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DESIGNING CNR, A VERY HIGH THERMAL NEUTRON FLUX FACILITY

Felix C. Difilippo
Oak Ridge National Laboratory, Oak Ridge, TN 37831, U.S.A.

ABSTRACT

According to a recent study (Eastman-Seitz Committee, National Academy of Science) there is
a need for a new generation of steady neutron sources with a thermal neutron flux peak between 5
to 10 times 1015/cm2 sec. Ideally the neutron source would have to operate continuously for
several days (two weeks at least) with minimum time (2-3 days) for refueling and/or maintenance
and it would also be used to irradiate materials and produce isotopes. This paper describes the
preliminary design of the nuclear reactor for the proposed Center for Neutron Research (CNR). A
duplication of existing designs (HFIR, (ORNL), ILL (Grenoble, France)) would imply high total
power and small core life; the necessity of higher efficiencies (in terms of peak-flux-per-unit source
or power) then becomes apparent. We have found analytical expressions for the efficiency in terms
of a few parameters such as the volume of the source and the Fermi age and diffusion length of
thermal neutrons in both the source and reflector regions. A single analytical expression can then
be used for scoping the design and to intercompare radically different designs. Higher efficiencies
can be achieved by reducing the volume and the moderation of a core immersed in a very low
absorbing reflector; on the contrary a very long core life has a negative effect on the efficiency at
beginning of life. Consequently, and after detailed calculations, we have found a candidate design
with the following characteristics: core, U3SJ2, 93% enriched, 18.1-kg 235U, metal fraction 50%, Al
cladding, and 35-L volume; reflector and moderator, D20; efficiency at end of life (EOL) with
respect to the ILL reactor, 1.29; flux at EOL, 10 x 10I5/cm2 sec (power in core 270. MW); core
life, 14 days; burnup 28.4%.

INTRODUCTION AND STATEMENT OF THE PROBLEM

The Eastman-Seitz Committee1 of the National Academy of Science concluded there is a need to
build a high intense steady neutron source for scattering experiments. The thermal neutron flux peak
should be between 5 to 10 times 1015/cm2sec, located in an easily accessible region and be broad enough
to allow the positioning of several beam tube mouths. The facility should operate continuously at least for
two weeks with a minimum period of time for refueling and/or maintenance. Ideally the facility should
also be used to produce isotopes and irradiate materials. Presently there are two major facilities in
operation: the High Flux Isotope Reactor (HFIR) in the Oak Ridge National Laboratory and the ILL
reactor in the Institute Laue-Langevin (Grenoble, France).



TABLE I

Performance of Existing High-Flux Reactors

Operating
Reactor Power (Mw) Core life (days) Pg (Mw) Core life* (days)

HFIR 100. 23. 410. 5.6
ILL 53. 44. 349. 6.7

"Power to produce flux peak equal to 1016/cm2sec at EOL
*Core life at power P.

Table I summarizes the performance of both reactors as well as the power requirement to produce a
peak flux of 10I6/cm2sec at end of life (EOL). The efficiency of the ILL reactor is considerably higher
than the efficiency of the HFIR but it is not high enough to fulfill the requirements for the source of neu-
trons for the proposed Center for Neutron Research (CNR). A duplication of existing designs would
imply high total power requirements and consequently short core lifes; thus higher efficiencies are neces-
sary. The next section describes how to parameterize the efficiency in terms of a few global parameters.

PARAMETERIZATION OF THE DESIGN

Our facility can be described ideally as a two-region system. The neutrons are produced in the core
and the beam tubes are in the reflector surrounding the core; the core region can be either the core of a
fission reactor or the target of a spallation source. The efficiency e is defined as the ratio of thfc peak flux
to the number of neutrons produced per unit time. The efficiency has dimension of inverse square dis-
tance, and it is a convenient way to compare different design irrespective of the physical process that pro-
duces the neutrons. The calculation of e involves three steps. Step one consists in the calculation of the
two-region diffusion kernel for a shell source located at r'\ i.e. the solution of the Green's function,

V G j + S ( r r ) 0 .

where L and D take values Lc, Dc in the core and Lr ,Dr in the reflector. Step two consists in the calcula-
tion of the slowing-down density (S); for this purpose we have used a Fermi-age theory approach and the
assumption of a flat source in the core. Step three consists in the convolution of G and 5", i.e. the calcula-
tion of

00 (2)
<t> = / G(r,r')4wrl2S{r')dr'

o
The efficiency can then be parameterized as a function of the following seven parameters: Vc, the volume
of the core; Dc, Lc, TC, Dr, Lr and rt, the diffusion constant, diffusion length and Fermi age of thermal
neutrons in the core and in the reflector. Note that this approach dess not address the critical condition
for the case of a fission source, in this case there is a constraint that relates the seven parameters.



The analytical model was tested against detailed numerical models of radically different designs. The
results, summarized in Table II, shows that the analytical model gives a good estimation ot the efficiency.
The next section describes how it was used in order to select the neutron source for the CNR.

TABLE II

Test of the Analytical Model

System Numerical model Analytical model
(difference)

1. High moderation/high
absorption in reflector
typical university research
reactor 50 L core, 50%
metal fraction (xm), H2O
as moderator (Mod) and reflector (Ref).

2. High moderation/low absorption
in reflector. Example: HFIR 50 L
core, xm = 50%, Mod: H20, Ref: Be.

3. Medium moderation/low absorption
in reflector. Example ILL/CNR,
30L core, xm = 50%, Mod/Ref: D20.

4. Very low moderation/low
absorption in reflector. Example
spallation source, 20 MeV neutrons.
5L Pb target, D20 Ref.

6G diffusion theory
i = 3.13/m2

6G diffusion theory
6 = 5.47/m2

6G diffusion theory
t = 7.19/m2

35G transport theory
t = 32.1/m2

€ == 3.04/m2 (-2.9%)

- 7.42/m2( + 3.2%)

33.6/m2(+4.7%)

SELECTION OF THE SOURCE

The selection of the source consists in the specification of at least the following items: type and dimen-
sion of the reflector, the physical process that produces the neutrons, the degree of moderation inside the
core, the volume of the core and, in the case of a fission source, the control mechanism. Figure 1 shows
the efficiency as a function of the diffusion length in the reflector. Both Be and D20 are good alternatives
for the optimum reflector, but D20 was chosen because of a wider thermal flux peak and an easier way to
locate the beam tubes.



The efficiencies and the energy release per produced neutron were used in Fig. 2 to compare the per-
formance of spallation and fission sources. Spallation sources produce higher flux peak per unit power
because they are smaller and because more neutrons (~20) are produced in a spallation reaction than in
a fission reaction. Nevertheless as was discussed in reference 2 it is not obvious yet how to build and
operate economically a 25-mA 1-Gev-proton accelerator. Thus reliability more than efficiency indicates
that a reactor rather than a spallation source is more desirable for CNR. Figure 2 also shows a penalty
of ~30 Mw for using a finite reflector.

Figure 3 shows the efficiency as function of the core volume and the degree of moderation inside the
core; for a 30-liter core with TC = 357 cm2 about 93% of the neutrons produced in the core reach thermal
energies in the reflector, bnder these conditions the escape of fast neutrons from the core is so high that
further reduction of the moderation would produce only a marginal increase of the efficiency. We con-
clude then that D20 is a reasonable choice for the moderator/coolant.

The numerical model described in the next section was used to calculate the P,p locus corresponding to
a thermal flux peak of 1016/cm2sec (P total power, p power density). The results are shown in Fig. 4 for
a critical system and a system with excess fuel to operate for a few days. The vertical asymptotic line in
Fig. 4 corresponds to the scaling (50 Mw) of a point source of fission neutrons obtained with the analyti-
cal model. The continuous lines in Fig. 4 correspond to the correlation

^ a P»P» (3)
0 = ~

where Rc is the radius of the core and 5 and a are fitting constants for each type of loading. Equation
(3) has a pole in the p, P plane at P = 2.598 4>8/a. The correlation connects in a consistent way both
the numerical and the analytical models. Figure 4 shows that about 200 Mw can be saved if we can
increase the average power density from 2 Mw/L (present HFIR) to 8 Mw/L; the pole at 50 Mw reduces
the sensitivity of P with respect to p for core volumes smaller than 30 L.

The integration of Eq. (2) between 0 and Rc gives the contribution of the neutrons moderated in the
core to the peak flux in the reflector. The results are shown in Fig. 5 as a function of core volume and
diffusion length; for cesigns with core volumes and diffusion length around, respectively, 35 L and 4 cm,
the contribution is negligible indicating that changes in the absorption inside the core produced, for exam-
ple, by control-rod movements have small effects on the flux peak.

DETAILED CALCULATIONS

Multigroup, two-dimensional diffusion theory calculations of possible engineering designs based on the
previous considerations were performed using the BOLD-VENTURE3 code system; the calculations
included burnup and control-rod movements. A companion paper4 includes details of the numerical
model, as well as discussions related to thermal-hydraulic constraints and the realization and future use of
the facility. The combination of a very low absorbing reflector and a very small volume and heavy loaded
core produces high values for the peak power density (about a factor of 4 relative to the average) for uni-
form fuel distributions. Axial and radial fuel grading are then necessary in order to keep the relative
power distribution within reasonable limits as a function of burnup. The grading was obtained by itera-
tion of the equation.



r = r-£— rd\ ( 4 )

^ + ! %,(o) x*l>

where C is the fuel concentration at beginning of life (BOL) at a given point, j is the iteration number, p
'is the average power density, and p(0) is the power density at BOL. Parameter Xj(t) optimizes the power
distribution at time / during the burnup cycle and is given by

p/0) _ Pj(0)
Xj{t) _ _ _ + at pj _ _ 1 -

P,(O
(5)

where pj = 0,5 [ py(0) + p,-(t)] and a = 3. 18 x 106/ barn cm Mwd. The grading used in the design
summarized in Table III is a compromise between the optimization of the power distribution at BOL and
EOL; the shapes of the fuel and flux distributions can be seen in Figs. 6 and 9 of reference 4.

TABLE III

Preliminary Design for the CNR Reactor

Core: U3Si2, 93% enriched, 18.1-Kg 235U, axial and radial grading (maximum 3.9-g U/cm3 "meat"),
metal fraction 50%, Al cladding, two-annulus 500-cm2 flow area, 35-cm active length, 35-L active volume.

Moderator/Coolant: D2O
Reflector: D20, 100 cm thick axially and radially
Peak/Average power density ratio: 1.60 (BOL), 1.26 (MOL), 1.45 (EOL)
Core life and burnup: 14 days, 28.4% (at 270 Mw in core)
Thermal neutron flux peak in reflector: 1016/cm2sec (at EOL and 270 Mw).
Efficiency relative to ILL reactor (EOL): 1.29

CONCLUSIONS

To produce unprecedented thermal neutron fluxes at a reasonable power level it is necessary to
increase the leakage of fast neutron into a very low absorbing reflector. Thus, the core must be small in
volume and very undermoderated; consequently power density rather than total power is of paramount
importance. The high peak power density that would appear under these conditions was controlled by
two-dimensional fuel grading and a constrained iterative optimization process during the burnup cycle.

In order to optimize the overall design we have derived an analytical expression that allows efficiencies
intercomparison between radically different designs (like spoliation and fission sources). Using this
expression together with engineering constraints indicates that the proposed CNR reactor design is near
optimum efficiency.
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Fig. 1. Efficiency as function of the diffusion length. The scattering and moderating pro-
perties are kept constant along curves 1 and 2.
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Fig. 2. Total power and power density combinations that produce a steady thermal neu-
tron flux peak of 10I6/cmrsec (L stands for liters).
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Fig. 4. P, p combinations that produce a thermal neutron flux peak of 1016/cm2 sec.
Core (like ILL reactor): 42% metal sphere, 93% enriched, Al clad. Moderator: D20.
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Fig. 5. Contribution to the thermal neutron-flux peak in the reflector of the neutrons
moderated in the core as a function of volume and diffusion length of the core.


