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Summary

This report is a part of the project titled "Boiling Water Reactors (BWR) With
Uranium-Plutonium Mixed Oxide (MOx) Fuel". The aim of this study is to model the
impact of a core loading pattern containing MOx bundles upon the main
characteristics of a BWR (reactivity coefficients, stability, etc.).

The tools that are available to perform a modeling in the Department of
Reactor Physics in Chalmers are CASMO-4/TABLES-3/SIMULATE-3 from
Studsvik of America (Ref. [1] and [2]). These CMS (Core Management System)
programs have been extensively compared with both measurements and reference
codes (see Ref. [3]). Nevertheless some data are proprietary in particular the
comparison of the calculated nuclide concentrations versus experiments (because of
the cost of this kind of experimental study).

This is why this report describes such a comparative investigation carried out
with a General Electric 7x7 BWR bundle. Unfortunately, since some core history
parameters were unknown, a lot of hypotheses have been adopted. This invokes
sometimes a significant discrepancy in the results without being able to determine the
origin of the differences between calculations and experiments.

Yet one can assess that, except for four nuclides — Plutonium-238, Curium-
243, Curium-244 and Cesium-135 — for which the approximate power history
(history effect) can be invoked, the accuracy of the calculated nuclide concentrations
is rather good if one takes the numerous approximations into account.
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Introduction
The aim of this part is to compare the calculated densities of the main nuclides

provided by the CMS codes with experiments.
The experimental data used in this part are provided by the report [4], which

deals with a 7x7 General Electric BWR bundle named CZ346. The bundle has been
irradiated in the Cooper nuclear power plant (Nebraska, United States of America)
and six samples (105-ADD2966-B, 105-ADD2966-K, 105-ADD2966-T, 105-
ADD2974-B, 105-ADD2974-J, 105-ADD2974-U) of two rods from the same bundle
are analyzed (nuclide inventories and activity measurements).

I. Description of the available data

A. Description of the bundle
The two rods, which are studied, are the rods ADD2966 and ADD2974. Both

these rods belong to the bundle CZ346 and can be seen on the following bundle map
shown in Figure 1.

Three types of fuel rods, all clad with Zircaloy-2, are in fuel bundle CZ346: tie
rods, one segmented rod (spacer capture rod), and standard rods. The tie rods have
threaded-end plugs that thread into the lower tie plate casting and extend through the
upper tie plate casting. The upper ends of the tie rods are secured with lock nuts to
hold the bundle together. The central fuel rod in the bundle is segmented, consisting
of eight individual tubes of fuel pellets separated by Zircaloy-2 connectors.

The main characteristics of the rods are presented in Table 1.

Table 1: Fuel Bundle and Rod Design Parameters

Design Parameter
Fuel rod array

Overall bundle length
Nominal active fuel length

Fuel rod pitch
Outside rod diameter
Cladding thickness

Cladding/box material
Pellet outside diameter

Fuel pellet material
Pellet immersion density (without Gd2O3)

Description
7x7

447.5 cm
371cm
1.87 cm
1.43 cm

0.094 cm
Zircalloy-2

1.21 cm
UO2 or UO2/Gd2O3

10.32 g/cmJ

The lattice of the bundle and the enrichment of the different rods are displayed
in Figure 2 and Table 2. Over half of the fuel rods had an initial U-235 enrichment of
2.94 wt%. Rods with three lower initial U-235 enrichments are also present in the
bundle. The segmented central fuel rod (also called a spacer capture rod) contains 3
wt% Gd2O3. Four of the standard rods contain either 3 or 4 wt% Gd2O3.
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Figure 1: Layout of Bundle CZ346 (upper right corner - measurements in mm)
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Figure 2: Lattice of the Bundle
CZ346 (upper right corner)

u
3
3
2
2
2
3

3
7
1
1
1
1

C
X

I

3
1
1
1
1
5
1

2
1
1
5
1
1
1

C
XJ

1
1
1
1
1
1

2
1
5
1
1
6

cxj

3

ex,

1
1
1

C
X

I

2

Table 2: Enrichment of the Fuel
Rods

Wide-Wide Corner

Rod
Type

1
2
3
4
5
6
7

Enrich-
ment in
U-235

(weight
%ofV)

2.93
1.94
1.69
1.33
2.93
2.93
1.94

Gd2O3

(weight
%of
the

oxide)
0
0
0
0

3.0
4.0
4.0

Num-
ber of
Rods

26
11
6
1
3
1
1

B. Location of the samples
The location of the six samples has been determined by examination of the Cs-

137 activity along the two rods after irradiation. As a matter of fact the report [1]
already gives the location of the samples, but the origin of the axis is not clearly
defined (total length of the bundle, active length, etc.). This is why this "calibration"
was necessary. The shape of the Cs-137 activity along the rods shows significantly the
location of the grids/spacers. Thus it is possible to correlate these with the exact
location according to the active length. From the location of the samples in the "old"
axis one can then calculate the location according to the active length (see report [5]).

The axial characteristics of the bundle are given in the following figure
(Figure 3) and the location of the samples is given in Table 3.

Table 3: Location of the Samples
according to the Active Length

(from bottom)

Figure 3: Axial Characteristics of
Bundle CZ346

Sample
105-ADD2966-B
105-ADD2966-K
105-ADD2966-T
105-ADD2974-B
105-ADD2974-J
105-ADD2974-U

Location (cm)
352
188
132
353
294
118
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C. Irradiation and handling history
The fuel bundle CZ346 was irradiated in the Cooper BWR, stored wet at the

reactor site, and subsequently sent to the General Electric Morris Facility for use in a
dry storage test. The fuel bundle was then sent to Pacific Northwest Laboratory (PNL)
and stored at the Hanford Site for use by the Material Characterization Center (MCC).

The bundle was irradiated in cycles 1, 2, 3, 6, and 7 as shown in Figure 4.

Figure 4: Bundle CZ346 Power Density History
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The bundle was removed for cycles 4 and 5. The corresponding operating
history for Cooper is depicted in Figure 5.

Figure 5: Core Power Density History (cycles 4 and 5 not displayed)
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The rod-average linear heat generation rate (LHGR) for bundle CZ346 was
based on the reactor operating history and end-of-cycle burnups; it is graphically
displayed in Figure 6.

Figure 6: Power History for Bundle CZ346
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The rod-average LHGR for bundle CZ346 ranged from a high of about
28 kW/m at the beginning of cycle 1 to a low of about 11.5 kW/m at the end of cycle
7.

Then the bundle was shipped from the Cooper storage pool to the pool at the
General Electric Facility, used in dry storage cask test, and shipped to PNL. The
bundle was stored at PNL dry for use by the MCC. During these two periods, the
history of the bundle is quite complicated. The following Table 4 summarizes the
history of the bundle after irradiation.

Table 4: Post-Irradiation History for Bundle CZ346

Location
General Electric Morris Facility

Pacific Nothwest Laboratory
(Hanford Site)

Description of the tests
The bundle was among 53 BWR spent
fuel bundles that were used in
performance testing of a spent fuel
storage cask
• The bundle has been stored in air in

B-cell since its transportation
• Four rods (and among them rods

ADD2966 and ADD2974) were
removed from bundle CZ346 and
transferred to D-cell, where the intact
fuel rods are stored in air at ambient
temperature of about 25°C

a The rods were sectioned to obtain
samples for analysis or testing
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From the aforementioned history and the data provided by the report [4] one
was able to calculate the delay between the end of cycle 7 and the analyses: 1954 days
for rod ADD2966 and 1929 days for rod ADD2974.

D. Available experimental data
Table 5 summarizes what type of analyses have been performed and how they

have been conducted (only the data that can been compared to calculations are
presented).

Table 5: Characteristics of the measurements

Nuclides

U and Pu isotopes
Cs-135
Cs-137
Np-237
Am-241

Cm-243 + Cm-244
Burnup based on Nd-148

Description of the measurements and
unit of the available data

Mass spectrometry - g/g fuel
Mass spectrometry - Ci/g fuel

Gamma ray spectrometry - Ci/g fuel
Alpha counting - Ci/g fuel

Alpha spectrometry - Ci/g fuel
Alpha spectrometry - Ci/g fuel

Mass spectrometry - MWd/kg of metal

Uncertainty
(%)
±1.6

±14.0
±3.5
±1.9
±4.9
±4.1
±2.5

N.B.: one also has to take the uncertainty regarding the sample preparation into
account (±1.0%).

II. Definition of the parameters for the model
Unfortunately it is not possible to model the bundle CZ346 in SIMULATE

since several core parameters are unknown in particular:
a The location of the bundle in the core from cycle to cycle is not provided
a The history of the control rod withdrawal/insertion for this bundle is not

given
• The history of the core flow is unknown.
This is why a model in SIMULATE is worthless or difficult to set up because

of these numerous unknown parameters. Only a model in CASMO has thus been
developed.

But one must keep in mind the methodology used in
CASMO/TABLES/SIMULATE:

a The transport code (CASMO) provides the macroscopic cross-sections for
different operating conditions (different void fractions, fuel temperatures,
moderator temperatures, shutdown decays, inserted/withdrawn control
rods and also the branches between these different cases)

• The data-functionalization is performed by TABLES which tabulates all
the previous cross-sections

• The diffusion code (SIMULATE) allows calculating the core for the actual
operating conditions by using the interpolated macroscopic cross-sections
determined in TABLES.

That means that one has to reproduce "manually" these calculated core
parameters in CASMO in order to take the bundle history into account. The points to
be considered are (see Ref. [6]):

D The void fraction at the level where the samples are located
a The power of the section which is modeled in CASMO
a The burnup of this section.
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A. Hypotheses used to set up the model
The main problem is to reproduce the core history in CAS MO. For that

purpose, several hypotheses are necessary:
p One assumes that the spatial and temporal temperature variations both for

the fuel and the moderator/coolant can be neglected; as a matter of fact it
allows keeping constant enthalpies over the different cycles despite the
core power density variations (see Figure 5); that means that the heat
transfer characteristics do not evolve during the irradiation

a The control rods are not taken into account; as the samples are located at
the top of the bundle the direct effect of the cruciform control blade on the
spectrum (reduction of the thermal neutrons) can be neglected; the control
rod also affects the distribution of the void fraction along the bundle but it
is not possible to account for this without knowing the
insertion/withdrawal of the control rods

a As CASMO is a 2-D model an axial information is required to represent
the missing dimension; the characteristic that has been chosen is the
Relative Power Fraction (RPF), the pertinence of this choice will be given
later on. The RPF is the fraction of power for the axial plane in
comparison with the whole core (1-D model). It has been obtained after a
SIMULATE calculation for a BWR core at the beginning of a new cycle
with "typical" GE 8x8 bundles. In that way this RPF (see Figure 7)
accounts for bundles which are fresh, once burned, twice burned, thrice
burned, etc.

Figure 7: RPF for a BWR core loaded with different types of 8x8 GE bundles
(beginning of cycle)

11 16

Axial nodes from the bottom of the core active length

21

The simple-thermal hydraulic model developed below does not take the
mass flow passing outside the channels into account (such a model is only
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possible in a sophisticated thermal-hydraulic code like SIMULATE to
account for the pressure loss).

Q Two models have been developed in CASMO because of the central
capture rod (segmented rod): the report [4] does not give the location of
the Zircaloy-2 connectors, thus a model with a central rod according to
Figure 2 has been set up and also a model in which the central capture rod
has been replaced by a Zircaloy-2 rod (rod entirely constituted by
Zircaloy-2).

B. Methodology used to model the samples in CASMO
There are three main parameters to be calculated for each sample:
a The history of the void fraction: over a range of about 25 percent of the

reactor design power, one can consider that the core is controlled by the
recirculation flow rate and the position of the control rods stays unchanged
over each cycle (except the zero power periods of course). Furthermore the
steam quality is rather constant (see Appendix A: Thermal-hydraulic Cycle
of a BWR). Thus one obtains:

w 1
Equation 1: -£• = —7 <- C

Pc X{h+hh/j

if one keeps in mind that the enthalpies are constant (because of the
hypothesis upon the temperatures). Then it is possible to deduce from the
core power density history the core flow (the basic point is the core at
nominal operating conditions: power of 3380 MW and 14.60 kg/s of rated
core flow per assembly). If one also presumes that this core flow is
uniform between the bundles (a "typical" mass flow map provided by
SIMULATE for example gives variations less than 10%), the in-channel
core flow per bundle can be calculated (water blades outside the channel
neglected). Now the history of the in-channel mass flow is known.
N.B.: All the foregoing quantities have been defined in Appendix A:
Thermal-hydraulic Cycle of a BWR.
With the RPF shape, the in-channel mass flow and the history of the
bundle power density, the void fraction history corresponding to the
sample (located at a level Z) can be calculated (see Appendix B:
Calculation of the Void Distribution along a Bundle):

Equation 2:

This is why the Relative Power Fraction (RPF), denoted by <E>i(z) in the
above formula, was the right information to account for the missing
dimension in CASMO.
N.B.: All the foregoing quantities have been defined in Appendix B:
Calculation of the Void Distribution along a Bundle.
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N.B.: The thermal-hydraulic parameters have been chosen as follows (see
any thermal-hydraulic table):

• Saturation temperature: 286 °C (corresponding to a pressure
of 71 atm (69.627 bar))

• Inlet liquid temperature: 267 °C (corresponding to an
enthalpy of 1169.8 kJ/kg)

• Saturated liquid enthalpy: 1268.2 kJ/kg and saturated liquid
specific weight: 0.742 g/cm3 (corresponding to a saturation
temperature of 286 °C)

• Saturated steam enthalpy: 2770.1 kJ/kg and saturated steam
specific weight: 0.036 g/cm3 (corresponding to a saturation
temperature of 286 °C)

• Slip ratio S: set constant to 1.55 (value adopted in most
cases - see [7]).

a The history of the power density and the burnup of the section: The
histories of the power density and the burnup are given in report [4] for the
whole bundle (the final burnup of the samples is also known), but in
CASMO only a section of this bundle (at a level Z) is modeled. Thus it is
necessary to calculate the histories of the power density and the burnup for
this section. An iterative process as shown in Figure 8 can achieve this.

From a power density history and up to a burnup (for the first guess the
burnup of the pellet samples and the corresponding power have been
chosen), the outputs at two different burnups of the section are requested
in CASMO. By linear interpolation and calibration upon the experimental
ratio mass of U-235/mass of U-238 (which reveals the burnup) for the
studied pellet, a "more accurate" burnup of the section can be calculated.
This burnup is said to be more accurate because one approaches step by
step the exact burnup of the section. The end of this procedure is reached
when the recalculated burnup does not differ from the modeled final
burnup in CASMO (in most cases only three iterations were necessary).
KB.: Since one knows the burnup of the section, the power density can be
deducted as the length of each core power step is given. The history of the
section burnup is inferred from the history of the bundle burnup by
keeping the ratio between these two quantities constant (the value of this
ratio is of course calculated with the final section burnup/bundle burnup).
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Figure 8: Flow of Calculation for the Power Density and the Burnup of the
Section
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C. Impact of a few hypotheses upon the calculation of the void
fraction
In the Equation 2 a few parameters that are difficult to be precisely estimated

might have a significant outcome on the calculation of the void fraction and especially
the sub-cooling enthalpy Ah, the mass flow per assembly

Pi{ul{xJ}2A[+ pg(ug(xj) Ag, and the slip ratio S. The consequences of the

uncertainty upon these values are studied below. One will only study the influence of
these parameters on the void fraction at the top of the bundle.
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For that purpose, in Equation 2 [ O,(z)iz can be replaced by the power

produced by the bundle Pass. If one also defines p (u (x)} A + p (u (xj) A as the

mass flow per assembly wass, one can differentiate Equation 2 and one finally obtains:

Equation 3:

0\a(x

«(s
Pi

h

ass

ass

vap

Ah Ah

w

-\Ah
dwc

|
dAh \

Wa

If one estimates an uncertainty of +10% for each of the following parameters,
a variation of the void fraction at the top of the bundle is:

• For the sub-cooling enthalpy: about -1.8 % (relative) or -1.2 % (absolute)
a For the mass flow per assembly: about -5.5 % (relative) or -3.7 %

(absolute)
• For the slip ratio: about -3.2 % (relative) or -2.2 % (absolute).

N.B.: Please note that the absolute variation is in percent as the void fraction is usually
given in percent.
KB.: These values have been calculated with the nominal characteristics as follows:

a A slip ratio S of 1.55
a A saturated liquid specific weight pi of 0.742 g/cm3

• A saturated steam specific weight pg of 0.036 g/cm
• A sub-cooling enthalpy Ah of 98.4 kJ/kg
a A vaporization enthalpy hvap of 1501.9 kJ/kg
a A rated core flow per assembly wass of 14.60 kg/s
• A bundle power Pass of 4.424 103 kW.
Then the influence of these parameters upon the calculation of the void

fraction and also the void distribution inside the box channel can be neglected. This
simple model is thus relatively insensitive to the parameters that are not known
precisely.

III. Comparisons between calculations and experiments
Figures 9 and 10 summarize the comparisons between experimental results

and calculations performed with CASMO-4.
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Figure 9: (C-E)/E of the nuclide densities for the samples of rod 105-ADD2966 (ratio between the nuclides and U-238)
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Figure 10: (C-E)/E of the nuclide densities for the samples of rod 105-ADD2974 (ratio between the nuclides and U-238)
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Interpretation of these results requires the following statements and remarks to
be taken into account ([1], [8], [9]):

• All the data at hot conditions have been averaged over each cycle; the
modeled cycles in CASMO are then: Average Cycle 1 - Refueling -
Average Cycle 2 - Refueling - Average Cycle 3 - Deactivation during
Cycles 4 and 5 - Average Cycle 6 - Refueling - Average Cycle 7

a The final deactivation has been performed by an external Matlab program;
thus it allows using one single CASMO run to calculate the burnup of the
section (see Figure 8) and not two CASMO runs

• The fuel temperature has been set to 813.6 K; Studsvik of America
recommends using this datum for a generic General Electric BWR model
(only a fuel performance code like BSfTERPIN-CS from Studsvik of
America could calculate such a temperature)

a The fuel densities for the pellet containing Gadolinium have been
calculated with the following formula (typical vendor correlation provided
by Studsvik of America):

Equation 4: pwithGd = pwithouGd -032xwt%Gd2O3

a The narrow and wide water gaps (set equal) have been adjusted in order to
obtain a cold cell pitch of 15.24 cm (data provided by Studsvik of America
for a generic General Electric BWR model).

IV. Conclusion about the comparisons between calculations
and experiments
First of all one notices (see Figure 9 and Figure 10) that, if one only considers

the major and minor actinides, the differences between calculations and experiments
are larger for the lower samples than for the two ones located at the very top of the
bundle (105-ADD2966-B and 105-ADD2974-B). If one also looks at the burnup
calculated by CASMO (CASMO provides a map of burnup inside the bundle), only
these two top samples present a calculated pellet burnup very close to the
experimental pellet burnup (see Table 6 below). Since the pellet burnup is
underestimated for the other samples, it means that the calculated nuclide densities for
the heavy nuclides must also be underestimated (see Figure 11 for instance). As a
matter of fact this can be found out by examining the comparisons between
calculations and experiments about the nuclide densities (see Figure 9 and Figure 10).
Thus the differences still remain important though it is possible to achieve a ratio U-
235/U-238 equal to the experimental ratio for these samples.

With the simple model which allows calculating the void distribution along a
bundle, the accordance with more sophisticated models (such as the one developed in
SIMULATE for instance) is very good regarding the void fraction at the top of the
bundle. Nevertheless, the distribution of the void fraction along the bundle can also be
different between the two models and especially concerning the location of the
interface liquid water/water with void (the simple model seems to locate the interface
a little bit too high). In fact this model does not account for the variations of the heat
transfer coefficient. This depends very much on the coolant temperature, the cladding
temperature, the phase velocity and above all the flow regimes [8] (liquid flow only,
bubbly flow, slug flow, churn flow, annular flow, mist flow). The result is several
types of heat transfer during forced convection [8], [11] (single-phase heat transfer,
subcooled nucleate boiling, bulk nucleate boiling, bulk boiling without nucleate
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boiling, burn out, dry out). Of course, only the three first cases occur in normal
operating conditions and the heat transfer coefficient is better during the single-phase
heat transfer. This is why the samples 105-ADD2966-K, 105-ADD2966-T, 105-
ADD2974-J, 105-ADD2974-U, which are located around the middle part of the rods,
show significant differences between calculations and experiments. They are much
more sensitive to the heat transfer variations than the two upper samples.

Figure 11: Simplified Evolution Chain for U and Pu isotopes
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Table 6: <

Samples

105-ADD2966-B
105-ADD2966-K
105-ADD2966-T
105-ADD2974-B
105-ADD2974-J
105-ADD2974-U

Comparisons between Experimental Burnup and Calculated Burnup

Burnup (MWd/kg of metal) without
capture rod

Ofthe
section

(modeled
in

CASMO)
18.50
29.61

. 31.10
19.38
27.97
30.54

Ofthe pellet
(experimental

data)

18.96
33.07
33.94
17.84
29.23
31.04

Ofthe
pellet

(calculated
by

CASMO)
18.93
30.65
32.15
17.87
26.72
29.47

Burnup (MWd/kg of metal)

Ofthe
section

(modeled
in

CASMO)
18.47
29.55
31.02
18.81
27.19
29.70

rod
Ofthepellet

(experimental
data)

18.96
33.07
33.94
17.84
29.23
31.04

with captut

Ofthe
pellet

(calculate
by

CASMO)
18.80
30.47
31.95
17.67
26.40
29.11

The differences between the results obtained with and without capture rod are
also significant. This rod is relatively close to the 105-ADD2966 and 105-ADD2974
rods and its influence cannot be neglected. One can be convinced of this by looking at
the following Table 7. The migration area is defined as follows [12], [13]:

Equation 5: M1 =- = L2+T2

February 1998 - June 1999 page - 22 -



C.E.A./D.R.N./D.E.R./S.P.R.C./L.E.P.h. Chalmers University of Technology
Department of Reactor Physics

where:
a L2 is the diffusion length
a t2 is the Fermi age.

Table 7: Migration Area (cm2) Calculated with CASMO

Samples

105-ADD2966-B
105-ADD2966-K
105-ADD2966-T
105-ADD2974-B
105-ADD2974-J
105-ADD2974-U

Modeling witln
AtBOL
115.28
58.73
58.73
115.28
72.20
58.73

out capture rod
AtEOL

62.38
58.46
58.26
62.25
58.73
58.34

Modeling wit
AtBOL
117.44
59.72
59.72
117.44
73.45
59.72

h capture rod
AtEOL

62.68
58.69
58.49
62.63
59.08
58.67

The migration area is then proportional to the squared path length of the
neutrons and reveals the influence of one rod upon the other ones. If one only looks
now at the two upper samples (it has been shown that it is not possible to rely on the
results concerning the other samples), one obtains the following Table 8:

Table 8: Comparisons between the Models with and without the Capture Rod

Samples

105-ADD2966-B

105-ADD2974-B

Nuclides

U-234
U-236
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Np-237
Am-241

Cm-243 + Cm-244
Cs-135
Cs-137
U-234
U-236
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Np-237
Am-241

Cm-243 + Cm-244
Cs-135
Cs-137

(C-E)/E (%) regardi
the nuclidei

Model without
Capture Rod

-8.9
-5.3
-20.0
0.0
3.2
12.7
10.8
8.6
4.8
-7.1
30.1
6.3
-9.2
-2.7

-19.0
1.0
5.3
14.4
11.8
12.3
4.6

-19.9
30.0
7.3

ng the ratio between
- and U-238

Model with
Capture Rod

-8.6
-5.8

-22.9
-1.8
1.7
9.7
7.9
6.0
2.0

-12.6
28.7
5.5
-8.5
-3.5

-24.2
-1.7
2.8
10.2
8.0
7.4
0.8

-28.4
27.5
6.0

The results seem to be better for the modeling with the capture rod than
without it. If one also takes the uncertainty of the measurements into account (see
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Table 5), the comparisons between calculations and experiments are quite acceptable
according to the numerous hypotheses, which have been adopted. Only the
differences on Pu-238, Cm-243+Cm-244 and Cs-135 still remain significant.

For these nuclides, the history effects may have strong consequence [5], [12],
[13] since their own half-life or the half-life of their precursors is relatively short (see
Table 9).

Table 9: Nuclides sensitive to the history effects

Nuclides
Pu-238

Cm-244
Cs-135

Precursors
Np-238
Cm-242
Am-244
Xe-135

Way of decay

P-
a
p-
P"

Half-life
2.1 d

162.8 d
10 h

9.17 h
Then, because of the short half-life of the precursors, a small error in the
concentration of the precursor has "immediately" repercussions on the concentration
of the descendant. Since each cycle has been averaged for the CASMO-4 modeling,
the average power density is not accurate enough to allow accurate predictions of the
concentrations of these nuclides. The detailed power level should have been modeled
through the different cycles in order to reduce the differences between calculation and
experiment of Pu-238, Cm-243+Cm-244 and Cs-135. But such a modeling would
have been burdensome in comparison with the numerous hypotheses which have been
used and which affect anyway the calculated power of the section.

Conclusion
The main goal of this report was to provide a characterization of CASMO-4 to

reproduce the evolution of the major and minor actinides. With the bundle CZ346
studied beforehand, several abilities of CASMO-4 have been tested such as the
depletion of the fuel and the shutdown cooling model.

Despite the numerous approximations, which were necessary to reproduce
artificially the thermal-hydraulic/neutronic calculation (usually performed via
SIMULATE-3), the discrepancies between calculated nuclide densities and
experiment are quite acceptable according to the experimental uncertainties and the
adopted hypotheses (only the two very top samples were considered). Furthermore,
this study demonstrated the accuracy of CASMO-4 (after the use of the calibration
method upon the experimental ratio U-235/U-238) to reproduce the evolution chain
by taking the operating conditions into account (instantaneous void and history of
void, fuel and moderator temperatures, instantaneous power density and history of
power). Not only the calculated nuclide densities in comparison with the experimental
data prove this but also the very accurate calculated burnup of the samples (though
one only inputs the burnup of the section in CASMO-4).

Thus it shows that the models developed in CASMO-4 are able to simulate
accurately the depletion of a bundle and then to provide two-group homogenized data
to the diffusion code SIMULATE-3 (see also Ref. [3]).
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Appendix A: Thermal-hydraulic Cycle of a BWR

One can show the thermal-hydraulic cycle of a BWR [7].

about 15% of vapour
at Tsat

steam
dryer/separator V ^ F

about 85% of
liquid at Tsat

Tsat

Tsat-Tsubcooling

100% of liquid

about 70%
of liquid

about 15% of liquid

about 30% of liquid

high pressure
pump

100% of liquid

The foregoing figures correspond to a BWR at nominal operating conditions.
If one wants to study the heat transfer between the core and the coolant, it is more
convenient to present the thermal-hydraulic cycle as follows [14]:

Vapour

we

he

Core

Pc

we

wc=wf+wr
-\f .wf + hr.wr

X.wc
hv

' Recirculation loop

Liquid Water

wr = (1-X).wc

hr=hl

Liquid Water

wf
hf
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Thus it is possible to write:
• Conservation of mass flow: Xwc - wf

a Conservation of energy: Pc + \hfwf +hrwr)= Xwchv +hrwr.

From these two equations, one obtains finally after a few algebraic
manipulations:

Pc = Xwchwp + wf {hr -hf)= Xwc [hmp +hr-hf)

with hmp=hv-hf.

KB.: For the definitions of the foregoing parameters, see Appendix B: Calculation of
the Void Distribution along a Bundle.

If the recirculation flow rate wr is increased without changing My the quality
will be momentarily lowered, since there will not have been time for Pc to change.
The reduction in steam voids will tend to increase the reactivity and hence the power;
as a result, X will increase toward the original value and the reactivity will decrease.
The reactor will thus become stabilized at a higher power level.

The foregoing behavior, which leads to a roughly linear dependence of the
BWR power on the recirculation flow rate, is effective over a range of about 25
percent of the reactor design power without movement of the control rods. The
coolant recirculation rate is determined by the injection rate into the jet pumps, and
this is controlled by the speed of the recirculation pumps.
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Appendix B: Calculation of the Void Distribution along a
Bundle

In order to calculate the void fraction along a single bundle it is necessary to
define several thermal-hydraulic quantities, parameters and operators.

"Average" operators [10], [111:
With n, representing the dimension of the domain (1,2 or 3 dimensions) and k, the

phase (g for vapor and / for liquid), one can define:
• Spatial operators:

1One-phase: fl..^ s _ [ . < © „

^0

• Two-phase: (...) = —

a Temporal operators:

- One-phase: ... = -[ dt

-x 1 f• Two-phase:... =—.. ,<#
i k I * J

a Phase k indicator fraction:
( l f J[ belongs 1
< if {x;tK , , , . > to the phased.
[0 [ doesn't belong j r

Void fraction, a [101. fill:
The void fraction is defined as the ratio between the volume occupied by the

steam in a channel section and the total fluid volume in the section.
Thus one has:

and if

the volume in question consists of the cross-sectional area of a flow tube times a

differential length element a =
A,+Ag

The foregoing definitions of the void fraction are deterministic. However, the
phase indicator function is a random variable in space and time. If one performs N
statistically independent measurements of the instantaneous phase content at location,
x, and time, /, then the ensemble-averaged local void fraction is given as
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{ . N (x;t) . .
a[x;,t) = — where Ng[x\t) is the number of experimental observations in

which the location, x, was occupied by vapor at time, t.
The link between this new definition and the two first ones is the ergodic

hypothesis, which essentially states that for a stationary random process, the ensemble
average and the time average of a given member of the ensemble are identical.
However, the void fraction that is used in subsequent analyses is a time-averaged
deterministic quantity.

Phase velocity, w, % [101, fill:
If Qi is the volumetric flow rate of phase i, one can define:

Volumetric flux, or superficial velocity, ii, U [10], [11]:
a jl^Qll{Al+Ag)=ul{\-a)
a jg^Qg/(A,+Ag)=uga

Slip ratio, S [101 [111:
S = ug/u,.

Qualities x£, x. x.< [10], [11]:
There are several kinds of qualities that can be defined:

a Mixing cup or thermodynamic equilibrium quality xe: xe =(h- ht )/hvap where h

represents the enthalpy of the flowing mixture, hi (hg) the enthalpy of the liquid
(vapor) at the saturation temperature, hmp =h —h, the vaporization enthalpy at

the saturation temperature; xe e R. It is the quality that we would obtain if the

flowing mixture were removed adiabatically, thoroughly mixed, and allowed
reaching a condition of thermodynamic equilibrium. Thus, it is the flow of vapor,
when thermodynamic equilibrium prevails (xe=x, see below).

a Flow quality: true flow fraction of vapor regardless of whether thermodynamic
equilibrium exits or not, x = pgugAgj\plu,Al + pgugAg ); x e [0;l].

a Static quality: xs = pgAg/{pjA, +pgAg); xe [0;l].

Thus: x/(l - x) = (wg /«, )x, /(l - x J = S xs/(l - xs) (x=xs when S= 1).

Two-phase density, p flOJ. [11]:

• />© = (l - a(x))p, (x)+ a(x)pg (x)

)p> + {\ak]}3 Pg if Pi and pg are constant.

Massflux.G[10],[llJ:
xv Wo + W,

Gs-s-5 where
A A
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a wg = A

• wt= A

Thus:

= Agpg (ug (xj}2 if pg is constant

Y \

T, {x)plul (x) ) =A,p, (u, (x))2 if pi is constant.

The fundamental void-quality relations [7], [10], [11]:
From the foregoing definitions one obtains the following useful relations:

x 1

Pi \ x

Q

Pi

PIPZ
2 xsp,+(l-xs)pg _̂ _ + A( i_

S(l-x)+x

Ps Pi

The homogeneous density [10], [11]:

L

Pi (Pg Pi

Finally the previous relations may be written:
1

a x =

p u
1 1 i l l
1 \

"si'
h

V

1
\
12

\

-1
)

(ul(x}2

Energy produced by a bundle from the bottom to the Z-level [7], [11]:
The conservation of energy gives:
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If one assumes that the thermodynamic equilibrium prevails: x e(z)= x(z), then:

where:
a Ah=C(TsarTin) is the under-cooling mass enthalpy
a Kap=hg-hi is the water vaporization enthalpy
a 3>i(z) is the Linear Heat Generation Rate (LHGR) over the bundle's cross-section.

Finally one obtains:
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