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Abstract — The determination of the reactivity coefficients associated with coolant voiding
in a CANDU reactor is a subject which has attracted a large amount of interest in the last few
years both from the theoretical and experimental point of view. One expects that deterministic
codes such as DRAGON and WIMS-AECL or the MCNP4 Monte Carlo code should be able
to adequately simulate the cell behaviour upon coolant voiding. However, the absence of
an experimental database at equilibrium and discharge burnups has not permitted the full
validation of any of these lattice codes, although a partial validation through comparison of
two different computer codes has been considered. Here we present a comparison between
DRAGON and MCNP4 of the void reactivity evaiuation for fresh fuel.

I. INTRODUCTION

The effect of coolant voiding in a CANDU reactor is of prime importance from the point of view of nuclear
safety because it may lead to an increase in the reactivity of the core. It is therefore important to have a
precise assessment of the void reactivity coefficient both in the case of new and equilibrium burnup fuels.

From the experimental point of view, it is impossible to extract the leakage component of the measured
void reactivity coefficient, and experiments for fuel at equilibrium burnup do not exist. More advanced
experimental techniques are currently being investigated and should lead to an improved experimental
database.!1- 2, 3]

Similarly, void reactivity coefficients computed using the codes WIMS-AECL^ and MCNP4'5] and
published in the literature are open to question because the predictions from both codes differ for some
extremely leaky lattices.t6' 7\ When one tries to identify the reasons for the inconsistencies between
WIMS-AECL and MCNP4 a few probable causes may be identified. First, the leakage model used in
WIMS-AECL may be inadequate to correctly take coolant voiding into account. Secondly, the continuous
energy MCNP4 calculation may be unreliable for the unresolved resonance domain where resonance self-
shielding calculations are required.

It is generally felt that most of the differences observed between the Monte-Carlo code MCNP4 and
the deterministic code WIMS-AECL can be attributed directly to the approximate leakage method used
in the latter code while the self-shielding errors are only marginal. The use of a more sophisticated leakage
model should therefore improve the prediction of the deterministic code. Such a model can be found in
the code DRAGON.^ Accordingly, by comparing the DRAGON and MCNP4 results, one expects that
most of the inconsistency observed at the theoretical level could be resolved.

In this paper we first briefly describe the codes MCNP4 and DRAGON. Then we present the calcula-
tion scheme that was used to evaluate the void reactivity coefficient for a CANDU fuel channel. We will
then compare the results obtained using DRAGON with those generated by MCNP4 and conclude.



II. THE MCNP4 AND THE DRAGON CODES

One argument justifying a comparison between the code DRAGON and MCNP4 lies in their very different
calculation scheme. Because of its Monte-Carlo basis, MCNP4 can be considered to be a numerical
experiment where many neutrons travelling throughout the cell are followed explicitly. On the other
hand, the deterministic code DRAGON is more a simulation tool where the physical processes taking
place inside a cell are modeled approximately. What follows is a brief description of the calculation
possibilities and restrictions which apply to both codes.

II.A. General Description of MCNP4

MCNP4 is a 3-D Monte-Carlo neutron and photon transport code which uses a continuous energy cross-
section library based on ENDF/B-V.t9! It simulates, using a random walk process, the path followed by
a large number of neutrons as they travel throughout the cell in order to obtain the flux distribution,
and the multiplication constant associated with the cell being investigated.

The precision of the results obtained using MCNP4 are essentially controlled by the validity of the
information stored on its cross-section library, the randomness of its pseudo-random number generator,
the adequacy of the biasing scheme, if any is used, and by the number of neutron histories followed.
Since the cross section library and pseudo-random sequence are believed to be reliable, the numerical
uncertainty associated with a specific measurable quantity (tally) in a MCNP4 calculation will be dictated
by the statistical errors resulting from the random walk process. These uncertainties can be evaluated
explicitly. They can also be reduced by increasing the number of neutron histories followed, at the expense
of increasing the CPU calculation time.

Even though MCNP4 looks like an ideal code to analyze the behaviour of the neutrons inside a cell,
it is generally used only for certain types of applications because it lacks some of the capabilities readily
available in most deterministic codes. One example is the impossibility of performing burnup calculations
in MCNP4 because of the absence of an isotopic depletion option in this Monte-Carlo code. Similarly,
MCNP4 does not contain any resonance self-shielding model, which may cause problems in the energy
domain containing unresolved resonances.

II.B. General Description of DRAGON

DRAGON is a 2-D and 3-D collision probability code which can use a Winfrith or an ENDF/B-V
based multigroup cross-section library. Because of its deterministic nature, this code relies on various
approximation schemes which are used to reduce the transport equation to a system of linear equations.

One consequence of using multigroup libraries with DRAGON is that the energy dependence of most
resonant cross-sections is group averaged. In DRAGON, part of the errors resulting from this averaging
process, which takes place during the library generation, can be corrected by applying a resonance self-
shielding technique. This self-shielding technique can be applied consistently to both the resolved and
unresolved energy domain.

The second important approximation considered in DRAGON is the collision probability technique
which is required to discretized the transport equation. It relies on the assumption that the neutron
source inside any given discretized region of the cell is flat. In the cases where a cell of finite extent is
analyzed using an infinite cell model, DRAGON also provides leakage techniques to simulate directional
neutron streaming taking place in the original cell.

Note that some of the approximations mentioned above can substantially restrict the validity of
the code as a means to represent the exact physical process taking place in the cell. As an example,
DRAGON is generally limited to linearly anisotropic scattering cross sections. In some cases, as in the
use of the collision probability technique, the precision of a given flux distribution can be increased by
considering a finer calculation mesh. In other cases, like the self-shielding process, even the validity of
the approximation for any given problem cannot be ascertained.

Both codes therefore have their benefits and disadvantages. DRAGON relies heavily on approximate
models to which no error bounds can be easily associated. MCNP4 often requires such a large number



of neutron histories to achieve the desired precision for various tallies, that it often makes calculations
impractical.

III. SIMULATION OF FINITE 3-D CELL USING AN INFINITE 2-D MODEL

It is currently impossible, using the 3-D capabilities of the code DRAGON, to analyze, in the exact
geometry, a CANDU 37-element fuel channel of finite extent in the axial z-direction. Accordingly, an
equivalent infinite 2-D x-y model for such a cell must be invented. The main problem is to insure that
the neutrons streaming in the axial direction of the 3-D cell are adequately simulated by this 2-D model.
As a first approximation, one could perform the 2-D cell calculation neglecting axial neutron leakage.
However, in codes such as DRAGON, neutron streaming in the direction perpendicular to the 2-D cell
can be approximately simulated using leakage models.

Most leakage model are based on the assumption that the angular flux <J>(r*, Q) inside a cell can be
factorized into a fine structure angular flux and a fundamental mode behaviour. This factorization takes
the form:

4>(r,n) = 4>(?,n,B)ei§r', (1)

where B is the buckling vector. The macroscopic function etB'T represents the global behaviour of the
flux in the cell and is related to neutron leakage. The fine structure function <f>(r, U, B) describes rapid
variations of the angular flux inside the cell. The above expression can be used directly inside the
transport equation and a solution of the form:

</>(f, 0, B) = *.(f, 0, B)-iB- j{r, (I, B), (2)

is considered where <j>,{r, Q, B) and j(f, fi, B) are respectively symmetric and anti-symmetric functions in
n. In order to solve the transport equation resulting from the above factorization, additional simplifying
assumptions are required. Here, we will briefly present two of the most significant sets of assumptions
that are implemented in DRAGON.

First, we will present the homogeneous B\ leakage model where the angular expansion for the diffusion
cross section is limited to first order in spherical harmonics.I10! For a homogeneous cell, the transport
equation is solved explicitly in terms of the space and direction independent flux <f>hom and current Jhom

defined as

= /
Jilt

J

ilt

h o m = \

For a heterogeneous cell, the following iterative scheme is considered. Assuming an initial value for Jhom

and ^hom and an imposed buckling vector B, an additional leakage cross section of the form

can be defined. It is then added to the total cross section and the resulting transport equation is solved for
the heterogeneous flux. Next, the cell is homogenized using the space dependent flux and the homogeneous
transport equation is solved for #hom and Jhom. This two step process is repeated until convergence for
the heterogeneous flux and Jfeeff has been achieved.

Another leakage model implemented in DRAGON is the simplified heterogeneous Bi model.t11' The
functions <f>,(r, Q, B) and j(f, fi, B) are first assumed to be real and independent of B. Then, a truncated
angular expansion to first order in spherical harmonics is used both for <j>,(f*, H) and j(r,Q) and the
diffusion cross section. As a result, the transport equation can be reduced, using the collision probability
technique, to a set of coupled linear equations involving the four angular modes associated with <f>,(f, Cl)



and j(f, Q) namely the flux <f>{r) and the three directional currents Ji(f).'13' 13' These equations are then
solved simultaneously.

Note that one added benefit of using a leakage technique in DRAGON is the possibility of evaluating
multigroup diffusion coefficients. In the case of the homogeneous Bi method, the diffusion coefficient in
each energy group turns out to be direction independent and spatially uniform:

( Thorn

For the heterogeneous Bi model, space dependent directional diffusion coefficients are generated using

The next step is to extract from a 3-D MCNP4 calculation a value for the buckling which is consistent
with the DRAGON model. Since both the MCNP4 3-D and DRAGON 2-D calculations will be performed
assuming no leakage at the cell boundary in the x- and y-directions, we consider the case that Bx =
By = 0. Accordingly the flux distribution associated with this cell will be affected only by leakage in the
axial z-direction.

Assuming that the fundamental mode factorization described above remains valid, the MCNP4 flux
distribution should be observed to satisfy:

*{x,y,z,n) = 4>(x,y,(i)coa{BMz). (6)

The validity of this factorization was tested by evaluating the MCNP derived parameter d(z) :

U(x,y,n)/*(x,y,z,n))
<i{z) = i--A—= V 8 i o n i <7>

)
cell average

which should be identically 0 if Eq. (6) is valid. No significant deviation in &(z) from 0 was observed,
except near the channel end-points where Ct(z) departed from 0 by a maximum of 4%J14J Accordingly, we
will use in DRAGON the buckling obtained from Eq. (6) by fitting the observed MCNP tallies, omitting
contributions from points near the channel ends, as a measure of the axial leakage out of the cell.

Note that, contrary to the DRAGON calculations where the diffusion coefficients can be evaluated
directly after the leakage calculation, the evaluation of diffusion coefficients using MCNP4 requires net
current evaluations.!14' 16' These calculations have also been performed and the MCNP4 axial diffusion
sub-coefficients have been compared with those obtained using DRAGON.'16J

IV. RESULTS

Here, we consider three finite fuel channels, of half-length 300 cm, 125 cm and 60 cm, terminated by a
thick slab of iron and fuelled by 37—element CANDU bundles. Two cases for each fuel bundle are studied
corresponding to a heavy water cooled and to a voided (coolant voided) cell. In order to ensure that
the problem studied using MCNP4 and DRAGON is equivalent, the following calculation scheme was
established.!71 First, a 3-D MCNP4 calculation with 24 Mh (24 x 106 neutron histories) was considered.
From the tally of the flux distribution inside the cell, the axial buckling Bz and kcg are evaluated. The
value of koo for this cell is computed for the same fuel omitting the terminating iron slabJ6' Second,
these calculations are repeated using DRAGON for an equivalent 2—D cell. Here, &«, was computed
assuming that the total buckling vanishes. Then, the flux distribution and fceff were evaluated, using both
the homogeneous and heterogeneous B\ model, assuming B* = 0 but with an imposed axial buckling
Bz deduced from the MCNP4 axial flux distribution.

A summary of the predicted void reactivities is presented in Table 1 for the MCNP4 calculations. The
results from various DRAGON calculations using two different cross-sections libraries can be found in



Table 2 and Table 3 for the homogeneous (B^0™) and the heterogeneous (J3jet) J3i method respectively.
Results for WIMS-AECL will be quoted from Reference [7]. The void reactivity p and the reactivity loss
to axial leakage (for fixed coolant conditions) £ are measured respectively by:

P — ^voided ™cooled

Let us first compare the void reactivity {poo) computed using &«, with that (pca) computed for finite
systems by looking at Ap defined by

A/J = pa, - peff (8)

MCNP4 predicts a value of Ap consistent with zero for long channels (-0.1±0.2 mk), while for very short
channels it becomes positive and quite large (7.8±0.4 mk). Both DRAGON and WIMS-AECL show
a similar trend as the channel length is decreased except for the fact that Ap remains positive for all
channel lengths. For WIMS-AECL, Ap increases from 3 to 14.1 mk while in DRAGON the variations in
Ap range from 0.5 mk to 6.2 mk when the B*°m model is used and from 0.6 to a maximum of 8.4 mk
for the B^et model.

This indicates that the Bj e t method of DRAGON can follow very closely the prediction of MCNP4
while the B^om method, even if it looks superior to WIMS-AECL, lags behind in its prediction when the
fuel channel is shortened.

The discrepancies between MCNP and DRAGON can be identified more easily by looking at the
following reactivity differences:

6kx = Jboo(MCNP4) - jfeoo ( D R A G O N )

<5*eff = fceff(MCNP4) - fceff(DRAGON)

6£ = /(MCNP4) - /(DRAGON)

6p = p(MCNP4) - p(DRAGON)

presented in Table 4 and Table 5. Note that the errors cited here come solely from the MCNP4 statistical
errors.

One first observes that the use of the ENDF/B-V library with DRAGON leads to a general over-
estimation of both jfceff and &<„ with respect to MCNP4. The averaged biases are around 3.5 (-2/5.1)
mk and 1.8 (-2.9/1.5) mk in the DRAGON reactivity for the Bj""" and the B^et techniques respectively.
These are slightly smaller than those observed in a WIMS-AECL calculation. However, in the case of the
£hom mo(jel the variance is much larger. In the case where the Winfrith library is used with DRAGON,
there is no easily identifiable trend except that in the cooled channel keg and koo are generally under-
estimated.

Let us look now at the variation in £ between DRAGON and MCNP4. Here the difference in
behaviour between the Bi°m, where 6£ increases as the buckling is increased, and the Sf"' model,
where 6£ decreases, is evident. Accordingly, in the case of short channel length, the B^°m model under-
estimates the leakage with respect to both the B\et model, as expected from the theory,'11' and the
MCNP4 calculation. Note also that the values of 6£ for a given channel length using the 5}"et model, is
reasonably independent of whether the channel is cooled or voided, indicating that the buckling computed
using MCNP4 is consistent with our B*ct DRAGON calculations. This effect is observed for both the
Winfrith and ENDF/B-V library.

The absolute values of 6£ computed using the Winfrith library with the B^om model are somewhat
smaller for a short channel than those obtained using the ENDF/B-V library with the Bj18' model. This
indicates that error compensation takes places when one uses the B j o m model with the Winfrith library.

In the WIMS-AECL calculations, 6£ for the voided channel decreases substantially as the channel
length is reduced while for the cooled channel, it remains nearly constant. This indicates a possible
breakdown in the leakage method of WIMS-AECL in the case when voiding occurs.



V. CONCLUSIONS

The results presented show a remarkable consistency between void effect calculations carried out using
one of the DRAGON variants and MCNP4. This consistency extends to the calculation of the leakage
component of the void effect, which has now been checked for the first time. The close agreement between
the two very different approaches also gives confidence in the validity of the new Monte Carlo method.

The procedure requires that MCNP4 be used to evaluate the axial buckling associated with a fuel
channel in a manner consistent with that used in a DRAGON calculation based on the simplified hetero-
geneous Bi leakage model. It is observed that the heterogeneous Bi model for leakage used in conjunction
with the ENDFB-V library best tracks leakage and void effect estimates over the lattices modelled, as
one would expect, although minor differences remain for extremely leaky cases.

Finally, since both DRAGON and MCNP4 lead to a similar void effect predictions we have confirmed
speculation reported elsewhere^7' that the differences observed between the MCNP4 and WIMS-AECL
predictions were not caused by a problem in the MCNP4 analysis.
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Table 1: Summary of MCNP4 reactivities (errors are given in mk) .

Observed B*
and channel length

0.2589 x 10-* c m " 2

0.2604 x 10"* c m " 2

600 cm

1.393 x 10-* c m " 2

1.377 x 10-* c m " 2

250 cm
5.591 x 10~* c m " 2

5.516 x 10-* c m " 2

120 cm

Cell type

cooled
voided
P (mk)
cooled
voided
P (mk)
cooled
voided
P (mk)

1.1284±0.1
1.1503±0.1

21.9±0.1

1.1284±0.1
1.1503±0.1

21.9±0.1
1.1284±0.1
1.1503±0.1

21.9±0.1

fceff

1.1175±0.1
1.1395±0.1

22.0±0.1

1.0730±0.1
1.0927±0.1

19.7±0.1
0.9295±0.2
0.9436±0.2

14.1±0.3

/(mk)

10.9±0.1
10.9±0.1

55.4±0.1
57.7±0.1

198.9±0.2
206.7±0.2

Table 2: Summary of DRAGON reactivities for the B\om model.

Bl (cm-2)
Channel length

0.2589 x 10-*
0.2604 x 10-*

600 cm

1.393 x 10~*
1.377 x 10-*

250 cm
5.591 x 10-*
5.516 x 10-*

120 cm

Cell type
and p

cooled
voided
p(mk)

cooled
voided
p(mk)
cooled
voided
P(mk)

Winfrith Library

1.1277
1.1513

23.6

1.1277
1.1513

23.6
1.1277
1.1513

23.6

*eff

1.1172
1.1403

23.1

1.0728
1.0948

22.0
0.9296
0.9473

17.7

/(mk)

10.5
11.0

54.9
56.5

198.1
204.0

ENDF/B-V Library

1.1299
1.1536

23.7

1.1299
1.1536

23.7
1.1299
1.1536

23.7

*eff

1.1196
1.1428

23.2

1.0760
1.0980

22.0
0.9347
0.9522

17.5

£(mk)

10.3
10.8

55.5
55.6

195.2
201.4



Table 3: Summary of DRAGON reactivities for the B^ci model.

Bi (cm-2)
Channel length
0.2589x 10-*
0.2604 x 10-*

600 cm
1.393 x 10-*
1.377 x 10-*

250 cm
5.591 x 10-*
5.516 x 10-*

120 cm

Cell type
and p

cooled
voided
p(mk)
cooled
voided
p(mk)
cooled
voided
p(mk)

Winfrith Library

1.1277
1.1513

23.6
1.1277
1.1513

23.6
1.1277
1.1513

23.6

1.1168
1.1398

23.0
1.0708
1.0925

21.7
0.9230
0.9393

16.3

£(mk)
10.9
11.5

56.9
58.8

204.7
212.0

ENDF/B-V Library

1.1299
1.1536

23.7
1.1299
1.1536

23.7
1.1299
1.1536

23.7

fceff

1.1192
1.1423

23.1
1.0742
1.0955

21.3
0.9284
0.9437

15.3

/(mk)
10.7
11.3

55.7
58.1

201.5
209.8

Table 4: DRAGON-MCNP4 reactivity differences (mk) for the £{""" model.

Bl (cm-2)
Channel length

0.2589 x 10-*
0.2604 x 10-*

600 cm
1.393 x 10-*
1.377 x 10-*

250 cm
5.591 x 10-*
5.516 x 10-*

120 cm

Cell type
and Sp

cooled
voided

Sp
cooled
voided

Sp
cooled
voided

L_ 6f>

Winfrith Library

0.7±0.1
-1.0±0.1
-1.7±0.1
0.7±0.1

-1.0±0.1
-1.7±0.1
0.7±0.1

-1.0±0.1
-1.7±0.1

0.3±0.1
-0.8±0.1
-l.l±0.1
0.2±0.1

-2.1±0.1
-2.3±0.1
-0.1±0.2
-3.7±0.3
-3.6±0.3

6£

0.4±0.1
-0.2±0.1

0.5±0.1
l.l±0.1

0.8±0.2
2.7±0.2

ENDF/B-V Library

-1.5±0.1
-3.3±0.1
-1.8±0.1
-1.5±0.1
-3.3±0.1
-1.8±0.1
-1.5±0.1
-3.3±0.1
-1.8±0.1

-2.1±0.1
-3.3±0.1
-1.2±0.1
-3.0±0.1
-5.3±0.1
-2.3±0.1
-5.2±0.2
-8.6±0.2
-3.4±0.3

S£

0.6±0.1
0.0±0.1

1.5±0.1
2.0±0.1

3.7±0.2
5.3±0.2

Table 5: DRAGON-MCNP4 reactivity differences (mk) for the B{"et model.

Bi (cm"J)
Channel length

0.2589 x 10"*
0.2604 x 10-*

600 cm
1.393 x 10-*
1.377 x 10-*

250 cm
5.591 x 10-*
5.516 x 10-*

120 cm

Cell type
and Sp

cooled
voided

6P

cooled
voided

Sp
cooled
voided

Sp

Winfrith Library

0.7±0.1
-1.0±0.1
-1.7±0.1
0.7±0.1

-1.0±0.1
-1.7±0.1
0.7±0.1

-1.0±0.1
-1.7±0.1

«fc«ff

0.7±0.1
-0.3±0.1
-1.0±0.1
2.2±0.1
0.2±0.1

-2.0±0.1
6.5±0.2
4.3±0.2

-2.2±0.3

hi

0.0±0.1
-0.7±0.1

-1.5±0.1
-1.2±0.1

-5.8±0.2
-5.3±0.2

ENDF/B-V Library
Skoo

-1.5±0.1
-3.3±0.1
-1.8±0.1
-1.5±0.1
-3.3±0.1
-1.8±0.1
-1.5±0.1
-3.3±0.1
-1.8±0.1

SkeW

-1.7±0.1
-2.8±0.1
-l.l±0.1
-1.2±0.1
-2.8±0.1
-1.6±0.1
l.l±0.2

-0.1±0.2
-1.2±0.3

SI

0.2±0.1
-0.5±0.1

-0.3±0.1
-0.5±0.1

-2.6±0.2
-3.2±0.2


