. 17 at a reactor power of 1 watt. 
[Commas In the tables below should be read as decimal points] 

Hot Souroe: Flux on the vertioal axis of the source (12 s 49.6 cm) 

Z (cm) 109,5 • 115,5 121,5 129,5 135,5 
*»7 2 0*10 (n/cm s) 1,261 1,268 1,248 1,188 1,103 

Radial flux distribution in the midplane of the graphite block 

R (cm) 39,6 42,1 45,1 48,1 51,1 54,1 57,1 59,6 
0.10-7 
(n/c«2«) 1,599 1,533 1,418 1,300 1,189 1,081 0,981 0,929 

Cold Souroe: Flux distribution on the axis of the source (R = 70 om) 

Z (cm) 127,8 132,8 137,8 142,8 147,8 152,8 157,8 162,8 167,8 172,8 177,8 182,8 
0* 10 
( | / C « 2 S ) 0,703 0,697 0,672 0,639 0,596 0,551 0,495 0,446 0,408 0,368 0,327 0,288 

Channel 17: Flux on the channel side facing away from the core (R = 40.0 
cm) 

Z (cm) 132,6 142,6 152,6 162,6 172,6 182,6 192,6 202,6 212,6 
0.10-7 
(n/c«2s) 1,927 1,700 1,432 1,160 0,900 0.667 0,467 0,296 0.152 

Flux on the channel side facing the core (R = 35 cm) 

Z (cm) 132,2 142,2 152,2 162,2 172,2 182,2 192,2 202,2 212,2 
0.1O-' 
(n/c«2») 1,974 1,731 1,453 1,189 0,930 0,687 0,480 0,306 0,157 
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Pig- 5-3-8 Radial neutron flux distribution in tbe midplane of the 
graphite block of the hot souroe. Reactor power s 1 watt. 
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• Icml ^ 

5-3-9 Vertical distribution of the neutron flux on the axis of the 
cold source. Reactor power = 1 watt. 

Fig* 5-3-10 Vertical distribution of the neutron flux on the surface of 
Channel No. 17- R = 35 cm on the side facing tbe core, 
R s 40 cm on the side facing away from the core. Reactor 
power = 1 watt. 
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5.3-5 The Power Distribution in the Core with Solid Boron and Dummy Bean 
Holes 

The technique used for measuring the power distribution was the same as the 
one used for States 1 and 2. Because of the flux perturbation of the 
dummies for the beam holes and sources, measurement involves difficulties 
that are similar to those encountered with flux measurement. To determine 
the location and form of the azimuthal power perturbation, Mn probes were 
irradiated on the surface of the core barrel at different heights. These 
curves are plotted in Figure 5-3-13- The effect of the hot source (15) is 
shown very clearly, as is the effect of the five beam hole noses between 
support structures 20 and 27. 

On the basis of these values it was possible to plot an azimuthal flux 
distribution on the surface of the core barrel averaged over the core 
height (Figure 5-3-14). It was also assumed that the mean azimuthal power 
distribution has the same form as the flux distribution on the barrel 
surface, but with less strongly pronounced deflections, i.e., that the 
points of maximum, mean and minimum power are known. The power distribu-
tion in the core was measured at these points and also at a point where the 
flux distribution in the reflector has its maximum at R 30-5 and Z = 117-
Since the power distribution has practically the same form as for State 2 
(see 5-2-5) and due to the time-consuming and complex nature of the meas-
urement and the activity of the irradiated oore, we worked with fewer 
points than for State 2, except for position 154, where we guessed the 
power maximum would be. The relative mean activity of the four measuring 
plates is plotted in Figure 5-3-14. The broken line gives the probable 
axially and radially averaged azimuthal power distribution in the core. 
The measured values of the power distribution for the four positions men-
tioned are given in Tables 5-3*6, 5-3*7, 5.3.8 and 5*2*9* 
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110* oiT support 
structure 

Fig. 5.3.13 Azimuthal distribution of the thermal flux on the surface of 
the core barrel. The arrows on the upper edge give the posi-
tion of several dummies in the reflector (see Figure 5-3-1). 
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no. of support structure 
Fig. 5.3.14 Azimuthal flux and power distribution. A = axially and 

radially averaged power distribution in the core, B = axially 
averaged distribution of the thermal neutron flux on the 
surface of the core barrel, C = azimuthal flux distribution in 
the reflector at R = 30.5 and Z = 117 cm. 
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Table 5.3*6 Power distribution in fuel plate no. 6, normalized to a oore 
power of 1 [Commas in this and following tables are to be 
read as decimal points] 

i ladius 
R(cm) 

P l a t e 
Ht. H(cm) 

14 ,35 1 4 , 6 5 1 4 , 9 5 1 5 , 2 5 1 5 , 9 16 5 1 7 , 6 1 8 , 2 5 1 8 , 5 5 1 8 , 8 5 
i i 
i 

1 9 , 3 9 

7 9 , 7 5 1 , 0 5 7 2 

1 5 , 9 

1 , 2 3 5 3 

7 9 , 5 0 

7 9 , 0 6 1 , 1 5 2 8 1 , 7 0 2 1 

7 8 , 5 5 

7 8 , 0 6 i 
! 

7 7 , 1 5 ' 1 , 1 0 0 0 0 , 6 7 2 1 

i 
! I 
1 , 6 6 8 5 | 

I 
7 5 , 0 0 , 8 7 7 5 0 , 6 8 7 3 1 , 0 8 5 1 

i 

7 2 , 5 i 

7 0 , 0 

6 2 , 5 1 , 0 8 7 8 0 p8808 1 , 3 5 3 8 ( 

5 5 , 0 0 , 9 4 3 1 
i 

4 7 , 5 0 , 9 4 9 1 

4 0 , 0 0 , 9 1 4 4 0 , 8 7 1 5 1 , 4 1 8 9 

3 2 , 5 0 . 8 0 5 9 1 
1 

2 5 , 0 0 , 7 2 5 7 . ! 
1 7 , 5 0 , 6 5 0 8 0 , 6 3 0 1 1 , 0 7 4 4 1 I 

10-,0 i 

7 , 5 
i. 

5 . 0 0 , 4 5 4 0 0 , 4 5 1 8 0 , 7 7 9 6 
i 
j 

2 , 8 5 0 , 4 9 2 0 0 , 4 2 7 0 I 1 , 1 7 8 7 j 

1 , 9 4 1 

1 . 4 5 
i 

i 

0 , 9 4 0 , 6 9 7 8 1 ,1654 , 

0 , 5 0 

j 0 , 2 5 0 , 4 5 2 9 0 , 8 1 6 2 
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Table 5.3«7 Power distribution In fuel plate no. 139, normalized to a core 
power of 1 

| Radius 
j II (cm) 
I P l a t e 
j Ht . H(cm 

1 4 , 3 5 1 4 , 6 5 1 4 , 9 5 1 5 , 2 5 1 5 , 9 1 6 , 7 5 1 7 , 6 1 8 , 2 5 1 8 , 5 5 1 8 , 8 5 
i 

1 9 , 3 9 i 

7 9 , 7 5 0 , 8 0 8 7 

79,SO 
i 

7 9 , 0 6 i 

7 8 , 5 5 

7 8 , 0 6 
• 

0 , 7 3 2 0 i 

7 7 , 1 5 

7 5 , 0 0 , 7 3 3 8 

7 2 , 5 

7 0 , 0 0 , 8 0 7 7 

6 2 , 5 1 , 2 4 4 8 0 , 9 3 9 3 0 , 9 2 6 7 1 , 0 3 5 8 

5 5 , 0 0 , 9 9 1 4 

4 7 , 5 
• 

0 , 9 9 6 7 

4 0 , 0 1 , 0 7 2 3 1 , 0 0 7 6 0 , 8 9 7 6 0 , 8 6 1 9 0 , 9 0 8 0 1 , 0 5 5 8 1 , 2 8 7 7 2 , 2 5 9 5 

3 2 , 5 0 , 9 7 4 1 0 , 8 4 0 0 

2 5 , 0 0 , 8 7 2 1 0 , 7 6 1 0 1 , 9 1 3 9 

1 7 , 5 0 , 7 4 2 2 0 , 6 9 2 3 0 , 6 2 8 2 0 , 6 5 4 0 0 , 9 6 9 8 1 , 6 9 0 0 

10 , o 0 , 5 4 0 0 

7 , 5 0 , 5 5 2 4 

5 , 0 0 , 4 7 3 0 0 , 4 2 3 9 0 , 4 6 4 1 0 , 5 5 6 3 

2 , 8 5 

1 , 9 4 • 0 , 4 3 9 6 

. - 0 , 4 6 5 9 

0 , 9 4 

0 , 5 0 
* 

1 , 1 6 2 5 

0 , 2 5 0 , 5 0 2 4 0 , 4 6 9 8 0 , 4 4 8 3 0 , 4 5 1 4 0 , 5 0 2 5 0 , 5 9 6 6 0 , 7 4 8 0 
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Table 5-3-8 Power distribution in fuel plate no. 154, normalized to a core 
power of 1 

Radius | 
R ( C m > ' 1 4 , 3 5 

P l a t e 
Ht. H(cm)| 

14 ,65 1 4 , 9 5 1 5 , 2 5 1 5 , 9 16 ,75 17 ,6 1 8 , 2 5 18 ,55 1 8 , 8 5 
1 

1 9 , 3 9 ] 

7 9 , 7 5 1 , 2 9 5 8 1 ,1808 1 , 0 2 3 8 O,9489 0 , 9 1 6 2 0 , 9 9 6 2 1 ,1537 1 , 4 0 9 6 1 , 8 1 9 3 

7 9 , 5 0 J 
1 

1 , 8 1 0 2 

7 9 , 0 6 

7 8 , 5 5 ! 1 , 1 6 9 1 0 , 7 3 7 7 1 , 7 7 5 4 

7 8 , 0 6 < 1 , 1 3 5 2 0 , 7 2 5 0 1 ,7727 

7 7 , 1 5 

7 5 , 0 1 , 1 3 6 6 1 ,0165 0 , 8 2 8 9 0 , 7 4 3 7 0 , 7 3 0 0 0 , 8 2 5 9 1 , 0 0 3 9 1 , 2 7 7 8 1 , 8 0 0 8 

7 2 , 5 1 , 2 0 0 6 0 , 7 6 8 8 1 , 8 3 0 9 

7 0 , 0 1 , 2 2 7 5 0 , 8 0 3 3 1 , 9 2 2 2 

6 2 , 5 1 , 3 9 2 2 1 , 2 4 0 0 1 , 0 2 7 3 0 , 9 3 4 1 0 , 9 1 9 1 1 ,0267 1 , 2 3 0 0 1 , 5 7 5 7 2 ,1547 

| 5 5 . 0 1 , 4 5 9 6 0 , 9 7 9 6 2 , 3 0 8 1 

2 , 3 4 0 4 4 7 , 5 1 , 4 2 3 0 0 , 9 8 7 6 

2 , 3 0 8 1 

2 , 3 4 0 4 

4 0 , 0 1 , 0 8 9 3 1 , 0 0 1 2 0 , 8 9 9 1 0 , 8 6 1 6 0 , 9 0 3 1 1 , 0 5 3 2 1 , 2 9 1 8 1 , 6 6 8 8 2 , 2 7 9 1 

3 2 , 5 0 , 9 9 0 8 0 , 8 3 5 1 2 , 1 3 7 3 

' 2 5 , 0 0 , 8 8 8 6 0 , 7 5 0 6 1 , 9 3 9 4 

| 1 7 . 5 0 , 7 6 3 0 0 , 6 9 7 8 0 . 6 3 7 3 0 , 6 0 9 4 0 , 6 4 7 3 0 , 7 7 4 4 0 , 9 3 8 6 1 , 2 5 0 3 1 , 7 0 0 0 

1 0 , 0 0 , 6 1 6 3 0 , 5 2 4 1 1 , 4 2 1 7 

T . . 0 , 5 5 1 2 - 0 , 4 9 6 5 1 , 3 4 5 6 

5 , 0 
1 

0 , 5 2 3 2 0 , 4 6 7 3 0 , 4 3 5 9 0 , 4 2 6 4 0 , 4 5 5 3 0 , 5 5 7 9 0 , 6 8 2 7 0 , 9 1 5 2 3 , 2 6 3 0 

1 2 , 8 5 
• 

• 

. 1 , 9 4 0 , 4 8 8 0 
• 

0 , 4 2 5 1 
• 

1 , 1 9 7 8 
h 

1 . 4 5 0 , 4 6 5 8 

• 

0 , 4 4 3 7 
• 

1 , 1 9 6 9 

0 , 9 4 • 

1 , 1 9 6 9 

0 , 5 0 . 1 , 2 1 0 0 

1 0 , 2 5 0 , 5 1 9 3 0 , 4 7 4 3 0 , 4 5 0 1 0 , 4 4 5 8 0 , 4 8 2 9 0 , 6 0 6 4 0 , 7 2 4 5 0 , 9 4 3 8 1 ,214 
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Table 5*3*9 Power distribution in fuel plate no. 234, normalized to a core 
power of 1 

Radius 
R( cm) 

Plate 
Ht. H(cm) 

1 4 , 3 5 1 4 , 6 5 1 4 , 9 5 1 5 , 2 5 1 5 , 9 1 6 , 7 5 1 7 , 6 1 8 , 2 5 1 8 , 5 5 1 8 , 8 5 1 9 , 3 9 

7 9 , 7 5 1 , 1 2 0 0 0 , 8 8 5 3 0 , 9 3 0 2 1 , 3 0 2 1 

7 9 , 5 0 1 , 6 2 6 3 

7 9 , 0 6 

7 8 , 5 5 1 , 0 9 9 6 0 , 6 9 9 8 
• 

1 , 6 2 1 5 

7 8 , 0 6 1 , 5 8 8 5 

7 7 , 1 5 

7 5 , 0 1 , 1 1 4 8 0 , 9 5 6 9 0 , 7 0 9 2 0 , 6 8 8 7 0 , 7 7 2 6 1 , 1 8 7 1 1 , 6 2 9 2 

7 2 , 5 1 , 1 4 5 1 0 , 7 1 9 6 1 , 6 8 9 1 

7 0 , 0 1 , 7 4 3 1 

6 2 , 5 1 , 3 4 0 0 1 , 1 7 2 9 0 , 8 9 0 0 0 . 8 7 4 5 0 , 9 6 9 3 1 , 4 5 3 6 1 , 9 5 5 2 

5 5 , 0 0 , 9 3 4 2 2 , 0 7 3 0 

4 7 , 5 1 , 3 0 8 1 0 , 9 4 0 2 2 , 1 2 2 4 

4 0 , 0 1 , 0 0 4 8 0 , 9 2 7 5 O , 8 1 8 3 0 , 8 5 7 4 0 , 9 9 8 2 1 , 5 5 3 8 2 , 0 9 7 5 

3 2 , 5 0 , 9 2 3 0 0 , 7 9 5 2 1 , 9 8 9 9 

2 5 , 0 0 , 8 2 2 1 0 , 7 2 5 7 1 , 8 3 6 3 

1 7 , 5 0 , 7 1 0 7 0 , 6 5 9 4 0 , 5 9 1 0 0 , 6 3 2 7 0 , 7 5 5 5 1 , 2 0 4 1 1 , 6 3 9 2 

1 0 , 0 0 , 5 2 0 7 1 , 3 8 7 7 

7 , 5 0 , 5 2 8 7 1 , 3 0 4 1 

5 , 0 0 , 4 8 9 0 0 , 4 5 6 2 • 0 , 4 1 3 8 0 , 4 5 2 7 0 , 5 4 3 7 1 0 , 8 8 0 5 1 , 2 1 6 0 

2 , 8 5 
• 

1 , 9 4 • 

• 

0 , 4 2 3 9 1 , 1 4 1 5 

1 , 4 5 0 , 4570 

• 

1 , 1 3 4 5 

0 , 9 4 „ 

0 , 5 0 1 , 1 4 9 2 

0 , 2 5 0 , 4 8 8 1 0 , 4 6 6 2 0 , 4 4 1 4 0 , 4 8 6 9 0 , 5 8 4 3 0 , 9 0 3 3 
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The axially averaged radial power distribution for tbe plate at tbe power 
maximum (No. 139) is sbown in Figure 5*3*15 in comparison with the power 
distribution that was measured for State 2. One can see that the 
deviations on the inner plate edge are the greatest, so that the azimutbal 
flux perturbation has little effect on the relative power in the "hot 
thread of stream." It is obtained as 

Frad = 1'820 

and thus is about 29 above the power in the "hot thread of stream" without 
beam holes (State 2). The boron concentration in the core was 0.177 g B-
10/liter during the measurement, and the control rod was positioned at H s 
47.1 em. 

5-3.6 The "Rendenent" of the Reaotor with Solid Boron and Dummy Beam Holes 

The "rendement" was measured using the methods described above. Seven (7) 
measuring points on support structure No. 2 on the radii 71.5 and 83*5 om. 
For the azimuthally averaged flux distribution (Figure 5*3*12) the "rende-
ment" is obtained as 

Measured = 2'3 x 10? n / o n 2 s W • 

The error that this value involves amounts to + 39, which is composed of 
1.5% for determination of the mean core power, 19 for the azimuthal flux 
integration and 0.59 for determination of the ratio Ay R/Aj^g from Equa-
tion (4.11). The "rendement" calculated witb homogenized beam holes is 

Calculated = 2*45 x 10? n / cm2sW , 

and is therefore 6*59 higher than the measured value. This error can 
easily be explained by underestimation of the streaming effect (see above.) 
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R|cm| 

5-3'15 Axially determined radial power distribution for plate posi-
tion 139 in the reactor with solid boron and dummy beam holes 
and in the reactor with solid boron and without dummy beam 
holes 
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5*4 Measurements of Individual Beam Holes 

In this measurement series the reaotivitieo of channels of different shapes 
are measured, in each oase a map of the thermal flux in the environment of 
the channel nose and the thermal, epithermal and fast flux on the axis of 
the (withdrawing) ohannel. The reactivities are determined by comparing 
the stable period and the control rod position with and without a channel; 
the thermal flux maps are measured using dysprosium probes having a dia-
meter of 0.2 cm and a thickness of 0.005 om; and the epithermal and fast 
fluxes are measured using gold probes (under cadmium) and phosphorus 
probes. As for all flux measurements, the probes are affixed to Mylar 
tape; The latter is held by suitable frames of Al wire (0.6 cm in diameter) 
connected to the channel. The position of these frames with respect to the 
ohannel nose is accurately known to within approximately + 0.2 cm. 

Boron poisoning in these tests was 0.249 g B-10/liter, the control rod 
position approximately H s 47 cm, and the solid boron at the oore ends was 
built in. 

5.4*1 Comparison of Cylindrical, Tapered and Square Beam Holes 

The dimensions of these channels are given in Fig. 5.4.1. Their wall 
thickness is 0.2 cm. Like most other beam hole dummies, they are fasted to 
a holding rod by means of a flange (of. Fig. 2.8). The location of the 
channel nose in the direction of the ohannel axis is precisely known to 
within +0.1 cm, and the location of the channel axis itself to within 
approximately + 2°. 

The looation of the channel is characterized as follows: 

The ohannel axis is in the oore midplane at Z = 110 cm, 
tbe distance between the channel nose and the core axis is 46.1 cm, 
and the channel axis lies tangentially to a circle having a radius 
R = 45 cm around the core axis. 
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Fig. 5.4.1 Dimensions of rectangular, tapered and cylindrical beam holes 

5.4.1.1 Reactivity of the Beam Holes 

The reference state with which the reactivity with channel is compared, 
contains in each case a flange and holding rod. The cylindrical channel 
was flooded with D20; its reactivity was measured both for the empty and 
for the flooded state. 

The measured reactivities are given in Table 5*4.1. The indicated errors 
relate only to the reaotivity measurement; the error that results from 
Imprecise knowledge about positioning is also estimated to be about + 5 
pcm. 

For the cylindrical beam hole therefore the ratio V of aluminum to void 
reactivity is 

V 8 
36+10 
97 + 10 
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Table 5.4.1 Reactivity of channels of different shapes 

Channel Reactivity (pcm) 

cylindrical, empty - 133 ± 5 
cylindrical, full - 3 6 + 4 
tapered - 290 + 5 
rectangular - 197 ± 5 

5.4.1.2 Thermal Flux in the Environment of Beam Hole Noses 

The Dy probes sit on three axes (x, y, z) that are perpendioular to one 
another and that intersect on the channel nose, i.e., in the center of the 
circular surface that closes off the channel. The Ihree axes are oriented 
so that the x axis represents the extension of the beam hole axis, the z 
axis is in the direction of the core axis, and the y axis is in the core 
midplane. The measured values on the three axes are plotted in Figures 
5.4.2, 5.4.3 and 5*4.4. The comparison with the unperturbed thermal flux, 
which is also plotted, shows that the local perturbation caused by the beam 
hole disappears at a distance of about 15 cm from the center of the channel 
nose. We also find that the perturbation on the side of the beam hole 
facing away from the core is smaller than on the side facing the core, see 
Figure 5.4.2. This phenomenon can be explained by the beam hole effect 
that acts transversely to the beam bole axis and even leads to an increase 
in flux in the vicinity of the side of the channel facing away from the 
core. Besides local perturbation, the beam hole generates a global change 
In tbe neutron flux distribution, a change in the basic mode. This is 
especially visible in Figures 5*4.3 and 5.4.4. It is perhaps evident from 
this phenomenon that the power normalization of tbe various measurements 
with different channels was difficult, which was carried out with a flux 
measurement on a position in the reflector lying at an angle of 120° with 
respect to the channel nose at R s 85 cm. The thermal flux at this refer-
ence position was about 3f higher than in the unperturbed case. However, 
this was only concluded after further measurements with the exiting beam 
hole, wbere the flux measurements described here were carried out for 
different positions (see below). 
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Vtcm] 

Fig. 5-4.2 Thermal flux In the vicinity of the beam hole nose of 
cylindrical -o-» tapered —t— and square channels. The y 
axis is perpendicular to the channel axis in the core midplane, 
the channel axis on the radius RQ = 46.12 cm. <S designates 
the oore midpoint. The reactor power is 1 watt. 
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Fig. 5-4.3 Thermal flux in the vicinity of the beam hole nose of 
cylindrical -o-, tapered -+- and square channels. The x 
axis is in the core midplane and is tangent to a circle around 
the oore midpoint <s having the radius R = 45 cm. The channel 
nose lies on the radius RQ = 46.12 cm. The reactor power is 1 
watt. 

V 

IOC 110 120 • Z[em] 
Fig. 5*4.4 Thermal flux in the vicinity of the beam bole nose of 

cylindrical -o-, tapered -+- and square - a - channels. The z 
axis runs in the direction of the oore axis and intersects the 
channel nose at RQ = 46.12 cm. The reactor power is 1 watt. 
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The difference in tbe local flux depression of the three beam holes used is 
not considerable and is virtually within the error limits given by the 
power normalization and positioning. In the following diagram the measured 
flux depressions are given in percent in a top view of the beam hole nose; 
the error in each case is probably ± 3)* The reactor axis is at the left. 

9 0 , 
8 

cylindrical 

13 
H 0 . 

15 

tapered 

13 13 

7 
square 

A comparison of the three beam hole types on the basis of these measure-
ments is difficulti even disregarding measurement errors. On the local 
flux depression is superimposed the global perturbation which for its part 
seems to be different for each beam hole. In the presence of additional 
beam holes the global perturbation would doubtlessly be different from the 
one measured here. 

5.4.2 Thermal, Bp 1 thermal and Fast Flux on the Axis of the Exiting Beam 
Hole 

The axis of the beam hole that corresponds to the x axis defined above is 
located in this case as well tangentially to a circle having the radius R = 
45 cm around tbe core axis in tbe reactor midplane at Z = 110. Measure-
ments of the thermal and fast fluxes were carried out for four positions of 
the channel. If the zero point of the x axis is at R = 45 cm, where the x 
axis and the radius include a right angle, then channel noses lie at 

Position a 
Position b 
Position c 
Position d 

x = 
X = 
X = 
X = 

0 cm 
- 10.1 cm 
- 18.5 cm 
- 30 cm. 
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The measured values are plotted in Figures 5.4.5, 5*4.6 and 5*4.7. The 
thermal flux (Figure 5.4.5) was measured not only on the x axis but also on 
the y and z axes defined above. This makes it possible to specify the flux 
depression on the channel nose on the edges facing and facing away from the 
core and on the upper and lower edges, as follows (the core axis is on the 
left): 

Position a Position b Position c Position d 

The data apply in percent and involve an error of approximately + 2 (some-
what more accurate than in tbe case of the measurements described in 5.4.1, 
since the holders for the probes outside the channel are fastened not to 
tbe channel itself but to the beams above the reflector and thus were more 
accurately positioned). At Position c the errors are probably somewhat 

In measurement of the epithermal and especially the fast flux (Figures 
5.4.6 and 5*4.7), the positioning errors have a much greater effect. We 
estimate that in that case tbe errors can range as high as 309 at individu-
al points. Because of time reasons it was unfortunately not possible to 
repeat the measurements, so that it is difficult to give the error more 
accurately. This is especially true considering the fact that greater 
inconsistencies appeared than in the case of normalization of individual 
measurements to one another. The measurements were then normalized, as 
shown in Figure 5*4.7, such that the measuring point located at the great-
est distance outside the beam hole was referred to the unperturbed flux. 

A beam of collimated fast neutrons was measured at the outlet of the beam 
hole using a liquid scintillator. The ring-shaped wooden collimators were 
arranged so that the scintillator viewed a 50 cm2 area. Detection of gamma 
radiation was suppressed by pulse shape discrimination. This measurement 

6 8 6 10 

greater 
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was not suitable for the absolute determination of the emitted stream of 
neutrons. However, It was shown that the stream at the outlet of the 
channel has the same value within the error limits for Position a and 
Position b (see Figure 5.4.7)* This result is in agreement with measure-
ments of the fast flux 0„ at the channel nose, if the stream is determined 
according to the equation 

0 s u 
- grad 0 J A s 

163 
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Fig. 5.4.6 Epithermal flux on the axis of the exiting beam hole (x axis). 
The x axis is in the core midplane and is tangent to a circle 
having a radius RQ = 45 cm around the core midpoint <5. The 
location of the beam hole corresponds to Position b in Figure 
5.4.4. The flux values are related to the lethargy unit and 
are valid for tbe reaotor power of 1 watt. See Figure 5*1.13 
for the unperturbed flux. 

Fig. 5.4.7 Fast flux on the axis of the exiting beam hole (x axis). The 
x axis lies in the core midplane & is tangent to a circle with 
a radius R_ = 45 cm around the core midpoint o. The threshold 
energy is 3 MeV (phosphorus); the reactor power is 1 W. 
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5.5 Safety Rods 

5.5*1 Statement of the Problem 

In FOEHN it was possible to install up to 6 absorbing rods tbat were de-
signed to simulate the safety rods of the High Flux Reactor (see Chapter 
2). At a date when the FOEHN design had already largely been determined, 
the HFR shutdown elements were extensively modified (see 6.1.5)* and it was 
no longer possible take this into acoount in the FOEHN design. Therefore 
it was necessary to use 6 vertical rods 9 cm in diameter to determine the 
characteristics of 5 rods 10 cm in diameter which are slightly angled with 
respect to the vertical. 

The following detailed information is required: 

shutdown effect of 3 adjacent rods (worst oase involving a scram in 
which 2 rods do not drop); 
reactivity as a function of the insertion depth of the rods at the 
beginning of their drop travel; 
total shutdown reactivity of the rods; 
reaotivity of a single rod; 
reaotivity of the rods in withdrawn position; 
neutron flux on the rod surface in withdrawn position. 

It was shown that the computational method of the equivalent absorber 
described in Seotion 3.5 makes it possible to calculate a reactor with 
safety rods with praotically the same level of accuracy as a reactor 
without rods. Figure 5*5*1 shows the position of the dummy safety rods in 
the refleotor. 

5.5.2 Performance of the Measurements 

5.5*2.1 Measurement Method 

The measurement method is basically the same as used for all other 
reaotivity measurements carried gb» n fOKHN. 
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Tbe system is determined by three parameters: 
a) by the concentration of the boron dissolved in the core (C), 
b) by the position of the control rod (H), 
c) by the safety rods, which vary in number, material (Cd or Inox), radius 

on which the stand (R) and insertion depth (Z). 

Only one parameter is varied in eaoh oase. 

NORTH 

Fig. 5*5*1 Position of tbe safety rod dummies in tbe reflector 

One begins with a critical state with C^, H1, Z1 and Rj. For this state 
tbe differential control rod reactivity is measured (dp/dH). Then the 
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position of the rods is varied such that a negative reactivity contribution 
results, for example R2 = Ri ~ AR* T h u s w e obtain a critical control rod 
position H2 = H1 + AH where C2 = C^, Z2 = Z ^ Then a continuous run is 
made, whereby the control rod is totally inserted and yields the reactivity 
of the control rod between Ĥ  and H2, whioh itself corresponds to the 
reactivity of R. Thus the reactivity curve p = p(R) or p = p(H) can be 
put together from single pieces. This operation is repeated for various 
boron concentrations so that it is possible to determine p for different 
control rod positions. In addition, one automatically obtains the 
differential boron reactivity dp/dC, which is a function of the presence of 
the rods to only a slight degree, as it turns out. 

Small reactivities, as appeared in measurement of the axial rod 
characteristics, were determined by period measurement. 

No measurements in tbe subcritical were carried out using tbe method of the 
pulsed neutron source, since the interpretation is very doubtful due to the 
strong dependence of the prompt life on geometry and suboriticality. 

5.5.2.2 The Differential Boron Reactivity 

The values listed in Table 5>5*1 were determined as the differential boron 
reactivity using the continuous mux method for the individual reactor 
configurations. 

Table 5.5-1 Boron reactivity with safety rods 

Reactor State Boron Reactivity 

Solid 
Boron 

Rod 
Number R(om) Z(cm) C(g/B-10/ltr) (pcm/g B-10 x ltr) 

yes 6 Cd 33 220-131 0.11-0.33 37,800 ± 2000 
no 1 Cd 28.5 71 0.27-0.31 37,600 ± 1300 
no 6 Cd 33 171-161 0.44-0.46 34,500 • 1700 
no 3 Cd 33-41.5 71 0.01-0.12 37,400 ± 2000 
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From the individual measurements we obtain as a weighted mean: 

= 37 OCX) + 2000 pca/g B10/ltr . 

5.5*2.3 Measured and Calculated Critical States 

The measured critical states for reactors without solid boron and without 
beam holes are listed in Table 5.5«3» whereby a circle of six cadmium 
safety rods in the reflector on the radius R = 33 cm had been inserted more 
or less deeply. 

The measured critical states with solid boron and without beam holes are 
listed in Table 5.5.4. As In Figure 5.5>3, a circle of 6 cadmium rods on R 
= 33 cm had been inserted more or less deeply Into the reflector. 

Table 5-5-3 Measured critical reactor states with partially Inserted 
safety rods without solid boron and without beam hole dummies 

No. 
Boron Concen-
tration 
C(g B-10/ltr) 

Control Rod 
Position 
H (cm) 

Mean Control 
Rod Position 

H (cm) 

Diff. Rod 
Reactivity 

dp/dH (pom/cm) 

Position of 
Safety Rods 
Z (cm) 

1 0.446 61.6 63*0 143 ± 1 221 
2 0.446 63*5 65 138 ± 1 191 
3 0.446 70*5 72 123 ± 1 171 
4 0.446 78.9 81 94 + 1 161 
5 0.469 77*6 79*7 93 ± 1 171 
6 0.469 88.5 91*2 78 ± 1 161 
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Table 5-5Measured critical reactor states with partially Inserted 
safety rods with solid boron and without beam hole dummies 

No. 
Boron Concen-
tration 
C(g B-10/ltr) 

Control Rod 
Position 
H (om) 

Mean Control 
Rod Position 

H (cm) 
Diff. Rod 
Reaotivity 

dp/dH (pcm/cm) 
Position of 
Safety Rods 
Z (cm) 

7 0.214 40.7 41.5 224 + 3 221 
8 0.336 64.1 6 5 . 1 167 ± 3 221 
9 0.336 64.4 65.4 163 * 1 201 
10 0.336 66.2 67.3 159 ± 4 181 
11 0.336 72.8 74.3 133 ± 2 161 
12 0.336 82.4 84.5 83 ± 1 151 
13 0.306 71.7 72.9 144 + 3 151 
14 0.306 89.8 95.2 35 + 0.5 141 
15 0.231 66.8 6 7 . 6 185 + 1 141 
16 0.231 87.1 8 9 . 8 62 + 2 131 
17 0.108 59-0 59.7 245 + 6 131 
18 0.108 77.7 78.7 166 + 2 121 
19 0.108 101.8 103.3 30 + 2 116 
20 0.108 98.5 102.4 31 + 1 116 

The.critical states for completely Inserted safety rods (Z = 71 cm) are 
listed In Table 5.5.5. 

Some of the measured critical states were calculated using the equivalent 
absorber method. The results are compiled in Table 5.5*6. 
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Table 5-5.5 Critioal reactor states for reactors without solid boron and 
without beam hole dummies with oompletely Inserted safety 
rods, (a = 1 Inox rod at Position 2, b = 1 Cd rod at Position 
2, o s 6 Cd rods, d = 3 Cd rods at Positions 2, 3 and 6, e = 3 
Cd rods at positions 3, 5, and 6 in a reactor with solid boron 
and beam hole dummies. This reactor was slightly subcritical, 
keff s °-9995.) 

Boron Control Mean Diff. Rod Pos. of Safety Reac-
No. Coneen- Rod Control Reactivity Safety Rod Re- tor 

tration Position Rod Pos. Rods activity State 
_ + 250 pcm 

C(g B-10/1) H (cm) H (om) dp/dH(pcm/cm) Z (om) (pcm) 

21 0.312 55-1 
22 0.312 63.6 
23 0.276 55.2 
24 0.010 60.5 
25 0.010 60.5 
26 0.010 25.3 
27 0.119 44.9 
28 0.010 40.2 
29 0.119 59.8 
30 0.010 55.4 
31 0.119 88.2 
32 0.010 80.8 
33 0.010 90.8 
34 0.00 103-5 

178 5 
150 + 12 
181 _+ 2 

61.5 211 + 1 
61.7 202 + 4 
26.8 194 ± 3 
45.8 227 ± 3 
41.5 242 ± 3 
60.9 187 ± 2 
56.8 217 ± 4 
85.7 91 ± 0.1 
83.7 104 ± 2 
93-4 82 +_ 1 

28.5 4,360 a 
28.5 5,560 b 
28.5 5,500 b 
41.5 16,800 c 
41.5 16,800 c 
41.5 10,200 d 
41.5 10,020 d 
37.0 13,280 d 
37.0 12,610 d 
33-0 16,020 d 
33.0 15,870 d 
28.5 19,200 d 
27.5 20,050 d 
28.5 14,200 e 



Table 5.5.6 Summary of the calculated critical reactors. The numbers correspond to the reactors of Tables 
5.5.2, 5.5.3 and 5.5.4. 
[Commas should be read as decimal points — Transl. Note] 

No. 4 21 22 25 26 30 32 33 34 

Number of rods 6 1 1 6 3 3 3 3 3 

Rod position Z (cm) 161 71 71 71 71 71 71 71 71 

Rod position R (cm) 33 28,5 28,5 41.5 41,46 33 28,5 27,5 28,5 

Boron concentration 
g B-10/liter in core 0,446 0,312 0,312 0,010 0,010 0,010 0.010 0,010 0,00 

Control rod position H (cm] 78,9 55,1 63,6 60,5 25,3 55,4 80,8 90,8 103,5 
(kgjf=0,9995) 

Equiv. £ a with control rod 
(cm*1) - 0,00131 0,0016 0,013505 0,004255 0,006075 0,007915 0,008525 0,005905 

Equiv. £ w/o control rod 
(cm-*) ' 0,01876 0,00131 0,0016 O,014475 0,004255 0,006075 O,009715 0,008525 0,005905 

Rod material Cd Inox Cd Cd Cd Cd Cd Cd Cd 

Calculated rod reactivity 
(pcm) 2340 4655 5385 16700 10010 15440 19370 20040 14340 

Measured rod reactivity 
(pcm) , accpr.+ 250 pcm) 2060 4360 5560 16800 10200 16020 19200 20050 14200 

Calculated k __ eff 1,0022 - 1,0016 1,0053 1,0076 1,0103 1,0031 1,0042 1,0082 
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The conversion of the boron concentration difference between the reactor 
without rods and tbe reactor witb rods to the rod reactivity was based, 
both for measurement and calculation purposes, on the value determined 
above of 

s 37 OOO + 2000 pcm/g B10/ltr 

The reactivity of the reactor with beam holes is overestimated by the 
calculation, since nstreamingn is not correctly considered (see 5.3*2). 
This effect was corrected by 920 pcm. The values in Table 5*5*6 show that 
reactors with safety rods can be calculated using the equivalent absorber 
method with the same precision as reactors without rods (see 5*1.1) and 
thus the calculated reactivity of tbe safety rods is in good agreement with 
the measured activity, assuming that the reactivity is defined in the same 
way, as in tbe present case, for example, as tbe difference in boron 
concentration between two critical reactors witb the same control rod 
position. 

5.5*2.4 The Shutdown Reactivity of the Safety Rods 

Tbe reactivity that is compensated for by the safety rods in all reactor 
states shown in Tables 5*5*2, 5*5*3 and 5*5*4 can be determined in two 
ways: 

a) If one compares two reactors, one with and one without safety rods but 
having the same oontroi rod position (Ĥ  = H2), then they differ by a 
difference in boron concentration, the reactivity of which must be 
exactly equal to the reaotivity of the safety rods, since, as mentioned 
In 5*5*1*1, the boron reaotivity is not significantly affected by tbe 
presence of the rods. 

b) The continuous run method is used to determine the reactivity of the 
control rod piece H, which differentiates two reactors of the same 
boron concentration, one with and one without safety rods. Unfortu-

173 



ORNL/TH-91/23 

nately tbe control rod characteristics are strongly affected by tbe 
safety rods so tbat—due to the low number of measuring points—this 
method can only be used with care. The measurements were carried out 
for large reactivities, so that an additional uncertainty is added by 
the Imprecise knowledge of the delayed photoneutrons. In order to 
reduce this error, the group constants determined in 5.11.2 for the 
delayed neutrons were used in the evaluation. In order to illustrate 
the dependence of the control rod reactivity on the safety rods, we 
have plotted in Figure 5.5*2 the differential control rod reactivity as 
a function of the rod position for different positions of the safety 
rods. For comparison purposes the curve without safety rods is also 
given. 

Hlcml 

Fig. 5*5.2 Differential control rod reactivity as a function of the con-
trol rod position for reactors without solid boron with safety 
rods on the radius R = 33 cm. The rod insertion depth is in. 
eaoh case Z. The solid like applies to reactors without safety 
rods. 
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The reactivity is plotted in Figure 5.5.3 as a function of tbe axial posi-
tion for 6 safety rods on the radius R = 33 cm between Z = 220 and 150 cm. 
Tbe control rod position varies in the measurement involving solid boron 
between H = 64.1 and 82.4 cm, and in the measurement without solid boron 
between H = 61.6 and 78.9 cm, whereas the effect of rod position on the 
result is within the framework of the error limits of + 3?. 

Z Iwnl 

Fig* 5-5.3 Axial reactivity curve for 6 safety rods on the radius R = 
33 cm for reactors with and without solid boron. The solid 
curves indicate the result of continuous run measurement; the 
points (circles or triangles) are obtained from the difference 
In the boron concentration of two critical states. 

Figure 5.5-4 shows the reactivity of 6 safety rods on R = 33 cm in a 
reactor witb solid boron as a function of their insertion depth. The 
reactivity was determined using the method described above under a) and 
also by the continuous run method. From the point where Z > 150 cm it is 
evident how the position of the control rod affects the reactivity of the 
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safety rods: the farther the control rod is inserted, the greater the 
importance of the external reflector becomes and consequently the reactivi-
ty of the safety rods also increases. 

Fig. 5.5.4 Axial reactivity curve for 6 safety rods on R = 33 cm for 
reactors with solid boron. The solid curve was measured using 
the continuous run technique. The arrows on the right side of 
the curve give the control rod position at the beginning of the 
respective continuous run measurement; the arrow on the left of 
the curve designate the control rod position at which the 
different In boron concentration was determined (triangles). 

The determination of the reactivity of completely Inserted safety rods as a 
function of the difference in boron concentration using the curves taken 
'from Figure 5*1.2 was done in the same way as described above. The results 
are listed in Table 5*5*4* For determination of the reaotivity of the 
-safety rods using the continuous run method, the characteristics of the 
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oontrol rod for different rod position radii were measured. They are 
plotted in Figure 5.5.5. With reference to these characteristics it is 
possible to determine the reactivity of three safety rods as a function of 
tbe radius for different constant control rod positions. These curves are 
plotted in Figure 5.5.6, along with the values determined by way of boron 
concentration. 

Fig. 5.5>5 Reactivity characteristics of the control rod for the reactor 
without solid boron with 3 safety rods at Z s 71 for different • 
position radii R 
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N leml 
Fig. 5-5-6 Radial characteristics of three completely Inserted safety rods 

in a reactor without solid boron for different control rod 
positions H. The solid curves were determine by the continuous 
run technique, and the points are taken from Table 5.5.5. 

5*5*3 Comparison of tbe Reactivity of a Ag-In-Cd Plate and a Cd Plate 

In order to investigate the effect of a change in the absorber material of 
the safety rods, the reactivity of .a cadmium plate was compared with a 
plate made of 80) Ag, 15) In and 5) Cd. The plate had the following dimen-
sions : 
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Ag-In-Cd 59.6 x 6.2 x 0-31 cm 
Cd 59-7 x 6.29 x 0.16 cm. 

The Cd plate was clad with 0.05 cm Inox sheet. The plates were suspended 
vertically in the reflector and symmetrically with the core mldplane so 
that the wide side was both a tangent to the position circle and parallel 
to the radius. The position radius relates to the vertical plate axis. 
The measurement results based on the stable period method are listed in 
Table 5.5-7. 

Table 5.5-7 Reactivity of the Ag-In-Cd and Cd plates for different 
positions 

1 Reaktivif; j 
Position Radius 

(ca) A*-ln-Cd Cd ! Radius 
(ca) (pcm) (PCB) j 

tangential 24 - 3190 + 80 - 2900 + 30 1 

tangential 28.46 - 2715 • 14 - 2660 + 75 
tangential 70 - 213 • 4 - 1 9 0 + 5 
radial 31.56 - 2SOO - 2360 +14 

The reactivity of the Ag-In-Cd plate is therefore somewhat greater (5-1Of) 
than the reactivity of the Cd plate. 

5-5.4 The Themal Neutron Flax on the Surface of the Safety Hods 

In order to be able to determine the burnup behavior of the safety rods, it 
is necessary to know the neutron flux on the rod surface when the rods are 
in their top rest position. . The flux was measured on the rod side facing 
the core and the rod side facing away from the core. The six safety rods 
were positioned at H s 33 and Z = 181 or 161 cm, the boron poisoning was 
0.34 g B-10/liter, the control rod was positioned at H = 63 .3 cm for Z = 
181 cm and at H s 68.5 cm for Z = 161 cm. 
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The measured values normalized to 1 watt reactor power are plotted in 
Figure 5.5.7. 

Zleml 

Pig- 5.5.7 Axial distribution of the thermal flux on the surface of tbe 
safety rods for tbe position R = 33, Z = 161 and Z = 181. A on 
the side facing the core, B on the side facing away from the 
oore, reactor power 1 watt. 
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5.6 Temperature Coefficient 

5.6.1 State of the Beaotor 

The dependence of reactivity on the temperature of the moderator and re-
flector was investigated in State 2, i.e., with boron zones and without 
channels. The boron poisoning was 0.252 g B-10/liter, and the control rod 
was inserted about halfway. 

See 2.1.3 with regard to the heating and cooling loops. 

5.6.2 Measurement of Temperature and Reaotivity 

The temperature was measured in the reflector using four resistance 
thermometers and one thermocouple, which were mounted in the core midplane 
ao that they were azimuthally distributed to the radii 33*5, 47.5 and 99*5 
om. In the oore the temperature was measured using two thermocouples, one 
each in the upper and lower halves, and also two thermocouples in the 
stack, which were located in the flux trap at the height of the upper core 
half. 

Measurement of the voltage supplied by the thermometers was done by way of 
a measuring bridge, which permitted an accuracy of temperature measurement 
at the thermometer location of + 0.1°C. The temperatures used for 
evaluation are in each case the mean value of the values measured at the 
various locations within the reflector, core and stack. The deviation of a 
single value from the mean was never more than + 0.2°C during the entire 
measurement, from which we can deduce a very flat temperature distribution, 
at least in the reflector. 

The reactivity difference Ap corresponding to a temperature difference AT 
was determined from the respective position of the control rod or the fine 
. control rod, which were operated so that the existing steady state was 
maintained. 
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Since the automatic system had failed at the beginning of the measurement, 
the reactor had to be kept critical manually by observing the flux 
recorded, ubereby the critical state was accurately determined to a maximum 
of + 5 pom. For control purposes the reactivity difference from the 
referenoe state at 20°C was preoisely determined from time to time by means 
of a period measurement. 

The test was carried out in three segments. In the first period the 
reflector was heated from 20 to 60°C. Since the heating rate was low, 
about 2.7 °C/h, and since there was not thermal insulation between the 
reflector and the core, a uniform temperature distribute was guaranteed. 
From this test It was possible therefore to determine a "global" 
temperature coefficient. 

In a second test period tbe refleotor was cooled down from 60 to 40°C. The 
temperature ohange over time was about -6°C/b, and tbe difference between 
cora, stack and reflector temperatures was greater than during tbe first 
period, but not so great that a separation of oore and reflector 
temperature coefficients would have been possible. 

Finally In the third test period the attempt was made to achieve greater 
temperature differences between the core and reflector by heating the 
reflector and cooling the stack, in order to be able to determine the 
temperature coefficients of these components individually. The phase of 
this test that is best suited for this project is shown in Figure 5.6.1. 
Here, too, the temperature difference at the sensors located within a 
component at different points was no greater than 0.2°C, so that it can be 
assumed that the temperature gradient on the interfaoe between tbe stack 
and reflector, for example, was steep and that the mean temperature for a 
component was measured accurately to within + 0.2°C. 
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5.6.3 Evaluation and Results 

5.6.3.1 Consideration of Boron Poisoning 

The D20 in the oore that expands during heating rose into a ventilation 
pipe that led upward from the core barrel through the stack. In tho 
process the concentration of the dissolved boron also decreased to the same 
extent as the density of the DgO. At the same time the expansion of the 
structural material in tbe oore brought about displacement of boron solu-
tion. Both effects lead to a change in the amount of boron dissolved in 
the core and to a positive contribution to the temperature coefficient. 
Likewise, the increase in the D20 level in the reflector, which is estab-
lished when the reflector Is heated, must also be taken into account in the 
evaluation. 

If y denotes the temperature coefficient dp/dT, and the subscripts C, K, R 
represent the core, stack and reflector, C the boron concentration, a and B 
the spatial expansion coefficient of D20 and Al, respectively, and if £ 
stands for the effect of the DgO level in the reflector, then 

y - YC * rK • yb - §§ <« • 2/3 fl • *> • c - e 
or 

9p(1 + «i!^l.c.aTc+e.^)»YcaTc+YKSTIC+YR 8Tr . (s 6 i} 

where f stands for the metal/water ratio in tbe oore: 

f = 0.7C5. 

e, which represents the variation in reactivity brought about by the 
variation in the D20 level Hp in tbe reflector, was measured. The 
result obtained was 

dp 9 Hp ' E = a i r = 0 , 6 7 ' p o * c • ( 5 * 6 - 2 ) » R R 
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Fig. 5.6.1 Temperature and reaotivity curve of the reactor during 
measurement of the temperature coefficient: a = reflector 
temperature, b = core temperature, c = reflector temperature, 
d s reactivity curve. 
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The funotlon 3HR/8TR was obtained as 

^ s 2 • lO3. o(T_) . (5.6.3) 

For calculating a(T), the following formula was used: 

o(T) = -1.2248* 10_4+ 1.4756- lo"5T -7.1391. lo"®T2 + 1.71- 10_1°T3 (5.6.4) 

where T is in °C. 

In addition, 

8 = 7.1 • 10~3 , 

^ = 39.2 pcm/mg/ltr DgO . 

5.6-3-2 Global Temperature Coefficient 

The reactivity of the reactor critical at 20°C, corrected acoording to 
(5-6-1), is plotted In Figure 5-6-2 against the temperature for the first 
test period; the temperature is identical in the core, stack and reflector 
(Curve a). For comparison purposes the reciprocal of density D of the D2O 
(Curve e), normalized at 20°C, is also given. It is found that in the 
temperature range indioated the following is true in good approximation: 

p (T) - p(30) » - 4 • lO4 ( - l ) pea . (5-6-5) 

The slope of Curve a, i.e., the global temperature coefficient, is plotted 
in Figure 5-6.3 (Curve a') against temperature. In accordance with 
(5-6-5)* the following also applies here in good approximation 

t - -4.»««. 4221 
D (T) 

* - 4.4 • lO4 - pcm/°C -
D(T) 
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Fig. 5.6.2 a s reaotivity of the reactor during heating, normalized to 
P s 0 at 20°C; b = reactivity due to heating of the reflector; 
c s reactivity due to heating of tbe core; d = reactivity due 
to heating of the stack; e = reciprocal of DgO density as a 
funotion of temperature. 
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Fig. 5.6.3 Curve of tbe temperature coefficient y = 3p/3T as a function of 
temperature; a = global measured temperature coefficient; b = 
measured temperature coefficient of the reflector; c = measured 
temperature coefficient of the oore; d = measured temperature 
coefficient of the stack; e = calculated temperature coeffi-
cient of the core; f = calculatad temperature coefficient of 
the stack; g = calculated temperature coefficient of the re-
flector. 
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A global temperature coefficient measured at tbe beginning of tbe FOEHN 
experiment between 20 and 25°C (poisoning = 41.5 mg/liter) had yielded: 
y(22) Z -1.5+1 pcm/°C. This value agrees within the limits of error with 
the value given by an extrapolation of Curve a in Figure 5.6.3* 

The measurement results from the second period will not be given here in 
detail. There, too, only determination of the global temperature coeffi-
cient was possible, which agrees with that obtained in the first period 
within the limits of error. 

5.6.3.3 Temperature Coefficients for Core, Stack and Reflector 

The third test period lasted 12 hours; however, only the measuring points 
shown In Figure 5*6*1 are suitable for evaluation. Due to the lack of 
thermal insulation between core, stack and reflector, the temperatures of 
the individual components were more or less parallel, so that the tempera-
ture differences AT between two measuring points separated by time do not 
differ significantly from the differences in another component. Thus the 
coefficients yc, Yg» and yR in Equation (5*6*1) can only be determined very 
Imprecisely. 

Evaluation of the test phase shown in Figure 5.6.1 yielded the following 
values for the temperature coefficients in the core, stack and reflector: 

Yc = - « + 1 pcu/°c 
Yr = - 3 . 2 + 1 pcm/°C f0r so£T<55°C. (5*6.7) 
YR = - 10.3 + 0.3 pcm/°C 

The reactivity calculated with these temperature coefficients is also 
plotted in Figure 5*6.1 as a solid line, Curve d. It reproduces well the 
measured reactivity curve. 

Under tbe assumption that the breakdown of the global tempr-ature coeffi-
cient in a ratio of 4 : 3*2 : 10*3 for the oore, stack and >eflector can be 
carried out independently of temperature, the Individual t aperature 
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coefficients are also given in Figure 5.6.3 as a function of temperature 
(Curves bf c, d), and Figure 5*6.2 shows the reactivity that must be ap-
plied in each case with respect to the cold state at 20°C. 

The effect of dilution of D2O in the core of 109, which was calculated 
by a diffusion calculation, yields a temperature coefficient in the core 
that lies somewhat outside the limits of error of the measured temperature 
coefficient: see Figure 5.6.3, Curve e. This discrepancy may be explained 
by the fact that the reactivity is not exactly inversely proportional to 
the density of the DgO, so that the extrapolation of a 10? dilution to a 
dilution of about It, as exists in reality, leads to inaccurate values. 

5.6.4 Calculation of the Temperature Coefficients 

For calculating the temperature coefficient in the core it was assumed that 
it is caused only be a dilution of the DgO and that changes in the core 
dimensions or changes in the neutron spectrum have no effeot. This assump-
tion is also justified when the density variations are slight and when the 
fissile material and parasitic absorber have approximately the same effec-
tive cross section curve, i.e., when resonance effects of one or the other 
play a subordinate role. The temperature coefficient in the core was 
determined using a diffusion calculation in which the D20 in the core was 
diluted by 10?. This void effect was obtained as 9 p / 5 V s 0.427 pcm/cm^ 
void. Thus we obtain the temperature coefficient for the core: 

(5.6.7) 

where a is according to (5.6.4) and 

VD20 a 27,000 cm3, 

and thus we obtain In the range between 50 and 55°C 
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Yc(calculation) = - 5.5 pcm/°C. 

The curve of tbe calculated value Yc is shown in Figure 5.6.3 as Curve e. 
For the temperature coefficient in the stack and reflector it was assumed 
that 

9P _ (3P V /3P \ / 9P \ 9~T " V gT density + ̂  } ̂  + ̂  \ ' (5'6' 

whereby the variation in the absorption cross section and the scattering 
cross section, respectively, were assumed as follows: 

z = z -=-a a , o | T 

T 0 , 1 

S - £ • ( 
a » , o v T 

These two effects were determined by diffusion calculations in which first 
the absorption cross seotion and then the diffusion coefficient of the D20 
were varied. The result was 

(|£.) » + 2.05 pcn/°C 

(!-£.) = - 1.81 pc«/°C . ^ 9 T D 
The effects are therefore opposite and of practically the same magnitude. 
The density coefficient (3p/3T)den3lty. was calculated with approximately a 
19 D20 dilution in tbe reflector and staok. Thus we obtain in the range T 
= 50-55°C: Y « - 5.0.0 pcm/°C 'R 

r z — Z . 1 BCMi'"' Y = - 2.1 pcm/ c. 

The development of yc, Yg and Yp is also plotted in Figure 5*6.3 as Curves 
e, f and g. 

Tbe global temperature coefficient between 50 and 55°C is thus obtained 
from tbe sum of the three single coefficients: 
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Y " Yc + yr + yk = "" 17,6 p01"/00 • 
This value agrees well with the measured values, and also the temperature 
coefficient for the reflector, whereas for core and stack there were dif-
ferences. However, those differences are opposite and therefore cancel one 
another out. 

5.7 The Void Coefficient in the Core 

For reasons of safety theory it is useful to know what reactivity amount is 
consumed if all the D20 in the core evaporates. Since this case cannot be 
treated by means of the computational methods used in this research, a 
measurement was carried out. Two critical states of a reactor without beam 
hole dummies and witb solid boron zones were compared. 

Boron Concentration Control Rod 
C (g B-10/liter) H (om) 

0.211 50.3 
empty core 53.2 

Tbe rod position H = 53*2 cm would correspond to a boron concentration of 
0.227 g B-10/liter (where dp/dC = 37,550 pom/g), i.e., tbe void is equiva-
lent to 0.227 g B-10/liter. Unfortunately, the boron value between 0 and 
0.25 g B-10/liter could not be measured. 

It was therefore assumed that tbe calculated value in this region involves 
the same error as between 0.25 and 0.55 g B-10/liter, i.e., that it is 3? 
higher than tbe value that was measured by tbe stable period method. Using 
the results from Table 5.2.2 we obtain the boron value of 

££ = 40 SOO pca/g B10.ltr . ac 

Thus the reactivity that is consumed when tbe DgO in tbe core is removed is 
APvoid ' " 9200 vcm' 
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5.8 The Reaotivity Effect of Aluminum In the D20 Reflector and the Tank 
Effect 

The reaotivity effect of aluminum in the reflector was measured by means of 
a plate between tbe radii R = 65*0 and 80 cm and by means of a cylinder 
between tbe radii R = 23 and 65 cm. Plate and cylinder were suspended 
during the measurement so that they were vertical and symmetric to the core 
midplane. The had tbe following dimensions: 

Plate: height 50 cm 
width 20 cm 
thickness 1 cm 
volume 1000 om^ 

Cylinder: height 50 om 
diameter 2.5 cm 
volume 245 cm^. 

The test was carried out on a core with solid boron and without beam hole 
dummies. The boron concentration in the oore was 0.252 g B-10/liter, and 
the control rod was positioned at H = 45*8 om. The reactivity of the 
aluminum was determined by the stable period measurement technique. 

Tbe measurement results are listed in Table 5*8.1. 

Table 5*8.1 Aluminum reaotivity in the reflector 

Position of Al Specimen Speoimen Reaotivity Aluminum Effect 
(cm) (pom) (pcm/cm3) 

cylinder R = 23 - 93 0.38 + 0.012 
cylinder R = 35 - 93 0.38 + 0.012 
cylinder R = 50 - 41 0.17 +0.012 
cylinder R = 65 - 14 0.057 ± 0.012 
plate R = 65 - 72 0.072 + 0.003 
plate R s 80 - 24 0.024 + 0.003 
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When the Al effeot was calculated, the Al cylinder or plate was replaced by 
an annular zone having a height of 50 om and symmetrical to the core mid-
plane in whioh Al and DgO were homogenized in equal volume fractions. The 
width of the zone was selected so that it brought about the same local flux 
perturbation as the Al cylinder or plate. Figure 5.8.1 shows the Al effect 
in the reflector midplane as a function of the radius. The measurement 
error is assumed to be ± 3 pom. 

A thickening of the aluminum tank around the core was simulated by a 0.1 cm 
thiok Al sheet, which was placed around the core barrel symmetrical to the 
midplane. The height of the sheet was 104.4 cm and its total volume was 
1300 cm3. The reaotivity effect was measured as 

Ap s - 216 pcm. 

5-9 Gamma Heating 

The energy transferred to the structural material by gamma radiation was 
measured for three reactor states. The use of glass dosimeters (see 
4.1.4.1) permitted a large number of measuring points. A number of monitor 
glass monitors were also irradiated at reference positions close to the 
oore in order to check the reproducibility of the measurements. Power 
calibration was done in each case using Mn probes at evenly distributed 
standard positions. 

The given measurement errors are essentially caused by the errors in power 
calibration and by the lack of knowledge about sensitivity to thermal 
neutrons. 
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Fig. 5*8.1 Aluminum reaotivity in the reflector midplane as a function of 
the radius. The circles are the values measured with the Al 
cylinder, and the triangles are values measured with the plate; 
the solid curve was calculated. 

5.9-1 Reactor without Solid Boron and Without Refleotor Internals 

In this test the gamma flux adjacent to the core was measured in the exter-
nal refleotor and on the oore midplane extending to the outer tank wall. 
At the same time several points in this configuration were measured with an 
ionization chamber, which yields values that are in satisfactory agreement 
with those obtained by the glass dosimeters. The results are plotted in 
Figures 5.9.1 and 5-9.2. As in the following the values are referenced to 
a reactor power of 1 watt. The reactor power during one-hour irradiation 
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was 30.7 ± 1*1 watt. Figure 5*9.2 shows not only the heating power due to 
gamma radiation but also the dose converted to W/g that is generated by 
thermal neutrons in the glass dosimeters. 

Fig- 5-9-1 Gamma heating in the reflector, measured with glass dosimeters. 
The parameter is the distance from the oore axis z. Configura-
tion without beam holes, without solid boron. Reactor power = 
1 watt. 

5.9.2 Reactor with Solid Boron and with One Channel (Vo. 4) 

In this test the gamma dose on the axis of the exiting beam hole In the 
position given in Figure 5-9-3 was investigated. Figure 5.9-3 shows tbe 
measured values (Curve a). The comparison with tbe curve for the unper-
turbed gamma flux, which is also plotted (Curve b, taken from Figure 
5«9-2), shows that if a channel is present the gamma dose Increases consid-
erably in the vicinity of the channel and especially In the beam hole 
itself. This is due both to a basic beam hole effect (displacement of 
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Fig. 5.9.2 Gamma beating In tbe reflector, measured with glass dosimeters 
and an Ionization chamber In the midplane of the core at z s 
110 om. Curve a designates the detected dose from gamma radia-
tion, Curve b the dose generated by activation from thermal 
neutrons. The triangles represent the measuring points for the 
ionization chamber, and the broken line, Curve o, the theoreti-
cal values. Configuration without beam holes, without solid 
boron; for control rod position see Figure 5.9*1• Reactor 
power s 1 watt. 

absorber between souroe and detector) and to the gamma radiation of the 
activated structural material of the channel. It appears that the seoond 
effect predominates. Unfortunately the measurement is not accurate enough 
to be able to separate the two effects. 
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X leml > 

Fig. 5.9.3 Curve a: gamma heating on the axis of the exiting beam bole, 
measured with glass dosimeters. Curve b: gamma beating on the 
same axis without beam hole. Tbe location of the channel 
corresponds to Position b in Figure 5.4.7* Configuration: one 
beam hole and solid boron on the oore ends. Reaotor power = 1 
watt. 

5.9*3 Reactor with All Internals; On—a Dose In the Cold and Hot Souroea 

The gamma dose In the cold source was measured on its longitudinal axis at 
a distance R a 70 om from the core axis. The measured values are plotted 
in Figure 5*9*4* For technical reasons it was not possible to Insert glass 
dosimeters into the cold source any further than Z a 136 om, so that the 
measured values are all in the upper half of the source. The extrapolation 
indicated in Figure 5*9*4 up to the bottom of the source at approximately Z 
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= 110 om was carried out with the values measured in the reflector without 
internals (Figures 5-9-1 and 5-9-2), taking into account the slightly 
altered control rod position. The comparison with the measured values of 
the reflector without channels also shows that about half the dose at the 
location of the axis of the source stems from the structural material of 
the environment and half from the core. 

A 6 
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2 

1 

110 ISO 130 . MO 150 160 170 
2 l e m l 

Fig- 5.9-* Gamma heating on the longitudinal axis of the cold souroe on 
the radius R s JO em, measured with glass dosimeters. The 
bottom of the souroe is at Z = 110 cm. Configuration: with 
all beam holes (Soheme I), with solid boron. Reactor power 
= 1 watt. 

The gamma dose in the hot source was investigated both on its longitudinal 
axis and on a diameter lying In the midplane of the source In the direction 
of the radius vector to the core axis. The axis of the souroe was on the 
radius R = 49.6 cm. During irradiation the glass dosimeters were located 
In channels having a diameter of 1 .7 cm (see Figure 2.12). The interspaces 
between the glass dosimeters were filled with appropriate graphite plugs. 
The results of this test are shown in Figure 5-9-5: in Curve a as a func-
tion of the radius Rf in Curve b as a function of the height Z. The broken 
line, Curve C, represents the distribution of the "unperturbed" gamma flux 
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Gamma heatlog on the longitudinal axis (Curve a) and on the 
transverse axis lying in the direction of the reactor radius R 
(Curve b) of the hot source, measured with glass dosimeters, z 
denotes tbe reactor axis. The broken line, Curve c, represents 
gamma heating without reflector Internals. Configuration: 
with all beam holes (Scheme I), witb solid boron. Reactor 
power = 1 watt. 
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in a radial direction. The comparison with Curve a shows that in this case 
tbe contribution of gammas from the structural material of the source and 
its environment relative to tbe oore gammas is smaller than the contribu-
tion from the cold source, which is further from the core. The difference 
between this and the unperturbed gamma flux clearly becomes greater in the 
direction of the edges of the source, especially on the side facing away 
from the core. This phenomenon is even more pronounced for the longitudi-
nal distribution, since there is relatively more structural material on the 
bottom and cover of the source (see Figure 2.12) than on the sides. 

5*10 Tbe Effect of the Placement of Source and Detector on the Counting 
Bate During Startup of the Suboritioal Reaotor 

In the High Flux Reactor the startup souroe and tbe neutron detector, via 
which tbe flux development during reactor startup is observed, will each be 
installed on the periphery of the D20 tank. To demonstrate that this will 
not lead to unrealistic 1/N curves (N = counting rate), an experiment was 
carried out in which the detector (BF3 counting tube, Type 8E31) was fas-
tened to support structure no. 5 at R = 99.5 cm and Z = 111 cm, and the 
neutron source (Am-Be, 300 mC) was mounted in one case on support structure 
No. 31 at R s 99.5 cm and Z = 111 om (Position A) and in another oase on 
support structure No. 23 at R = 99*5 cm and Z = 111 cm (Position B). 

As usual the reactor was run critical, i.e., with safety rods withdrawn, 
control rod at H = 0, core and central stack filled with D20, tbe external 
reflector was gradually filled with D20 until the level 220 was reached, 
and then the control rod was gradually withdrawn until the oritioal rod 
position was reached. The counting rates that were recorded in each of 
tbese steps are listed in Table 5*10.1; the Inverse counting rate (1/N) is 
plotted as a function of the D20 height and the control rod position in 
Figure 5*10*1. 

Tbe geometry of the reactor corresponded to State 3, i.e., with solid boron 
and beam hole dummies in the reflector (Scheme 1). 
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Table 5.10*1 List of the counting rates in the suboritioal reaotor 

D20 Leve l 
(cm) 

Contro l Rod P o s i t i o n H 
(cm) 

Counting Rate 
P o s i t i o n A 

s f o r 60 s e c . 
P o s i t i o n B 

116 0 1 800 

120 0 1 991 1 288 

130 0 2 514 1 6JG 

140 0 J 516 2 3J4 

ISO 0 5 460 J 825 

160 0 8 0 9 3 6 0 0 1 

170 0 10 296 7 855 

180 0 11 953 9 3t>4 

190 0 12 957 lO 320 

200 0 13 708 10 814 

210 0 14 0 3 2 11 0 6 1 • 

220 o 14 410 11 345 

220 5 14 557 11 4.1G 

220 10 14 732 11 t.71 

220 IS 15 286 12 283 

220 20 16 390 13 219 

220 25 17 222 14 890 

220 30 20 900 17 886 

220 35 26 0 7 8 23 320 

220 40 3B 149 35 526 

220 44 66 0 8 8 64 532 

220 46 110 658 108 982 
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5*11 The Kinetio Parameters 

5-11.1 The Life of the Prompt Neutrons 

The life 1Q of the prompt neutrons was determined using the pulsed neutron 
source method, as described in Section 4.4.3- This method makes it possi-
ble to measure the deoay constant of the prompt neutron field, whereby 
for the critical reactor the following is true: 

3eff s effective fraction of delayed neutrons. 

ctQ is very much a function of the state of the reactor, i.e., of the con-
trol rod position and the internals in the reflector. 

A calculation shows in the event of a great perturbation in the reflector, 
caused by 6 safety rods, cteff increases by only 3*55) compared with the 
state without safety rods. Thus &eff can be viewed as constant, and thus 
the dependence of aQ on the reactor state is caused by a variation in 1Q. 

Table 5.11.1 lists the a0 and 1Q values for different reaotor states. 

The life was determined from aQ under the assumption that the calculated 
Beff is correct: 

6eff s 0.00712. 

Figure 5.11.1 shows the dependence of the decay constants in the critical 
reactor Ca

0) as a function of the control rod position in different reactor 
states. 
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Table 5-11-1 Life and a for different reactor states 

Reactor Control Rod measured 1Q measured a calculated c lccalculated 
State Position H 

(cm) (sec ) (sec)'lo"3 -1 (sec ) (sec)-lo'3 
without solid 0 7,52 0,947 
boron, withou 18,3 7,6 + 0,1 0,94 
beam holes 36,4 7,7 + 0,1 0,92 

46,2 7,96+ 0,1 0,89 
SO 8,20- 0,868 

STATE 1 60,6 8,1 + 0,1 0,88 
61,1 8,2 + 0,1 0,87 
82 8,54 0,834 
87,4 8,6 + O.l 0,83 
100,1 8,9 + 0,1 0,80 

with solid J6,6 8,5 + 0,1 0,84 
boron, withou 47,2 8,7 + 0,1 0,82 
beam holes 47.7 

62.8 9,0 + o,i 0,79 
8,74 0,815 

STATE 2 68,7 
85,7 

' 9,3 
9.5 

+ 0,1 
+ 0,1 

0.77 
0,75 

with solid 24,1 10,4 + 0,1 0.68 • 

boron and 47,2 10,6 + 0,1 0,67 
beam holes 50 10.64 0.669 

57,8 11,2 + 0,1 0,64 
STATE 3 68,2 11,0 + 0,1 0,65 

81,1 11,6 + 0,1 0,61 

[Commas should be read as decimal points — Transl. Note] 

5-11-2 Delayed Neutrons 

As was explained in Section 4.4.2, the result of a continuous run measure-
ment is affected more by the knowledge of the groups of delayed neutrons, 
the longer the test lasts. The faot that the continuous run method yields 
false results in such long tests—longer than 100 sec—was easily shown by 
the faot that the calculated reactivity did not remain constant, even if 
the reactor remained In the subcritioal state after a rod movement. The 
attempt was then made to adjust the constants of the delayed pbotoneutrons 
so that this phenomenon disappears. This was achieved in a preliminary 
test using an analog computer, whereby the group constants given in Table 
5.11.2 were obtained. A more precise description is given in [30] and 
[17]-
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H Icml 

Fig. 5-11-1 a ( as a function of oontrol rod position. 
A s measured value for the reactor without solid boron and 
without beam holes, B • oaloulated values for the reactor 
without solid boron and without beam holes, C = measured values 
for the reaotor with solid boron and without beam holes, 
D s calculated values for the reactor with solid boron and 
without beam holes, E = measured values for tbe reaotor with 
solid boron and with beam holes, F = calculated values for the 
reaotor with solid boron and with beam holes. 
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Table 5.11.2 Data for delayed neutrons after adjustment using an 
analog oomputer to reaotivity curves measured using the 
continuous run technique. 

G r o u p 'i °i,eff \t (sec"1) 

m n 
C-J 

1 O,0315 0,000224 0,0124 m n 
C-J 2 0>2093 0,001488 0,0305 
e s 3 O,1875 0,001333 0,111 
§ 4 0,3772 0,002682 0,301 
M 3 S 0,110 0,000782 1,13 

6 0,0399 0,000284 3,00 

W 7 0,0301 0,000214 0,2772 
8 
M 8 0,00281 0,00002 0,0169 
4-1 3 0) 9 0,0115 0,000082 0,004813 
s o 
4J 10 0,0007 O,000005 0,000428 
o s: 11 0,0007 0,000005 0,000117 

[Commas should be read as decimal points — Transl. Note. 

5.12 Measurement of the (n,a) Reaction on the Stack 

For the oore tank the production of helium by the (n ,a) reaction in the 
aluminum represents a metallurgical problem, since the material becomes 
embrittled by the helium. The level of the (n,a) reaction was measured 
with aluminum probes under cadmium: 

Al-27 (n,a) Na-24 T 1 / 2 = 15 h. 

The effective reaotion cross section is 

<?p = 0.61 mb + 5?. 

The probes were calibrated in the fission spectrum of uranium by comparison 
with nickel probes (Ni-58(n,p)Co-58, = 100 mb). 
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For the test the Al probes were mounted on the outer wall of the staok in 
the oore midplane and irradiated for 3 hours at approximately 30 watts. A 
helium production of 

1.5 x 102 a / w / c m 3 / s e c 

is obtained. According to the diffusion oalculation the rise in the fast 
flux between the measuring point on the outside of the stack (R = 20.96 cm) 
and the inside of the core tank (R = 19*56 om) is 35$, so that the maximum 
helium production rate on the radius R = 19*56 is determined as 

2.0 x 102 a / w / o m 3 / s e c . 

The measurement error is 10), of which 5) results from calibration of tbe 
probes and 5% from the imprecise knowledge of the reactor power during 
irradiation. 
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6. APPLICATION OF TEST RESULTS TO THE DESIGN (V THE HIGH FLOX REACTOR 

Figures 6.1 and 6.2 show a vertical and a horizontal section through the 
D20 tank of the High Flux Reactor. From the comparison with Figures 2.1 
and 5*3.1 and on the basis of the differences between the High Flux Reactor 
and FOEHN listed in Section 2.4, it follows that not all values measured in 
FOEHN can necessarily be applied to the HFR. It is basioally true that the 
comparisons made in this report between calculation and measurement also 
apply to the HFR, i.e., that a calculation performed for the HFR geometry 
will Involve the same error as the corresponding calculation for FOEHN. 

6.1 Reactivity 

6.1.1 The Reactivity of the Reaotor without Beam Holes and without Solii 
Boron 

As shown In Seotion 5*1, the calculation overestimates the reactivity of 
the reaotor without solid boron and without beam holes by about 600 pom. 
The excess reactivity, that was calculated for the High Flux Reactor, will 
accordingly involve the same error. 

6.1.2 The Reaotivity of the Control Rod 

Compared with the measurement by the stable period method, tbe calculation 
overestimates the effect of the oontrol rod by 4.5). The control rod of 
the High Flux Reaotor must therefore be designed so tbat the calculation 
will yield a 4.5) higher reactivity than is necessary in reality. 

6.1.3 The Reactivity of the Solid Boron Zones 

The boron 10 loading of the solid boron zones used in FOEHN was 1*5167 x 
10~4 A/cm3, if the boron is homogenized in the entire zone, or 8*34 g B-10 
overall. The loading of the 0*1 cm thick borated Al plates, of which the 
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boron zones were constructed, was 0.94 x 10~3 p/em2. Tbe reactivity of tbe 
boron zones is overestimated by tbe calculation by about 8JI. In order to 
keep the absolute amount of this error small in the HFR, the boron 
concentration should be selected to be as low as possible. Under the 
assumption that the calculated error is proportional to the boron concen-
tration, we obtain for 1.0 x 10"1* B-10 A/om^ an error of 5-39 and a 
reaotivity of - 4000 pom for tbe control rod position H = 50 om. The lack 
of reactivity would have to be canceled out by increasing the reactivity of 
the control rod. 

6.1.4 Tbe Beactivity of the Experimental Equipment 

In comparison with the beam hole dummies used in FOEHN, the beam holes and 
experimental equipment of the High Flux Reactor (see Figure 6.2) differ in 
the following points (all values apply to the control rod position H s 50 
cm): 

The HFR channels are slightly tapered, have a wall thickness of 0.4 cm 
and are sealed off at the end by a semi-spherical shell having a wall 
thickness of 0.2 cm. The measured reaotivity of the channel dummies 
without hot and cold sources is obtained according to 5*3.2 and 5>3>3 
as -2000 pom, of which 950 pcm is caused by the aluminum. If the 
channel wall thickness is doubled, it follows that Ap (channels) s 
-2950 pcm. 
The hot source will not have any cladding tube in the HFR, but the 
cavity required for Insulation will be increased from 14 to 21 liters, 
so that its reactivity will amount to -790 pcm (see 5.3-3). 
Tho cold source planned for the HFR will oontain about 33 x 10^ om^ 
more void and 7 x 103 cm3 more aluminum than tbe dummy. This results 
in a reaotivity of -500 pcm. 

The hemispherical channel noses having a wall strength of 0.2 cm yield 
a positive contribution of +50 pcm over flat disks having a thickness 
of 0.4 cm. 

The modifications of channels H5, H9, V4 and V6 as compared with the 
dummies used in FOEHN yield -400 pom. 

The total reactivity of the experimental equipment in the High Flux Reac-
tor, as shown in Figure 6.2, Is accordingly 
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Ap s -4550 pom, 

if the oontrol rod is in the core midplane. 

6.1.5 The Safety Soda 

The shutdown elements of tbe High Flux Reactor are formed by 5 rods that 
are slightly slanted with respect to the vertioal and that are inserted 
into the reflector from above. Tbe absorber seotion consists of a 80 Ag -
15 In - 5 Cd alloy in the form of a tube having an outside diameter of 10 
om and a wall thickness of 0.4 om. In the inserted state the rods are 
located on the middle radius R = 28.8 cm, and the absorber seotion extends 
to the lower core edge. 

In order to be able to apply the reactivity values measured in FOEHN to 
this safety system, we make the following assumptions: 

Absorption is a surface effect and thus proportional to tbe total rod 
surface; 

the Ag-In-Cd alloy has the same absorption effect as the CC sheet used 
in FOEHN. 

Thus we obtain tbe following values for the High Flux Reactor: 

Five oompletely Inserted rods with the oontrol rod at H = 80 om 

Ap = - 31,800 pcm, 

five oompletely inserted rods with the control rod at H = 17 om 

Ap s - 34,800 pom, 

three oompletely inserted rods grouped on one core side (worst posi-
tion) with the control rod at H s 100 cm 

Ap = - 13,000 pcm, 

a single, completely Inserted rod with the oontrol rod at H = 55 om 

Ap s - 6,100 pom, 

reaotivity of five rods in withdrawn position 40 cm above the upper 
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core edge at tbe end of the oyole, i.e., the solid boron zones are 
largely burned up, with the oontrol rod at H = 70 cm 

Ap = - 230 pom. 

The curve "without solid boron" in Figure 5.5*3 can be used directly as the 
reactivity characteristic of the safety rods of the High Flux Reactor at 
the beginning of the cycle at the start of their travel in the event of a 
scram. 

Tha reactivities given apply naturally only in the sense of the definition 
given Section 5*5, i.e., as equivalence values for boron dissolved in 
the core. No calculations of the safety system of the High Flux Reactor 
were carried out in conjunction with this research, but it was shown that 
the equivalent absorber method also achieves good results in the present 
case for complicated rod positions. 

6.2 The Flux Distribution 

The distribution of the thermal, epitheraal and fast neutron flux can be 
calculated easily for the unperturbed refleotor using the methods given. 
For the thermal fluxes on the beam hole noses, the values given in Table 
5 . 3 . 3 can be directly applied to the High Flux Reactor. The flux-power 
calibration of tbe reactor instrumentation Ft low power can be based par-
ticularly on the flux value measured on beam hole No. 17 (VI In the High 
Flux Reactor). 

6.3 The Power Distribution 

Tbe calculated power in the "hot thread of stream" agrees with the measure-
ments to within + 1?. Due to the presence of experimental equipment in the 
reflector, particularly the hot source, the power distribution bulges in 
the azimuthal direction so that the power in the "hot thread of stream" is 
2% above the expected value (see Figures 5.3.14 and 5*3.15). 
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6.4 The •Rendement" 

The measured "rendement" (yield) for the reactor without bean holes is 3% 
below the calculated value. For the reactor with "homogenized" beam holes, 
the calculation overestimates the "rendement" by 6.59* The "rendement," 
when referred to the individual beam hole noses, corresponds to the flux 
values lu Table 5*3«3. 
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Fig. 6.1 Longitudinal section through the reactor unit of the Franco-
German High Flux Reactor for comparison with Fig. 2.1. A = core, 
B : control rod, C = one of the five safety rods, D = horizontal 
standard beam hole, E = slanted beam hole, F = rectangular beam 
hole pointing toward tbe hot source (a G), H a vertical pneumatic 
tube, I a D20 inlet, J a d 2 0 outlet, K s lattice for flow stabi-
lization . 
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Pig. 6.2 Cross section through the refleotor of the High Flux Reactor (of. 
Figure 5*3.1 and Table 5*3.1). H1 - H13 = horizontal beam holes, 
IH1 - IH4 — slanted beam holes, V1 = cold souroe, V2 = hot 
source, V3 = beam boles for conversion electrons, V4 - V6 = 
vertical irradiation devices, S1 - 35 = safety rods (cut in the 
core midplane. 
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S M U R T 

The critical experiment FOEHN for the Franco-German High Flux Reactor was 
carried out from March 4, 1968, to January 31, 1969, in the reactor EOLE in 
the Cadarache Research Center in France. 

FOEHN represented an exact model of the High Flux Reactor with respect to 
neutron physics. The excess reactivity was compensated for using a central 
absorber rod (nickel) and boron 10, which was dissolved in the heavy water 
of the fuel zone. 

The experiments can be divided into five groups. 

A. Measurements on the Reactor without Solid Boron Zones, Beam Hole 
Dummies and Safety Rods 

This phase was used essentially for a comparison between calculation and 
experiment. The calculated ke f f values are a maximum of 600 pcm above the 
measured values, and tbe reactivity of the control rod is overestimated by 
the calculation by 4.39 (or 590 pom). The calculated neutron flux distri-
butions agree well with the measured values (2-39 for the thermal flux, 159 
for the epithermal flux for R a 50 cm and 209 for the fast flux for R = 60 
cm), as does the power distribution in the fuel zone. The ratio of power 
in the hot thread of stream to the mean core power is overestimated by the 
calculation by 0.49. The "rendement* th/power) is overestimated by 
the calculation by 2.29« The gamma flux distribution in the reflector was 
measured by ionization chambers and glass dosimeters and compared with the 
calculation. 

B. Measurements on the Reactor with Solid Boron Zones, without Safety Rods 
and Beam Hole Dummies 

In this phase the reactivity of the solid boron zones (zones that contain 
the burnup poison of the High Flux Reactor) and its effect on the reactor 
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were investigated. The reaotivity of the solid boron zones is 
overostimated by the calculation by about 8? (or on the average 360 pcm). 
The effect on the reaotivity of the control rod and on the flux and power 
distribution is reproduced well by the calculation (error as in A). The 
measured neutron density distribution in the solid boron zones agreed with 
the calculation with a deviation of + I?. 

C. Measurements on the Reactor with Solid Boron Zones and Beam Hole 
Dummies, But Without Safety Rods 

The beam holes and experimental equipment that were installed in the re-
flector of the High Flux Reactor were simulated in FOEHN by dummies such 
that the test results can be applied to the real geometry of the High Flux 
Reactor. 

The reactivity of the totality of beam hole dummies was obtained as -3300 + 
160 pcm for a control rod position of H s 50 cm. The calculation, based on 
a simple homogenization model and disregarding the "streaming effect," 
yields -2380 pom. 

In addition, the reaotivity of a few typical dummies was measured (hot and 
cold souroe, thermal neutron conductor) and also the effect of changes in 
the configuration of the dummies (switohing of individual beam holes, 
moving beam holes closer to the oore). The thermal neutron flux was 
measured on all beam hole noses and in tbe cold and hot source as well as 
on many points in the reflector, so that an azimuthally averaged flux 
distribution could be determined. The "rendement" was determined for this 
mean distribution. At r s 2.3 x 107 n/(cm2sec W) it is 6? lower than tbe 
calculated value. 

D. The Safety Rods 

The safety rods of the High Flux Reactor were simulated by 6 tubes made of 
Cd sheet. Their reactivity was determined for numerous radial and axial 
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positions. A caloulation method was developed that makes it possible to 
calculate a reactor of the present time with safety rods with practically 
the same accuracy as a reactor without rods. 

G. Special Effects 

In this test phase the following effects were investigated: 

reactivity and flux perturbation of beam holes of different 
geometries, 
the temperature coefficient of the reactor, 
the void coefficient in the core, 
the aluminum coefficient in the reflector, 
the effect of the position of source and detector on tbe counting 
rate during startup of the subcritioal reactor, 
tbe prompt life and the S v a l u e . 

In a final chapter the application of tbe results of FOEHN to the design of 
the High Flux Reactor was examined. 
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