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ABSTRACT

To aid in the determinations of reactivity worths for target materials in a proposed High Flux Isotope
Reactor (HFIR) target configuration containing two additional hydraulic tubes, the worths of cadmium
rabbits within the current hydraulic tube were calculated using a reference model of the HFIR and the
MCNPS5 computer code. The worths were compared to measured worths for both static and ejection
experiments. After accounting for uncertainties in the calculations and the measurements, excellent
agreement between the two was obtained. Computational and measurement limitations indicate that
accurate estimation of worth is only possible when the worth exceeds 10 cents. Results indicate that
MCNPS and the reactor model can be used to predict reactivity worths of various samples when the
expected perturbations are greater than 10 cents. The level of agreement between calculation and
experiment indicates that the accuracy of such predictions would be dependent solely on the quality of the
nuclear data for the materials to be irradiated. Transients that are approximated by “piecewise static”
computational models should likewise have an accuracy that is dependent solely on the quality of the
nuclear data.
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1. INTRODUCTION

The Research Reactors Division is reconfiguring the High Flux Isotope Reactor’s (HFIR’s) central target
region to add two hydraulic rabbit tubes to be used in conjunction with the existing tube. These actions
are being taken in connection with the need to increase the production of a specific radioisotope that has a
half-life less than the duration of a typical HFIR fuel cycle. Startup safety procedures require that the
reactivity worth of the simultaneous expulsion of all target material from the tubes be determined. Safety
analyses for target irradiations performed in recent years have been based on a comparison of the
absorption cross section of the new sample with that of cadmium rabbits for which worth measurements
had been made (see Ref. 1, which is Appendix A). For the perturbation introduced by the use of two
additional hydraulic tubes, the assumption of expulsion of cadmium rabbits, simultaneously, from all
three fully loaded hydraulic tubes leads to a prompt reactivity excursion which is not allowed under the
current operating procedures for the HFIR. Since measurements with cadmium rabbits could no longer
serve as a bound for the safety analysis for experiment approval, it was deemed necessary that some other
method be used to determine the worths of target materials within these tubes. The choice was made to
determine the worths by computation. Thus, the measured worths of Ref. 1 are now to be used for
validation of computational methods rather than for bounding safety assessments. The measurements
serve as a benchmark for the computational tools. It is recommended that the reader examine Appendix
A before continuing to the next section.






2. PROCEDURES

The calculation of the rabbit worths was performed in several steps. HFIR MCNP? models documented
in Refs. 3 and 4 were the starting points for this study. Configuration-controlled versions of MCNPS5 and
nuclear data libraries were used to perform all calculations (ORNL Software Registration System
identification number 854).

First, it was requested that the MCNP model used to calculate the worths be one resulting from the
incorporation of the Cycle 400 target model from Ref. 3 into the model from Ref. 4. This task was
performed through the incorporation of the necessary cells, surfaces, and materials in the reference model
to form the new model. Plots were then made of the target geometry residing in both the Ref. 3 model
and the new model, as shown in Figs. 1 and 2.

The new model differed from the old model in that there was an additional water mixture for the
out-of-core regions. The water numbered 1 in the Ref. 3 model was renumbered 99, and material 1 from
Ref. 4 became material 1 in the new model (this was in lieu of changing material 1 to material 3 in cells
outside the target region in the Ref. 4 model). The plots of the two models thus show different colors for
some regions because the material mappings were not one to one. Otherwise, the plots indicate that the
Ref. 3 target model was successfully incorporated into the Ref. 4 model. The S(a,B) materials used for
materials outside the core were also different (“.01t” versus “.06t”). In addition, the new model used the
newer materials found in the Xoubi file (ENDF6 versus ENDF5 materials). Eigenvalue calculations were
also performed for the two models, and reaction rates were calculated. A few selected values are
compared in Tables 1 and 2. The results are essentially the same, although there is about 2% difference in
the average neutron flux in the flux trap region cell 719. Hence, the reference model for the rabbit worth
calculations is verified.

Following the model verification, the rabbits were then modeled and placed in a stand-alone geometry for
testing. Since the intent was to use arrays to model the experimental configurations, the geometry was
tested using an array of nine stacked rabbits (the maximum number that could be placed in the tube).
These rabbits included six types: (1) a black rabbit (an aluminum cylinder wrapped full length with a
cadmium sheet within another aluminum cylinder), (2) a 1/3 black rabbit (an aluminum cylinder wrapped
about 1/3 length with a cadmium sheet within another aluminum cylinder), (3) a 2/3 black rabbit (an
aluminum cylinder wrapped about 2/3 length with a cadmium sheet within another aluminum cylinder),
(4) a white rabbit (white rabbit #1 — like the black rabbit with void replacing the cadmium sheet), (5) a
second white rabbit (white rabbit #2 — an aluminum cylinder with a voided interior), and (6) a water
“rabbit” (a unit containing all water). Plots of the test geometry are shown in Figs. 3—10. As indicated in
the figure captions, the scooped ends of the rabbits contain water (rather than void) when placed inside
the hydraulic tube.

Figure 3 of Ref. 1 shows the length of a rabbit as 6.50875 cm (2.5625 in.). However, for the length of the
target region in the hydraulic tube, nine rabbits 6.50748 cm (2.562 in.) in length would fit within that
region. This is the same length given for a hydraulic tube capsule assembly at a HFIR Web site and
elsewhere for an ORR irradiation capsule (see Appendix B). The diameter of the rabbit was not given but
was assumed to be 0.9525 cm (0.375 in.) according to information from R. W. Hobbs (Ref. 5) and the fact
that the same diameter and length were used for an ORNL drawing of an ORR rabbit. The drawing on
the HFIR Website shows the diameter of the narrowest part of the fin to be 1.10998 c¢m (0.437 in.), and
the diameter of the capsule is less than the fin diameter.

For the worth calculations that are reported subsequently, the rabbits were modeled with the shorter
length (6.50748 cm), and the interior cells of the hydraulic tube were replaced by the rabbit arrays or



simulators. Figures 11-17 show plots of the geometry for three experiments. Also, the control rod
position was changed to 44.45 cm (17.5 in.) to correspond to the position given in Ref. 1.

The static and ejection experiments are described in Table 3. Eigenvalue calculations were performed for
each experiment mockup along with a calculation for a reference mockup in which the hydraulic tube was
filled with water. Calculations were performed with a modified version of the MCNP5 code for which
the format in one subroutine was changed to print more digits for the final k. values. The altered
subroutine was critl _mod.F90, which prints the data to the computer screen unless the data is captured in
a log file. The format of the write statement was the only change made to the program.



3. RESULTS OF CALCULATIONS

The calculated k¢ value for each experiment was compared with that calculated for the reference
experiment (all water in the hydraulic tube) to determine the worth of the rabbits or simulators.
Approximately 50 million histories were run, and all standard deviations were about 0.00013, which was
on the order of some Ak values. Results, converted to cents using 0.0076 as the § for HFIR (Ref. 6), are
given in Table 4. Input and output files for the calculations are described in Appendix C.

3.1. EJECTION EXPERIMENTS

While the signs on the reactivity worths are the same for the calculated and measured values for the
ejection experiments, the agreement between the calculated and measured values, if evaluated on the
basis of C/E ratio, is poor. Reference 1 provides some explanation for the level of disagreement. All of
the ejection experiments were of low worth, the largest being 6.1 cents. Ref. 1 states that “no attempt was
made to check the reproducibility of the experimental results” and also notes that “one cent corresponds
to only ~0.006 inches on the regulating rod. On this basis, the accuracy, particularly of the small values,
is somewhat questionable.”

Indicators for control and safety element positions record to 0.01 inches or approximately

1.6 cents at the critical position noted in Ref. 1. It is an operator function to establish symmetry in control
and safety plate withdrawal positions. The uncertainty in symmetric control/safety element positions is
not stated in Ref. 1; however, the Monte Carlo model assumes symmetry of control and safety plates.

As stated previously, the Monte Carlo calculations were converged to a standard deviation of 0.00013 in
the multiplication factor. Since the calculated worth of an expelled target is the difference between two
calculated k-effectives, the standard deviation of the difference is 0.00026 or 3.4 cents. Table 4 shows
that most of the calculations and measurements agree to within one standard deviation of the calculated
worth. If the experimental measurement is assumed to have a standard deviation of 1.6 cents, then the
difference between calculation and measurement should have a standard deviation of 5.0 cents. All
differences between calculations and measurements agree at this level. Computational and measurement
limitations indicate that accurate estimation of worth is only possible when the worth exceeds 10 cents.

3.2. STATIC EXPERIMENTS

Excellent agreement is seen for the static experiments where many of the C/E values agree within 10%
and all of the differences between calculation and experiment agree to within one standard deviation.
Results indicate that MCNPS5 and the reactor model can be used to predict reactivity worths of various
samples when the expected perturbations are greater than 10 cents. The level of agreement between
calculation and experiment indicate that the accuracy of such predictions would be dependent solely on
the quality of the nuclear data for the materials to be irradiated. Transients that are approximated by
“piecewise static” computational models should likewise have an accuracy that is dependent solely on the
quality of the nuclear data.



3.3. IMPACT OF MODELING ASSUMPTION REGARDING POSITION OF HYDRAULIC
TUBE

The worth calculations were performed for rabbits situated in an offset hydraulic tube in the Xoubi target
model. Since the measurements were performed for a central hydraulic tube (Fig. 18), the calculated
worths could be somewhat different from those shown in Table 4. Therefore, the effect of the central
versus the offset hydraulic tube was studied for static experiment #6 (nine black rabbits). The dummy
aluminum target in the center of the model was replaced with a hydraulic tube model, and the offset
hydraulic tube was returned to its original mockup as in the Xoubi model. Two MCNP models were
constructed with the hydraulic tube containing nine black rabbits or water. Plots of the geometry for the
black rabbits are shown in Figs. 19 and 20. The elevation view plot in Fig. 19 shows the nine black
rabbits in the central tube and nine dummy capsules (Al-1100 inside Al-1100) in the offset hydraulic tube
to the left. MCNP Eigenvalue calculations were performed using approximately 50 million histories.
The calculations gave kg values of 0.997290523 for the nine-black-rabbit configuration and 1.000638033
for the water-filled tube configuration, both with standard deviations of 0.00013. Again, treating the
water-filled tube configuration as the reference case, one finds the worth of the nine-black-rabbit
configuration to be —44.05 cents. The C/E value is 0.92. The absolute difference between the calculated
and measured results is greater than 3.4 cents (the standard deviation of the calculation) but less than 5.0
cents (the sum of the standard deviations of the calculated and measured results). Actually, with respect
to the offset hydraulic tube configurations, the k.g values for the central hydraulic tube configurations
decreased by 0.03% for the water-filled tube configuration and 0.003% for the nine black rabbit
configuration. Yet, the worth changed about 9%. Nevertheless, based on this result for the central
hydraulic tube, one would expect the effects of the central hydraulic tube on the calculations for the other
experiments to be within the combined errors of the calculations and the experiments.



4. SUMMARY

Reactivity worths of several cadmium rabbit configurations within the HFIR were calculated and
compared to measured results to benchmark the MCNP5 code for calculating such worths. The good
agreement with measurements — all values of differences between calculation and experiment are less
than the expected one standard deviation for that parameter — give confidence that MCNP5 can be used
for such calculations.
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Table 1. Comparison of fission and aluminum capture rates (cm™ + s ') in fueled regions

Fission and Aluminum Capture Rate

Core Region Xoubi Model New Model Ratio
Inner Element Region 1 6.3885-7 (0.0006)* | 6.3696—7 (0.0006) 0.997
Inner Element Region 2 5.0468—7 (0.0006) | 5.0350—7 (0.0006) 0.998
Inner Element Region 3 4.0819-7 (0.0006) | 4.0753-7 (0.0006) 0.998
Inner Element Region 4 3.2930—7 (0.0005) | 3.2888—7 (0.0005) 0.999
Inner Element Region 5 2.8382—7 (0.0005) | 2.8352—7 (0.0005) 0.999
Inner Element Region 6 2.8324-7 (0.0005) | 2.8275—7 (0.0005) 0.998
Inner Element Region 7 3.1093-7 (0.0005) | 3.1057-7 (0.0005) 0.999
Inner Element Region 8 3.6447-7 (0.0005) | 3.6385—7 (0.0005) 0.998
Outer Element Region 1 3.3417-7 (0.0005) | 3.3303—7 (0.0005) 0.997
Outer Element Region 2 2.7014-7 (0.0005) | 2.6947—7 (0.0005) 0.998
Outer Element Region 3 2.2363—7 (0.0005) | 2.2329-7 (0.0005) 0.998
Outer Element Region 4 1.8676—7 (0.0004) | 1.8656—7 (0.0004) 0.999
Outer Element Region 5 1.7093—7 (0.0004) | 1.7075—7 (0.0004) 0.999
Outer Element Region 6 1.7855=7(0.0004) | 1.7878—7 (0.0004) 1.001
Outer Element Region 7 1.9648—7 (0.0005) | 1.9739-7 (0.0005) 1.005
Outer Element Region 8 2.1575-7 (0.0005) | 2.1720—7 (0.0005) 1.007
Outer Element Region 9 2.4005—7 (0.0005) | 2.4186—7 (0.0005) 1.008

aRead as 6.3885 x 10”7 with a fractional standard deviation of 0.0006.

Table 2. Comparison of average total neutron fluxes in the flux trap regions

Average Fluxes (cm - s ')
Cell Xoubi Model New Model Ratio
579 7.2681—4 (0.0083)* 7.2775-4 (0.0084) 1.001
649 7.1645—4 (0.0084) 7.2325-4 (0.0084) 1.009
719 7.3024-4 (0.0137) 7.1677-4 (0.0138) 0.982
All Three 7.2265-4 (0.0056) 7.2446—4 (0.0056) 1.003

3Read as 7.2681 x 10~* with a fractional standard deviation of 0.0083.
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Table 3. Description of the experimental mockups within the HFIR hydraulic tube

Experiment | Description®
Ejection Experiments
0 9H20
1 4W1-1B-4W1
1b 4W2-1B-4W2
2 4W1-1/3B-4W1
3 4W1-2/3B-4W1
4 4W1-2/3B-4H20
5 2/3B-8H20
6 oW1
6b ow2
Static Experiments
0 9H20
1 4H20-1/3B-4H20
2 4H20-1B-4H20
3 3H20-2B-4H20
4 3H20-3B-3H20
5 1H20-6B-2H20
6 9B
6b “9B”
7 “OW”

®The components are as follows:

H20: All-water rabbits that are 6.50748 cm long.

W1: White rabbits that are 6.50748 cm long with aluminum plug inside.

W2: White rabbits that are 6.50748 cm long with voided inside.

B: Black rabbits that are 6.50748 cm long containing a plug of cadmium over aluminum.
1/3B: Partially black rabbits that are 6.50748-cm-long containing a plug having a
1.84912-cm-wide cadmium sheet around a 5.45592-cm-long aluminum rod.

2/3B: Partially black rabbits that are 6.50748-cm-long containing a plug having a
3.6957-cm-wide cadmium sheet around a 5.45592-cm-long aluminum rod.

“9B”: A plug simulating nine black rabbits with a 58.56732-cm-long aluminum tube
plugged with a cadmium sheet surrounding a 58.27522-cm-long aluminum rod.
“OW”: A plug simulating nine white rabbits with a 58.56732-cm-long aluminum tube
containing a 58.27522-cm-long void chamber.

12




Table 4. Comparison of calculated and measured worths

Calculated Measured C/E |C-E| >
Experiment Ketr Worth (cents)® | Worth (cents) 3.4 cents | 5.0 cents
Ejection Experiments
0 1.0009295 - - - - -
1 1.0000940 —10.99 —6.1 1.80 Yes No
b 1.0001227 —10.62 —6.1 1.74 Yes No
2 1.0009200 —0.125 —0.8 0.16 No No
3 1.0003378 -7.79 -3.5 2.22 Yes No
4 1.0003966 =7.01 —5.4 1.30 No No
5 1.0007886 —1.85 -1.1 1.69 No No
6 1.0010753 +1.92 +3.5 0.55 No No
6b 1.0009539 +0.321 +3.5 0.092 No No
Static Experiments
1 1.0006211 —4.06 -2.5 1.62 No No
2 0.9998347 -14.4 -10.0 1.44 Yes No
3 0.9994268 -19.77 —18.3 1.08 No No
4 0.9988813 —26.95 —26.5 1.02 No No
5 0.9977537 —41.79 —41.5 1.01 No No
6 0.9972627 —48.25 —48.0 1.01 No No
6b 0.9969483 —52.38 —48.0 1.09 Yes No
7 1.0011001 +2.24 +5.0 0.45 No No

®The worth is calculated as follows: worth = 100(Kes — Ker)/0.0076, where kiris the

multiplication factor when the tube is filled with water and 0.0076 is the assumed p value for
HFIR. Based on a standard deviation of 0.00013 for each Monte Carlo estimate of k-effective,
the standard deviation of a difference between k-effective values would be 0.00026. One

standard deviation for the calculated worth would be 3.4 cents.
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03/05/05 11:28:28
HFIR Model version 4.0 (HFV4.0),
BOC Conditions, %.4kg U-235,
2.8 g B-10
probid = 03/05/05 11:26:00
basis:
( 1.000000, 0.000000, 0.000000) |
{ 0.000000, 1.000000, 0.000000)
origin:
( 0.00, 0.00, 0.00)
extent = ( 10.00, 10.00)

w

-10

=10 -5 o 5 10

Fig. 1. Plan view of the target region of the Xoubi MCNP model.
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03/05/05 15:16:23
High Flux Isotope Reactor model
-1

probid = 03/05/05 15:14:58
basis:

( 1.000000, 0.000000, 0.000000)
{ 0.000000, 1.000000, 0.000000)

origin:
{ o.00, 0.00, 0.00)
extent = ( 10.00, 10.00)

w

-10

=10 -5 0 5 10

Fig. 2. Plan view of the Peplow MCNP model with the Cycle 400 target model incorporated.
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03/01/05 13:59:20
teat geometry for rabbit
modeling

probid = 03/01/05 13:56:09
basis: 1
{( 0.000000, 1.000000, 0.000000)

( 0.000000, 0.000000, 1.000000)
origin: =1
( 0.01, 0.00, 0.00)
extent = ( 29.50, 29.50)

=10

-20

=20 =10 o 10 20

Fig. 3. Plot of a target geometry showing a stack of nine assorted rabbits.
(Note that the scoops at the ends of the rabbits are filled with water when placed in the
HFIR geometry.)
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03/01/05 14:00:55
teat geometry for rabbit
modeling

probid = 03/01/05 13:56:09
basis:

{( 0.000000, 1.000000, 0.000000)

( 0.000000, 0.000000, 1.000000) ]
origin: o
( o.01, 0.00, -22.50)
extent = ( 3.00, 3.00)

Fig. 4. Close-up plot of the top of white rabbit #2 and the bottom of white rabbit #1.

(Note that the scoops at the ends of the rabbits are filled with water when placed in the HFIR
geometry.)

18



03/01/05 14:01:18
teat geometry for rabbit
modeling

probid = 03/01/05 13:56:09
basis:

{( 0.000000, 1.000000, 0.000000)

( 0.000000, 0.000000, 1.000000) ]
origin: o
( o.01, 0.00, -17.50)
extent = ( 3.00, 3.00)

Fig. 5. Close-up plot of the top of white rabbit #1 and the bottom of the 2/3 black

rabbit. (Note that the scoops at the ends of the rabbits are filled with water when placed in the
HFIR geometry.)
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03/01/05 14:01:48
teat geometry for rabbit
modeling

probid = 03/01/05 13:56:09
basis:

{( 0.000000, 1.000000, 0.000000)

( 0.000000, 0.000000, 1.000000) ]

origin: o
( o.01, 0.00, -12.50)
extent = ( 3.00, 3.00)

Fig. 6. Close-up plot of the top of the 2/3 black rabbit. (Note that the scoops at the
ends of the rabbits are filled with water when placed in the HFIR geometry.)
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03/01/05 14:02:10

teat geometry for rabbit e
modeling

probid = 03/01/05 13:56:09
basis:

{( 0.000000, 1.000000, 0.000000)

( 0.000000, 0.000000, 1.000000) ]

origin: o
{ o.01, 0.00, -7.50)
extent = ( 3.00, 3.00)

Fig. 7. Close-up plot of the top of the 2/3 black rabbit and the bottom of the 1/3

black rabbit. (Note that the scoops at the ends of the rabbits are filled with water when placed in
the HFIR geometry.)
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03/01/05 14:02:29
teat geometry for rabbit
modeling

probid = 03/01/05 13:56:09
basis:

{( 0.000000, 1.000000, 0.000000)

( 0.000000, 0.000000, 1.000000) ]
origin: o
( o.01, 0.00, -2.50)
extent = ( 3.00, 3.00)

Fig. 8. Close-up plot of the top of the 1/3 black rabbit and the bottom of the black

rabbit. (Note that the scoops at the ends of the rabbits are filled with water when placed in the
HFIR geometry.)
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03/01/05 14:02:59
teat geometry for rabbit
modeling

probid = 03/01/05 13:56:09
basis:

{( 0.000000, 1.000000, 0.000000)

( 0.000000, 0.000000, 1.000000) ]
origin: o
( o.01, 0.00, 2.50)
extent = ( 3.00, 3.00)

Fig. 9. Close-up plot of the top of the black rabbit and the bottom of the 1/3 black

rabbit. (Note that the scoops at the ends of the rabbits are filled with water when placed in the
HFIR geometry.)
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03/01/05 14:04:12
test geometry for rabbit
modeling

probid = 03/01/05 13:56:09
basis: 1
( 0.000000, 1.000000, 0.000000) -
( 0.000000, 0.000000, 1.000000) ]
origin: o |
{ 0.01, 0.00, 17.50) |
extent = ( 3.00, 3.00)

Fig. 10. Close-up plot of the top of the 2/3 black rabbit and the bottom of the

all-water "rabbit". (Note that the scoops at the ends of the rabbits are filled with water when
placed in the HFIR geometry.)
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03/06/05 11:01:46
EFIR model with Cycle 400 =
targets (Ejection Expt #1) o

probid = 03/06/05 10:52:18
basis:

( 1.000000, 0.000000, 0.000000)
( 0.000000, 0.000000, 1.000000)
origin: o
{ -3.00, 0.00, 0.00)
extent = ( 30.00, 30.00)

10

-10

-20

=30

=30 -20 =10 o 10 20

Fig. 11. Elevation plot of the geometry for Ejection Experiment #1.

25



03/06/05 11:03:53
HFIR model with Cycle 400 o
targets (Ejection Expt #1) L=

probid = 03/06/05 10:52:18
basis:

( 1.000000, 0.000000, 0.000000)
( 0.000000, 0.000000, 1.000000)
origin:

{ -3.00, 0.00, 0.00)
extent = ( 10.00, 10.00)

w

=10

-5 o 5 10

Fig. 12. Close-up plot of the hydraulic tube geometry for Ejection Experiment #1.

=10
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03/06/05 10:55:36
HFIR model with Cycle 400 « o
targets (Ejection Expt #1) =

probid = 03/06/05 10:52:18
basis:
{( 1.000000, 0.000000, 0.000000)
( 0.000000, 1.000000, 0.000000) |
origin: |
( -3.00, 0.00, 0.00)
extent = ( 1.00, 1.00)
"
a

-0.5

Fig. 13. Plan plot of the hydraulic tube geometry along the axial midplane for Ejection
Experiment #1.
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03/07/05 11:54:45
EFIR model with Cycle 400 —
targets (Static Expt #7) o

probid = 03/07/05 11:48:19
basis:

( 1.000000, 0.000000, 0.000000)
( 0.000000, 0.000000, 1.000000)
origin: o
{ -3.00, 0.00, 0.00)
extent = ( 30.00, 30.00)

10

-10

-20

=30

=30 -20 =10 o 10 20

Fig. 14. Elevation plot of the geometry for Static Experiment #6b.
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03/07/05 11:56:16
HFIR model with Cycle 400 w
targets (Static Expt #7) B

probid = 03/07/05 11:48:1%
basis:

( 1.000000, 0.000000, 0.000000) ——
( 0.000000, 1.000000, 0.000000) L
origin: ko ‘
{ -3.00, 0.00, 0.00)
oxtent = ( 1.50, 1.50) ‘

-
&

Fig. 15. Plan plot of the hydraulic tube geometry along the axial midplane for Static
Experiment #6b.
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03/07/05 12:27:17
HFIR model with Cycle 400 =
targets (Static Expt #6b) =

probid = 03/07/05 12:22:01
basis:

( 1.000000, 0.000000, 0.000000)
( 0.000000, 0.000000, 1.000000)
origin: o
{ -3.00, 0.00, 0.00)
extent = ( 30.00, 30.00)

10

-10

-20

=30

=30 -20 =10 o 10 20

Fig. 16. Elevation plot of the geometry for Static Experiment #7.
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03/07/05 12:27:35
HFIR model with Cycle 400 n
targets (Static Expt #&b)

probid = 03/07/05 12:22:01
basis:

( 1.000000, 0.000000, 0.000000) ——
{ 0.000000, 1.000000, 0.000000) |-
origin: - [
( -3.00, 0.00, 0.00)
oxtent = ( 1.50, 1.50) ‘

w
o

Fig. 17. Plan plot of the hydraulic tube geometry along the axial midplane for Static
Experiment #7.
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04/17/05 15:06:55
EFIR model with Cycle 400 —
targets (Static Expt #6) 2

probid = 04/17/05 15:04:46
basis:

( 1.000000, 0.000000, 0.000000)
( 0.000000, 0.000000, 1.000000)
origin: o
{ 0.00, 0.00, 0.00)
extent = ( 30.00, 30.00)

10

-10

-20

=30

=30 -20 =10 o 10 20 30

Fig. 19. Elevation plot of the central hydraulic tube geometry for Static Experiment #6.
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04/17/05 15:06:06
EFIR model with Cycle 400
targets (Static Expt #6)

probid = 04/17/05 15:04:46
basis:

( 1.000000, 0.000000, 0.000000)
( 0.000000, 1.000000, 0.000000) |

origin:
{ 0.00, 0.00, 0.00)
extent = ( 2.00, 2.00)

Fig. 20. Plan plot of the central hydraulic tube geometry along the axial midplane for
Static Experiment #6.
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APPENDIX E

INTRA-LABORATORY ‘CORRESPONDENCE

OAK RIDGE NATIONAL LABORATORY

March 31, 1967

To: R. V. McCord
From: T. M. Sims

Subject: Results of Preliminary Reactivity Experiments - HFIR Hydraulic
Tube .

1. Introduction

The main purpose of this letter is to record some of the details of the
experiments and the results obtained. The experiments comsisted of two
parts: - (1) a series of critical experiments using single rod mockups
simulating various hydraulic tube loads, and (2) a series of hydraulic
tube load ejection experiments run at a reactor power level of ~12 Mw.
In the latter, measurements were made, during ejection of the various
loads, of the number 1 safety reset flux vs. time, and the output of the
number 1 safety rate network vs. time.

2. Static Critical Experiments

The primary purpose of these .experiments was to measure the reactivity
worths of various simulated loads to provide a basis for_establishing the
precise sequence for conducting the ejection experiments®. Unless indi-
cated otherwise all reactivity worth values reported herein are relative

to the water filled hydraulic tube. Single rod mockups were used to sim-
ulate various hydraulic tube loads. Figure 1 shows schematically the con-
figuration of these rods. The black sections indicate ''black rabbit" sim-
ulators, i.e., they contain 35 mil thick cadmium wrapped completely around
an aluminum plug inside an aluminum tube. In that portion of the rods be-
low the black sections, indicated by dashed lines, the metal-to-water ratio
is minimized to the extent practical. Thus, the measured worths of these
rods closely approximate those of the indicated number of black rabbits,
located axially in the facility as shown in Figure 1. The rod laheled "9W"
in Figure 1 consisted of a sealed hollow aluminum tube and simulates 9

empty rabbits. The results of the measurements. are given in Figure 2.

Note that the measured worth of the rod simulating 9 black rabbits is ~ -48¢
(rod in facility relative to water filled facility). This is probably close
to the maximum amount of negative reactivity that can be loaded into the

lPrior to these experiments, the differential worth of the regulating
rod at ~17.450" was measured using the rod bump technique. The measured
value at this position was ~ §1.58/in. which is in substantial agreement
with that given in Figure 5 of CF-65-12-2. This is to be expected since
in both cases the measurements were on new rods. Figure 5 of CF-65-12-2
was thus used to determine the reactivity worths of the hydraulic tube loads
and load simulators.
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R. V. McCord 2 March 31, 1967

facility with the present rabbits, although it is conceivable that some
configurations, e.g., replacement of the aluminum plug around which the
cadmium is wrapped with a more effective moderator than aluminum, might
result in larger negative worths. Also, larger worths could probably be
obtained if the rabbit diameter is increased. : '

3. Ejection Experiments

Experiments were run in which the reactor power vs. time, and the rate
network output vs. time, following the ejection of various loads were
measured. The loads were ejected while the reactor was operating at ~12
Mw. Symmetric critical rod positions were ~17.5 in. Figure 3 shows the
contents of a typical "black rabbit" and "partial black rabbit". The
"white rabbits" used contained solid aluminum plugs-and no cadmium. Re-
corder traces showing AP vs. t (reset flux) and R vs. t (rate network
output) -associated with the ejection of the indicated loads are shown in
Figures 4 through 9. Also shown in these figures is the ratio of the
‘rate network output to the rate trip set point (R/T.S5.) vs. time. No-
menclature describing the load configurations is explained in footnote
(1) of Table 1. This table summarizes the measured values of AP ..,
dP/dt) povs® Rpays and ax/rate trip set point) resulting from the
ejection of the indicated loads. The values listed in column 2 repre-
sent the load worth with the load fully inserted in the facility3. There=-
fore attempts to correlate these values with the associated values of
AP s EP/dt)m , and Ry, will be misleading in some cases because ejec-
tion of a part%ﬁular load does not mnecessarily correspond to the insertion
of the corresponding listed reactivity in a "simple" manner (i.e., in a
step or simple ramp). For example, upon ejection of the "2/3B" load, re-
activity at first decreases as the rabbit travels toward the core hori-
zontal midplane. This initial decrease is probably compensated to some
extent by the servo. Further movement of the rabbit above the horizontal
midplane theh causes a reactivity increase. The associated APpax, dP/dt)pay,
and Rpay values are thus larger than would be expected from the insertion
of 1.1¢ in a simpler manner. It should be noted that no attempt was made
to check the reproducibility of the experimental results, since the primary
interest was in.covering a fairly wide spectrum of different loads in as
short a time as possible.  Although the results obtained are more.or less
"consistent" it would probably be a good idea to check reproducibility for
two or three different loads. For most (but possibly not all) of the loads
in Table 1, application of a factor of 10 to the listed values of AP o
dP/dt)m » Bpax, and Ry . /T.S. to estimate the effect of load ejection at
100 Mw is probably conservative (i.e., results in an overestimate) for the

zdP/dt)max obtained from AP vs. t traces as shown in Figures 4 through
9.

3
In assessing the accuracy of these values it should be noted that 1¢
corresponds to only ~0.006" on the regulating rod. On this basis, the ac-
curacy, particularly of the small vagluesa, is somewhat questionable.
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4 ' March 31, 1967

start of cycle condition. However, this may not be the case for other times

later in the fuel cycle since the applicable regulating rod differential

of APp.., dB/dt)
’ . load is not quantitatively known.

worth is lower; although just how important this is in limiting the values
s and Rpay Tesulting from the ejection of a particular
Further it is not clear that application

of a factor of 10 is necessarily conservative for the ejection, at 100 Mw,
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of the "2/3B" load where, upon ejection, reactivity at first decreases and
then increases. :

T Con

.« M. Sims .
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APPENDIX B. Reference Drawings for Rabbit Dimensions






LIGHT PUSH FIT TO
1D OF CONTAINER

TOLERANCES EXCEPT A5 SPECIFIED
DECIMAL % 0.005
FRACTIDNAL £ '/ea
ANGLES £ 0*-30

MATERIAL — 25 ALUMINUM

ALL DIMENSIONS ARE IN INCHES
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Fig. Il.1. ORR lrrodiotien Can and Cop.
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Fig. B1. Irradiation capsule used in the Oak Ridge Research Reactor.



Hydraulic tube capsule assembly

2562

http://web.ornl.gov/sci/rrd/images/hfir7.gif

0.437 in. diam.

0.255 in, diam.

Page 1 of |

4/6/2005

Fig. B2. Capsule used in the HFIR hydraulic tube experiments.
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APPENDIX C. Descriptions of Input and OQutput Files for the Rabbit Worth Calculations






The table below matches the input and output files to the experiments. The output files have the letter “o0”
following the input file name and the tally files have the letter “m” following the input file name. The log
files have the letter “1” preceding the input file name. It is in the log files where the “final k™ values are
printed with the nine decimal digits. There are only five digits in the output file. The Fortran source for
the subroutine modified to print more digits for the “final k” (crit] mod.F90) was mentioned in the main
text. In addition, the files hfv400a and hfv400b were used to calculate the fission and aluminum capture
rates that were used to compare two calculational models. The first file is for the Xoubi model (Ref. C1),
and the second is for the Peplow model (Ref. C2) with the Cycle 400 target model from Ref. C1 incor-
porated. Unlike the input files for the rabbit calculations, the materials in the hfv400b file were not all
ENDFB6, yet calculated results agreed well for both models.

MCNPS5 Input and output files for the experimental mockups within the HFIR

hydraulic tube
Experiment | Description® | Input File Name | Output File Name
Ejection Experiments
0 9H20 hfv400d hfv400do
1 4W1-1B-4W1 hfv400c hfv400co
1b 4W2-1B-4W2 hfv400j hfv400j0
2 4W1-1/3B-4W1 hfv400e hfv400eo0
3 4W1-2/3B-4W1 hfv400f hfv400fo
4 4W1-2/3B-4H20 hfv400g htv400go
5 2/3B-8H20 hfv400h hfv400ho
6 IW1 hfv400i hfv400io
6b ow2 hfv400k hfv400ko
Static Experiments
0 9H20 hfv400d hfv400do
1 4H20-1/3B-4H20 hfv4001 hfv400lo
2 4H20-1B-4H20 hfv400m hfv400mo
3 3H20-2B-4H20 hfv400n hfv400no
4 3H20-3B-3H20 hfv4000 hfv40000
5 1H20-6B-2H20 hfv400p hfv400po
6 9B hfv400q hfv400qo
6b “9B” hfv400s hfv400so
7 “OW” hfv400r hfv400ro
6 (central tube) 9B h{v400t hfv400to
0 (central tube) 9H20 hfv400u hfv400uo

®The components are as follows:
H20: All-water rabbits that are 6.50748 cm long.
W1: White rabbits that are 6.50748 cm long with aluminum plug inside.
W2: White rabbits that are 6.50748 cm long with voided inside.
B:  Black rabbits that are 6.50748 cm long containing a plug of cadmium over aluminum.
1/3B: Partially black rabbits that are 6.50748 cm long containing a plug having a 1.84912-cm-wide cadmium
sheet around a 5.45592-cm-long aluminum rod.
2/3B: Partially black rabbits that are 6.50748-cm-long containing a plug having a 3.6957-cm-wide cadmium
sheet around a 5.45592-cm-long aluminum rod.
“OB”: A plug simulating nine black rabbits with a 58.56732-cm-long aluminum tube plugged with a cadmium
sheet surrounding a 58.27522-cm-long aluminum rod.
“OW”: A plug simulating nine white rabbits with a 58.56732-cm-long aluminum tube containing a
58.27522-cm-long void chamber.
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