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Abstract

It is worthwhile, when building power reactors, to have excess reactivity in order
to increase rating by fitting closely together the heat sources and the cooling possi-
bilities. The power per unit volume of a graphite reactor can then be increased, given
the power of the most heavily loaded channel.

The solutions adopted for G.1, G.2, and E.D.F.1 are described here, and also tbo
improvements based on the actual neutron flux flattening, the introduction of sev-
eral zones for the coolant, the variation of uranium rod and coolant channel diameters
according to their location, and finally the change in lattice pitch. The perturbation
ot neutron flux due to variation of mean absorption in the lattice is also discussed.

Power density is not uniform ii» a reactor.
It usually reaches its peak in the core center
region, where the fuel elements will thus be
submitted to the most severe conditions. A
large over-all power and a good efficiency
will be reached by obtaining conditions close
to those in the center in the largest possible
volume of the reactor.

We propose to survey this problem con-
sidering the case of natural uranium, gra-
phite-moderated, gas-cooled reactors. This
type of reactor requires a particularly com-
plex study, since on one hand the available
reactivity margin is quite limited and on the
other hand satisfactory thennodynamic per-
formances are only obtained by carefully
adjusting the cooling of each channel to the
power there produced.

First, we assume that the lattice pitch is
uniform and that all channels are identical
and contain similar fuel elements. The neu-
tron flux will vary as /.(2.4r//J)iand the ra-
tio between the average power P of a given
channel and the maximum power PM (that of
the central channel) is P/PM = 0.43 for a
bare reactor. In the case of a large reactor
with a reflector like that of 6.1 (100 tons of
uranium) this ratio is 0.53.

This ratio may be increased if excess re-
activity is available. More precisely, let
K. be the radial material buckling to which
corresponds an extrapolated critical radius
smaller than.R. By lessening reactivity at
certain given points, we will obtain a reactor
which is just critical with a buckling
*(r) <Ko- It has been shown that to have the
maximum value of P/P* one must have

K(r)=Q for 0<r<Rx;

«(r)=jto for r>Ru

Thus the flux will be constant for r<Rx.

The radius Rx of the flattened region de-
pends on the available excess reactivity.
Table 1 shows—for a bare reactor—the re-
lation* between excess reactivity Afc and the
ratios Rx/R and P/PM It is to be noted that
beyond a certain value an important excess
reactivity is necessary to increase the ratio
P/P*.

The flattening process which has just been
described will be used in the G.2 and G.3
reactors. An excess reactivity of 1.5 to 2%

•We have used the one-group theory which is correct
for the flux distribution in the core provided the
mean absorption does not vary too fast from one
region to another.
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Table 1

Flattening versus Reactivity

àà

PIP*

R,IR

0

0.43

0

1000

0.53

0.335

1500

0.58

0.395

2000

0.625

0.44

2500

0.65

0.47

will permit loading part of the central region
with thorium so as to obtain a radial buckling
equal to 0. Considering the presence of the
reflector, one would obtain with 1.7% excess
reactivity, P/Pu = 0.79.

The G.I reactor also has a great excess
reactivity, and it has been planned to load
it with thorium. But the reactor design al-
lowed for a transverse gap so as to feed the
fresh gas into the reactor center, which is
certainly an advantage from the thermody-
namic standpoint. That gap, on the other
hand, allows for a larger gas flow into the
central channels than into the outer ones.

In the case of a reactor designed in such a
way, the advantage of a neutron flux flatten-
ing was very small, and we have limited our-
selves, so far, to adjusting the air flow in
each channel with a throttle. Thus, now the
thorium repartition is uniform in the reactor.

There are other processes—built into the
reactor—permitting an adjusted distribution
of the gas into the different channels. Thus
the Calder Hall reactors are divided into three
zones, each having a different channel diam-
eter. This has made impossible the neu-
tron flux flattening by use of the excess re-
activ'ty noticed after start-up.

II.

Let us go back to the G.2 reactor (Figure
1). The neutron flux, flattened to the utmost,
is still far from being uniform. The gas
flow in the outer channels must be adjusted
by throttling, which increases the pressure
drop. For this reason we tried to obtain for
each channel a still more even power density
curve than for the neutron flux itself, by in-
creasing the maximum section in the outer
channels. The optimization calculation has
to take into account the details of the reactor
thermodynamic parameters (channel diam-
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Figure 1. Flux and power distribution in G.2

eters, fin shapes, blower characteristics,
etc.), and we will limit ourselves here to our
conclusions.

The study has proved that, considering the
flattened zone, it was sufficient to have two
different uranium diameters, a third one
presenting no valuable advantage (see
Table 2

Radius

9> Uranium

% Volume

Table ï

Flattened

0 to
2.08 m

28 mm

28%

*

flux

2.08 to
3.23 m

28 mm

37%

3.23 to
3.91 m

31 mm

35%

The loading with 2 different types of fuel
elements results in the following improve-
ments:

1) A relative increase of 4% in the total
thermal power (the pressure drops due to
throttling are reduced).

2) An additional increase of 2% in the
conversion ratio which results in a 6% in-
crease in plutonium production.

3) A slight increase in efficiency due to
the fact that the additional heat is used to
increase the temperature of the gas of the
outer zone used for superheating.

On the other hand, the uranium load in-
crease is of 8%, which is to be considered not
as a burn-up but as an investment
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We must make cle*»r that, for the above
estimation, we had to take into account the
harmful effect caused by the local depression
of the neutron flux in the region of the large
diameter fuel elements. This effect is noticed
in a two-group calculation and is due to the
higher average capture of the lattice in the
external zone (see below).

III. THE E.D.F.1 STATION DESIGN:
GAIN DUE TO A STUFFED REGION

A.
Rather than introducing absorbers (thor-

ium), an improved means of flattening the
neutron flux consists in overloading the re-
actor with uranium (stuffing) so as to reduce
sufficiently the buckling of the corresponding
region. Thus the increase in reactor output
is the sum of the various increases due to 1)
the above-mentioned flattening, 2) the in-
creased uranium load, and 3) the improved
F/Pu ratio, since the additional uranium
with which the pile is stuffed is located in
the central region and works under optimum
conditions.

The stuffing of the central region cannot
be obtained by increasing the uranium sec-
tion, since one is limited by the maximum
power to be produced in one channel; it is
thus necessary to reduce the lattice pitch so
as to increase the ratio of the uranium and
graphite volumes. The reactor now has
two regions with two different pitches.

In the case of the E.D.F.1 project the pitch
ratio is 8/7, which means & load increase of
(8/7)2 —1 = 30<£ in the central region.

B. Local thermal flux disturbance due to
stuffing—flux curves

When passing from the central stuffed
zone (region 1) tc the outer zone (region 2)
where the average capture is definitely lower,
the thermal neutron flux undergoes over a
small distance an important increase. The
flux ratio in the two regions is nearly equal
to fe/ti «L2

2/Z/,2 ~Mi2/M2* where L2 and
Af2 are the diffusion and migration areas.
The phenomenon is similar to that observed
near the reflector.

Calculations have to be carried out in two-
group theory, so that it is essential to use an
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Figure 2. Flux distribution for a stuffed reactor
{E.D.F.1 type), case A

electronic computer, particularly when re-
gion 2 is maJo up of different channels. A
new method of calculation has been derived
by Bâcher and Parker, and a few typical

" - « « ^ F f c S T FLUX

THERMAL FLUX \

•—STUFFED REGION —

URNWJM TUBES
14 «35mm

PITCH I K m m

URANIUM TUBES
14133 mm

PITCH

URANIUM \
RODS \

3 2 MM

224mm

u

177 310 413 475

r. c *

Figure 3. Flux distribution for a stuffed reactor
(E.D.F.1 type), case B
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curves have been chosen from their systema-
tic study (Figures 2 to 6).

The flux presents 2 maxima, the first in
the center, the second at the inner boundary
of region 2. The tendencj' of course is to
even up these 2 maxima (Figure 3).

In region 2, the ratio Vv/Vm of the urani-
um and moderator volumes is nearly the ra-
tio giving the maximum buckling. A varia-
tion of this ratio will only slightly change the
buckling, whereas it will be very sensitive in
region 1. If the pitches in the two regions
are given, and the uranium section is taken
as parameter, the buckling will vary rapidly
in the central region, with a marked effect on
the flux distribution (Figures 2 to 4).

POWER
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196 mm

FLUX ^ " " N .
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10 19

Figure 5. Power increase in a stuffed reactor
(E.D.F.1 type), case B (P vs r1); P/P, = 0.787
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Figure 4. Flux distribution for a stuffed reactor
(E.D.F.1 type), case C

To indicate the increase in output, the flux
has been represented as a function of r* on
Figure 5.

Figure 6 examines the case when the cen-
tral region is slightly enriched so as to make
up for an eventual reactivity shortage: the
flux curve is hardly altered.

C. A few problems resulting from stuffing

Flattening through stuffing is definitely
more efficient than flattening with a poison.
The flux is slightly less uniform in the cen-
tral region, but the high flux region extends
in the outer region. In the case of Figure 3

FAST FLUX

THERMAL FLUX

—STUFFED REOON—

URANIUM TUBES
141» M

PITCH I M l *

URANIUM TUBES
!4>3Sa

PITCH 224 • •

177 419 47S

r, tm

Figure 6. Flux distribution in a staffed reactor
with low enrichment in the stuffed region

(E.D.F.1 type)
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Reactor

Excess reactivity

Flattening

Stuffing

Flux, tpltfu

Power, P/PM

G.I

3.5%

no

no

0.53

0.53

Flattening

G.2 (2 regions)

1.7%

yes

no

0.8

0.8

Table 3

and Stuffing of French Reactor»

G.2 (3 regions)

1.7%

yes

yes—in outer region (1 14) ye

0.79

0.83

E.D.F.1

1%

yes

s—in central region (1.35)

0.75

0.79

one has P/PM = 0.77 and the cost in reac-
tivity is only 5 >̂  10-\ while an equivalent
flattening with poison would require twice as
much reactivity. In other words, while in
the flattening with poison the radial buckling
of the central region must be equal to zero, it
is quite positive in the case of stuffing.

In Figure 3 the radial buckling is 0.15 nr2

in the central region compared to 0.33 nr*
in the outer region.

Another advantage of stuffing is that the
central region—with a high statistical weight
—has an excellent conversion ratio. Reactiv-
ity improvement during the reactor life
is marked, and if enriched uranium is neces-
sary to improve the reactivity balance at the
start, the need for such additional fuel is not
likely to last if use is made in the long run
of the favorable reactivity evolution and if
the fuel load is renewed but partially.

A possible point against stuffing is a cer-
tain lack of flexibility. In the case of flatten-
ing through poison, one may wait until start-
up experiments have supplied sufficient in-
formation, and then decide at the last mo-
ment which channels are to be loaded with
thorium, for instance. In the long run if
reactivity and the flux curves vary, the
thorium distribution may be altered. In the
case of stuffing, the uncertainty concerning
the central buckling is greater, since one is
rather far from the maximum ; moreover the
study concerning the changes of flux dis-
tribution with burn-up has not yet been com-
pleted. We notice, however, that if, in the
central region, the buckling is greater than
desired, it can be reduced by r few absorbing

rods ; if it is too small it can be increased by
removal of a few uranium rods.

In the above design, the two regions were
built with different pitches. A valuable im-
provement may be suggested, which will
probably be used in our future reactors. Both
regions would have the same close channel
spacing, only part of the outer channels being
filled with uranium, while the lattice would
be completely filled up in the center (Figure
7). The empty channels being filled with
graphite rods, nothing prevents one from
changing—after tests—the boundary of the
stuffed region, or even the stuffing intensity.
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However, it is to be desired that the outer
partly empty lattice be made up of regularly
and identically shaped cells so that the sur-
rounding uranium channels may work in the
same conditions.

IV. Systematic study of a stuffed reactor

Let us study now how one may find the
maximum power of a reactor with given di-
mensions (radius R) and maximum specific
power by using simultaneously the limited
available reactivity for a variable stuffing
in the different regions and for an eventual
additional flattening obtained by the intro-
duction of an absorbing material in the cen-
tral îogion (radius Ri). After a few simpli-
fications, the curves obtained are those on
Figure 8, which indicate the power increase
versus R\/R.

The BCD curve concerns a uniform lattice,
eventually stuffed in its whole volume (part
BC), and whose central region is flattened by
poison. The BCD' curve corresponds to a
poison-free reactor with denser stuffing in
the central than in the outer region (part
BC). The AB segment corresponds to a sim-
ple-region reactor: uniform poisoning at
point A (G. 1 type) ; uniform stuffing at point
B. r2 corresponds to point C: no stuffing
but flattening in the center. E.D.F.l is rep-
resented by point C: nothing but stuffing,
and that only in the central region.

It is to be noted that one may profit by
slightly stuffing the outer region. It is pos-
sible to obtain a further increase of power by
shifting part of the reactivity expenditure
from the central to the outer region.

CONCLUSION

In natural uranium, graphite-moderated,
gas-cooled power reactors, and even in many
other types of reactors, flattening is a neces-
sity. The use of stuffing seems to be particu-
larly interesting and should permit obtaining
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valuer somewhere about 0.8 for the / u
ratio. When the range of both the neutronic
and thermodynamic performances of the dif-
ferent channels has been narrowed, one
should examine the feasibility of a longitu-
dinal flattening, since, for the larger reactors
considered above, the ratio of the average to
the maximum flux in a given channel is less
than 0.7. But the longitudinal flattening en-
counters some practical difficulties, such as
the possibility of moving the fuel elements in
a channel so as to permit their homogeneous
irradiation.

However, valuable results may ba expected
from the flexibility given by fuel elements
contained in movable graphite sheaths.



Discussion of Session II Papers

The first paper was presented by G. R.
Hennig.

The second paper was presented by C. O.
Muehlhause.

It was suggested that one way of avoiding
uncertainties due to lack of knowledge of
A(r might be to do capture y-ray measure-
ments. These might be difficult because of
scattered pile y-rays.

It was pointed out that hydrogen in the
graphite might account for about 0.2 mb.

French measurements were reported by
Koechlin as follows :

I only want to say a few words about the
present French position with respect to the
graphite capture cross section.

Before carrying out diffusion experiments
on G.I reactor graphite, we had estimated the
thermal capture cross section <rOi of this
graphite by means of pile oscillator measure-
ments. The French standard (<r8r) used for
these measurements was twice compared
with the British standard from Harwell, this
last one having been estimated by comparison
with the old Argonne standard (5.00 mg).
These two comparisons gave <r«r = 4.60 ±
0.10 mb and v«r = 4.70 ± 0.07 mb, or o8T =
4.65 ± 0.06 mb average (for v. == 2200 m/
sec, and nitrogen capture included).

The pile oscillator measurements led to
VST — «roi = 0.55 ± 0.05 mb, corresponding
to a difference of 0.66 ± 0.06 ppm boron, tak-
ing 750 b as the capture cross section of
boron at 2200 nn/aec. The error does not
take into account the uncertainty in this
boron cross section or the boron content of
the standard. We therefore obtained
a«i = 4.10 ± 0.08 mb.

Later on we performed measurements on
the transport mean free path and the dif-
fusion length of G.I graphite. We found
L = 53.0 ± 0.4 cm (density = 1.60 g/cm»),

\tr — 2.55 JZ 0.09 cm. Recently Beckurts
(from Germany) found klr = 2.58 ± 0.02
cm, also for d = 1.60 g/cm3; the two values
agree very well. Then we deduced

= 4.30 ± 0.10 mb

using L = 53.0 ± 0.4, A,r = 2.58 ± 0.02 (N
= atoms/cm3).

Comparing these two values of <rGU it seems
that our standard value deduced from Har-
well and Argonne standards should be raised
from 4.65 to 4.85 mb. This fact is moreover
confirmed by a recent measurement on a
sample from the National Carbon Company
with our pile oscillator.

The American value given was 4.05 mb
and we found 3.80 by comparison with our
standard ; this is another reason for raising
our standard value up to 4.85 to 4.90 mb.

Therefore we would like to know 1)
whether the Argonne standard value (5.0
mb) is still valid, 2) the way this value 4.05
was obtained, and 3) in a general manner,
the American conception about graphite
thermal capture standardisation.

It was pointed out that these French
measurements led to <rc = 3.5 or 3.6 mb when
<m2 (0.6 to 0.7 mb) is subtracted. A spread
in a of ««0.3 mb results from the variation
in G.I graphite quality ; measurements were
done only on the best G.I graphite.

Hennig suggested that a new absolute de-
termination of vc12 might be preferable to
continued restandardization.

Hanford measurements on 1DIH graphite
were reported as follows by Richey :

The old measurements at Hanford, recal-
culated, gave L = 55.0 cm. This value com-
bined with <r(r from BNL 325 resulted in a =
4.01 ± 0.08. Using a better <r*r based on
French and Russian measurements, a = 3.65

29
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± 0.08 (corrected to density = 1.60). The wanted was a flat power distribution; for
new measurements gave L = 54.0 em and "longitudinal flattening" one should worry
» = 4.5 mb (which should be corrected for about the longitudinal variation of the dad-
<nt ~0.26 mb). ding temperature. Therefore the flattening

T k - tut** M _ . . . ^mmmmimA k v I should aim for constant maximum cladding
The third paper waa preaeated by J. xenvenXxu*. Bussae replied that it was even

more complicated, since the channel diameter
Bernot pointed out that what was really might vary along the length of the channel.
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