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i y

A three-dimensional Monte Carlo calculation using the
MORSE code was performed to validate a procedure previously
adopted in the ORNL discrete ordinate analysis of measure-
ments made in the Ot.NL Pool Critical Assembly Pressure
Vessel Facility. The results of these flux calculations
agree, within statistical uncertainties of about 5%, with
those obtained from a discrete ordinate analysis employing
the same procedure. This study therefore concludes that
the procedure for combining several one-and two-dimensional
discrete ordinate calculations into a three-dimensional
flux is sufficiently accurate that it does not account for
the existing discrepancies observed between calculations
and measurements in this facility.
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The Pool Critical Assembly Pressure Vessel Facility (PCA-PVF) was
instituted to serve as a benchmark facility for validating calculational
procedures in predicting neutron fluences in reactor pressure vessels for
estimation of damage.* A description of the various calculations carried
out for the PCA-PVF by an international group of analysts has been
documented.2»3 An underprediction (10 to 20%) seems to persist
throughout a majority of the calculation-versus-experimental comparisons,
and the source of this discrepancy is presently a point of speculation
and controversy.

With one exception, all the analysts used one-and two-dimensional
discrete ordinate transport methods and combined them in some way. The
one exception used a continuous energy forward Monte Carlo method with
importance sampling and biasing to perform a three dimensional
calculation, but unfortunately the results had fairly large statistical
uncertainties at times.^>3
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A tenabl-e procedure f i r s t suggested by Combustion Engineering^*^ anc j
adopted by Oak Ridge^-6 for scaling the discrete ordinate calculat ions
may be summarized by the fol lowing f lux synthesis equation:

$(x,y,z,E,n) B <j>(x

or , more conveniently,

(1)

(2)

where in the present application the accuracy of this approximation needs
only to be evaluated at locations along the y-axis ( i . e . , for x=z=0 in
Fig. 2 appearing in next section). Equation (2) states that a three-
dimensional f lux, <f>XYZ> c a n be constructed from two two-dimensional
calculations, (j>xy and ^y^, and a one-dimensional calculation, <f>y, by
simply scaling the (f>xy calculation by a properly normalized z-correction
term appearing in the brackets. The <f>xy> 4>yz> and $Y calculations have
geometry of in f in i te extent in the z-direction, x-direction and
x,z-directions respectively. An inspection of Eq.(2) shows that the
assumption underlying this particular flux synthesis is that the vert ical
( i .e . ,z ) flux profiles are the same for al l x locations, i .e . , the three-
dimensional fluxes are separable in x and z.

In the PCA-PVF calculations, the source per unit height for the
midplane XY calculation is normalized in such a way that when integrated
over x, y, and z yields a value of unity ( i . e . , there is one fission
neutron in the core). The effects of f in i te z essentially arise as a
result of a source limited to the height of the core and with a measured
cosine distribution peaking in the vicini ty of the centerline. The nor-
malization of the source distribution in z for the <j>y7 calculation rela-
t ive to the source per unit height for the <j>y calculation, with the
(hXY source the midplane source as described above, must be set equal to
the ratio of the average to the rnidplane values as pictured in Fig. 1.
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Fig. 1. Correcting Two-Dimensional Calculations for Finite Core
Height and Measured Fission Density Distribution.



The object of t h i s work is to evaluate the accuracy of Eq. (2) by
c a l c u l a t i n g d i r e c t l y the three-dimensional f l u x 4>XYZ v i a a M o n t e Carlo
t ranspor t code and to compare these resu l ts wi th the f l ux approximated by
the r i gh t hand side of Eq. ( 2 ) . For t h i s purpose, the mul t igroup Monte
Carlo code MORSE7 was used to ca lcu la te ^^Z a n d t n e DOT-IV8 d i sc re te
ordinates code was used to ca lcu la te ^xy f rYZ ' a n c ' ^Y*

PHYSICAL DESCRIPTION OF THE PCA-PVF

The PCA-PVF was designed to simulate within intensity constraints the
geometry and arrangement of materials that exist within a commercial
pressurized water reactor pressure vessel. The geometry illustrated in
Fig. 2 shows the locations of the PCA core, aluminum window (in analogy
to the geometry of the Poolside Facility (PSF) in which high intensity
measurements using the ORR were also performed), appropriate water gaps,
and steel slabs representing the thermal shield and pressure vessel wall.
This geometry is a slight simplification of the actual configuration, but
should not compromise the present analysis. Values of 8.4 and 6.7 cm.
respectively for the large water gap dimensions in Fig. 2 were used in
this analysis. This "8/7 configuration" was chosen over the "12/13
configuration," which was more extensively measured, to reduce the sta-
tistical uncertainties in the MORSE calculations.

A reflective boundary condition exists on the left face of the core
(i.e., the xz plane at y=0), and a vacuum boundary condition exists on
the right face of the pressure vessel in Fig. 2 (i.e., the xz plane at
y=66.7 en). All remaining slab faces are reflected with water.

Seven neutron flux detectors designated Dl through D7, with coor-
dinates as shown in Fig. 2, include all the locations along the y-axis
where measurements were made along with the additional ones D2 and D4.

The spatial zones in Fig. 2 are identified by the cross-section
medium numbers Ml through M8. In the pressure vessel there are three
sets of cross sections, each weighted over a different region of the car-
bon steel with fluxes from a one-dimensional discrete ordinates
calculation. Similarly, the two large water gaps have slightly different
cross sections.

The fixed neutron source distribution has been documented,2>^ and for

the present purposes can be approximated as

>y) cos (>0442z), -30cm < z < 30cm, (3)

where Sxy(x,y) has quarter core symmetry and appears in Fig. 3. The
average to centerline value for the z distribution in Eq. (3), which is
the relative normalization of the <j>yz t0 <f>Y calculations, becomes
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Fig. 2. Modeling Geometry for the Pool Crit ical Assembly Pressure Vessel
Facility.. For the 8/7 Configuration, the two Large Water Gaps are 8.4-and
6.7-cm. wide respectively.
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Fig, 3. Quarter Core Midplane Fission Neutron Source Distribution in
Units of 10"5 neutrons per second per cm.3
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CALCULATIONAL DETAILS

An adequate comparison 01 the results from the two methods should not
be strongly influenced by the par t icu lar cross section sets used, as long
as they are the same in each method. Consequently, although the o r i g i -
nal discrete ordinate calculations employed 51 and 171 groups, these
comparison calculat ions were performed with only 12 grcups, the energy
structure for which is shown in Table 1. Note that the energy range is
su f f i c i en t to encompass a l l threshold reaction rates measured in the
PCA-PVF. Detai ls of the generation of th is cross section l i b ra r y are
described elsewhere.4 '9 Note also that the 12-group discrete ordinate
calculat ions described here are not in any direct way connected wi th the
51-group DCT calculat ions used in the PCA-PVF analysis by ORNL.2"5

TABLE 1. NEUTRON GROUP STRUCTURE AND
SOURCE ENERGY DISTRIBUTION

aoup

i
2
3
4
5

e
7
8
9

10
11
12

UPPER ENERGY (cV)

1.9640E 07
1.1052E 07
8.1873E 05
6.O653E 06
4.0657 E 06
3.0119E06
2.5924E 06
2.1225E 06
1.8268E 06
1.4957E 06
1.2246E 06
9.0718E 05
6.0810E 05

SDUP.CE FRACTION"

5.584 I E - 0 4
4.7115E-03
2.0686E-02
8.1625E-02
1.0943E-01
6.6245E-02
9.4196E-02
7.1393E-02
S.1620E-02
8.3815E-O2
1.0632E-01
1.0401E-01

"DERIVED FROM THE ENDF/B-V WATT THERMAL
FISSION SPECTRUM FOR 2 3 5 U .

Although the calculation of the denominator in Eq. (2) is
one-dimensional, the use of the two-dimensional code DOT to calculate
(f,Y by inserting appropriate reflecting surfaces is preferable to the use
of a one-dimensional code for this purpose because i t preserves the same
angular quadrature as is used in the calculation ot the numerator

The PCA-PVF problem features a large neutron source volume emitting
neutrons which impinge upon essentially point detectors at locations Dl
through D7 in Fig. 2. The penetration distance from the core to detector



D7 is of the order of 10 mean free paths for 2 MeV neutrons. Running
MORSE in the forward mode with next flight statistical estimators is pro-
hioitively expensive without the application of sophisticated biasing
techniques. The use of boundary crossing or finite detector volume esti-
mators reduces the expense substantially, but yields troublesome averaged
fluxes rather than point fluxes. On the other hand, running MORSE in the
adjoint mode not only permits the use of a track length estimator which
scores over the entire core volume, but also avoids the singularity and
associated poor statistics inherent in a point detector estimator. The
disadvantage of using the adjoint mode is that a separate calculation is
required for each detector location and, for reliable statistics, for
each energy group as well. However, for the PCA-PVF problem the advan-
tages of operating in the adjoint mode far outweigh the disadvantages.
Hence, operating in the adjoint mode with only standard biasing tech-
niques (i.e., Russian roulette, splitting, and pathlength stretching) was
selected as the method for calculating the three-dimensional fluxes.

RESULTS

The units chosen for the fluxes (real ly fluences) presented in th is
section are neutrons per square centimeter per source neutron emitted
from a cubic centimeter of the cere. This part icular normalization
arises naturally from the Monte Carlo scoring procedure over the core
volume as well as from treat ing the uso of i n f i n i t e dimenc"ons in the DOT
calculat ions. Mul t ip l icat ion of these results by the space-averaged
neutron source density (in units of neutrons per second per cubic
centimeter) would y ie ld absolute fluxes.

Before Eq. (2) was tested, the presence of any possible bias in one
method relat ive to the other was f i r s t investigated. Both MORSE and DOT
were applied to identical one-dimensional and two-dimensional problems
for several detectors. Table 2 shows a comparison of the total fluxes
(group fluxes summed over a l l twelve groups) calculated with DOT (columns
two through four) and with MORSE (columns f ive through seven). The
uncertainties in the MORSE results represent one standard deviation, and
are, of course, only themselves estimates. The comparisons shown in
Table 2 are consistent with the fact that roughly 2/3 of the MORSE fluxes
f a l l within one standard deviation of the DOT results. Although there is
perhaps evidence of a small but unimportant bias, Table 2 serves to v a l i -
date the equivalence of the two methods and provides confidence in the
three-dimensional comparisons that fol low.



DETECTOR

D1

D :

D3

D4

DB

D6

D7

TABLE 2. NEUTRON FLUX COMPARISONS BETWEEN DOT-IV AND ADJOINT MORSE CALCULATIONS
FOR NEUTRONS ABOVE 0.6 MeV

0.775

0.414

9.40 X 10~2

5.96 X IO~2

3.86 X 10~2

2.15 X 1O"2

1.12 X 10~2

DOT-IV FLUXES'

«VZ

0.B04

0.435

9.96 X 1D~2

6.51 X 10~2

4.51 X 10~ !

2.36 X 1O~2

1.23 X 10" 2

0.927

0.E22

0.124

8.E5 X 10"2

5.70 X 10~2

3.38 X 10"2

1.82 X 1 0 - !

0.786 1 0.6%"

ADJOINT WORSE FLUXES*

0.B15 ± O.B%D

9.96 X 10"2 i \S%

*y

0.947 1 1.7TEb

a 124 i 5.8%

3.96 X 10~2 i 3.0% 4.35 X 10*2 i 3.7% 6.54 X 1O~2 i 5.2*

2.2^ X 1C"2 t 4.6%

1.16 X 10~2 t 5.6% 1.38 X 10~2 1 7.4% 2.19 X I f f" 2 t 8.3%

"UNITS: NEUTRONS/cm2/(SOURCE NEUTRON/cm3) FOR « x y AND * y , AND NEUTRONS/emJ/l0.7317 SOURCE NEUT«ONS/cm3)
FOR « Y Z .

"UNCERTAINTIES ARE ONE O.

In Table 3 MORSE calculated three-dimensional total fluxes are com-
pared with the synthesized discrete ordinate values given by Eq. (2) for
each detector. The relative disagreements between the two results
(MORSE-DOT/DOT) are given in the last column, along with estimates of the
standard deviations of the Monte Carlo results. As indicated by th is
column, the disagreement between the two methods is quite small - the
largest being about 5%. Furthermore, these differences do not exhibit
any particular trend as a function of detector location. I t is true that-
there is evidence of a slight bias in the synthesized flux procedure (the
MORSE results are sl ight ly larger) but i t is no greater than the small
bias that can be ignored in the earlier comparisons in Table 2.

TABLE 3. THREE-DIMENSIONAL FLUX COMPARISONS FOR
NEUTRONS ABOVE 0.6 MeV

RELATIVE

DETECTOR

D1

D2

03
D4

D5

D6

D7

ADJOINT MORSEa

0.682 ± 0.5%b

0.346 ± 0.8%

7.77 X 10-2 ± 1.1%

4.74 X 10~2 ± 1.3%

2.85 X 10~ 2 ± 2 . 1 %

1.58 X 'tO-2 ± 3.4%

7.53 X 10"3 ± 3.5%

DDT-IV CONSTRUCTION*

0.672

0.345

7.55 X 10-2

4.54 X 10-2

2.81 X 1 0 - 2

1.50 X 10-2

7.57 X 10~ 3

ERROR
(K)

1.5 ± 0.5b

0.3 ± 0.8

2.9 ± 1.1

4.4 * 1.4

0.7 * 2.1

5.3 ± 3.6

-0.5 ± 3.5

•UNITS: neutrons/cm2/(source neutron/cm3).
bUNCERTAINTIES ARE ONE o.

Calculated one-and two-dimensional group fluxes using DOT are shown
in Table 4 for detector D5 which corresponds to the "T/4" location. A
summation over groups of these fluxes would yield the total flux values



for detector D5 in Table 2. The DOT fluxes from Table 4 are then com-
bined using Eq. (2) to form the various group fluxes which are then com-

TABLE 4. DOT-IV NEUTRON GROUP FLUXES AT
DETECTOR D5

ENERGY DOT-IV FLUXES'

GROUP *XY *YZ

1 2.17 X 1O"5 2.23 X 1 0 " 5

2 1.41 X 1O-* 1.45 X 10" *
3 4.77 X 10~* 4.95 X 1 0 " 4

4 1.31 X 1 0 " 3 1.38 X TO"3

5 1.42 X 10-3 1.51 X l O - 3

6 1.37 X TO"3 1.46 X 1 0 - 3

7 2.63 X I D " 3 2.B7 X 1 0 " 3

8 1.99 X 1 0 - 3 2.13 X 1 0 - 3

9 3.55 X l O - 3 3.81 X 1 0 " 3

10 3.82X10-3 4.10 X 1 0 " 3

11 7.38 X 10-3 7 g E x 1 0 - 3
12 1.44 X 10~2 1.56 X 10~2

3UNITS: neuirons/cm2/(SOURCE neutron/rm3) FOR
0 X Y AND 6Y . AND neutrons/crr>2/(0.7317 SOUHCE
neutron/cm3) FOR <t>v>.

3.15 X 10-5

2.10 X 10-*
6.72 X 10 '*
1.83 X TO"3

1.98 X ID" 3

1.93 X 10-3

3.79 X 10-3

2.82 X TO"3

5.08 X 10-3

5.47 X 10-3

1.09 X lO - 3

2.21 X 10 ' 2

pared with the MORSE results in Table 5. (The summation over groups of
the synthesized group fluxes appearing in Table 5 is the value
2.81x10"^ for detector D5 shown in Table 3). The synthesized group

TABLE 5. THREE-DIMENSIONAL GROUP FLUX COMPARISONS AT
DETECTOR D5

ENERGY

GROUP

1
2
3
4
5
6
7
8
9

10
11
12

ADJOINT IMDHSE".

«*YZ

1.56 X ID"5

1.04 X 10"*
3.62 X 10"*
9.97 X 10-*
1.07 X 10-3
9.B3 X 10"* :
1.99 X ID" 3

1.44 X ID" 3 .
2.79 X 10-3 :
2.69 X lO- 3 .
4.88 X 1O-3 :

t 3.0%b

i 1.9%
t 3.5%
t 2.9%
l 3.7%
t 3.6%
l 2.4%
t 2.3%
t 2.5%
t 2.3%
t 2.4%

9.60 X TO"3 ± 2.2%

DOT-IV CONSTRUCTION2

*XY («YZ%)

1.54 X 10~5

1.02 X 1 0 - *
3.51 X 10~*
9.88 X 10~*
1.08 X 10-3
1.04 X l O - 3

2.04 X ID" 3

1.50 X 10-3

2.66 X 10~3
2.86 X lO- 3

5.40 X 10~3

1.02 X 10~2

RELATIVE
ERROR

ft

1.3:
- 2.0:

3.1 :
0.9 :

-0.9 ;
-5!5 i
- 2 . 4 s
-4 .0 ;

•1.9;
-5 .9 :
-9.6 :
-5.9 i

i)

i3.0b

t 1.9
t3.6
• 2.9

t 3.7
t 3.4
t2.3
t 2.2
t2.6
t 2.2
• 2.2

^2.1
aUNITS: neutrons/cm2/lsourcB neutron/cm3).
•"UNCERTAINTIES ARE ONE o.

fluxes compare well with the MORSE fluxes for the first nine groups
(E>1.5MeV), but there is an indication of a small disagreement outside of
statistics for the synthesized group fluxes between 0.6 and 1.5 MeV.
However, this latter disagreement is still probably due to statistical
fluctuations since the total fluxes shown in Table 3 are in agreement
when based on an earlier MORSE result.



CONCLUSIONS

Recalling that the object of this study was an evaluation of the
accuracy of the f lux synthesis method combining the results of three
discrete ordinates calculations represented by Eq. (2) , the investiga-
tions of the previous section clearly validate the use of th is approxima-
t ion over the PCA-PVF space and energy domain studied ( i . e . , over a l l y
in the 8/7 configuration far x=z=0 and E>0.6 MeV). Based on this
conclusion, use of Eq. (2) for somewhat less res t r ic t ive domains of x,y,
and z and E is most l i ke ly j u s t i f i e d . In par t icu lar , i t should apply to
the centerline threshold detectors in the 12/13 configuration.

I t should further be noted that the combined three-dimensional
aspects of the PCA-PVF geometry and source d is t r ibut ion apparently are
separable and cancel out using the DOT synthesis of Eq. (2). Hence, the
conjecture that any discrepancy between the PCA-PVF measurements and ORNL
calculations is most l i ke ly due to the neglect of three-dimensional
coupling ef fects, implied by Eq. (2), is shown to be unfounded by the
results of th is study. Apparently, the source of this discrepancy l ies
elsewhere.
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