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Abstract

Inpile experiments have been carried out using the Fission Product
Behavior Test Loop (FPL-II) to study the behavior of fission products
released from failed fuel in a primary cooling system of LMFBR,

FPL-II was installed in the Toshiba Training Reactor (TTR) at the
Toshiba R&D Center. In an inpile plug, 100 grams of uranium dioxide fuel
(20% enriched) was irradiated in flowing sodium at an average thermal
neutron flux of 7 x 109 n/cmzlsec. The fuel consists of numerous small
sintered spheres with an about 0.5 mm diameter, held in a stainless steel
basket. The total fuel surface directly touching the sodium is about
1000 cmz. Figssion products, released from the fuel surface to the
coolant by recoil during ﬁeutrbn irradiation; were transported by the
flowing sodium through a delay line made of a stainless steel tube (SUS
304). The dimension of the delay line piping is about 25 m long and 9.4

me Inner diameter,

The deposition distribution of non-volatile fission products was
measured with gamma ray detectors along the delay line during irradiation
and after sodium drainage. Deposition behavior for several non-volatile

fission products, such as Sr, Y, Zr, Nb, Ba and La, were as follows:

* FBR Project, Power Reactor and Nuclear Fuel Development Corporation,
*% Research and.Development Center, Toshiba Corporation,

#%% Nuclear Energy Group, Toshiba Corporation.
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1) The deposition of Sr nuclides is very rapid and irreversible., The
deposition rate constants are obtained for Sr-92, Sr-93 and Sr-94 by
analyzing the deposition distribution patterns. -The activation
energy for the deposition procesé was found to be ~13%1 (KJ/g-atom).
It is concluded that the Sr deposition rate on a stainless steel
surface is controlled by the Sr nuclide diffusion through the

boundary layer,

2)  The deposition rate of Y nuclides is similar to that of Sr between

200 and 500°C sodium temperature,

3) The deposition rate of Zr nuclides is smaller than the Sr deposition
at 500°C sodium temperature and shows no dependence on the sodium

‘temperature between 200 and 500°C.

4) The deposition rate of Ba nuclides is almost identical with that of
8r at 400°C sodium temperature, but the temperature dependence is

smaller than Sr.

5) The deposition rate of lLa nuclides is similar to that of Ba between

350 and 500°C sodium temperature.
6) Nb nuclides show no deposition behavior in sodium.

The k factor (roughness factor), for an irradiation sample loaded in
the FPL-II, was calculated using the volatile fission products gamma ray
spectra and the thermal neutron flux at the irradiation section. About

0.4 in average was obtained by this method.

On the other hand, the delayed mneutron precursor nuclides behavior
was studied by measuring the delayed neutron with He-3 proportional
counters at two positions on the delay line. The k factor was also
caleculated by using the delayed neutron counting data. The obtained
value was 0.59., It is necessary. to study the reason why different k

factors were cbtained.

(11)
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INTRODUCTION

When fuel failure occurs in a fast breeder reactor (FBR),
fission products (FPs) accumulated in' the fuel pin will be
released into sodium of primary coolant, then circulate through
the primary cooling system together with the flowing sodium and
deposit on the piping and inner wall of apparatus. Especially,
non~volatile nuclides, such as Zr, Ru, La and Ce; have a
strong tendency to deposit on surface of stainless steel wall and
have long half life, resulting in the increase to the dose rate
during mainténance and examination of reactor. In the
experimental reactor of BOR-60 {in USSR), it is reported(l) that
radiation level due to FPs, such as Zr-95/Nb-95, Ba-140/La-140,
etc. in the primary system is almost same with that of Mn-54, a
radioactive corrosion preduct (CP). However, quantitative study
on the deposition behavior of non-volatile FP is very rare(z).
So, the Inpile Fission Product Behavior Test Loop (FPL-II) was
built at the Toshiba Training Reactor (TTR) in 1981 and

irradiation test was started from 1982(3)

in order to study mainly
deposition behavior of non-volatile FP. In the fiscal year (April
1983 through March 1984) succeeding previous year, many
irradiation tests and analysis of the deposition behavior of

non-volatile FP were continued,

In FPL-II, 20% enriched wuranium dioxide, was loaded as
irradiatign specimen, which produces recoil FP. The released FP in
to sodiuﬁltransfers in the loop together with the flowing sodium.
A delay line, which is made of stainless steel pipe with 25 m
length and 1is 1/4 inch (9.4 mm) inner diameter, is equipped in
FPL-II. During the non-volatile FP transfers from the irradiated
fuel through the delay line, it deposits inside of the piping. The
deposition distribution of non-volatile FP is measured with gamma

ray detectors along the delay line piping.

In 1982, irradiation tests were conducted changing sodium
temperature and flow. ' In this fiscal year, irradiation tests were
conducted during 12 cycles of TTR operation. A cycle is composed

of 4 hrs dirradiation under 100 kW reactor power. The main
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experimental items are as follows; i) the temperature dependence
of non-volatile FP deposition behavior at low sodium temperature,
ii) the elimination of precursor nuclides infiuence by the method
of stopping the sodium flow during irradiation which is followed
by the resuming flow 1 hr affer irradiation, iii) FP déposition
behavior by producing temperature gradient on the delay line by
means of switching off the heater on it, and iv) FP deposition
behavior in sodium with high oxygen concentration. Gamma ray
peaks were measured at various detection positions during

irradiation, after irradiation and after draiﬁing sodium.

As to analysis in this fiscal year, the deposition
distribution of non-volatile FP in the delay line piping were
obtained from the experimental results performed in 1982. The
deposiiign behavior was analyzed by using a model by M.H. Cooper

et al, and the deposition rate constants of FP nuclides were

obtained as a function of temperature and flow velocity.

Although many peaks of volatile FP, such as Br, Kr, Te, T and
Xe, were detected in the gamma ray measurement of FPL-II, it is
known that these volatile FP nuclides show small adsorption on the
surface of piping in sodium at high temperature(s). From these
measured gamma ray of volatile FP, release fraction of FP from
irradiated fuel surface to sodium was calculated, The k factor
(ratio of measured release fraction to calculated one from recoil
model), which is very important for the evaluation of fuel failure
detection system responce in FBR, was calculated using the measured

release fraction.

Transition behavior of released delayed neutron (DN) nuclides
in sodium, together with the k factor, is important for evaluation
of fuel failure detection system in FBR. Two neutron detectors
were installed on the delay line of FPL-II, in order to detect DN
~ and to measure the transition behavior of DN release nuclides under
various transient conditioms, flow change, flow stop and reactor
(TTR) shut down (test scram). The k factor was calculated from

the count rate,



2.1

2.1.1

2.1.2

INPILE FISSION PRODUCT BEHAVIOR TEST LOOP (FPL-II)

Outline of Test Loop

As the detail of FPL-II has been reported already(3),_the

outline only is described here.
Component diagram

An inpile plug, which loads 20% enrichment U02 of 100 g was
installed at the horizontal irradiation hole of TTR. FPL-II is
composed of a sodium system, argon cover gas system and control

system, etc., and its sodium inventory is 4.8 kg. The FPL-II

‘schematic diagram is shown in Fig. 2-1.

The sodium system is composed of inpile plug, where FP
nuclides are produced, a circulation loop, dump tank, and

purification loop.
Sodium system

A FPL-II flow diagram is shown in Fig. 2-2, and a photograph
of the sodium system is in Fig. 2-3. The main specifications of
FPL-II is given in Table 2-1. '

The inpile plug has a quadruple structure with about 4 m
length composed of uranium capsule, sodium pipe and outer triple
tube. In the uranium capsule at the end of sodium pipe, the
irradiation specimen (20% enriched uranium dioxide) is loaded into
a mesh basket so as to contact with sodium directly. FFP is
produced by thermal neutron irradiation, and a part of FP is
released in sodium by recoil phenomenon. Specifications of
irradiation sample are indicated in Table 2-2. The uranium dioxide
irradiation samples is shown in Fig. 2-4 and the uranium capsule
is in Fig. 2-5.




2.2

2.2,1

The sodium purified at the cold trap temperature of 120°C in

the purification system, is loaded in the experimental sysfem,

where the delay line piping (25 m total length, 13.8 mm outer

diameter and 2.2 mm thickness) is equipped. FP is transferred from

inpile plug by flowing sodium forced by an electromagnetic pump and

deposits on the delay line piping. The delay line is arranged

along the wall of container in spiral for reliable and easy to

measure the gamma ray emitted from FP, An by-pass line for the

inpile plug is also attached.

Qutline of Gamma~Ray Detection Apparatus

Gamma-ray detection apparatus and detection method

1)

Gamma-ray detection system

Gamma-ray emission from loop piping was detected by using a
high purity Ge diodé detectors made by Princeton Gamma Tech
Co. (PGT) and Canberra Co. The Gamma-ray detection system
diagram is indicated in Fig, 2-6. The output of gamma-ray
detector, after being amplified and rectified by pre- and

main~amplifiers, is analyzed by using an spectro-analyzer.

Measured spectra were memorized in a- magnetic disk by using
floppy disk apparatus. The results of photoelectron peak
analysis are recorded by a printer and gamma-ray spectra are
by X-Y plotter. Components of gamma-ray detection system |
module are indicated in Table 2-3,

Gamma-ray detection was performed simultaneously with two
detectors at the two detection positions along the loop
piping. The peak height analyzer wused in the present
experiment has two 4K memory capability: the two gamma-ray
spectra were recorded simultaneously separately in the 4K

memoray.



2)

3)

4)

Gamma-ray detection position

In order to examine the deposition behaviqr of FP in sodium,
11 positions were decided.at the same intervals on the delay
line for gamma-ray detection. The gamma-ray detection
positions (D-1 to D-11) are shown in Fig. 2-7. Distance from
the uranium caﬁsule, as the starting point, to each detection
positions, sodium volume and internal surface area of piping
which contacts with sodium are indicated in Table 2-4.
Gamma-ray was measured through collimator allocated at outside

of 14 cm-thick carbon steel shielding, as shown in Fig. 2-8.
Collimator

Center axis of gamma-ray detector should be consistent with
the delay line piping through collimator, as shown in Fig.
2-8. However, the loop and the carbon steel shielding are on
different bases, which elevations are different each other, so
that the collimator position can not be decided correctly at
the designing stage.. Therefore, the collimator was allocated
at an ellipsoidal hole of 10 em x 25 cm on the carbon steel
shielding, in order to be traversable for 10 cm vertically, as
shown in Fig., 2-9. A slit of 64 mm x 20 mm is holed through
lead block as collimator. For adjustment of the positioms
between collimator and piping, Na-24 gamma-ray wés used(s) and
after deterﬁing the optimum position, the front cover was
fixed on the shield by bolts. Space between the shielding
hole and the collimator was filled with lead granules. The
packing density of lead granules is about 60% and the granules

shows almost the same shielding effect with carbon steel.
Lead shielding

In order to obtain the reliable FP deposition behavior in the
delay line piping, gamma-ray from remote loop piping and
apparatus should be shielded. Marked interference gamma-ray
at each detection position comes from the electromagnetic pump

with large amount of sodium inventory and from the delay line
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2.2.2

which located behind the- measuring point. For shielding of
gamma-ray, a lead shielding was allocated behind the piping at
each detection position: a lead plate with 5 cm thick and
25 em x 20 cm size against the electromagnetic pump and a lead
plate with 2 em thick and 50 em x 15 em size agéinst the
behind delay line. By the provision of lead shielding,
gamma-~-ray radiation from background was reduced to less than

5% at every detection position.
5) Gamma-ray detector driving apparatus

A gamma-ray detector is of about 35 kg weight including a
liquid nitrogen Dewar's vessel and a iead shield covering
detector-head, In order to move the detector to the desired
detection positions in a short time, a manual driving

apparatus was manufactured as shown in Fig. 2-10.
Delayed neutron detection system

Two detectors for delayed neutron released from the fission
products of iodine and bromine are equipped on the delay line at
the distances of 700 cm (DND-1) and 2848 cm (DND-2) from the
uranium capsule, with a neutron shielding and a neutron moderator
as shown in Fig. 2-11., The layout of inner neutron shielding is
shown in Fig., 2-12 and tﬁat of neutron moderator and outer neutron

shielding is shown in Fig. 2-13.

Delayed neutron is detected by inserting a He-3 proportiomal
counter into a hole of neutron moderator that is placed outside a
container. The diagram is indicated in Fig. 2-14. Output pulse of
He-3 proportional counter is amplified and rectified by pre- and
linear amplifiers, then background noises were rejected by using
single channel peak height analyzer. The remainded pulses are
counted by using a linear ratemeter and a preset scalor timer.

The output of linear ratemeter is recorded by a 2-pen
recorder. At preset scalor timer, two output pulses of DND-1 and
DND-2 detectors are counted alternately and printed out. The

output pulse of DND-1 detector is, 1f necessary, counted by a
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multichannel scalor with 4K memory and printed out., Specifications
of components of the delayed neutron detection system module are
indicated in Table 2-5.



Table 2-1 Main Specifications of Inpile Fis$ion Product Behavior
Test Loop (FPL-1I) :

Sodium Inventory
Main Structural Materials
Main Pipe
Maximum Temperature
Inpile Plug
Experimental‘ Loop System
Purification Loop System
Maximum Sodium Flow Rate
Cover Gas
(das Pressure

Cover

Container Size

4.8kyg
SUS 304

1/4B Sch 40 ( 13.8 mm

2.2 mm

Quter diametor
Thickness

5507C
600°C
350°C
5 £/min
Argon

—1~1.9kg/em2G

2.6m"x 2mLx 2.5mH

Table 2-2 Irradiation Samples Specifications

Irradiation Samples .

Enrichment
Total Weight

Size

UO2
20%
100g

0.5~0.6 mm@ @ granular




Table 2-3 Components of Y-ray detection system module

Module

Model

Detector-1

PGT. Pure Ge
Detection Efficiency 10%

High Voltage
Power Supply-1

CANBERRA Model 3105

High Vol tage
Buffer-1

NAIG Model D—1338

Pre Amplifier-1

PGT

Main Amplifier-1

CANBERRA Model 2010

BIN-1

NAIG Model D-1014A

Detector-2

CANBERRA Pure Ge
Detection Efficiency 10%

High Voltage
Power Supply -2

CANBERRA Model 3105

High Voltage
Buifer-2

NAIG Model D-133

Pre Amplifier

CANBERRA

Main Amplifier

CANBERRA Model 1413

BIN-2 ORTEC Model 401A
Peak Hight CANBERRA Series 80
Analyzer

Floppy Disk

CANBERRA Model 8662

Printer

TI Silent 700 Model 745

X-=Y Pilotter

YHP, 7004B




Table 2-4 Length, Sodium Volume and Surface Area between

Detector Positions and FPL-IT Main Loop

Length (cm) Volume (com3) Surface area(cm?)
cumlative |cum1ative cumulative
Uranium Capstile 10 10 30 30 306 306
Uranium Capsule~VA-3 440 430 298 328 1298 1604
VA-3 ‘14 464 7 335 36 1640
VA-3~D-1 30 494 21 356 89 1729
D-1~D-2 133 627 g2 448 393 2122
D—2~DND-1 73 700 51 49'9 215 | 2337
DND-1~D-3 1990 8390 131 630 561 2898
D-3~D-14 403 1293 280 910 1189 4087
D-4~D~-5 338 1631 234 1144 998 5085
D-5~D-6 403 2034 280 1424 | 1189 | 6274
D-6~D-7 338 2372 234 1658 998 7272
D-7~D-8 403 2775 2890 1938 1189 8461
D-8~DND-2 73 2848 51 1989 215 8676
DND-2~D-9 185 3033 128 2117 547 9223
D-9~EMP-1 160 3193 111 22238 472 96965
EMP-1 79 3272 862 3090 2457 12152
VA-4 14 3286 7 3097 36 12188
VA-4~D~-10 143 3429 99 3196 422 12610
D-10~H-1 104 3533 72 3268 307 12917
H-1 100 3633 185 3453 478 13395
H-1~D-11 187 3820 130 3583 552 13947
D-11~VA-2 131 3951 91 3674 387 14334
VA-2 14 3965 7 3681 36 14370
VA-2~Uranium Capsule 440 4405 2938 3979 1298 15668
A~VA-5 40 40 28 28 118 118
VA-5 14 54 7 35 36 154
VA-5~B 209 263 145 180 617 771
ET — 480~1500 364~899
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Table 2-5 Components of Delayed Neutron Detection System Module

Module Model
s LND Type 2521
He Proportional Resolution FWHM 10%
Counter Power Supply 2,500V
Pre Amplifier OSAKA DENPA Model PA-SPC

High Voltage Péwer

Supply ORTEC Model 459

Linear Amplifier OSAKA DENPA Model MPS-1221A

Single Channel

Peak Hight Analyzer OSAKA DENPA Modei MPS-1233

. ORTEC Model 449 (DND-1)
Linear Rate Meter OSAKA DENPA Model MPS—~12524A
: ' (DND-2)

Pre Amplifier Power | iy 4 DENPA Model PS—5D

Supply
Recorder YOKOGAWA
Preset Scalor Timer OSAKA DENPA Model PST-11
NAIG Process Memory D-172
1 Multich 1 1 14 Readout Controller D-167
ultichannel Sealor ’ CRT Display CRT -2

HP Digital Recorder HP-5055A
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Fig. 2-3 1Inpile Fission Product Behavior Test Loop
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Fig., 2—-4 TUranium Dioxide Irradiation Samples



Fig. 2-5 Uranium Capsule
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3.1

PRELIMINARY TEST
Mock-up Test

A DN counter system is, as shown in Fig. 2-11, composed of an
inner neutron shielding surrounding the delay line piping, an outer
neutron shielding allocated at outside of container and a neutron
moderator. The neutron moderator is made of pdlyethylene of 50 mm
thickness (thinnest value in the used inner neutron shielding) and
a2 cadmium plate of 1 mm thickness is used for absorbant for thermal
neutron. However, exceptionally no shielding exists at both ends

of the outer neutron shielding and the neutron moderator.

The analytical result of DN measurement data in 1982 clarified
that two DN detectors equipped in the loop have insufficient
neutron shieldiﬁg ability, because DN radiation is also detécted
from other places than detection positions (corresponding to DND-1
and DND-2 in Fig. 2-7 respectively), esPécially from the delay line
located  at upper and lower places of detection positions. So,
mock~up tests were performed using Am~Be neutron source to obtain
quantitative detection efficiency to each DN detector from the

detection position and its uﬁper and lower pipings.

Furthermore, another mock-up tests for other positioms than
above mentioned were performed as following procedure: after
setting a standard neutron source was settled at the location
corresponds to the same relative locatiom to the actual detector in
FPL-II, the neutron counts were measured., Next, after transferring
the neutron source to another locatiqn corresponds, neutron
measurement was performed. Thus these operation was repeated. In
Fig. 3-1, positions correspond to the loop piping where neutron
detection efficiency was measured are indicated by black circles,
and for reference, the loop piping are indicated by dotted lines
where DL-A to DL-D and E represent the mock-up test apparatus.
Thus, detection efficiencies were measured at the upper and lower
pipings of the delay line and at places corresponding to the corner

places and the electromagnetic pump (TI1 ~ T3).
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3.1.1 Experiment

1)

2)

3)

Mock-up test equipment for piping

The mock-up test equipment for piping is shown in Fig. 3-2 and
its photo is in Fig. 3-3. In the mock-up test, piping was set
at 1.2 m length in order to detect neutrom in the range of 50
em right and left from the center of detector along the
piping. Piping is surrounded by insulation material
(Fineflex) of 50 mm thick similarly with FPL-II. Though
piping of FPL-II is 13.8 mmd outer diameter and 2.2 mm
thickness, piping of the mock-up test is designed as 21.7 mmd
outer diameter and 2.8 mm thickness because neutron source
(12.7 mm outer diameter) can be inserted into the piping
possessing the .similar thickness with that of FPL-II. The
inner neutron shielding, the outer neutron shielding and the
neutron moderator of DND-1 and DND-2 detectors were removed
from FPL~-II." Then, the shielding of DND-1 was equipped on
piping DL-A of the mock-up and that of DND-2 was on piping
DL-D, as shown in Fig. 3-2, Although FPL-II has container
wall (material: curbon steel, thickness 3.2 mm) between inner
and outer neutron shieldings, the mock-up has no steel plate

corresponds to it,
Neutron source

Am-Be radiation source of following specification was used:

radiocactivity 332,6 mCi

release rate 7.47 x 105 n/sec

average energy ca. 700 keV

geometry cylindrical

dimension 12,7 mm dia, x 25.4 mm length

Measurement of detection efficiency

Measurement using the mock-up piping was performed as follows:
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To begin .with, a He-3 proportional counter is set on DND-1
only. In piping DL-A, neutron counting (30 sec) of the
neutron source was set at the Position No. 1 (500 mm left from
the center of the detector, refer Fig. 3-2) and measured for
30 sec. TFollowing that, .by successively transferring the
neutron source by 50 mm to the right side directiom, Position
No. 2 to Position.neutron counting were conducted for 30 sec
at each position. Subsequently, the same ‘procedures were

taken for piping DL-B to DL-D and E (see, Fig. 3-2).

Next, the He-3 proportiomnal counter was set on DND-2 instead
of DND-1, and counting measurement similar with DND-1 was

conducted,

Following that, the detection efficiencies at 19 positions
from 01 to V0 shown in Fig. 3-1 were measured as follows:
placing neutromn source in sequence at locations that
correspond to 0l to VO and settingVHe—S counter on DND-1 and

‘DND-2 alternately, neutron was counted for 30 sec.

From the obtained count number, the detection efficiency was

calculated as follows:

Detection'efficiency {Count/n) =

Count number (Count)
Measuring time (sec) x Release rate of neutron (n/sec)

3.1.2 Result of experiment

The detection efficiencies of DND-1 at selected positions
(DL-A to DL-D and E) on the delay line shown in Fig. 3~4, and those
of DND-2 at the same positions are shown in Fig. 3-5,

The detection efficiency distributions of DND-1 and DND-2 om
the delay line are symmetrical against the center line of the
mock-up (neutron source set position of No. 11, ref, Fig. 3-2), as
shown in Figs. 3-4 and 3-5.
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The detection efficiency of DND-1 at detection position DL-D
shows comparative decrease at the central region owing to shielding
of inmmer neutron shield (polyethylene 50 mm thick, cadmium 1 mm
thick) of DND-2 detector, The detection efficiency of DND~1 to
position DL-A is 4.7 x 1072 Count/n (peak value), to DL-B is 19%,
to DL-C is 9.5%, to DLZD is 3.1% and E is 11.4% of that of DL-A.

As for detection efficiency of DND-2, since positions DL-A and
E are shielded by the imner neutron shielding of DND-1 detector,
small values of detection efficiency were observed, especially the
effect is remarkable owing to the shielding of 100 mm-thick
polyethylene and 2 mm-thick cadmium. The detection efficiency of
DND-2 to position DL-D is 4.7 x 10—'3 Count/n (peak value), to DL-C
is 17.6%, to DL-A is 3.0%, to E is 0.8% of the that of'DL-D;V Here,
the detection efficiency of DND-1 to tHe position DL-A and that of
DND-2 toc position DL-D show, as étated above, approximately equal
value. TFurthermore, the detection efficiencies to pipings that
correspond to relatively eqﬁivalent positions to detectors (for
example, piping DL-C corresponds to DND-1 and piping DL~B
corresponds to DND-2) were clarified to be in good agreement with

both detectors.,

The detection efficiencies of DND-1 and DND-2 to 19 positions
(from 01 to VO0) are shown in Fig. 3-6. Both efficiencies show
little difference to the detection positions except to the
elecromagnetic pump part (T1 ~ T3) and around its outlet (UO). The -
detection efficlency vaties approximétely 2 times from 3 x 10_5 to
6 x 10_5 Count/n depending on the detection positioms. The
detection efficiencies of DND-1 to positions T1 and U0 are
approximately 2 times larger than those of DND-2 at the same
positions, respectively, owing to large difference of distamnces

from each positions to each detector.

The detection efficiency distribution to the whole part of
FPL-II loop piping are shown in Fig. 3-7 for DRD-1 and in Fig. 3-8
for DND-2. Here, the abscissa in figures shows distance from the

uranium capsule. It is clear from these figures that the detection
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3.1.3

3.2

efficiency of DND-1 is high to the detection positioms DL-B to D, E
and to electromagnetic pump as well as DL-A on which the detector
is set., Similarly, as for DND-2, the detection efficiency to DL-A,
DL-B, DL-C and the electromagnetic pump is high as well as DL-D,
However, at the position E, a small value of detection efficiency
is obtalned as explalned above, Slnce sodium volume per unit
ler\gth at electromagnetlc pump is approximately 15 times higher
than that of piping, actual detection efficiency is approximately
15 times higher, and it is estimated that the electromagnetic pump

part is rather influential.
Conclusion

Using the FPL~IT piping mock-up and a uranium source, neutron
detection efficiencies of DND-1 and DND-2 to delayed neutron
detectors were measured to the experimental system loop. Results

are as follows:

(1) Despite of lack of neutron shielding at the both side ends of
outer neutron shielding and neutron moderator, the leaked

neuron from the ends could be neglected.

(2) The detection efficiency of DND-1 to the piping DL-A is 4.7 x
10_3 Count/n (peak value) and to DL-B is 19%, to DL-C is 9.5%,
to DL-D is 3.1% and to E is 11.4% of the peak value.

(3) The detection efficiency of DND-2 to the piping DL-D is 4.7 x
10-3 Count/n (peak value) and to DL-C is 17.6%, to DL-B is

9.0%, to DL-A is 3.0% and to E is 0.8% of the peak value.

From these results, detection efficiencies of DND-1 and DND-2

to various positions in the experimental loop were estimated.
Calibration Test of Delayed Neutron Detectors

Calibration test of measuring instrument, which are used
routinely for long period, is necessary before the start of

experiment in order to confirm the normal function and the
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reproducibility of these apparatus. Calibration test of DN
measuring instrument was conducted before every irradiation test

using a standard neutren source.

The neutron source of Ra-Be (radicactivity 3 mCi) is placed
jinside the hole of a cylindrical moderator (50 cm dia. x 45 cm
high) and He-3 counters of DND-1 and DND-2 are inserted through an
experimental hole perforated through the side wall of the
moderator, and the neutron count rate was measured using the same
detection system shown in Fig. 2-14. Actually a single channel
peak height analyzer and a multi chaonel peak height analyzer (MCA)
were connected in parallel to the linear amplifier in order to
measure the neutrom spectrum, Procedures of calibration test are

as follows:

(:) At no neutron source state, confirm that no large wvariation
occurs in the noise level by changing discrete level of the

single channel peak height analyzer.

(:) The variation of count level of counter is measured with
neutron source by similar procedure to (:), and confirm that
no variation of DN count rate occurs around discrete level

settled.

(:) During measurement of (:), neutron spectra are measured by the
multi channel peak height analyzer, and confirms that no large

variation occurs between them.

Results of calibration tests performed before irradiation
tests of Exp. Nos. 18 to 28 are shown in Table 3-1 and Fig. 3-9.
Measured neutron count rates showed little variation, and it was
confirmed that the DN detection system functioned normally during
the tests,
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Table 3-1 Delayed Neutron Detectors Calibration Test
before Each Irradiation Test

Exp. N Date Count rate (cps)

: DND-1 DND-2
18 83/9,/16 6208.1 6211.8
19 1015 6180.9 6274.8
20 11705 6148.6 6202.9
21 11726 6146.6 6241.4

22,23 12/09 6160.72 6154.4

24 84./1/23 6094.8 6198.7

25,26 1727 6091.6 6049.3

” 1/30 6147.0 6245.4

27 2710 6055.3 6163.4
13

28 2,/24 6070.4 6041.1
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IRRADTATION. TESTS
Procedure of FPL-IT COperation

An irradiation test of FPL-II started after purification of
sodium, cleaning of ‘test system and repurification of sodium were
performed. Sodium was purified by cooling a cold trap to 120°C.
Cleaning of the experimental loop system was performed by
circulating purified sodium at 300°C through the system except the
inpile plug, in order to dissolve impurities in sodium. Operation

procedure of FPL-IT is shown in Fig. 4-1 and explained as follows:
1) Gas substitution in the loop

(1) The gas inside the test system and purification system is

substituted 3 times with fresh argon gas.
2) Sodium purification

(1) Temperature of the purification system is elevated up to
300°C with rate of ca. 50°C/30 min.

(2) Passing through test of the purification system is domne.

. (3) After the purification system is evacuated to vacuum
state, sodium is charged in the purification system by

pressurizing dump tank.

(4) Temperature of the purification system is elevated up to

350°C by circulating sodium with 3 liters/min flow rate.

(5) Heaters equipped on cold trap (CT), inlet and outlet
piping of CT are cut off.

(6) CT is cooled by operating the CT blower.

(7) Flow rate of sodium 1s lowered stepwise until 0.4
liter/min,
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3)

4)

(8)

(9)

Temperature of main heater (H-2) in the purification
system is lowered at the rate of 10°C/10 min until

temperature of CT lower part attains 120£5°C,

After temperature of CT lower part attains 120+5°C and is
kept constant, sodium is circulated for more than 1 hr,

then drained.

Cleaning of the experimental loop system

1

(2)

(3)

(4)

(5)

(6)

)

The experimental loop system excluding inpile plug is

preheated up to 300°C with rate of ca. 50°C/30 min.
Sodium valves VA-2 and VA-3 are closed.

Passing throﬁgh test in the experimental loop system is

done.

After evacuating dump tank and the experimental loop
system to vacuum state, sodium is charged in the
experimental loop system excluding the inpile plug by

pressurizing the dump tank.

Sodium is circulated for more than 2 hrs with flow rate
of 3 liters/min at 300°C.

Sodium is drained.

Passing through test in the experimental loop system is

done.

Irradiation test

(1)

(2)

The inpile plug d1is cooled By using the inpile plug
cooling system.

Temperature of the experimental loop system including
inpile plug is raised to 300°C (200°C for inpile plug)
with rate of ca. 50°C/30 min.
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4.2

(3) After evacuation of the dump tank and the experimental
loop system to vacuum state, sodium is charged in the
experimental loop system including the inpile plug by

pressurizing the dump tank.

(4) Sodium is circulated with test flow rate through the main

circulation loop.

(5) Temperature of loop is raised or lowered to a test
' temperature with rate of 50°C/30 min, the temperature of
dump tank is raised or lowered to the same level of the

loop.

(6) TIrradiation test is performed after the test temperature

is attained.
(7) Sodium is drained after a test is completed.

(8) Passing through test in the experimental loop system is

done.

(9) Uranium capsule is cooled down to 95°C by blowing argon
gas through the inpile plug.

Outline of Irradiation Test

Irradiation tests have been conducted 15 times from September
7, 1982 through March 1, 1983. The objective and the result of the
(1

test have been already reported in detail . A summary of test
conditions is indicated in Table 4-1,

During this fiscal year, irradiation tests have been conducted
Il timesr from September 20, 1983 to February 28, 1984. These
conditions are summarized in Table &4-1 including the previously
performed tests, Time charts of sodium temperature, sodium flow
rate and TTR power regarding to Exp. No. 16 and hereafter
experiments are shown in Fig. 4-2, where Exp. No. 17 is eliminated

because of no FPL-II operation.
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As stated in Section 4.1, after purifying sodium by using the
purification system, sodium was charged in the experimental loop
system in order to dissolve the sodium oxide deposited on the inmer
wall of the loop piping, and then drained to the dump tank. After
that, sodium was purified again by using the purification system
‘and charged in the experimental loop system, then after sodium
temperature and flow rate were set to the test condition. The
temperature was kept constant during irradiation for 4 hrs at the
100 kW power. Usually, the loop was operated in the isothermal
condition and was kept at the same temperature to the impile plug,
excluding few irradiation test cases. However, the electromagnetic
pump was cooled by blower to suppress coil heating and, therefore,

kept at a lower temperature (80°C maximum) than other loop parts.

Gamma-ray measurements were performed at various detection
positions- during and after irradiation. Two detectors were used
simultaneously at two detection positions, transferring along the
delay line piping. Lists of magnetic disks recording gamma-ray

measurement data are shown in Appendix B.

Delayed neutron (DN) measurement was conducted for 1 ~ 5 min
counting time during normal loop operation. In the case of
measurement of DN count rate variation with elapsed time after
sodium flow stop or TTR output decrease, DND-1 and DND-2 detectors
were counted alternately setting the preset scaler timer at 1 sec,
the output DND-1 was also connected to the multi-channel scaler and

the signal was measured with counting time of 1 sec.
The main features of each test run is introduced below.

1) Exp. No. 16

With objective to measure deposition behavior of non-volatile
FP in sodium, Exp. No. 14 was repeated in FExp., No. 16 with the
sodium temperature of 530°C and the flow rate of 1 L/min.,
Contrary to Exp. No. 14 where sodium was drained immediately
after irradiation, sodium circulation was continued still for

approximately 20 hrs after irradiation in Exp. No. 16 and the
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2)

3

redistribution possibility of non~volatile FP which deposited
once on the wall surface was measured, It is clarified that
redistribution of Zr may have occurred, but not for Sr and Y

after sodium circulation for at least 20 hrs.
Exp. ¥o. 17

The dePositibn distribution of JYong lived non-volatile F¥P

released in the irradiatiom tests up to Exp. No. 16, was

‘measured in Exp. No 17. The gamma-ray counting time is ca. 22

hrs at each detection position. The gamma-rays of
Zr-95/Wb-95, Ru-103, Ce-141 were detected.

Exp. No. 18

Many kinds of non-volatile FP nuclides are released into
sodium by irradiation of wranium fuel: most of them are
produced from the beta-decay of preéursor nuclides and some of
them are directly produced by fission influenced. The
deposition béhavior of mnon-volatile FP is readily to the
behaviors of precursor nuciides, therefore, direct measurement
of deposition behavior of non-volatile FP is difficult. 1Im
order to eliminate the influence of precurser nuclides, the
circulation of sodium started after decay of precursor
nuclides, and the deposition behavior of non-volatile FP was

measured. Change of values with elapsed time is shown in Fig.
4=2.(2).

At first stage, the whole 1loop was kept at 500°C by
circulating sodium before irradiatiom. Immediate before
irradiation, the sodium flow was by-passed and the sodium flow
inside uranium capsule was stopped. As the preheater capacity
of capsule is small, capsule temperature began to drop rapidly
but was kept at 280°C constantly after ca. 1 hr, while
temperature at other parts of the loop was lowered
accompanying with the capsule temperature. The irradiation
condition of TTIR was at 100 kW power for 2 hrs. Waiting for

complete decay of precursor nuclides for 1 hr after
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4)

irradiation, then the sodium flow was resumed. The flow
suspending time of 1 hr after irradiation was decided
considering the thalf 1lives of precursor nuclides of
non-volatile FP (for example, Ru-103, Ru-105, La-142, Ce-143,
etc.) Conditions of resumed sodium flow was the temperature
of 280°C and the flow rate of 2 ¢/min. Gamma-ray measurement
was started after restart of sodium flow, but gamma-ray peaks
of non-volatile FP that was expected to -accumulate in the
sodium inside of uranium capsule by irradiation for 2 hrs, was
not detected. (Only gamma-ray peaks of Na-24 and of volatile
FP, such as Te and I, etc., of long lived, were detected.) As
the reason it 1is conceivable that non-volatile FP nuclides
deposit on the surface of irradiation specimen {the surface
area of the irradiation specimen is very large) and on the
inner surface of uranium capsule, so that they do not transfer
up to the gamma-ray detector positiomn. Anothér reason is that
tﬁey have small transfer rate. After 17 hrs since the sodium
flow had restarted, the flow rate was chaﬁged to 5 &/min, but
no change was cobserved in the gamma~ray spectrum. Very weak
several gamma-ray peaks of non-volatile FP were detected as a
result of the sodium temperature change from 280°C to 500°C
another 8 hrs. after. Two reasons are considered why these
peaks were observed. One is due to the easier transfer of
non-volatile FP from accumulated place in capsule to loop
piping by increasing sodium temperature to 500°C. The other
reason is that almost a1l Ng—24, which causes the Compton
scattering with the gamma-rays, decayed resulting relatively
intensified gamma-ray peak of non-volatile FP. The total

sodium flow time after irradiation was ca. 40 hrs.
Exp. Nos. 19 ~ 21

Irradiation tests In 1982 were performed taking sodium
temperature as parameter and keeping sodium flow at constant

1)

rate /', but in Exp. Nos. 19-21, the deposition behavior of
non~volatile FP was measured mainly taking flow rate as
parameter: 530°C and 2 %/min in Exp. No. 19, 170°C and 1

2/min in Exp. No. 20 and 170°C and 5 %/min in Exp. No. 21.
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5)

6)

7)

Exp. No., 22 and No. 25

Variation of deposition behavior of non-volatile FP owing to
temperature gradient produced on the delay line piping was
measured. The temperature gradient is produced by switching
off all of preheater on the delay line piping. Sodium flow is
1 2/min in both of Exp. No. 22 and No. 25, and the sodium
temperature at uranium capsule is 400°C in Exp. Wo. 22 and
300°C in Exp. No. 25, The temperature difference between
inlet and outlet of the delay line piping is 130°C in Exp. No.
22 and 100°C in Exp. No. 25.

Regarding the effect of temperature gradient on deposition
behavior of non-volatile FP, further detailed study of each
nuclides would be necessary, but little effect was observed
for 5r-92 and Sr-94,

Exp. No. 23 °

Correlation between the DN count rate and the TTR power was
studied: the DN count rate was measured by increasing the TTR
power from 0.1 to 100 kW stepwise, and a good linear relation
was obtained (refer Fig. 7-2). It was confirmed that recoil
is the main mechanism of FP release and the DN counting system

showed linear relationship in wide range.
Exp. No. 24

In order to confirm the reproducibility of the test result in
1982, an irradiation test of the same sodium temperature with
Exp. No. 11 was conducted. The sodium temperature is 270°C
and the flow rate is 5 Z/min. In this experiment sodium was
drained immediately after irradiation, and adsorbed amount of
DN on the inner wall of the'delay line piping was tried to
measure directly. However, this trial was in failure (refer
Sec. 7.5), because much time (ca. 1 min) was necessary to
drain sodium completely from the loop piping and DN signals

were decayed out.
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8)

)

Exp. Wo. 26

With objective to measure the dependence of DN count rate on
sodium flow rate, Exp. No. 10 and No. 13 in 1982 were repeated
by changing sodium flow rate stepwise during- irradia;ion.
Anong the results of tests, DN count rate was the same with
the result of previous tests (refer., Sec. 7.2 and Table 7-2
and 7~4), and therefore, it was certified indirectly that no
change occurred on the surface of the irradiation specimen
loaded in the loop between irradiation test periods (the
change of FP releaée rate from the surface 1s obtained if any
change occurs on the surface).  Immediately after the
irradiation and the sodium draining, adsorbed amount of DN
precousors on the inner wall of piping at high temperature
(500°C) was tried to measure directly, but failed for the

same reason with Exp. No. 24 (refer Sec. 7.5).
Exp. No. 27 and No. 28

They are conducted with objective to measure the deposition
behavior of‘ non-volatile FP in sodium with high oxygen
concentration. Oxygen concentration in sodium was controlled
to ca. 12 ppm (using sodium with cold trap temperature of
200°C)(6). To the contrary of Exp. No. 27 where sodium was
drained immediately after irradiation and the non-volatile FP
adsorbed on the inner wall of the loop piping was measured, in
Exp. No. 28 the possibility of redistribution of the
non-volatile FP, i.e., desorption of FP, which once adsorbed
on the inner wall was checked, in high oxygen concentration
during sodium circulation for 40 hrs after irradiatiomn, was
checked.

Although regarding the dependence of the deposition behavior
of mnon-volatile FP on the oxygen concentration, further
detalled study of each nuclides would be necessary, no effect

of oxygen concentration was observed for Sr-92 and Sr-94.
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Table 4-1 FPL-II Experiments List

Exp. Date Ha Temp Na Flow Rate TTR Power Duration
No. (*C) (1/min) (KW Time =
1 7. Sep 82 588 5.0 188x4h 8.68 h
2 ?. Sep ’B2 288 S.8 168x4h ‘ 8.17 h
3 19. Oct 782 358 5.8 188x4h .88 h
4 2f. Oct “BZ 339 5.8 1688x4h 0.19 h
S 14, Nov 782 429 5.8 188x4h 8.18 h
é 23. Nov 782 429 3.8 180x4h 8.18 h
7 38. Nov “82 S48 3.9 188x4h 8.16 h
8 7. Dec ’B2 338 3.8 186x4h 8.68 h
4 14, Dec ‘82 176 g.g/Z.B/S.B/B/ 188x4,38h [9.97 h
3.3/2.3/1.8/
4.5/1.8/2,5/

14 15. Dec “82 5a4 5.8/0/2.5/8/ 188x4h 19.72 h

1.8/8/4.2/3.6/
Sla
11 14. Dec 82 270 5.6/2.8/5.4 188x4dh 1.38 h
12 25, Jan “83 223 5.8/2.6/5.0 {8ax4h 19.32 h
3.3/4,2/3.4/
: 2.5/1.8/0.3/
13 27. Jan ‘83 568 1.8/2.5/3.4/ 198x4h 2.98 h
4,2/3.9/8/2.5/
_ _ 8/1.8/8/3,8 ‘
14 22, Feb ‘83 538 1.9 188x4h - 8.43 h
15 1. Mar ‘83 348 5,6/2,8/5.8 186x4h 1.43 h
: ‘ (IP brpass flow)
16 12. Apr “83 S38 1.8 186x3,5h 18.47 h
18 28, Bep ‘83 | 288 - 560 2,8 - 5.8 186x2h 47.18 h
19 18, Oct ’83 S38 2.8 186x4h 8.17 h
28 8. Nov ‘83 178 1.8 188x4h 42.43 h
21 29. Nov ‘83 178 3.8 188x4dh 19.88 h
22 13, Dec ’B3 488 1.0 188x4h 44,92 h
8,1/8.2/8.5/1.8
23 15. Dec ‘B3 008 5.8 £2.8/5,8/18728/ | - B.90 h
) S6/78,/1088x1.358h %%
24 24. Jan ‘B4 276 5.8 196x4h 8,88 h
25 31, Jan ‘B4 304 , 1.9 _ 188x4h 19.92 h
24 1. Feb B4 508 5.6/8/2.5/8/ 188x4h - 8.87 n
_ 1.6/8/5.8 %%
27 14, Feb “84 508 3.8 188x4h 8.16 h
28 28. Feb ‘84 564 3.8/0/5.0 188x4h 37.22 h

% Duration time of sodium cireulation after
TTR shut down

%% Sodium drain before TTR shut down
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substitution of cover
gas in the loop
Csodium purification )

purification loop system
pre - heating

sodium charge
sodium purifying

sodium drain

experimental loop
system clean-up

experimental loop system
pre —-heating

sodium charge

experimental loop system
cleaning up

sodium -drain

Csodium purification )

Grradiation test )

sodium charge into the experimental
Joop system

irradiation test

sodium drain

Fig. 4-1 FPL-IT Operation Sequence
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5.1

ANALYSIS OF DEPOSITION BEHAVIOR OF NON-VOLATILE FP
Measurement of Gamma-Ray Spectra

The gamma-ray spectra were measured along the delay line
during and after irradiation. The gamma-ray spectra of 800 to 1500
keV measured at two cases, i.e. (i)} during irradiation and (ii)
immediately after sodium drain which was conducted 10 min after

irradiation, are shown in Fig, 5-1.

The experimental conditions: sodium temperature is 500°C, flow
velocity is 1.2 m/sec and the detection position is D-2. Range of

gamma-ray spectrum measurement is 0 to 2000 keV.

In the spectra shown in Fig. 5-1(a), peaks of Na-24 at 1368.5
keV and 2753.9 keV are clearly recognized. Though the background
is relatively high owing to the Compton scattering, the gamma-ray
peaks of volatile FP nuclides, such as Br-88 (775.2 keV), Rb-89
(1031.9, 1248.1 keV), Kr-90 (1118.7 keV), Rb-90 (831.7 keV), Rb-94
(836.9 keV), Sb-132 (973.9 keV), I-134 (847.0, 884.1 keV), I-136m
(1313.0 keV), I-137 (1218.6 keV) and Cs-138 (1453.9 keV) and peaks
of non-volatile FP nuclides, such as 8r-92 (1383.9 keV), Sr-93
(875.9 keV), Sr-94 (1428.3 keV) and Y-94 (918.8 keV) are clearly
detected (7).

On the other hand, in the specra éhown in Fig. 5-1(b), FP
nuclides of short half 1life is not detected because of the
radiocactive decay. The gamma-ray peaks of volatile FP with long
half lived, such as I-134 (half life 52.5 min) and Cs-138 (half
life 32.2 min), also disappear completely as same as Na-24,
However, peaks of non-volatile FP nuclides, éuch as Sr-91 (1024.3
keV), Sr-93 (876.3, 888.3 keV), Y-94 (918.8 keV), Ba-142 (1078.5
keV) and La-142 (894.9 keV), as well as the strong peak of Sr-92
(1383.9 keV) are clearly detected. It means that non-volatile FP
nuclides remain depositing on the inner wall of piping after sodium
was drained at high sodium temperature of 500°C. The deposition
behavior of non-volatile FP was an analyzed using analytical model

and the deposition distribution data.
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5.2

Analytical Model for Deposition Behavior of Non-Volatile FP

To obtain the deposition behavior of non-volatile FP on the
surface of inner wall of stainless steel piping, gamma-ray
measurement was conducted at various detection positions along the
delay line. 1In this section, deposition behavior of non-volatile
FP in sodium is analyzed by using CP transfer model (4) applied by
M. H. Cooper et al.

It is assumed that once FP nuclides deposit on the stainless
steel surface, they do not desorb into sodium. Then, the change of -
FP concentration in sodium Cp (atoms/cm3) along the direction of

flow is expressed as follows.

dCp®)  Kp- (4/a) + Ap

Cp(x) 5-1
dx v pEe ( )
where,

X : distance of sodium flow from irradiated specimen (cm)

v : flow velocity of sodium (cm/sec)

2 : dipner circumference length of piping (27r) (cm)

r : inner radius of piping (cm)

a : flow area (Wrz) (cmz)

A_: radiocactive decay constant of nuclide p (sec_l)

deposition velocity constant (cm/sec)

’UN"d

Integrating Eq. (5-1) yields

Cp (K) = Cpo . e_dp"‘ (5—2)

where,

ap - Kp' (—g/a) + lp (5—2&)

v

.Cpo: initial concentration of nuclide p at irradiation section
(atoms/cmB)
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After sodium circulates several times in the loop,

C Fo
po =
F-(1-e%Y
where,
total length of loop (cm)
PP: release velocity from irradiated specimen of nuclide p

per unit time (atoms/sec)

F : sodium flow rate (cm3/sec)

The concentration of mnuclide p at wall surface CPW (x,t)

(atoms/cmz) is

Cdcd(x.t)

7 = Kp- Cp(x) ~ 4p- Cg'(x» t) (5-3)

Integrating Eq. (5-3) yields

Co%(x, 1) =X Cpl () -1p 1y (5~4)

Ap
where, t is the irradiation time (sec).

As seen in Eq. (5-4), the concentration pr (x,t) 1is
proportional to the concentration in sodium Cp(x). Therefore, the
distribution of non-volatile FP in the loop is the expressed by
exponential functions against x (distance from irradiated specimen)
given by Eqs. (5-2) and (5-4).

GP is obtained from the gradient of deposition distribution in
the loop, and the deposition velocity constant Kp of nuclide p 1is

obtained from Eq. (5-2a).

By the way, because FP nuclides usually contain excess
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neutrons compared with stable nuclide, they make beta-decay fission
chain. FExample stated above is an ideal case of deposition
behavior of mnon-volatile FP where radiocactive decay of parent
nuclides is negligible and, therefore, it is very rare case. In
almost all cases of deposition 'behavior, the analysis of FP

nuclides should be taken into account the decay chain.

However, when the chain is long, the behavior of FP at the
last position of the chain is complicately influenced by the
precursor nuclides behavior in sodium, and consequently it is-
difficult to analyze separately. In this section, the decay chains

of twe nuclides (parent. and daughter)} only are considered.

When the daughter nuclide is a non-volatile FP, the decay
chain is allowable to be separated in two cases depending on that

the parent nuclide is volatile or non-velatile.

1) When the parent nuclide is a volatile FP and the sodium

temperature is high:

It is the case of Rb-Sr or Cs-Ba. When the half 1life of
parent nuclides is short enocugh (less than 5 min) compared
with the irradiation time, the parent nuclide concentration in
sodium attains a radiation equilibrium immediately after
irradiation starts. Therefore, when the sodium temperature is
high, the parent nuclide, whose adsorption on the stainless
steel surface can be neglected, decreases only by the
radiocactive decay along sodium flow and the following equation
is obtained. Where parent and daughter nuclides are expressed

by p and d, respectively.

d Cp(x) A
— =P
dx v
where,

Cp(X)= Cpo . e_ﬁp X
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where,

ﬂp= lp/v
Pp
F-(1-e@pL)

Cpo=

For the daughter nuclide, the following equation is obtained,

dCdl) _ Kd-(4/a)+4d

dx v

A
Calx) +—2— Cpx) (5-5)
v

Solving the equation,
Cpo i /5’ P
ad"'ﬁ D

Whe.re, Kd(g/a)'i' Xd
ay =

v

Cy = (e fp X —g®d Xy 1 Oy, - e~%d X

(5-6)

Cpo- 4 Py
Cdo = {M (e~Pp-l-g®i'l) + —=} /(1-e%'L)
ady- l@p : F
Pd: release velocity from irradiated specimen of nuclide d

per unit time (atoms/sec)

The concentration of daughter d at wall sgurface CdW (x,t)

{atoms /cmz) is

dcg¥(x, 1)

e = Kj- Cqlx}- Zd-de(x.t) (5-7)
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Integrating Eq. (5-7) yields

w (I—e-‘]‘d't)

N =
_Cdv(X’t) ld (5-8)

This indicates that the de (x,t) is proportional to Cd (x),
bBut the distribution of daughter nuclide in the loop does

become exponential,
2)  When the parent nuclide is a non-volatile FP:

The behavior of daughter nuclide is more complicated, because
the deposition behavior of parent nuclide can not be
neglected, The distribution of parent nuclide in the loop is,
according to Eqs. (5-2) and (5-4)

Cp = Cpo- e~ %p ¥ (5-2b)
Ko, - Cox) *
W B P oy dptt
ey = (1- et (5t

As for daughter nuclide, according to Eqs. (5-5) and (5-7)

dCd(x) Kd°(2/a)+ld;

A
Cql®) + —2Cpx) (5-9)
dx v v :
OCq™ (x +t)

PR =Kq-Cq) - g - Cd"(x.t)+ Rp-Cw(x.t)' (5-10)
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Integrating these equations yields,

C oWEp
Cd(x)=—ap-a—(e'dp'x—e'dd'x)+ Co- e Fd-x (5-11)
d™%p
Cd‘,(x,t) _ KP'CP(X)+ Kd Cd(x)( 1 _e_ld. l) + KD' Cp(x)

24 To - 4 (5-12)

x (e dpt o gmdd:ty

When the parent nuclide is non-volatile FP, the concentration
of daughter nuclide in sodium is not proportional to that on

wall surface.

However, when the parent nuclide is non-volatile FP which half
life is more than 1 min, and the independent fission yield of
daughter nuclide is very small compared to that of parent
nuclide, such as less than 5%, the deposition distribution of
daughter nuclide is concluded as almost same with that of’
parent nuclide. The conclusion holds only in the case that
the deposited FP on wall surface is mnever descrbed and the
daughter nuclide also remains on the wall surface being not
desorbed. FP chains composed of Sr-92/Y-92, Sr-94/Y-94,
Zr-97/Nb-97, Ba-142/La-142 etc. are belong to this case.

In the case of Sr-94/Y-94, for instance, though the behavior
of Sr-94 alone can be obtained, being assumed that Y does not
desorb from the wall surface, the deposition behavior of
parent nuclide Sr-94 can be also obtained from the deposition

distribution of Y-94 in the loop.

For the following explanation, the case of Ba-142/La-142 is
selected. Even if Kd=0 (means that the nuclide does not
deposit), it was assumed that the daughter nuclide on wall
surface does not dissolve into sodium and remains on wall

surface,

In order to estimate the deposition distribution of daughter
nuclide for K, value, putting Kp=0.04 (the deposition rate

constants of Sr and Ba are in this order) and the irradiation
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time of 4 hrs (same wvalue to the irradiation test), the
de(x,t) value after irradiation was calculated £from Eg.
(5-12) taking Kd as parameter for the decay chain of Br-142
and La-142., The result together with pr(F’t) value of parent

nuclide is shown in Fig. 5-2.

In Tablé 5-1, de(x,t) values are indicated at x=500, 1500 and
3000 in the region of gamma-ray detection (=627 ~ 3033 cm)

and at x=5734 cm of the loop end positicn
Consequently, it was clarified as follows:

(:) T At Kd=0’ the deposition gradient of de is in good
agreement with gradient of CPW (ratio of CdW/CPW is

constant and independent of x).

—_ + w W
At Kd 2 Kp {where Kd-0.0A and 0.1), the ratio of Cd /Cp

varies within 2% through the whole loop.

The ratio of CdW/CpW at x=500 varies within 2% for the Kd

value variation of 0 ~ 0.1

The ratio of CdW/CP'W at x=1500 varies within 4% for the

K.d value variation

® 6 © 6

The ratio of delcﬁw at x=3000, taking K;=0.04 (=Kp) as
standard, varies by 18% (max.) for Kd=0.001 and varies by
8% for Kd=0.02.

For reference, similar calculation was conducted, varying
KP=O.03, 0.02 and 0.01. The obtained conclusions are as

follows.
(:) The variation width of CPW/CdW ratio at x=500, that tends

to increase as Kp decreases, shows 6% max for Kd
variation (Kd=0m0.1) at Kp=0.01.
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(7) The variation width of C ¥/C,¥ ratio at x=1500 is within

47, independent of Kp value.

The variation width of C'pW/de ratio at x=3000, that
tends to decrease as KP decreases, shows 10% max at

Kp=0.03 and decreases to 5% at KP=O.01

From the analytical results, CPW/CdW ratio shows almost
constant value independent of Kd value in the region of
gamma-ray detection positions in the case of Ba-La decay

chain,

When conditions from (i) through (iii) are satisfied,

(i) the parent‘nuclide is non-volatile FP which half 1ife

is longer than I min

(ii) the independent nuclear fission yield of daughter

nuclide is less than 5% that of parent nuclide, and

(iii) the daughter nuclide, which was produced by radiation

decay of parent nuclide deposited, does not desorb,

the deposition distribution of daughter nuclide represents

that of parent nuclide.

5.3 Analysis of Deposition Behavior of Sr

1

Discussion of measurable Sr isotope

The radiocactive isotopes of Sr are S8r-8/m, Sr-89, Sr-90,
3r-91, S5r-92, Sr-93, Sr-94, Sr-95, Sr-96, Sr-97, 5r-98, Sr-99,

Among them, since Sr-87m, Sr-89 and Sr-90 have long half lives
and do not emit gamma-ray or have low gamma branch ratio,
gamma-ray is not detectable. Since 8r-91, Sr-92, Sr-93 and
Sr-94 have high nuclear fission yield and emit gamﬁa—ray with

high branch ratio and no other strong gamma-ray peak of other
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FP exist around there, the deposition behavior of Sr is easily
detected. Since Sr-95, Sr-96, Sr-97, Sr-98 and Sr-99 have low
nuclear fission yield and short half 1lives, gamma-ray is
difficult to detect. Therefore, the deposition behaviors of
Sr-91, Sr-92, Sr-93, and Sr-94 were analyzed, especially Sr-94
is readily analyzed being little influenced by precursor
nuclides. So, the deposition behavior of Sr-9%4% is described

at first.

Deposition behavior of S¥r-94

(2)

Sr-94 emits very strong gamma-ray of 1428.3 keV, Using

this peak, the deposition behavior of Sr—~94 was analyzed.

As Sr-94 has the half 1life of 74.1 sec, it decays in a little
more than 10 min after irradiation. For the analysis of the
deposition behavior of Sr-94, the gamma-ray spectrum during
irradiation was used, where 12 irradiation tests (Exp. Nos. 2,
3, 4, 5, 6, 7, 8, 9, 11, 12, 14 and 16) were applied. Exp.
Nos. 10, 13, 15 were excluded from the test, because in these
tests the sodium flow rate change in short time interval
during irradiation., The Sr-94 distribution along the loop
obtained by 12 irradiation tests are shown in Fig. 5-3
together with the statistic error. In abseissa, x shows
distance from the uranium capsule. In ordinate, count rate
(cps) is expressed, where the count rate is corrected by the
geometric correction at positions D-2 to D=9 in Table 5-2 and

by the correction of gamma-ray detection efficiency.

However, the correction of radiocactive decay is not necessary,
because 8r-94 has such a short half life of 74.1 sec that the
count rate attains a saturated level after ca. 10 min of

irradiation.

In Fig. 5-3 the Sr-94 distribution -clearly shows an
exponential function against the distance. The half lives and
fission yields of FP nuclides with mass number of 94 fission

chain are indicated below:(T’ 8)
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Kr-94 —= Rb-94 —= Sr-94 — Y-94 —= Zr-94
half life: 0.20 sec 2.73 sec 74.1 sec 19,0 min (stable)
fission

yield (%): 0.26 ‘1.60 4,15 0.3¢9

From these FP chain data, it is c¢lear that K-94 and Rb-94,
which are precursor nuclides of Sr-94, have short half lives
and low fission yields; therefore the deposifion behavior of
Sr-94 is little influenced by these precursor nuclides and

S5r-54 has an exponential distribution.

After fitting the deposition distribution of Fig. 5-3 by least
square method, from the gradient, deposition rate constant K
(cm/see), that had been unknown value of analytical model

stated in the previous section, was obtained.

A straight line fitted by 1eést square method is also shown in
Fig. 5-3, where only 2 detection positions are shown in each
Exp. Nos. 2, 9, 11 and 12. But as shown in Exp. No. 3 ~ No.
8, the S5r-94 distribution indicates an exponential function,
so the straight line connecting 2 positions is meaningful and
the deposition rate constant K can be obtained from the

grédient of the line.

Values of Sr-94 deposition rate constant K at various sodium
temperatures and flow velocities are indicated in Table 5-3.
Sodium flow velocities were 1,2 m/sec (flow rate 5.0 &/min) in
Exp. Nos. 2 ~ 8, 1.2 m/sec and 0,48 m/sec (2.0 &/min) in Exp.
Nos. 9, 11 and 12 and 0.24 m/sec (1.0 £/min) in Exp. Wos. 14
and 16, -

Following results were obtained from the énalysis:

(1) At constant flow velocity, Sr—-94 deposition rate

increases with increasing temperature

(i) At constant temperature, Sr-94 deposition rate

increases with increasing flow velocity,
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where result (i) is also estimated from .the faect thaﬁ the
gradient of deposition distribution increases with increasing
temperature in Fig. 5-3 and the result (ii) suggests that the
deposition rate constant K is a function of flow velocity.
(described in detail in Sec. 5.9). The steeper gradient of
the deposition distribution with lowing flow velocity 1is
observed in Fig. 5-3, because the flow velocity v is contained
in the denominator of o, which expresses the gradient of

deposition distribution. (defined by Eq. (5-2a))
Deposition behavior of Sr-92

Sr-92 emits strong gamma-ray with 1383.9 keV. Using the peak,

the deposition behavior of Sr-92 was analyzed.

As the half 1life of Sr-92 is 2.7 hrs, the gamma-ray is-
detectable for a long time even after irradiatiomn. The data

of high S/N ratio is obtained on Sr-92 after drradiation

. because of the decay of FP nuclides with short half lives,

Therefore, the gamma-ray spectra used for the analysis of
deposition behavior of S5r-92 were measured when sodium was
drained after irradiatiom. Exceptional cases are Exp. Nos. 14
and 16, where the gamma-ray -'spectra was measured during
irradiation, because the sodium flow velocity was low as 0.24
m/sec (flow rate 1 %/min) and little influence of FP with
short half life was expected. The deposition distribution of
Sr-92 was calculated using the data of 9 irradiation tests
(Exp. Nos. 2, 3, 4, 5, 6, 7, 8, 14 and 16). Exp. Nos. 9, 10,
11, 12, 13 and 15 were excluded from the calculation, because
the sodium flow velocity was changed during irradiation. The
S8r-92 distribution data of 9 irradiation tests are shown in
Fig. 5~4 with statistic error. The abscissa and ordinate are
same in Fig. 5-3. The count rate is corrected considering the
detection efficiency. Furthermore, since Sr-92 has the long
half life, all count rates are‘subject to correction of decay

at the moment just irradiation stop.
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As shown in Fig. 5-4, the S5r-92 deposition distribution in the
loop at sodium flow velocity of 1.2 m/sec (excluding Fxp. Nos.
14 and 16) do not show a linear distribution (expomential
function) as 8Sr-94 shows, (But linear distribution was
obtained at sodium flow velocity 0.24 m/sec.) That is owing

probably to strong influence of precursor nuclide of Sr-92.

The FP chains mass number of 92 are indicated with half lives

and fission yield of FP nuclides.(Y’ 8)

Br-92 —= Kr-92—Rb-92—=S5R~92 - ¥~92 — ZTr-92
haif life: 0.365sec 1.84sec 4.54sec 2.71 hr 3.53 hr (stable)

fission

yield (#Z): 0.02 1.52 3.31 1.10 0.01

As seen from the above FP chain data, Sr-92 is produced by
direct fission and by radioactive decay from volatile FP of
Br-92, Kr-92 and Rb-92, in which nuclide Rb-92 contributes
mostly (ca. 81%Z). When the sodium flow velocity is 1.2 m/sec,
Rb-92 (half 1life: 4.54 sec) decays only 1/2.2 during its
transfer of 5.2 sec from uranium capsule to the nearest
gamma-ray detection position (D~2), so0o Rb-92 has large

influence on the deposition behavior of Sr-92,

Fitting of experimental data to an analytical model has been
done by non-linear least square method using Eqs. (5-6) and
(5-8) with K, as a parameter.

The result was indicated by a solid line in Fig. 5-4, and the
values of deposition rate constant K at wvarious sodium
temperatures and flow velocities obtained by the analysis are
indicated in Table 5-4, The result is in good agreement with
experimental data, it is clarified that the analytical model
fits with the deposition behavior of Sr-92 in the loop. The K
values indicated in Table 5~4 express the deposition behavior
of Sr-92 alone entirely eliminating the effect of precursor
nuclides. Comparing these values with those of Sr-94 in Table

5-3, good agreements are observed at every sodium temperature
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and flow velocity. It is concluded that the deposition

behavior of Sr has no isotope effect.
Deposition behavior of S5r-93

Though Sr-93 emits many gamma-ray peaks, the deposition
behavior of Sr-93 is analyzed by using 2 peaks of 590.2 and
875.9 keV that are hard to be influenced from other FP

peaks(7).

As the half life of Sr-93 is 7.5 min, the distribution in the
loop is difficult to be measured after irradiation, so the
gamma-ray spectra measured during irradiation were used for
the analysis of deposition behavior of Sr-93. Exp. Nos. 9,
10, 11, 12, 13 and 15 were conducted varying sodium £flow
velocity during irradiation, so the deposition behavior of
Sr-93 is considered to be influenced by the flow velocity
variation. Furthermore, the detection positions are fixed at
two places. That the reason why the data of these experiments
are not available for the analysis of non-volatile FP, except
for the case like Sr-94 where the half life is short and the

effect of precursor is negligible.

Exp. No. 2 was also eliminated, because the detection
positions are only two fixed places. So, the deposition
distribution of Sr-93 in the loop was analyzed using 8
irradiation tests (Exp. Nos. 3, 4, 5, 6, 7, 8, 14 and 18).
The results are shown in Fig. 5-5 together with statistic
error, where the count rate in ordinate is corrected with

detection efficiency and decay.

The deposition distribution of S5r-93 is, similar with that of
Sr-92, not exponential function being subject to effect of
precursors. The FP chain of mass number 93 is indicated with

the half life and the fission yield of FP nuclides(Y’ 8):
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Kr~93 — Rb~-93 —= Sr-93—=Y-93 —» Zr-93

half life: 1.29 sec 5.85 sec 7.5 min 10.2 hr 1.5x10%
fission
yield (2): 0.52 2.97 2.78  0.10 0.0003

As seen above, Sr-93 is mainly produced by the radioactive

decay of BRb-93 with the ratio of 3.49:2.78. Fitting of

experimental data to the analytical model by the non-linear

least square method has been done using Eqs. (5-6) and (5-8)

with Kd as a parameter. The result was indicated by the solid

line in Fig. 5-5 and the value of deposition rate constant K
at various sodium temperatures and flow velocities obtained by

the analysis are indicated in Table 5-5. The result is in

good agreement with experimental data, though data of 875.9

keV indicate some lower values as a whole. Comparing K values

of Sr-93 in Table 5-5 with those of other Sr isotopes, it is

found that they ére in good agreement mutually at sodium
temperatures of 500 and 530°C, both but those of Sr-93 show.
some higher values at 350 and 420°C.

It is probably due to the interferences of 100207 from other
FP nuclides gamma-ray peaks to 590.2 and 875.9 keV Sr-93
peaks. When the flow velocity is 0.24 m/sec, the analytical
result of 590.2 keV peak is in good agreement with cases of

8r-92 and Sr-94 at the same flow velocity.
Deposition behavior of Sr-91

As Sr-91 has the long half 1ife of 9.48 hrs, though its
gamma-ray 1is mnot clearly detectable during irradiation, many
strong peaks are detected after sodium drain or after decay of
FPs of short half lives during sodium circulation, after.

irradiatien.

The distribution of Sr-91 in the loop was measured after
irradiation using two gamma-ray peaks at 749.8 and 1024.3 keV
with high intensity(7), Distributions in the lcop for 749.8
and 1024.3 keV at sodium temperature of 350°C and flow
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velocity of 1.2 m/sec (flow rate 5 %£/min) in Exp. No. 3 are

shown in Fig. 5-6 1) and 2); respectively.

8r-91 distributes almost homogeneously throughout the loop

because of the influence cof Rb-91 precursor.

The half life and fission yield of nuclides for mass number 91

in the FP chain are indicated as follows:(7’ 8)

Br-9] —— Kr-9] ——— Rb-91—=Sr-91
half life: 0.54 sec 8.57 sec 58.7 sec 9.84 hr

fission
yield (%): 0.42 3.09 2.23 0.17

As seen from these data, Sr-91 1is mostly produced by
radicactive decay of Rb-91 with ratio of 5.74:0.17. As Rb-91
has a half life of 58.7 sec 'and does not be adsorbed in
ﬁiping, a homogeneous distribution of Sr-91 is formed in the
loop. When the sodium flow veloecity is 1.2 m/sec, the same
distribution with Exp. No. 3 was obtained independent of the
sodium temperature, Fitting experimental data with the
analytical model of non-linear least square method was tried

using Eqs. (5-6) and (5-8) with K

q 38 a parameter, but the

solution did not converge.

On the other hand, in the case of Exp. Nos. 14 and 16 where
sodium flow velocity is 0,24 m/sec, Rb-91 decays to ca. 1/16
. during the time of 239 sec in which sodium circulates through
the whole loop {57.4 m length), and therefore Rb-91 has little

influence on the system.

Distributions of S$r-91 in the loop obtained in Exp. Nos. 14
and 16 are shown in Figs. 5-6 3), 4), 5) and 6), in which the
adopted gamma-ray peak is different. The distributioms are
similar with those of Sr-92 and Sr-93 at flow velocity of 1.2

n/sec,
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By analyzing the deposition behavier using Eqs. (5-6) and
(5-8), analytical results are shown in Figs. 5-6 3), 4), 5)
and 6) by solid lines, and obtained values of deposition rate
constant K of Sr-91 at sodium flow velocity of 0.24 m/sec are
described in Table 5-6. Though the measured values show some
scattering to the analytical results, the fitting seems in a
tolerable range. Despite some higher wvalues in Exp. No. 14
than those in Exp. No. 16, the K wvalue of S5r-91 at flow
velocity of 0.24 m/sec is in good agreement with those of
S8r-92, 5r-93 and Sr-94 at the same condition; therefeore, no
difference of deposition behaviors -are indicated among

isotopes.

The present analytical model has an assumption that the
deposited non-volatile FP nueclides on stainless steel surface
never desorb again. In order to confirm if desorption occurs,
Exp. No. 16 was conducted and measured variation of count rate
(corrected value by the decay factor) of gamma-ray peak during
sodium circulation for ca. 20 hrs after irradiation. No
variation of count rate with elapsed time was observed.
(refer Fig. 5-6)

Count rate of Sr-91 in Exp. No. 14 was compared with that in
Exp., No. 16, The experimental condition of Exp. No. 14 is
identical with that of Exp. No. 16 except that sodium was
drained right after the irradiation. After correction of
difference of irradiation time in both experiments, almost
same count rate were obtained. Thus, it is concluded that no
desorption of Sr-91 occurred at least during sodium

circulation of 20 hrs.

5.4 Analysis of Deposition Behavior of ¥

1)

Discussion of measurable Y isotope

What are mentioned as radioactive isotdpes of Y are Y-89m,
Y-90m, Y¥Y-90, ¥-9lm, ¥-91, ¥-92, Y-93, ¥-94, ¥-95, ¥-96, ¥Y-97/m,
¥-97, ¥-98, Y-99 etc. Among them, Y-89m to Y-91 are not
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suitable for the analysis of deposition behavior, because they
do not emit gamma-ray or emit gamma-ray only with low branch
ratio and have low independent fission yield owing to their

late location in the FP chain.

Y-92 to ¥-95 nuclides have long half lives and emit gamma-ray
with high branech ratio. However, because Y nuclides are
daughter nuclides of Sr that have strong deposition affinity
and Y nuclides themselves also indicates the same trend, the
deposition distribution obtained by wusing their gamma-ray

peaks is probable to be that of parent nuclide instead.

In order to confirm the probability, an analysis was tried
using gamma-ray data of Y-92 and Y-94, which show clear
gamma-ray peaks. The result is stated in the following

sections,

On the other hand, Y-96 appeared to be suitable to measure the
deposition behavior of Y, because it locates at the head of FP
chain showing high independent nuclear fission yield and
having a peak at 1750.7 keV with high branch ratio(7). But
experimentally, the gamma-ray peak at 1750,7 keV was too weak
to detect, so the distribution was not analyzed. Regarding
Y~97m to Y-99, owing to their location at the top of FP chain,
nuclear fission yields decrease again and the productiom is

suppressed and, furthermore, the half life is short as less

_than 4 sec, no peak was detected in the gamma-ray measurement.

As a conclusion, the deposition behavior of Y alone is
difficult to analyze. As explained above, results of
gamma-ray measurements of Y-92 and Y-94 are shown as follows

for reference.

Result of gamma-ray measurement of Y-92

Y-92 has, as shown in FP chain data of Sr-92 paragraph, very
low fission yield as 0.01%. Since Sr-92, the parent nuclide

of ¥-92, has a long half life of 2.7 hrs, the distribution of
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Y-92 obtained by the gamma-ray measurement represents the
distribution behavior of Sr-92. As Y-92 emits strong
gamma-ray at 934.5 keV and has a long half 1ife of 3.5 hrs,
the distribution of Y-92 in the loop was measured using the
gamma-ray spectrum with high S/N ratio after irradiation. 9
irradiation tests (Exp. Nos. 2, 3, 4, 5, 6, 7, 8, l4 and 16)

were adopted for the analysis.

The distribution of ¥-92 obtained by the gamma-ray measursment
together with the statistic error is shown in Fig. 5-7. The
error is considerably large compared with the case of Sr-92,
but the distribution in the loop is very similar to that of
Sr-92. Here, thé count rate is corrected by considering the -
produced amount of Sr-92 and decreased amount of ¥-92 due to
the radiation decay, besides by the detection efficiency due

to the position.

When the distribution of Y-92 obtained by the gamma-ray
measurement is regarded as the distribution of S5r-92 in the
loop, the deposition rate constant was obtained by the
analytical method mentioned above. Result of fitting is
expressed by solid limes in Fig. 5-~7 and K values are in Table
5-7.

By comparing these K wvalues and those obtained f£rom  the
distribution of Sr-92, it was found that the former values (X
values obtained from Y-92) indicate 10% higher at the flow
velocity of 1.2 m/sec than those of S5r-92, Reversely the K
values become lower at flow veloeity of 0.24 m/sec, But
within 10%Z of experimental error, both values are in good
agreements and it was concluded that the distribution of ¥-92

represents deposition distribution of Sr-92,

One of other important things in estimating the deposition
behavior of non-volatile FP, 1is the probability of
redistribution of FP, i,e. whether once deposited FPs on
stainless steel surface would desorb again or not. Having

relatively high half 1life of 3.5 hrs and being influenced by
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3)

production from Sr-92 with half life of 2.7 hrs, the gamma-ray

peaks of Y-92 are detectable for considerable time even after

- irradiation.

In Exp. Neo. 16, the wvariation of count rate of Y-92 with
elapsed time was measured during sodium circulation for 20 hrs
after irradiation. WNo variation was observed. And the count
rates were compared between Exp. No. 14 and Exp. No. 16, as
did in the case of Sr-91, and consistence of Both experimental
results was observed. From these facts it was concluded that
Y-92 does not desorb during sodium circulation for 20 hrs at

least.
Result of gamma-ray measurement of Y-94

By the same reason with Y-92, it is explained that the
distribution of Y-94 in the loop represents that of Sr-94,

precursor of Y-94, by experimental data.

In the experiment, using the strong gamma-ray peak of Y-94 at
918.8 keV,(7)
measured.in 9 jirradiation tests (Exp.'Nos. 2, 3, 4, 5, 6, 7,
8, 14 and 16).

the distribution of Y-94 in the loop was

The distribution of Y-94 in the loop obtained by gamma-ray
measurement is shown in Fig. 5-8 together with the statistic
error. Though some fluctuations of data are observed, a

distribution with exponential function is recognized.

Regarding the distribution of Y-94 obtained by the gamma-ray
measurement is identical with that of Sr-9%4, the deposition
rate constant was obtained by the above mentioned method, as
shown in Table 5-8. Comparing these K values with those
mezsured from deposition distribution of Sr-94, good agreement
within 10% was obtained, From these results, it was concluded
that the deposition distribution of Y~94 represents that of
Sr-94. Here, thé desorption of Y-94 during sodium circulation

for long time after irradiation was not confirmed.
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5.5

Analysis of Deposition Behavior eof Zr

1)

2)

Discussion of measurable Zr isotope

Among FP nuclides, as Zr isotope Zr-93, Zr-95, Zr-97, Zr-98,
Zr-99, Zr-100, Zr-101 etc, exist. Among them, having very
long half 1ife of 66.5 days, Zr-95 gamma-ray with strong
intensity was detected in FBR experimental reactors such as
EBR-IT and BOR—GO.(z)

In FPL-II, a gamma-ray peak of Zr-95 was detected after
draining sodium, but it was not used for the analysis of
deposition behavior because of the low intemsity. Regarding
other radioactive isotopes, except Zr-97, owing to short half
life and no gamma-ray emission or small gamma branch ratio, no
data were obtained available for the analysis of deposition

behavior.
Deposition behavior of Zr-97

Zr-97 4s a daughter nuclide of ¥-97, The half 1life and
fission yield of nuclides of mass number 97 composing FP chain

are indicated:(7’ 8)

Rb-97 — S1r-97 > ¥=97 oo Zr-97 — = Nb-~97
half life: 0.172sec 0.40sec  3,70sec 16.8hr 72. 2min

fission
yield (%): 0.03 1.73 3.18 1.00 0.01

As seen from these data, Zr-97 is mostly produced at the ratio
of 4.94:1.00 by radioactive decay of Y-97, parent nuclide of
Zr. Since the half life of Y-97 is comparatively short as 3.7
sec, a certain amount of Zr-97 is produced until sodium
arrives at a gamma-ray detection position from the irradiation
specimen. Therefore, being different from cases of Y-92 and
Y-94, the distribution of Zr-97 in the loop is a combination
of deposition behaviors of parent nuclides of Y-97 and Zr-97.
From the distribution, using Eqs. (5-11) and (5-12), fitting

of analytical model has been done with KP and K

d parameters by
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non-linear least square method, and the . deposition rate

constants of Y-97 and Zr-97 are obtained at the same time.

From above described data of FP chain, Zr-97 deposition
distribution in the loop was obtained using the gamma-ray
spectrum, which was obtained at sodium drainage immediately
after irradiation with good S/N ratio due to its half life of
16.8 hrs. The deposition distribution of Zr-97 was measured
in 9 irradiation tests (Exp. Nos. 2, 3, 4, 5, 6, 7, 8, 14 and
16). The results are shown with statistic error in Fig. 5-9. -
Values of deposition rate constants of Y-97 and Zr-97 are

indicated in Table 5-9. The statistic error is not so high.

Result of fitting was in good agreement with experimental
data. Comparing obtained K values of Y-97 and Zr-97 with the

value of Sr, followings are clarified:

(:) Deposition rate constant of Y-97 is in fairly good

agreement with that of Sr, except at 200°C,

(:) Deposition rate constant of Zr-97 is almost independent
of temperature in the range of 200 and 530°C and
indicates 2.2 x 10"2 cm/set at sodium flow velocity of

1.2 m/sec.

As seen from these results, Y deposits on stainless steel
surface with the same mechanism of Sr. However the deposition

mechanism of Zr is different from that of Sr and Y.

As described in Paragraphs of Sr-91 and Y-92, in the case of
non-volatiles FP of long half life, the desorxption from the
stainless steel surface can be ~checked by the sodium
circulation for a long time even after irradiation. Now we
discuss the test results of Zr-97 in Exp. WNo. 16, which
gamma-ray peak of 743.4 keV incidentally overlaps with the
gamma-ray peak of volatile FP nuclides such as Te-134, so the
variation of count rate of Zr-97 gamma-ray peak with time was

not measured during dissolved volatile FPs are circulating
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with sodium., Consequently, the results of Exp. No. 14 and No.
16 were compared, which were performed at the same irradiation
conditions except irradiation time and sodium circulation time
after irradiation. Exp. No. 16 showed higher value of count
rate by 50% than Exp. No. 14, but the irradiation time was
lower by 13Z.

It was speculated from these results that a part of Zr-97,
having deposited on the inner surface upstreamside of the
piping, might desorb and flow to downstreamside along with
sodium circulation after irradiation and possibly might
deposit again. Here, the deposition rate constant defined in
Eq. (5-1) is considered to express the resultant of elementary
reactions, such as diffusion, adsorption and desorptiomn, in

the deposition process of FP on the inner wall surface.

Because the effect of desorption is already comtained in the
Zr-97 deposition rate constant, the estimation of Zr
deposition amount on piping in FBR plant can be made by using
the Zr-97 deposition rate constant obtained by FPL-II
irradiation test. Also, because the effect of desorption on
deposition rate constant is large, the temperature dependency

of rate constant of Zr-97 shows a quite different trend from
that of Sr.

5.6 Analysis of Deposition Behavior of Nb

1)

Discussion of measurable Wb isotope

Nb radioactive isotope for FP nuclides are Nb-93m, Nb-95,
Nb-95m, Nb-97m, Kb-97, Nb-98m, Nb-98, ¥b-929m, Nb-99, Nb-100,
Nb-101, Nb-102, Wb-104, Nb-105 etc.

Among them, Nb-95 nuclide has a long half life as 36.5 days
and is a decay product from Zr-95 with long half life, so it
ls detected with high intensity in the experimental reactor
stated above. In FPL-II, the peak of Nb-95 is detected at

long counting time measurement after irradiation but too weak
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2)

to use it for the analysis of deposition behavior. Regarding
other isotopes, except Nb-97, distributions in the loop were
not observed because of their short half life, no gamma-ray
emission or low gamma branch ratio. Regarding Nb-97, owing tb
its high gamma branch ratio, gamma-ray emission was detected
with Thigh intensity after irradiationm. So, result eof

gamma-ray measurement of Nb-97 is described below.

Result of gamma-ray measurement of Nb-97

(7} A ¥b-97 has

half life of 72.2 min and is produced mestly by decay of

Nb-97 emits a strong gamma-ray at 657.9 keV,

Zr-97, using gamma-ray spectrum with good S/N ratio obtained
after draining sodium after irradiation, the distribution of
¥b-97 in the loop was measured in 9 irradiation tests (Exp.
¥os. 2, 3, 4, 5, 6, 7, 8, 14 and 16). Distribution of Nb-97

together with statistic error is shown in Fig. 5-10.

As for Exp. No. 16, the Nb-97 distribution in the loop was
obtained based on result of gamma-ray measurement during
sodium circulation after irradiatiom, but Nb-97  was
distributed homogeneously in the loop (Fig. 5-10) and any
distinct deposition.behavior was not indicated. No volatile
FP nuclides which interfere Nb~97 peaks exist in flowing
sodium and that the gamma-ray peak at 657.9 keV comes from
Nb-97. Therefore it is concluded that Nb is dissolved in

(7)

sodium and distributed homogeneously in the loop.

But as seen from Fig. 5-10, Nb-97 shows the similar deposition
distribution in loop to Zr-97 in tests except Exp. No. 16. It
comes from the fact that the sodium in the loop was drained
immediately after irradiation in these tests and the radiation
equilibrium oleb-97 with Zr-97 is attainable in a short time
(ca. 3 hrs after draining sodium) because of the short half
life of Nb-97 compared to that of Zr-97. Therefore, in Exp.
Nos. 2 to 14, the deposition rate constants of Y-97 and Zr-97
were obtained by using the analytical method for Zr-97 and
using Nb-97 distribution data along the loop. Result is

- 80 -



indicated in Table 5-10 and result of fitting is shown by
solid lines in Fig. 5-10 in which a good agreement with

experimental value is indicated.

Comparing K values of Y-97 and Zr-97 obtained from Zr-97 and
Nb-97 deposition distribution respectively, they were in good

agreement except for ¥-97 at 200°C.

5.7 Analysis of Deposition Behavior of Ba

1)

2)

Discussion of measurable Ba isotope

Ba radioactive isotopes in FP nuclides are Ba-137m, Ba-139,
Ba-140, Ba-141, Ba-142, Ba-143, Bsa-144, Ba-145, Ba-146 etc.
fmong them, Ba-140 has long half life of 12.8 days and is
detected(;?th relatively high intensity in BOR-60 experimental

reactor,

In FPL~II, gamma-ray peaks of Ba-140 and its daughter nuclide
La~140 are detected at long counting time measurement after
sodium drainage, but the intensity is too low to use for the
analysis. Ba-139 emits a high intemsity gamma-ray at 165.8
keV, but it is difficult to obtain deposition behavior of Ba
alone because Ba-139 is allocated at the last position of FP
chain and is strongly influenced by precursor volatile FPs
behavior in sodium. Since Ba~142 emits many gamma-ray peaks
with high gamma branch ratio and has high nuclear fission

yleld, its deposition behavior was analyzed.

dnalysis of deposition behavior of Ba-142

)

is not so strongly interfered by other nuclides., Thus the

Among many gamma-ray peaks of Ba-142, the peak at 255.1 keV

deposition behavior of Ba-142 was analyzed using this peak at
7 irradiation tests (Exp. Nos. 3, 4, 5, 6, 7, 8 and 16). The
half 1ife of Ba-142 is 10.65 min. Aé it decays in a short
time after irradiation, gamma-ray spectrum during irradiation

was used for analysis of deposition behavior. The result and
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its statistic error are shown in Fig. 5~11. As recognized in
the figure, Ba-142 shows the distribution of a approximate
exponential function in the loop being little influenced by

precursor nuclides.

Half 1ife and fission yield of nuclides with mass number 142

composing FP chain are indicated as follows: (7, 8)

Xe-142 —» C5~142 —=Ba—-142 —=Ta-142—s= Ce-142
half life: 1.24sec 1.68sec  10,.65min 92.5min (stable)
fission

yield (%): 0.38 2.38 3.07 0.10

Exponential function distribution of Ba-142 deposition shown
in these data is owing to its high independent fission yield

and short half life (Maximum of 2 sec.) of its precursor.

By fitting the distribution in the loop by least square
method, the deposition rate constant K (cm/sec) was obtained
from the gradient. The result of least square method fitting
is shown by straight Iline in the figure, and K values at
various sodium temperatures and flow velocities are indicated
in Table 5-11.

By comparing K values of Ba and Sr, followings are clarified:
(:) Ba-142 deposition rate constant shows little dependence
on temperature between 350 and 530°C, and is ca. 3.5 x

10—2 cm/sec at sodium flow velocity of 1.2 m/sec, and

(:) K values of Sr and Ba are in fairly good agreement at
4£00°C.

Thus the deposition behavior of Ba is found to be a little
different from that of Sr.
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5.8 Analysis of Deposition Behavior of La

1)

2)

Discussion of measurable La isotope

La radioactive isotopes in FP nuclides are La-140, La-141,
LA-142, La-143, La-144, La-145, La-146, La-~147, La-148 etc..
Among them, La-140 is a daughter nuclide of Ba-140 and it is
detected with high intensity in FBR experimental reactor, such
as EBR-II and BOR-60 ete. La-142 is detected with high
intensity after irradiation, and that is the same with La-144.
Results of gamma-ray measurement of these two nuclides are

described as follows.
Result of gamma-ray measurement of La—-142

La-142 is mostly produced by radioactive decay of Ba-142 with
a half life of 10.7 min. Therefore, La-142 distribution in
the loop is conceivably expressing Ba-142 distribution. As

(7

La-142 emits a strong gamma-ray at 641.2 keV and have a
half 1life of 92.2 min, using gamma-ray remaining after
irradiation with good 8/N ratio, the La-142 distribution in
the loop was measured in 9 irradiation tests (Exp. Nos, 2, 3,
4, 5, 6, 7, 8, 14 and 16). The result with statistic error is

shown in Fig, 5-12,

Assuming La-142 distribution obtained in the loop is regarded
as that of Ba-142, the Ba~142 deposition rate constant is
obtained, as indicated in Table 5-12. In Fig. 5-12, the
result of fitting is shown by solid lines. Experimental
values are obtained with smaller error than those of Ba-142,
Hence the accuracy of experimental data are improved and the
result of fitting is in good agreement with experimental

values.

A good agreement is observed between the Ba-142 deposition
rate constant obtained by La-142 gamma-ray measurement and
that obtained by Ba-142 deposition distribution.
Consequently, in the case that the deposition;‘behavior of
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parent nuclide, is not determined correctly, the deposition
behavior of parent nuclide is obtained utilizing the result of
gamma-ray measurement of daughter nuclide.

Analysis of deposition behavior of La-144

La-144 emits a gamma-ray with considerably high intemsity at

397.3 kev(7), Moreover, as no other gamma-ray peaks exist

around there to interfare it, La-144 deposition behavior is
analyzed using the peak. As La-144 has a short half life of
39.9 sec, the gamma-ray peak decays to be undetectable in 2
min after irradiation. Therefore, gamma-ray spectrum during
irradiation was used for the analysis of La-l44 deposition

behavior.

For the analysis of La-144 deposition behavior, the gamma-ray
spectra in 7 irradiation tests (Exp. Nes. 3, 4, 5, 6, 7, 8 and

16) were examined.

In Exp. No. 2, though gamma-ray spectrum was measured at only
2 detection positions, the distribution in the 1loop was

obtained with some statistic error, as shown in Fig. 5-13.

Half lives and fission yields of nuclides of mass number 144

FP chains are indicated.(Y’ 8)

Xe-144 —eCs-144 —=Ba-144 —=La-144 —=Ce-144
half life: 1,15sec 1.00sec 11.9sec 39.9sec 284, 5days
fission
yield (%Z): 0.006 0.28 3.95 1.15 0.063

As seen from the data above, La-144 is mostly produced with
rate of 4.24:1.15 by radiocactive decay of Ba-144, parent
nuclide of La. However, as Ba-144 has a short half life of
11.9 sec, ca. 3/4 of the nuclide decays and La-144 is produced
instead after 25.3 sec when sodium arrives at the detection
position D-9 located at the end of the delay line under the
sodium flow velocity of 1.2 m/sec.
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A calculation of the deposition rate constants of Ba-144 and
the La-144 was tried from the La-144 deposition distribution
by fitting of Egs., (5-11) and (5-12) with non-linear least
square method. However, the result was found to be erronecus
as 50% because of the non-convergent solution of the least
square method of calculation and the experimental data of
La-144 containing a large statistic error. Moreover, as seen
in-Fig. 5-13, La-144 has a mostly linear distribution. Thus
it was clarified that the fitting by the non-linear least

square method was not available to the case of La-144,

When deposition behaviors of parent and daughter nuclides are
similar, the deposition distribution of daughter nuclide is in
fairly good agreement with that of parent nuclide, as seen in
Fig, 5-2, Cs=-144, parent nuclide of Ba-144, has such a short
half l1ife of 1 sec that Ba-~l44 seems to show a exponential

distribution without being affected by Cs.

The deposition rate constant of La-144, which is a daughter
nuclide of Ba-l44, is calculated by approximating these
experimental data to the distribution of exponential function.
The results are indicated in Table 5-13. By comparing these
values with those of Table 5-12, a fairly good agreement is
obtained between the results showm in Table 5-13 and in Table
5-12.

Strictly speaking, though values in Table 5-13 indicate
overlapped deposition behaviors of Ba-144 and La-144, because
half life of Ba-144 is short as explained previously, the
deposition behavior of La-144 appears to be fully reflected in
these walues and similar deposition behaviors between La and

Ba are concluded.
5.9 Summary of Deposition Behavior of non-volatile FF

1) Temperature dependence of deposition behavior and deposition

mechanism of Sr
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Temperature dependence of deposition rate constant K of Sr
isotope was studied, Average values of deposition rate
constants of Sr-92, S5r-93, and Sr-9% are indicated in Table
5-14 and the Arrhenius plot of these K values are showm in
Fig., 5-14. A linear relationship between 2n K and reciprocal
absolute temperature 1/T is observed. From the gradient of
the line, activation energy of -13#*1 (KJ/g-atom) was obtained
under sodium flow velocity of 1.2 and 0.48 m/sec. The
deposition rate constant K can be directly compare& with the
mass transfer coefficient KL (cm/sec) in cylindrical tube.:
The mass transfer coefficient K controlled by diffusion

through boundary -layer in cylindrical tube 1is given by

Treybal(g) as follows,
ki = 0.023 -Re**- 8% D/ d (5-13)
where,

Re, Sc: Reynolds number (—) and Schmidt number
(—), respectively

diffusion coefficient (cmzfsec)

inner diameter of cylindrical tube (cm)

To compare K and KL of Sr, the value of diffusion coefficient
D of Sr in sodium is necessary to know, but there is no report
regarding D wvalue, Self-diffusion coefficient of sodium and
diffusion coefficient of Ba in sodium have been reported by
Nachtrieb(lo) and Cooper(ll), respectively.

Also the diffusion coefficient can be estimated gy using
Stokes-Einstein's equation

D= k- T/67mur (5-14)
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where,

: molecular radius {(cm)

e

Boltzman constant (erg/K)

absolute temperature (K)

oA ®OH

+ viscosity (g/cm3/sec)

Assuming that Sr is diomnic Sr2+ in sodium, the diffusion
coefficient of Sr is calculated by using Eq. (5-14) from Sr2+
ion radius of 1.3 x 10_8 cm. Temperature dependence of Sr
deposition rate constant K (cm/sec)  and mass transfer
coefficient KL (cm/sec) is shown in Fig. 5-15, where sodium
flow velocity is 1.2 m/sec, and mass transfer coefficients are’
calculated by Eq, (5-13) from diffusion coefficients obtained
by 3 methods described above. A fairly pgood agreement is
observed. Especially, temperature dependence of mass transfer
coefficient calculated by using self-diffusion coefficient of
sodium agreed well with that by using diffusion coefficient
obtained from Stokes~Einstein's equation in the temperature

dependence of deposition rate constant.

From these results, the deposition of Sr on stainless steel
surface is well explained by the diffusion-controlled mass
transfer mechanism in liquid sodium and is concluded that its
velocity is controlled by the diffusion of Sr nuclide passing

through boundary layer between piping and sodium.

In order to be comnsistent the diffusion-controlled model
described above with the deposition rate comstant obtained by
experiments, the sticking coefficient § (dimensionless), which
is wused to correct the mass transfer coefficient, was
calculated. The mass transfer coefficient KL is c¢alculated
using Eq. (5-13) and the diffusion coefficient D obtained by

the calculation of Sr2+

radius. Values of sticking
coefficient § thus calculated are indicated in Table 5-15
summarized at each sodium temperature and flow velocity. They
show consistent values within a range of 0.4 and 0.6,

independent of sodium temperature and flow velocity. It is
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2)

3)

4)

concluded that the present analytical model is useful to

estimate the Sr deposition behavior im large-scale FBR plant.
Temperature dependence of deposition behavior of Y

Y-97 deposition behavior was obtained from Zr-97 and Nb-97
deposition distributions. The temperature dependence of Y
deposition. rate constant was examined. An Arrhenius plot of K
is indicated in Fig. 5-16, where a linear relationship between
Zn (X) and reciprocal absolute temperature 1/T is hold. 1In-
the figure, the temperature dependence of Sr deposition rate
constant, shown by dotted lime, is in good agreement with that
of Y between 200 and 530°C. Y is the daughter nuclide of Sr

and has the similar deposition mechanism to Sr.
Temperature dependence of Zr deposition rate constant

Temperature dependence of Zr deposition rate constant K was
examined, where the deposition rate constant is defined as an
apparent deposition rate including desorption phenomenon.
Arrhenjus plot of K is indicated in Fig. 5-17, where values
have no temperature dependence between 200 and 530°C and the
recurrence line of Zr deposition rate constant obtained by
least squaré method is expressed by solid line and that of Sr

is by dotted line for reference.

As seen in the figure, deposition behaviors of Sr and Zr are
different: the deposition rate of Sr is higher at high sodium
temperature than that of Zr, and adversely at lower
temperature (200°C). Different mechanism between them is
probably due to the redistribution by desorption in case of
Zr,

. Temperature dependence of deposition behavior of Ba

Temperature dependence of Ba deposition rate constant K was
examined. Arrhenius plot of deposition rate constant cbtained

from Ba-142 deposition and also obtained from La-142
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deposition is shown in Fig. 5-18. The deposition rate of Ba
shows 1little temperature dependence between 350 and 530°C and
looks to decrease at low temperature region. However, the
decreasing tendency is not clear, because of the Ilack of
analytical data below 200°C, For reference, a recurrence line
of Ba deposition rate constant obtained by least square method
is expressed by a solid line and that of Sr 1is by a dotted

line in the figure.

The deposition rate of Ba at around 400°C shows similar value
to that of Sr that belongs to the same periodic table group of
Ba, but at low sodium temperature (200°C), Ba shows higher
rate than Sr. To check possibility of Ba desorption, '
variation of deposition distribution of FP nuclides having
long half life such as Ba-140 should be analyzed during sodium

circulation.

Regarding La, as similar deposition behavior to Ba is assumed,

a detailed discussion is not done here.

5.10 Conclusion

Deposition behaviors of various FP nuclides, such as Sr, Y,

Zr, Wb, Ba and La have been clarified as follows:

1)

2)

Sr deposition is rapid and irreversible, and the rate is
accelerated at higher sodium temperature. Deposition rate
constants are obtained for S5r-92, Sr-93 and Sr—~94 as function
of temperature, and show good agreements with each other.
Activation energy for the deposition process is =13%1
(KJ/g-atom). The deposition rate of Sr nuclide on stainless
steel surface 1s controlled by Sr nuclide diffusion through
the boundary layer.

Y nuclides show similar deposition behavior to Sr nuclides
between 200 and 530°C.
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3

4}

5)

6)

Redistribution probably occurs for Zr nuclides; i.e. deposited
Zr nuclides will desorb during sodium circulation for long
time after irradiation. The deposition rate comnstant of Zr
including desorption phenomenon is smaller than Sr at sodium
temperature of 3500°C and shows no temperature dependence

between 200 and 530°C.

Nb nuclides show no deposition behavior and dissolve in

sodium.

The deposition rate of Ba nuclide shows nearly the same value
as that of Sr at sodium temperature of 400°C, but it has
smaller temperature dependence compared with Sr deposition

rate.

The deposition rate of La nuclide is similar to that of Ba

nuclide between 350 and 530°C,

Another important point to estimate the deposition behavior of

non-volatile FP is, as described at paragraph of Zr, to confirm if

redistribution occurs by desorption. Further analyses are

necessary on the probability of redistribution of non-volatile FPs.

in sodium as well as the effect of the oxygen concentration in

sodium.
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Table 5-1

Calculated value of C.¥ as a function of K

d d
c¥ ( atoms/ed)

Kg
(em/ sec) x=500 Xx=1500 x=3000 x=5734
0 3.29x107° 7.87x10°" 9.23x107° 1.86x10°°
1.0x10° | 329x107° 7.93x10™ 9.74x10° | 692x107°
Lox10® | s30x10® | 8¢sx10® | nosx10™ | n71x107°
.0%x10° | 3.31x1072 8.08x10" 1.12x107 1.94x107°
1o0x10% | 332x107° 8.16x107" 1.1ox10* | 816x10"°
2.0x107 | 334x107° | 818x10™ 1.04x10™ | 362x107°

-2 -3 . el -5 -6

40X10 3.36x10 8.13x10 9.66x107° | 199x10
1.0x100 | 336x10® 7.97%107 9.33x107° 1.88x107°

Table 5-2 Geometry correction factor for each detection position

Detection positicn Correction factor
D~2 1.00 (normalize)
D-3 0.943
D-4 1.19
D-5 1.01
D-6 1.27
b-7 0.880
D-8 0.917
D-9 0.880
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Table 5-3 Sr-9%4 deposition rate constant

Na Temp Exp- M Na Flow Velocity | Deposition Rate Constant
(C) 7 (m/sec) (em/sec)
170 9 1.20 8.25 x 1077
200 2 ‘120 1.57 x 1072
225 12 1.20 1.42 x 1072
270 | 11 1.20 1.52 x 1072

3 1.20 2.75 % 1072
350

4 1.20 2.94 x 1072

5 1.20 i 3.62 %X 107~
420

6 .20 3.38 x 1072
500 7 1.20 3.81 x 1072
530 8 1.20 4.42 x 1072
170 9 0.48 4.82 x 1078
225 11 0.48 : 6.98 x 1072
270 12 0.48 964 x 1073

14 0.24 1.08 X 1072
530

16 0.24 .02 x 1072
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Table 5-4 Sr-92 deposition rate constant

Na Temp | Exp. Na Na Flow Velocity | Deposition Rate Constant
C) (m_/sec ) (em/sec)
-2
200 2 1.20 141 x10
-2
3 1.20 2.63x10
350 .
4 1.20 2.84x10
: -2
5 1.20 3.48%X 10
420 &
6 1.20 3.29X10
' -2
500 _7 1.20 376X 10
-2
8 1.20 4.25%x10
' -2
14 0.24 1.30x10
530 1 2
16 0.24 | 1.37x 10
16 0.24 1L12%x 107

*1 during irradiation

*k2 after irradiation
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Table 5-5 Sr-93 deposition rate constant

Na Temp | Exp. No | Na Flow Velocity Deposition Rate Constant (em/sec)
€ (m /sec) 590.2KeV 875.9 KeV
3 1.20 3.39x 1072 2.80x10%
350 -
4 1.20 3.68x 107 3.05% 1072
; " ”
5 1.20 3.70%x107" 3.67% 10
420 -
6 1.20 3.75x 1072 3.48%X 1072
-2 —- -2
500 7 1.20 4.20% 10 3.76X 10
' -2 - -2
8 1.20 4.27%X10 3.95Xx 10
530 14 0.2 4 1.19x 1072 9.40x 107
-2 -3
16 0.24 1.21x10 8.84% 10
Table 5-6 §Sr-81 deposition rate comstant
Na Temp | Exp. Na | Na Flow Velocity Deposition Rate Constant (em/sec)
C (mec) 749.8 KeV 1024.3 KeV
-2 -2
14 0.24 .03 X 10 1L.01x10
530
' 16 0.24 9.75 x 10°° 8.64x 1073
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Table 5-7 Sr-92 deposition rate constant cobtained by using

Y-92 deposition distribution patternm along the delay line

Na Temp Exp. N Na Flow Velocity Deposition Rate Cons tant
Cy (m/sec) (em/sec)
200 2 1.20 1.87x 107

3 1.20 | 2.90x 1072
350 ' —
. =7
4 1.20 3.34%X 10"
5 1.20 3.75% 1072
420
6 1.20 370X 1072
500 7 1.20 4.27%x1072
8 1.20 4.55%107°
530 14 0.24 1.02%x 1072
16 0.24 ' 9.80x 1073
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Table 5-8 Sr-94 deposition rate constant obtained by using

Y-94 deposition distribution pattern along the delay line

Ne Temp Exp. No | Ma Flow Velocity | Deposition Rate Constant
C) {(m/sec) (em/sec)
200 2 1.20 1.66 X 1072

3 1.20 2:30 x 107
350
-2
4 1.20 241 X107
5 1.20 2.95 x 107>
420 , _
-?
6 1.2 0 2.75 x 107"
500 7 1.20 3.27 X 1072
8 1.20 3.78 X 1072
530 14 0.2 4 9.38 X 107
16 0.24 8.81 x10°
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Table 5-9 Y-97 and Zr-97 deposition rate constant obtained by using .

Zr-97 deposition distribution pattern along the delay line

Deposition Rate Constant (om sec)

Na Temp Exp- Ne | Na Flow Velocity
") {m/sec ) 97y o1,
200 2 1.20 4.75 %1073 201x1072
-2 -2
3 1.20 211X10 217x10
350 :
4 1.20 1.96x 1072 2.18x 1072
-2 -2
5 1.20 3.01%X10 211%10
420
6 1.20 3.85% 1072 201% 1072
500 7 1.2:0 3.20x107° 2.39% 1072
-2 -2
8 1.20 4.60X10 2.19% 10
530 14 0.24 1.70x1072 6.11x 1072
-2 - -3
16 0.24 1.57x10 5.51X10
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Table 5-10 Y=-97 and Zr-97 deposition rate constant cbtained by using

Wb=97 distribution pattern along the delay line

Na Temp Exp. Mo | Na Flow Velocity Deposition Rate Constant (cm/sec)

°C) {m,sec ) My 975
200 2 1.20 1.15x 1072 161X 107
=7 =}
3 1.20 2.16x1077 204X 107
350 -
4 1.20 2.40% 1072 207x107
’ - -2
5 1.20 3.12x 1072 1.97x 1072
420 -
=2 -
6 1.20 4.20%x107° 1.91%x107
500 7 .20 3.70%x 107 1.96x%x107°
-2 -2

8 1.20 4.86%x1072 168X 10

530

14 0.2 4 7.76%x 107

Table 5-11 Ba-142 deposition rate comstant

Na Temp| Exp. No | Na Flow Velocity | Deposition Rate Constant

C) {(m./sec) (cm /sec)

3 1.20 4.02 x 1072
350

4 .20 2.96 % 1072

5 1.20 2,84 x 1072
420

6 1.20 3.49 x 1072
500 7 .20 3.97 x 1072

8 1.20 3.15%x 1072
530

16 0.24 1.31x1072

- 98 -




Table 5-12 Ba-142 deposition rate constant obtained by using

La-142 deposition distribution pattern along the delay line

'~ Na Temp Exp-MNa Na Flow Velocity | Deposition Rate Constant

C) {m,/sec) (em/sec)
-2

200 2 1.20 1.79xX 10
-2

3 1.20 270x 10
350 : -
4 1.20 286%x10
-2

5 1.20 3.286X 10
420 -
6 1.20 3.18x 10
-2

500 7 1.20 2.92x10
-2

8 1.20 2.99x10
530 14 0.24 9.78% 107
- -3

16 0.24 6.79%x10
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Table 5~13 Lza-144 deposition rate constant

Na Temp Exp. Na Na Flow Velocitv | Deposition Rate Constant
C) {(m/sec) {em,/ sec )
200 2 1.20 1L59x10°"

3 1.20 2.26%x 1072
350 '

4 1.20 2.10x1072

5 1.20 3.48% 1072
420

6 1.20 2.68% 1072
500 7 .20 2.87Tx107¢

8 1.20 2.95x 1072
530

16 0.24 6.64x 103
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Table 5-14 Depositﬁ’.on rate constant of Sr isotopes

(x 10_2 cm/sec)

Flow , / 0.48
Velocity 1.2 m/sec m./ sec
Tem -
perature Sr-92 | Sr-93 | Sr -94 | Sr-94
170°%C — — 0.83 0.48
200 1.4 — 1.6 —
225 — — 1.4 0.70
270 — — 1.5 0.96
350 2.7 3.4 2.9 —
420 3.4 3.7 3.5 —
500 3.8 4.2 3.8 —
530 4.3 4.3 4.4 —

Table 5-15 Sticking coefficient of Sr isotopes

calculated by using modified mass

transfer model (dimensionless)
Flow. 1.2 m/ sec : 0.48
Do ~ Velocity m/sec
perature Sr-92 | 8Sr-93 | 8r-94 Sr-904
170°C — — | 038 | 047
200 0.55 — 0.61 —
225 -_ —_ 0.49 0.52
270 — — 0.43 0.58
350 0.58 0.71 0.60 —
420 0.57 0.63 0.59 -
500 0.52 0.58 0.52 _
530 0.54 0.54 0.56 —
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Fig. 5-6 Sr-91 deposition distribution along the delay line
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Fig. 5-7 Y-92 deposition distribution along the delay line

- 117 -




(CFS)

COUNT RATE

tcPs)

COUNT RATE

10 ¢ 10 -
o NR TEMP 42D (°C} - MA TEN? 800 (°0)
3 NA FLOW 1.20¢NM/3EC) 4 MA FLOW [.20(M/SEC)
B Y-92 937 (KEV —- ’ Y~92 935 (KEY)
b 2 "
- 3 =
L w R
: =
=
1k - 10°F T I
- = L
- o] -
S = o
-3 u -
19k 107
" : 1 L t ; t < ] : ) ; !
16 g ta 20 39 10 0 10 20 30
DISTANCE (1) DISTANCE (M) -
S] EXP. NO. B 8] EXP. NO. 7
lﬂ' - lul "
o NR TEMP S30 (°C) s NA TEHP 530 (°C)
b NA FLOW §.2018/3EC) - NR FLOH 0.24(M/3EC)
B Y-42 938 (KEW) —_ - ¥=-92 935 (KEVY!}
z 0 -
- o L
I - !
(o
&
10° F T — 10° |
= z n
L 5 N
C = C
L o R 1
10 10} \l
- ) 1 N 1 . 1 al 1 N ! . ]
10 1] 19 10 0 10

20 30
OISTANCE (R}
7) EXP. NO. 8

20 30
OISTANCE ~ (H)
8) EXP. NO. (4

Fig. 5-7 (continued)
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Fig. 5-8 Y-94 distribution along the delay line
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Fig. 5-8 (continued)
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Fig. 5-%9 Zr-97 deposition distribution along the delay line
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Fig. 5-9 (continued)
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Fig. 5-10 Nb-97 distribution along the delay line
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Fig. 5-11 Ba-142 distribution along the delay line
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Fig. 5-12 La~142 deposition distribution along the delay line
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Fig. 5-12 (continued)
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Fig. 5-13 La-144 distribution along the delay line
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6. . K FACTOR BY GAMMA-RAY MEASUREMENT OF VOLATILE FP
6.1 Introduction

20% enriched wuranium dioxide granules with 0.5 ~ 0.6 mm
diameter of 100g are used as the irradiation specimen in FPL-II,
Irradiation of TTR thermal neutron produces fission product (FP) in
the specimen. A part of FP nuclides is released in to sodium by
recoil. The release fraction, i.e. ratio of release rate to
production rate of FP nuclides, is useful to evaluate the data

obtained by irradiation tests of FPL-II.

k factor (roughness factor), ratic of experimental release
fraction to calculated one by recoil model, is required for the
evaluation of released FP nuclides amount in coolant system at the
case of fuel fajlure in FBR. Release fraction of FP was calculated
on the basis of FP radicactivity in sodium obtained by irradiation
test, 8 FP nuclides were applied to calculation: wvolatile
products, such as Br-86, Br-88, Rb~89, Te-134, and I-136m were
detected in irradiation tests at sodium temperature between 420 and
530°C, flow rate 5 and 1 %/min and rare gas products, such as
Kr-90, Xe-139 and Xe-140. As seen from these results, the release
fraction of FP depends on mass number, i.e. the release fractions
are 0,80 z 0,027 for light FPs of mass number less than 90, and
0.48 * 0,02% for heavy FPs of mass number around 140.

These values corresponds to 0,40 * 0,01 times of release

fraction values calculated from the recoil model.
6.2 Calculation of Release Fraction
6.2.1 TP nuclides applied

The release fraction of FP is calculated based on the FP
concentration in the sodium at irradiation position obtained
from the FP concentration in the delay line during
irradiation. When the adsorption (*) of FP on the loop piping

can be neglected, the FP concentration distribution in along
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the sodium flow is dependent of radicactive decay omnly, so the
FP concentration in sodium at irradiation specimen is readily

calculated by considering its half life.

Note (*): Adsorption and desorption of volatile FP are
reversible on sodium temperature. So, the word
"adsorption" is used in the cases of volatile FPs,
instead of the word "deposition" in the case of

non-volatile FPs.

As adsorption of volatile- and rare gas FPs on inmer wall
of piping can be. neglected at higher than 250°C sodium
temperature (1), the release fraction was calculated by using
irradiation tests at higher sodium temperatures than 250°C

(Exp. Nos. 5, 6, 7 and 16) and volatile- and rare gas FPs.

FP nuclides repeat beta-decay and so-called '"fission
chain" is formed. Concentration of FP nuclides located latter
half of the fission chain is affected complexly by the decay

of precursors.

Therefore, requirements of experiments are:

(1) Nuclides should be located at the top of fission chain to

" minimize the affect of precursor nuclides,

(ii) The producted amount of the nuclide should be saturated
during irradiation (with half life: less than 15 min) for

simplification of calculation, and

(iii) Gamma-ray peaks of the test data should be interferenced
little from gamma-rays of other FPs and have high

intensity.

Consequently, Brj86, Br-88, Rb-89 and I-136m from volatile
FPs and Kr-90, Xe-~139 and Xe~140 from rare gases were selected
for calculation of release fraction. Besides, Te-134, which half

1ife is 42 min, was selected to examine the correlation  of
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6.2,2

release fraction and the half life of FP (stagnant flow at
irradiation specimen). Fission chains of these 8 nuclides are
shown iIn Figs. 6-1 and 6-2. Here, since the FP nuclides which
half lives are less than 1 sec and cumulative fission yields are
less than 0.05% can be eliminated in the calculation of release

fraction, they are not shown in the fission chain.

Calculation method of release fraction

1) Calculation method of FP with short half life

Regarding 7 nuclides except Te-134, the calculation method

of the release fraction is explained as follows:

In the calculation, a FP is regarded as a daughter nuclide,
then the chain from parent nuclide to daughter one is

considered,

The change of parent nuclide concentration in sodium

(atoms/cmg) along the flow CP is expressed as,

de (X) -
dx

i
- P Cp (X)
v
where,

A_ ¢ decay constant of parent nuclide (1/sec)
: flow velociﬁy of sodium (em/sec)

: distance from irradiation specimen (cm)

Concentration of parent nuclide in sedium Cp(x) is obtained

as,

o X
Cp(X)= Cpo e Pv

where

Cpo: concentration at irradiation specimen
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When the production is saturated,

P
p
Cpo =

L
F'(1—€%97')

P : release rate of parent nuclide (atoms/sec)
F : sodium flow rate (cm3/sec)
L

total length of the loop (cm)

The release rate_PP is,

PP = Fr . FYp . Rf
where,
Fr : fission rate (atoms/sec)

FYP: cumulative fission yield of parent nuclide ()

Rf : release fractiom (-)

Change of the daughter nuclide concentration in sodium Cd

(atoms/cmS) along flow direction is,

dC Ad A
4 o Tl i+ — € - Cpw
dx v v

where,

Ad : decay constant of daughter nuclide (1/sec)
€ : decay branch ratio from parent- and daughter
nuclides (=)

Concentration of daughter nuclide in sodium Cd(x) is,

lp‘E'Cpo

x x iy g S
(¥ -edd ¥ ) +Cdo - e Aay
Xd—lp

Cda =
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where Cdo : concentration of daughter nuclide in

~irradiation specimen

li-s-lcpo(e_lp% _ e"ld% ) + P4
d- F
Cdo = £ y

1- e-'zdT

where,

P, : release rate of daughter nuclide (atoms/sec)

Release rate Pd is,

Foq * independent yield of daughter nuclide (-)

Assuming release fractions of parent- and daughter nuclides

are equal,

EFr'FYP'RIf

2 _AFE Wﬁé'
V - v
- L
4P 1-e o ¥ : 1-elv
Fr * Fyd * Rf
F—Tt Sh¥
Slg
l-e™v
=Cd0+ Cdat® e, (6~1)

The first term Cdl(x) is the concentration of daughter
nuclide produced by decay of parent nuclide., The ratio of -
daughter nuclide concentration directly produced by fission

to the whole daughter nuclide concentration is Cdz(x)/Cd(x).
The concentration of daughter nuclide directly produced by

- 145 -




fission AF(x) (atoms/cm3) is,

Apld = A -Cd2d (6-2)

Cd

where,

AF(X): concentration of daughter nuclide in sodium
at distance x obtained by gamma-ray detection

on the delay line (atoms/cma)

xi

- > (Ap(xi) - Apo’ - eV ) (6-2a)

Xi

¥¢=2

where,

AF(x ): concentration of daughter nuclide dlrectly
produced by fission at X (atoms/cm )
AFO' : concentration of daughter nuclide at
irradiated specimen
When X2 is minimized, AFO is used to express the

concentration of daughter nuclide at irradiated specimen.

. s 3
Gxi : standard deviation of AF(xi) (atoms/em™)

Since A,  corresponds to CdZ(X) at x=0 of the second term in
Eq. (6-1),

Fr-Fyd« Rf
F
Apg = "
1- e—'td_"—

The release fraction Rf is,

L F
- N (6-3)
= 1- v
Re = Apo (1- &7 )
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Here, the release fraction of I-136m located at the top of
chain can be calculated by the same method, putting

concentration of parent puclide is zero.
Calculation method of FP with long half life

The calculation method of release fraction of Te-134 with
relatively long half life of 42 min is explained. The
precursor nuclide of Te-134, as shown in Fig. 6-2, 1is
Sb-134, which has a short half life as 10.4 sec compared
with Te~134 and is small cumulative fission yield as 0.4697%
compared with the independent yield of Te-134 as 6.299%,
i.e. less than 1/13, therefore the accumulation amount of
Te-134 in sodium Nc(dps) is expressed approximately by the

following equation.

The accumulation amount Nc (dﬁs) is,
'Nc=Fr'FYC'Rf'(1'E_R't)

where,

F_ : nuclear fission rate (atoms/sec)

F, : cumulative fission yield of Te-134 (=)
R ¢ release fraction (-)

2 : decay constant of Te-134 (1/sec)

t

:+ irradiation time (sec)

On the other hand, the half life of Te-134 (42 min) is very
long compared with one circulation time (48 ~ 240 sec) of

sodium, so Te-134 distributes homogeneously along the delay
line.

Te=-134 amount in sodium Ne (dps) is,

= 3.7 x 1¢
Ne = - .
L HE fe®-V

T
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where,

Cr : average count rate of gamma-ray at energy E
(keV) (cps)
fr(E): gamma-ray branch ratio with energy E (=)
fe(E): detection efficiency with energy E
{cps. cm/uCi)
v : sodium volume per unit delay line (cm3/cm)

VT : sodium volume at main circulation part

(cm3)

Ne obtained by calculation and Ne obtained by experiment
should be primarily equal. Therefore, the release fraction

Rf of Te-134 is,

3.7x10%

f ——————— Vg
fr® - fe® 'V

Rf = r e e (6—4)
Fr' ch(l-e )

6.3 Calculation of Release Fraction and k Factor

6.3.1 Release fraction of FP

Count rate of each FP nuclides was obtained by  gamma-ray
detection on the delay line, where the geometric detection
efficiency between detection positions and difference in
detection efficiency among Ge detectors (two Ge detectors were
used for the measurement) were corrected, and the difference in
production amount caused by the different start time for
detection was corrected to the wvalues at completion of
irradiation for 4 hrs.

1) Release fraction of FP with short half life

Regarding 7 nuclides except Te-134, the concentration of
daughter nuclide in sodium A (atoms/sec) is obtained from

count rate,
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3.7x 104

A=Cp %
"7t fe® V- Ad
where,
C : count rate of gamma-ray with energy E (keV)

fZ(E): branch ratio of gamma-ray with energy E (keV)

fe(E): detection efficiency of gamma-ray with energy
E (keV) (cps. cm/uci)

v : sodium volume per unit length of the delay
line (cm3/cm)

ld : decay constant of daughter nuclide (1/sec)
In the calculation,’

fe(E): exp (8.25 - 0,914 x &n E + 0.0211
« fn E2) (1)
Voo: 0.69%

were used. In Eq. (6-3), the total length of loop L=5734

{cm), nuclear fission rate Fr = 2.05 x 1011

thermal neutron flux = 7.9 x 109 (n/gmzsec) (the calculation

(atoms/sec) and
method is shown in Appendix A) were used.

Using A obtained above, concentration of daughter nuclide in
sodium directly produced by nuclear fission AF is calculated
by Egs. (6-1) and (6-2). Distribution of AF in the delay
line is shown in Figs, 6~3 to 9. No difference in
distributions between Exp. Nos. 5, 7 and 8 at sodium flow
rate of 1.2 m/sec was observed, but in Exp. No. 16 the
gradient of distribution is Jlonger due to the low sodium
flow rate as 0.24 m/sec, Optimized result by selecting Ap
so as to minimize Xz—value defined Eq. (6-2a) based on Aj
value distributed in the loop is showm in the figure, where
Exp. No. 5 is expressed by solid line, Exp. No. 7 is by ome
point-dotted line, Exp. No. 8 is by two.points-dotted line
and Exp. No. 16 by discrete line.

Based on each Agp values obtained by above method, the
release fraction of FP was calculated from Eq. (6-3), as
- 149 ~
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indicated in Table 6-1. Here, error of release fraction
includes that of independent fission yield of daughter

nuclide.
Release fraction of FP with long half life

The distribution of Te-134 count rate along the delay line
is shown in Fig. 6-10. The half life of Te-134 is 42 min
and being long enough compared with one circulation time of
sodivm in the loop, the distribution is homogeneous in every

test and no difference is seen among these tests.

Average values 5; (*) of Te~134 count 7rate in each

experiment are,

Exp. No. C_ (cps)

T

5 1.76 £ 0,12
1.45 £ 0.13

8 1.66 £ 0.13
16 1.67 £ 0.11

Note (*) Average values are all obtained by the following

equation.
T+ g = Z(Xi/0i2)+ / 5 2
X =T % 2(1/012)— 1/ (l/ai )

Release fraction of Te-134 calculated by Eq. (6-4) from R

values is indicated in Table 6-~1, where

11 _ _
s F e = 0.0694, fr(E) = 0.191,

F_ = 2.05 x 10 v
fe(E) = Exp (8.25 - 0.914 x 2n(E) + 0.0211 x
en(E)2) = 27.23, V = 0.694, V. = 3979 were used in

Eq. (6-4).

The release fraction of Te-~134 is 0.42 to 0.51%.
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Summary of release fraction of FP

Release fractions of FPs indicated in Table 6-1 are shown in
Fig. 6-11, where release fractions of each FP are consistent

within experimental error.

The relation between average value of release fraction and
ﬁass number of FP is shown in Fig. 6-12, where FP nuclides
are divided into 2 groups, i.e. the light FPs with mass
number about 90 and the heavy FP with mass number about 140,
and release fraction values, except that of Br-88, are in
good agreement within each group. Exceptionally only Br-88
showed small value épprox. 1/1.5 of average release fraction

of light FP group, but the reason is not clear yet.

Release fractions between the light FP group except Br-83
and the heavy FP group show some differences depending on

mass number.

The average value of release fraction of light FP group
(except Br-88) is 0.80 = 0,02%, and that of heavy FP group
is 0.48 * 0.02%, and the ratio of release fractions between
light- and heavy groups is 1.67. The dependence of release

fraction on mass number is shown by solid line in Fig. 6-12.

On the other hand, release fraction of FP calculated
theoretically by the recoil model 1is,

SR

Rfc==-—Z§“- N ()

"where,

S: geometrical surface area of iiradiation specimen
2
(cm™)
V: . volume of irradiation specimen (cm3)

R: recoil range of FP (cm)
It shows that the release fraction of FP depends on the
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recoil range of FP. Relation between R and mass number of
FP is shown in Fig. 6-13, where higher recoil range with
smaller mass number is observed. (12) It shows that recoil
range is 8 um and 4.5 um for mass number of a little less
than 90 and 140, respectively. This relation (recoil range
vs. mass number) is plotted by dotted line in Fig. 6-12,
where the relation of release fraction vs. mass number is
plotted by a solid line. The same dependence of the release
fraction and recoil range of FP on mass number indicates
that release of FP from irradiation specimen in FPL-II is

due to recoil phencomenon.
6.3.2 Calculation of k factor

Ratio of release fraction of FP obtained by gamma-ray detection
vs. that obtained by calculation, i.e. (Rf/Rfc)’ k factor, is

described in this sectiom.

Practically irradiation specimen in FPL-II is granule with nearly
spherical shape (average diameter 590 um), but the release
fraction from the specimen was calculated by assuming it as
spherical shape with 590 pm in diameter. The release fraction
from irradiation specimen that is a sphere with radius r (cm), is

expressed by Eq. (6-5) as,

R =
fc 4r

By putting R = 8 ym for light FP and R = 4.5 um for heavy FP, Rfc
= 2.03% and 1,.14% are obtained, respectively., The k factor for
each FP nuclide obtained from the release fraction is indicated
in Table 6-2. -

k factor are 0.23 to 0.41 and 0.30 to 0.57 for light- and heavy
FP groups, respectively. The plot of k factof against decay
constant for each FP is shown in Fig. 6-14. According to the
figure, difference in k factor 1s not observed for various decay
constants, Plot of k factor against mass number is shown in Fig.

6-15. Difference in k factor due to different mass numbers is
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6.3.3

not observed between light FPs (except Br-88) and heavy FPs. The
average value of k factor for light FP group except Br-88 is 0.40
+ 0,01 that for heavy FP group is 0.43 * 0.02 and that for 7
nuclides except Br-88 is 0.40 £ 0.01.

Discussion

Release fraction of FP obtained from gamma-ray detection depends
on FP mass number, and the trend is in fairly good agreement with

that calculated from recoil model.

Trom the fact that it is conceivable that the release of FP from
irradiation specimen loaded in FPL-II is due to recoil phenomenon

of fission fragment.

However, it 1s genmerally said that k factor is usually higher
than 1, because actual surface area is larger than geometrical
one, For instance reported k factor is between 3.5 to 17 for
sodium inpile loop (SIL) at the Japan Atomic Energy Institute.
(13) On the other hand, the value obtained in this FPL-II is
0.41 = 0.01.

Three reasons to explain why k factor is less than 1 are

considered as follows:
(1) Production of FP is small, because
a) thermal neutron flux is small, and

) a part of dirradiation specimen leaked £from uranium

capsule mesh basket

c) self-shielding of irradiation specimen from thermal

neutron
(2) Release of FP is small, because
a)_ a part of irrdiation specimen is solidified, so that
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(3)

contact area between specimen and sodium is small, and

Concentration of FP in sodium is underestimated, because
a) value of detection efficiency used is high.

Here, cases of (1) b. and (2) a. are unpractical. The
detection efficiency used in case of (3) a. is not direct
reason why k factor is less than 1, because effect of
detection efficiency on k factor is canceled by using same
equation in detection efficiency calculation in obtaining
thermal neutron flux. Next, the thermal neutron flux used
in case (1) a. .is calculated from rédioactive amount of
Na-24 and, therefore, shows an average value at irradiatiom
specimen. On the other hand, distribution of thermal
neutron flux was measured at the position of uranium capsule
(inner length 82 mm) and according to the measurement
performed before installation of FPL, thermal neutron flux
at the tail position of uranium capsule is small as 1/3
compared to that at the head pdsition. Therefore, if
irradiation specimen is located at a deviating position in
tailward, thermal neutron flux is smaller resulting in the

smaller production rate than expected.

As explained above, thermal neutron flux appears to be
responsible as one of the reasons why k factor is smaller

than 1, but further study is necessary to confirm it.

6.4 Conclusion

Release fraction of irradiation specimen in FPL-II was calculated

based on the concentration of volatile- and rare gas FP in sodium

obtained by gamma-ray detection, and results are as follows:

(1) Release fraction of each FP from irradiation specimen keeps

constant value independent of sodium temperature (420 ~ 530°C)

and flow rate (1 ~ 5 2/min),

(2) Release fraction depends on mass number of FP and shows
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(3}

(4)

0.80 £ 0.027% for light FP with mass number about 90 and
0.48 £ 0.02% for heavy FP with mass number about 140,

I+

Dependence of release fraction on mass number is in fairly
good agreement with that of recoil_fange, and therefore, the

release of FP from FPL-IT is due to recoil phenomenon, and

k factor, i.e. the ratic of release fraction of FP obtained by
gamma-ray detection vs. the release fraction calculated by
recoil model is 0.40 £ 0.01 for light FP, 0.43 £ 0.02 for
heavy FP and 0.40 = 0.01 for all FP nuclides concerned.

Further study is necessary to clarify why small k factor which is

less than 1, is obtained.
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Table 6-1 Fission product release fraction (%) calculated by using
each.FP nuclide concentration in sodium
Exp.Na5 7 8 16
Nuclide Half tife 420 ‘C 500 C 530 °C 530 C Average
5 £/min 5 4/min 5 4/min - 1 ¢/min
T 55 s 0.69 + 0.10 0.95+ 0 09 0.96 £ 0.09 0.81+ 007 0.91+ 0.04
® By 16 s 0.54 £0.04 0.52 % 0.04 - 0.57 + 0.05 044+ 004 0.51 % 0.02
% Rp 15.2m 0.81+0.05 0.75 % 0.05 079+ 005 0.75% 0.05 0.78+ 0.03
WKr 32.3 s 078 + 0.03 0.76 £0.03 0.74 + 0.03 0.82+ 0.03 0.78 + 0.02
136m ¢ 46 s 0.75 +0.18 069+ 016 0.72 + 0.17 062+ 014 069+ 0.08
1% Xe 39.7 s 0.48 + 0.03 0.49 % 0.04 0.45 + 0.03 058+ 0.04 0.50 + 0.02
140 e 13.6 s 049+ 0009 0.32 %007 0.40 + 0.09" 0.33+ 0.06 037+ 0.04
13 e 42 m 0.51 % 0.17 0.42 + 0.14 0.49 £ 0.16 0.49+ 016 0.47 + 0.08




Table 6-2 k factor for each fission product nuclide

Release Fraction (%)
Nuclide k factor (-)
Measured Calculated
86p, 0.91%0.04 0.45 %+ 0.02
®gr 0.51%0.02 | o0.25%0.01
2.03
*Rb 0.78+0.03 0.38+0.02
“Kr 0.78% 0.02 0.38% 0. 01
136my 0.69+0.08 0.61+0.07
139 p
Xe 0.50%0.02 0.44% 0.02
1. 14
140xe 0.37£0.04 0.33%0.04
134mg 0.47-0.08 0.41%0.07
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mass number

86

88

89

90

SEmBr

objective Fissim
Product Nuclide

tj o * half life

458 A decay constant (1 sec)
Fy‘hgé ¢ cunulative yield

Fy ! independent yield
86

Se 8 Br 8 Kr Fyo relative error
ty /2 16.6s 55s stable

A 4176X10"2 1.260X10~2

Fy 1.233% 0.288%

Fyce 45% 8%

88 ge 88y |832% s, ____ sspy 88 gy
1.52s 16.0s 2.80h 17.7m stable
4.560x10"! 4,332%x10"2
0.379%* 1.564%

16% 6%
a2
> /sng

89 B, 80K, 89}y 89gy |157S
4.38s 316m 15.2m 50.5d s9y
1.583%10-! 3.656x10~3 7.600x104

- 5 stable
1.205% 4560% 0.204%
2.8% 1.4% 6%
o\o
T hemsE

90p; 3% | sog, 15? NGp —= N0Y — 907,

. 8 a
1.92s 32.3s% 29y 64.0h  stable
3610101 2146X10"2 0Rb
0.620%* 4382% 2.7m
11% 1.4%

Fig. 6-1 Fission chain (1)
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mass number

134 134gy 134gy 1347 1347 134%6
t1/2 104s 10.4s 42m 52 6m stable
A 6.665X10"! 6.665%x1072 2751104
Fy  0.0154%% 0.469%* 6.473%
Fyo 64% 6% 32%
. \
136 46s
136 Te 1.507Xx10-2  136x,
1427% stable
17.55\ 32%/
1361
855
\,09‘016
139 1oy __898% | 150y, 189 0 g 139 B, 1397,
2.38s 35.7s 9.3m 83.3m stable
2912x1071 1.746x10"2
0.962% * 4152%
2.8% 6 %
>
140 140 7 L%._ 1403 140 g 140p, 1401,5 1400e
0.65 13.6s 63.8s 12.794 40.23h  stable
1155 5.097X10~2
0.213%* 3.513%
64% 4%

Fig. 6-2 TFission chain (2)
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7.

7.

1

2

RESULT OF MEASUREMENT OF DELAYED NEUTRON
Introduction

Transition behavior of delayed neutron (DN) precursor nuclides
(hereafter abbreviated as DN nuclides) in sodium is useful for
performance evaluation of fuel failure detection system in FBR,
Two DN detectors were installed on the delay line of FPL-II, in
order to measure DN and to reveal the transfer behavior of DN
nuclides in sodium during FPL-II normal operation, during sodium
flow change, during no flow and during TTR shut down, similar to

the previously performed test., (1)

DN measurements were conducted at 11 irradiation tests (Exp.
No. 16, 19 to 28) in this fiscal year, but transfer behavior of DN
nuclide was analyzed by using irradiation test data obtained in
fiscal year of 1982,

DN nuclides such Br-87, I-137 etc. are classified in 5 groups
according to their half 1life, Names and average half lives of
nuclides belong to each group, together with total DN number
released from DN nuclides produced by 104_ fission (14), are
indicated in Table 7-1, In general half lives of DN nuclides are
short as less than 1 min,

Result of Measurement at Steady State Operation of the Loop

Detection positions of DN are located at two points of 700 cm
and 2848 cm apart from uranium capsule on the delay line. By
comparing count rates at the two detection positiomns at a distance

of 2148 cm, adsorption behavior of DN nuclides on stainless steel

surface is estimated. Time lags between two positions are 17.9 sec

at sodium flow rate 5 L/min, 44.8 sec at 2 %/min and 89.6 sec at 1
&/min.

When the loop is at steady state operation, measured count
rates of DND-1 and DND-2 in Exp. No. 16 to 28 are indicated in

Tahle 7-2, where the count rate shows corrected wvalue by neutron
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7.3

background counts 33.8 cps and 7.3 cps for DND-1 and DND-2,
respectively, at 100 kW output of TTR. Here, values indicated in
Table 7-2 were corrected by subtracting these background counts.
In the case when TTR power was less than 100 kW, values were
corrected assuming that back-ground counts were proportional te the

power.,

In Exp. Nos,. 27 and 28, where irradiation tests were conducted
at sodium cold trap temperature of 200°C, DN count rates kept same
values since start-up of ‘irradiation tests, It is assumed that FP-
release fraction did not change since start-up of irradiation
tests, i.e. no change occurred at the irradiation specimen surface.

As explained in the previous paper (1), DN count rate
decreases with decrease iIn sodium témperature. Temperature
dependence of DN count rate at sodium flow rate of 5 &/min is shown
in Fig. 7-1. The decrease in count rate is probably due to
temperature dependence in DN nuclides release from dirradiation
specimen and increase in DN nuclide adsorption on the surface of
irradiation specimen and piping wall. Ratio of count rates of
DND-1 and DND-2 is useful to estimate adsorption behavior of DN
nuclides on inner wall of piping, but the wvariation of the ratio
appeared remarkedly only at below 230°C sodium temperature. (ref.
Table 7-4 and Exp. No. 9 to 12).

In Exp. No. 23, dependence of DN count rate on TIR power was
measured by varying TTR power stepwise from 0.1 kW to 100 kW. The
results shown in Fig, 7-2 indicate that DN detection system holds a
linearity in wide range of 0.1 to 100 kW of TTR output and it is
concluded that the recoil phenomenon is a main mechanism of FP

release.
Result of Measurement During Sodium Flow Stop Test

Following 1982 irradiation tests, in Exp. No. 23, 26 and 28,
decays of DN nuclides remained in sodium in the loop piping were

measured during sodium flow stop at steady state operation of the

loop.

- 170 -



7.4

DN count rates of DND-1 and DND-2 were measured alternately
for 1 sec with interval of 1 sec using present scalor timer,
Results of each experiments are showmn in Fig, 7-3, where the
ordinate at left hand is for count rate of DND-1 and that at right
hand is for DND-2.

In experiments, variation of count rates of DND-1 was measured
with starting immediately after sodium flow stop; When initial
sodium flow rate is 5.0 %/min, gradient of count rate drop is steep
because of decay of nuclides with short half life; on the other
hand, in cases that reduced flow rates are set such as 2.5 /min and
1.0 2/min, the gradients become milder because of the decay of FP
with short half life before arrival at DND-1 detection position,
In Test No. 28, sodium with a high concentration of oxygen (cold
trap temperature of sodium was 200°C and oxygen concentration was

12 ppm) <&

was used. However, the test result did not differ
significantly from the results of Test Nos. 23 and 26 which used
ordinary sodium (cold trap  temperature was 120°C and oxygen
concentration was 1 ppm). For this reason oxygen concentration of
around 12 ppm is not considered to affect the behavior of DN

nuclides in the sodium of 500°C,
Result of Measurement after TTR Power Shut Down (test scram)

In Exp. Nos. 19, 20, 21, 22, 25, 27 and 28, change of DN count
rate of DND-1 and DND-2 at TTR test scram during sodium
circulation, was measured, with the same method in Seec., 7-3,
alternately for 1 sec with interval of 1 sec. The results of each
test are shown in Fig. 7-4. Here, in Exp. No. 19, where a special
experiment was conducted as described later, DN count rates of
DND-1 and DND-2 were measured continuously 0.4 sec interval by
using two multichannel scalors (MCS). In Exp. No. 21 only the
count rate of DND-1 was recorded, due to the malfunction of

printer,

Excluding Exp. No. 19 and No.20, at sodium flow rate 5 %/min,
the count rate of DND-1 after 6 sec of test scram and the count

rate of DND-2 after 24 sec of test scram started to drop sharply;
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at. the sodium flow rate of 1 &£/min count rates of DND-1 and DND-2
started to drop after 30 sec and 110 sec, respectively. It is
explained that steady state of DN nuclides is maintained by release
and addition of a certain amount of FP in flowing sodium from/omn
irradiation specimen, but at test scram, FP release drops to zero
resulting in drop of count rates independent of sodium temperature.
Changes of DN count rate at TTR test scram in sodium flow rate of 5
%/min, showed almost same trend {in Exp. Nos. 21, 27 and 28)
independently of sodium temperature. It concludes that composition
of DN nueclides in sodium is almost independent of temperature and
the same conclusion (1) was obtained in experiments during sodium

flow stop conducted in 1982,

In the measurement of varlation at TTR test scram, probability
of additional DN counting from other positions than detection
positions, is assumed from the following fact: for example in Exp.
No. 27, the count rate of DND-2 should keep constant wvalue until
abrupt drop of count rate occurs (25 sec after test scram);
however, in spite of that count rate of DND-2 commences dropping
accompanied with that of DND-1 at 6 sec after test scram (see, Fig,
7-4, 7). In order to clarify this situation, a mock-up test
described in Sec. 3,1 was conducted, but mock up test was not
sufficient because neutron standard radiation source using in the
~mock up test has a peak at 700 keV and DN has a different spectrum
with peak at 450 keV.

So, in Exp. No. 19, DN response from loop piping was examined
again: sodium flow is stopped before 5 min of TTR test scram, and
FP is accumulated in wuranium capsule, then simultaneously DN
nuclides in sodium at loop piping decrease by radiation decay.
Time scale in Exp. No. 19 of Fig, 7-4 was expressed from the sodium
flow restart as starting point, when sodium flow was resumed after

25 sec from test scram.

The result is similar with that of the mock-up test (cf. Figs.
3-7 and 8), but it showed that the ratio of the highest peak
against the second peak is larger for count rate of DND-1 than for

that of mock-up test and shielding capability of DN detector is
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7.6

larger for DN than for neutron released from neutron radiation
source used in mock-up test. It is due to difference of neutron
spectra, i.e, shielding is easier for DN with lower energy. The
result that half value width of peak obtained in this test was
larger than that obtained in Fig. 3-7 is probably due to the fact
that the sodium mass, containing FP which had flown out from the
uranium capsule when sodium circulation was resumed, was not a
perfect point-like radiation source but was an extended radiation

source,

In the case of count rate of DND-1, a clear peak was detected
no longer after 30 sec elapsed, because mixing up with bulk sodium
occurred when flowing sodium passed through the electromagnetic
pump, the main heater and the uranium capsule etc., resulting in
extended sodium region containing FP., Count rate shows ninimum
value at 50 sec after resumption of sodium flow. That is
consistent with one circulation time of sodium flow rate 5 %/min in

the loop.
Result of Measurement During Sodium Drain before TTR Shut Dowm

In Exp. No. 24 énd No. 26, DN count rate from DN nuclides
adsorbed on inmer wall of piping was measured during sodium drain
before TTIR shut down, as shown in Fig. 7-5. But due to taking time
to draiﬁ sodium completely from loop (more than 30 sec) and the
incomplete shielding of DN detector system, DN nuclides adsorbed on

the piping can not be distinguished from the count rate pattern,

Analytical Model

In order to evaluate behavior of DN nuclides in sodium
quantitatively, modeling of DN nuclide behavior in sodium is

necessary.
Hereafter, DN nuclides are expressed by grouping as described

above., Concentration of DN nuclides in i-group in sodium Ei

(atoms/cm3) is expressed (ref. Appendix C)
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Ei (%) = Eio' e &iX - (7-1)

where,

x ¢ distance from uranium capsule (cm)

Cio: initial concentration of DN nuclides in i-group at

. R . 3
irradiation specimen (atoms/cm™)

i

a; =
1 v

{ Kai-(4/a) + 1 }
Concentration at wall surface Ciw(x) (atoms/cmz)

C') = Kai* C; & | (7-2)

where,

Kai: distribution coefficient of DN nuclides in i-group
Ai : decay constant of DN nuclides in i-group
v : sodium flow velocity (cm/sec)
£ : circumference of piping (27r; cm)
(r+ inner diameter of piping)

a : cross—-section of piping (ﬂrz; cmz)

expresses ratio of concentration on wall surface against that In
- sodium, as defined in Eq. {(7-2)

DN count rate measured at detection positiom er(xj) (cps)
(j = 1, 2 for DND-1, DND-2) '
3 = W
Cpj (x3) ‘—‘,1{1 f5° 744 {V-Cilxp) +8-C (xj)} (7-3)
where,

%, * distance to DND-1, DND-2

V : volume of sodium projected by detector

[¥a]
ae

wall surface area projected by detector
%24 : 1length of piping projected by detector

f, : detection efficiency
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ni t DN release fraction

vV = ﬂrzxd, 5 = 2ﬂrld and applying Eqs. (7-1), (7-2) to Eq. (7-3)
and using Eq. (C-8) in Appendix C

- 5 2i-m;-P;
Crj(xp) = 5 %r- a2 F-(1-e %'k

e®i % {r+2K,}  (7-4)

where,
F : sodium flow rate (cm3/sec)
L total length of the loop
Pi : TFP release rate (atoms/sec)
Rfi: release fraction (dimensionless)

fission yield (atoms/fission)

fission rate (fission/sec)
Pi=Rfi-Y;-Fr

It can be described as

Ai -Qi-Rfi
. . A _r . _a._ -
Crj(x3) =1y }Z F(1-g % Ly rai e i (7-4a)

where, frj=fj-_7cr-gd ' Kai’ = r+ 2 Ky

Qi=%-Yi F, corresponds to the DN emission rate in Table
7-1.

Using these equations, variations of DN count rate ﬂuring sodium
flow stop and at the TTR power shut down (test scram) are expressed

as follows:
1} At sodium flow stop
When sodium flow is stoped, DN nuclides in i-group in piping

decrease by following decay constant,
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2" Qi R , .
Crjlx 1) =f””zi1 F-(1-¢ %0 et ® ' L -5)

where t: elapsed time after flow stop

2) At TTR scram

When TTR power shut down, stepwise variation of count rate
with time is expected. At the time when TIR scram, because FP
release in sodium stops, the concentration of FP at
irradiation specimen varies from the initial value Ci to
—_ _a_-L 0

c ., .e 1
io

The initial concentration of FP nuclides represents FP
survived being subject to the radiation decay after ome
circulation through the loop in sodium. Therefore, variation

of count rate is expressed by putting,

t, : one circulation time of flowing sodium through the
Yoop

tzj: time of sodium to arrive at detection position from
irradiation specimen (= xj/v)

n : number of circulatiom,

4i-Qi - By -
— - Kai e diT¥i (0=1=155)

Cpi(xj,t)=frj &
T TS P (1-edith)

R“Q,"Rf-
C.oix; t)="fp4- % 1 = ! ‘K .'.e‘ai'xj . ~ai*nL 7-6
rjp+l r} iF'(l-e-ai'I‘) ai € ( )

(t23+ (n-1)11§l§t2j+nt1)

7.7 Analytical Model in Cousideration of Mock-Up Test Result

Analytical model stated above is avallable only to case when

DN nuclide 1is measured by using ideal detectors with complete
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shielding, therefore it is practically not available to the DN
detection system in FPL-II. For example, if adsorption of DN
nuclides on stainless steel surface at high sodium temperature is
negligible, to the state of a stationary flow rate of 5 %/min, the
ratio of count rate of DND-1 to that of DND-2 is calculated as 5.96
according to the analytical model mentioned above, however, the
experimental value was around 2.1 deviating largely from the
analytical result. So, the analytical model should be refined

considering mock-up test result,

At the mock-up test descfibed in Paragraph 3.1, the detection
efficiency was wmeasured at discrete positions, therefore
interpolation between measured values using following exponential
function is performed. The detection efficiency of DN detection

system at x from uranium capsule is,

fjuld=Bj k- Pk X ( %= x=xp41) (7-7)

where j = 1, 2 for DND-1, DND-2, and K means sectional interval,

The release rate dA of DN nuclide in a infinitesimal length dx

at distance x is expressed using Eqs. (7-1) and (7-2)

2i-Q; - Ry
dA=7mr - X — “Kai - e%iT¥ gy
i F-(1-¢%i' L

and the count rate is fj k(x).dA
L)

By integration, the count rate of DN nuclide distributed

through overall length of the loop is,

i Qi “Rj
Crj=or 2 . - Kai 'J(-)L f5600 - & %" dx (7-8)
i F-(1-¢ %i"Y)

For reference, when sodium flow is in steady state at high
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temperature, (i.e., adsorption of DN nuclides on inmer wall of
piping is neglected Kai = Q). DN contribution at DN detector from
various parts of FPL-II loop piping is indicated in Table 7-3 for

various sodium flow rates.
These values are calculated as follows:

count rate er k(c:ps) of each DN detector given from each divided
>

atrea k (xkgxgx.k+ 1)

l"Q' 'Rf‘ Xitt .
5 __Ll -f " f_]--k(}::)-e:_‘:ti'x dx
i F-(1-e¢%i by "X

er,k= Efz

The contribution ratio is expressed by

A
1 Q-l- j;‘ik-r-l j,kbd e o xdx
ij,k i (1-¢7%i L) k
Cr s A:+Q; .
‘d 3 : Q‘. S £k e  dx

Here, 7\1 and Qi use decay constant and DN release rate in
Table 7-1, respectively and L is 5734 cm. fj k(x) is calculated in
»

mock-up test and used ¢, = li/v, where v is sodium flow rate.

i

In calculation of contribution ratio, large computer was used.
As seen in Table 7-3, the contribution ratio for DND-1 at detection
position (Df.—A) increases as flow rate decreases, i.e. 59.7% at
flow rate 5 %/min, 62% at 2.5 %/min, 66.9% at 1 L/min, 73.5% at 0.5
2/min and the contribution ratio at detection position (DL-B)
decreases, i.e, 5.3% at 5 &/min, 3.3% at 0.5 &/min. The
contribution ratio at electromagnetic pump is very small, i.e. 6%
at 5 &/min and 0.4% at 0.5 &/min.

On the other hand, the contribution ratio £for DND-2 at
detection position (DL-D) decreases, i.e. 22.1, _21,0, 14.4 and 6.2%
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at 5.0, 2.5, 1.0 and 0.5 2/min, respectively. Now, ‘analytical
models of count rate variation at sodium flow stop and at TIR test

scram will be shown, respectively.

1) At sodium flow stop
Count rate er is expressed as a function of time, so from Egq.
(7-4).

A: - @ 'Rf'
er ) = Er.v}"_ll—i_.
P Fe(1-®i7D)

r
.

Kaj e-zi-t_f;ij_k(x)'Eai'xdx
(7-9)
where t: elapsed time after sodium flow stop (sec)
2} At TTR test scram

From Eq. (7-6), using elapsed time t (sec) after test scram,

/I"Q"Rf"K S
Cejto = mer 3L 0 g g oD g
iF-(1-e %1 %)

L -y *
+ [ fj-u00- e @j - (x+nl) dx }
Xt

(7-10)
Xt: position where DN count rate changes rapidly by the effect
of scram l

Xt = v.t - nL (n = integer (L/vt))

7.8 Comparison of Analytical Model with Experimental Result

1) Comparison with experimental result at steady state loop

condition

Ratio of count rate of DND-1 and DND-2 (Crllcrz) calculated
from Eq. (7~8) is indicated in Table 7-4 together with results
of irradiation test (Exp. No. 3 to No. 16). The ratio is

shown as
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Cry i (1-¢%'h ’
Crz i+ Q L
a;-x
%, (l_e-ai'L) j‘; fz k(X) e ! dx

Here, in the galculation, Kai 0 (adsorption behavior of DN
nuclides is neglected) and release fractions of each DN
nuclide are all equalized as Rf.
The result of calculation was in reasonably good agreement
with experimental result at higher than 270°C. In Exp. No. 10
and No. 13, flow dependence of DN count rate was measured by
changing flow rate stepwise from 5.0 to 0.5 £/min at 500°C

sodium temperature.

The experimental result is 2.11 to the analytical result is
2,20 at flow rate 5 2/min and the relation between them
changes 1inversely as flow rate decreases, i1.e. the
experimental result is 4.32 and the analytical result is 3.91
at flow rate 0.5 &/min. Though the reason should be discussed
a little more, it was clarified that analytical model taken

account of mock-up test result explains well test results.

Test results of flow rate dependence of DND-1 and DND-2 are
shovn in Fig. 7-6, where experimental values were obtained in
Exp. No. 10 and regarding DND-1 values obtained in Exp. No. 13
were also included but regarding DND-2 in Exp. No. 13 were
excluded because of extreme low value due to unknown trouble
in the test (cf. Table 7-4). Solid lines in the figure

indicate flow rate dependénces of Cr and C which are

s
calculated from Eq. (7-8), putting Kai i 0 and ;géusting Rf to
equalize Crl as the test result for DND~1 at flow rate of 5
£/min in Exp. No. 10. Test results were in good agreement
with analytical results. In more detail these results were
checked: experimental values were higher than analytical
values for DND-1 at low flow rate, but both of them were in
good agreement for DND-2 except at high flow rate where
analytical values were higher than experimental values.
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2)

3)

4)

Result of DN measurement and temperature dependence

DN count rate decreases with decreased sodium temperature, as
shown in Fig. 7-1 probably owing to adsorption behavior of DN
nuclides. As indicated in Table‘7-4, at low flow rate of 5
2/min, the rate of count rate of DND-1 to that of DND-2 was
around 2,05 indicating no considerable change between 270 and
500°C, but the change of ratio appeared at lower than 225°C
and attained to 2.78 at 225°C, On the other hand, at flow
rate of 2 {/min, the ratio was kept around 2.27 down to 270°C
but changed to 2.43 and 3.45 at 225°C and 170°C, respectively.
Also, the ratio of count rate of DWND-1 to that of DND-2 is
considered to change, but as iIndicated in Table 7-4, no

remarkable change appeared practically at above 225°C.
Comparison with experimental result during £low stop test

Count rates during flow stop test (flow rate: 4.64 ¢/min —=
0) measured in Exp. No. 13 and calculated from analytical
model using Eq. (7-9) are shown in Fig. 7-7., where sgolid line
shows calculated value by Eq. (7-9). Here, count rate
calculated from Eq. (7-9) putting K, = 0 and t = 0 and count
rate of DND-1 measured at flow rate in stationary state were

equalized by adjusting unknown R (Dotted line shows that by

Eq. (7-5). Poor consistency witiin experimental values.} In
the case of DND-1, analytical values were in fairly complete
agreement with experimental wvalues. In the case of DND-2, on
the other hand, deviation between both wvalues was large
immediately after flow stop, but since then good agreement
between them was held indicating consistent analytical model

with test result.
Comparison of experimental result at the TTR test scram

DN count rates at the TTR test scram (flow rate 4.64 £/min)
measured in Exp. No. 13 and calculated from analytical model
using Eq. (7-10) are shown in Fig. 7-8, where solid line shows
calculated value by Eq. (7-10). Here, count rate calculated

from Eq. (7-10) putting Kai = 0 and t = 0 and count rate of
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DND~1 measured at flow rate in stationary state were equalized

scramby adjusting unknown R (Dotted line shows by that Eq.

(7-6). Poor consistency w;;hin experimental value.) 1In the
case of DND-1, analytical values were in fairly good agreement
with experimental wvalues. In the case of -DND-2, on the other
hand, deviation between both wvalues was large at several
seconds after’ scram (i.e. within period of time when no
influence of test scram appeared at count rate of DND-1), but

since then good agreement between them was held indicating

consistent analytical model with test result.

In Fig. 7-8, abrupt change in count rate apbeared remarkably
at the 1st circulation after scram but the change was
something blurred after the 2nd circulation after scram. It
is owing to the phenomenon that when flowing sodium passes
through electromagnetic pump, heater, uranium capsule etc. and
enters into the large main piping, it mixes with bulk sodium

nmaking turbulence. .
7.9 Calculation of k Factor

Up to now, in order to evaluate result of DN measurement,
relative comparison of analytical model with experimental result
has been mainly performed, but in order to calculate k factor,
comparison of analytical model with absolute values of experimental

result is necessary.

Comparison of analytical model with absolute wvalues of

experimental result is necessary.

ki = Rfi/BRfci

where,

kfi : k factor

o

release fraction obtained by experiment

Rfc : release fraction obtained by calculation using model
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In order to simplify the following calculation, assuming that

k k., and Rfci are constant being independent of DN nuclides,

£i* fi
suffix i of the above equation is eliminated as follows:

Substituting R_ in Eq. (7-8)

£

i QiR ke
Crj =xTr-2 - ke 'Kai’ 'foij,k(X)' e i’ X gy
iF'(l-'ai'L)

Here, considering that the count rate.er is equal to that
obtained for DND-1 and DND-2 in Exp. No. 10, k factor was

calculated.

At high sodium temperature, putting Kai = 0,

, Bfc ki Ai Qi

Crj =7x 2 . foij,k{X)‘ e Fit ¥4y
F i1-e @i’k (7-11)
o = li/\r
where,

T =0.47 cm and L = 5734 cn
Rfc = 0.0159: average value of light and heavy FFP
Qi : emission rate 1in Table 7-1; to apply values

multiplied by 2.05 x 107 (fission / sec)

The calculation was performed using large computer and
obtained values of k factor (average 0.59) at variocus flow rates
for DND-1 and DND-2 are indicated in Table 7-5. Here, as explained
in Chapter 6, since generally k factor is well known as larger than
1, reasons why k factor of less than 1 was obtained should be
studied hereafter. TFurther study is necessary to clarify why
larger wvalue of k factor was obtained compared with that from
gamma-ray measurement of volatile FP in Chap. 6. Further study on
k factor value is necessary. However, since detection efficiency

of DN detection system was obtained by using Am~Be neutron
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7.10

radiation source that showed different neutron spectrum from DN
spectrum, the different spectrum may be responsible for different

value of k factor.
Conclusion

Transition behavior of DN nuclides, that is useful for
performance evaluﬁtion of fuel failure detection system, was
measured by using two detectors installed on the loop. However, it
was clarified that DN° count rates of the detectors count-
additionally DN from other than detection positioms, such as loop
pipings and instrument, owing to their incomplete shielding against

neutron.

To estimate DN contribution quantitatively, mock-up test was
conducted using neutron standard radiation source., Analytical
model in consideration of result of mock-up test was applied to
compare each experimental results obtained during steady state of
sodium flow, during flow stop test, and at TTR test scram., Also,
by applying the analytical model, dependence of DN count rate on

sodium flow rate was well explained.

Adsorption behavior of DN nuclides in loop was measured at
various sodium temperatures. The result indicates that DN count
rate decreases with decreased sodium temperature and the count rate
at 500°C decreases to 1/1.7 at 270°C and 1/4.7 at 170°C.

From ratio of count rate of two detectoré, adsorption behavior
of DN nuclides on stainless steel inner wall surface was estimated.
The result indicates that the ratio keeps a constant value at
sodium temperature between 500 and 270°C, but increases at 225°C
(count rate at downstream side decreases more rapidly) and
increases more at 170°C, suggesting that the adsorbed amount on
stainless steel at lower than 225°C can not be neglected at lower

sodium temperature.
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Using analytical mo&el and result of DN measurement, k factor
concerned with FP release from irradiation specimen in sodium flow
was calculated to average value of 0.59. Though the value is
higher than that obtained by gamma-ray measurement of volatile FP,
the value is lower than 1. Since k factor is usually believed as

higher than 1, further study is necessary to clarify the reason.
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Table 7-1 Delayed neutron precursor nuclideslA)

.. *
Group Half life Emission Rate Delayad Neutron Precursor

(Average) Nuclides
1 55.7 sec 5.1 T
2 24.6 sec 23.2 136me |, 137, M
3 15.9 sec 12.4 88pr
4 5.2 sec 314 88, ®Rb, %1, ¥7ge, 1% Te
5 2.2 sec 53.7 g, %Ry, 1, 245,135 5p
BSSe

* BEmission Rate/104 fission
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Table 7-2 8teady state count rates for delayed neutrons under

constant loop conditioms

: Count rate {CPS)
Exp. | Na Temp | TTR Power { Na Flow Rate
No. {°C) TKW3} 1/mind '
DND~1 DND~2
3 77.1 21.7
14 538 1.8
ige 1527 .4 588.3
5 115.1 41.9
19 338 2.8
iga 21435.1 818.4
) 7.4 1.3
28 178 1.8 '
180 142.8 32.9
S 44.1 13.4
21 176 3.8
: 188 844.5 271.7
3 77. 22.3
22 448 1.8 /-2
188 1518.5 44%.8
8.1 3.42 1.36
4.2 ' 7.39 2.93
8.5 18.6 7.43
i 74.8 14.5
2 73.9 29.1
S 5.8 184.4 73.%
23 SoB
10 349.2 144.90
26 734.8 295.8
S8 1784.,7 728.%
78 2447 .4 1818.4
188 3415.9 1454.8
4,2 3234.1 1353.46
24 278 5 - 121.5 54.2
188 23846.5 1839.7
5 54, .
25 368 1.4a 4 14.4
18@ 18%3.8 296.3
3 =3 179.2 73.3
’ 3385.7 1443.8
26 569 168 2.3 2349.7 ?36.2
1.0 1352.8 433.1
5.0 3323.2 1412.7
=] . 77.3
27 569 ° 5.8 178.¢
1880 32482.9 14%94.6
3 i81.7?7 82.9
28 508 188. 5.8 3428.8 1574.3
3388.4 1552.1
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Table 7-3 Delayed neutron contribution ratio at each delayed neutron

detector from the various part of FPL-II loop pilpings

Flow Rate

504 /min 2.5 £/min 1.0 £/ min 0.54/min
position DND-1 DND-2 DND-1 DND-2- | DND-1 DND-2 ,DND“l DND-2
DL-A(DN1) 5970% 8.34% | 62.03% 9.17% | 66.89% 12.184 73.53% 18.28%
DL-B 528 6.90 4.97 6.88 507 8.64 3.30 7.66
DL-C 1.91 6.46 1.79 6.43 1.39 6.13 0.58 3.51

" DL-D(DNZ2) 0.61 2212 0.55 21.04 0.30 14.42 0.10 65.19
DL-E(Heater) 1.39 0.42 0.97 0.31 0.27 0.11 0.05 0.03
EMP 596 1.0.94 4.75 9.35 1.81 4.54 0.44 1.55
Other parts 2516 ' 44.82 24.94 416.82 24,27 53.98 2200 12.78
Total 100.0% 100.0% 1000% | 10009 | 100.0% 1000% | 1000% 100.0%




Table 7-4 Steady state count rates for delayed neutrons under constant

loop conditions and calculated data by using analytical model

2
Scediam Condition Count Rates (cps) DND-1/DND-2 Ratio
Exp )
° Flow Rate - - Experimental|Calculated

No. Temp  (C) (4/min) DND-1 DND-2 Results value
16 530 1.0 1527 500 3.05 2.87
14 " 1.0 ¥% 1492 373 4.00 "
10 500 5.3 3491 1687 2.07 2.19
7 " 5.0 . _ 1747 — 2.20
10 " ” 3436 1631 211, 2
13 ” ” 3440 1256.‘?) 2.74;) "
13 v | 464 3367 13427 2.51" 2.23
10 " 4.2 3273 1539 213 2.96
13 ” 3.84 3195 1216 1) 2. 637 228
10 v 3.6 3052 1428 2.14 2.30
13 # 3.24 2916 1103 " 2647 2.31
10 " 2.5 2471 1124 220, 2.33
13 v 2.14 2232 8107 2,76 2.36
10 v Lo 1543 508 3.04, 2.87
13 " 0.64 1206 249 1) 4.847 3.53
10 " 0.50 1045 242 4.32 3.91
13 ” 0.14 241 35.47) 6.81% 4.55
5 420 5.0 3444 1672 2.06 2.20
6 » v 3260 1609 2.03 s
3 350 5.0 3119 10147 3,087 2,20
4 n " 2846 JR— —_ 7
15 300 5.0 2654 1312 2.02 2.20
15 " 2.0 1586 693 2.29 2.37
11 270 5.0 2054 1010 2.03 2.20
11 ’ 2.0 1104 486 2.27 2.37
12 225 5.0 1333 624 2. 14 2.20
12 " 2.0 590 243 2.43 2.37
9 170 5.0 730 263 - 2.78 2.20
9 | ’ 2.0 261 75.6 3.45 2.37

+) After correction of neutron background caused by neutron leak from TTR
%) corrected value for detection efficiency

- %% Flow rate is smaller than 1.0 £/min

) DND-2 counter trouble
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Table 7-5 k factor calculated by using delayed neutron experimental
results (Exp. Wo. 10) and analytical model

DND-1 _ ' DND-2

Flow

rate DN count rate | k factor | DN count rate| k factor
50 4/min 3436 cps 0.574 1631 cps 0.601
2.5 2471 | 0.573 1124 0.610
1.0 1543 7 0. 600 508 0.568
0.5 1045 ’ 0. 637 242 0.578
Average 0.596 0.589
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Fig. 7-1 DN-count rate vs. sodium temperature {Sodium flow rate 5

2/min, Data from experiments 3 to 13)
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Fig. 7-2 Relationship between delayed neutron count rate and TTIR power

- 192 -



- £61 -

cps)

DND-1 Count Rate

N
18 ]
s EXP. No. 23 ]
A No. Temp SBE& (°C) N
. Ne Flow S5.8—=8 (1/mln) 1
3 K
18 - -
| .. DND-1 ]
2 .". K -
16 - . ., ]
' - ..'..I‘ . . o .
lﬂ -_ DND-Z "o.. . - _:
lﬂe 1 1 1 [ [ | 1 1 1 1 | ' ] 1 1 l'l_l.l...l'.
%] 58 198 150 260
Time (see)

1) Exp. No. 23

16

16

[
=

2
16

18

DND-2 Count Rate

(eps)

{eps)

'DND-1 Count Rate

18

—
=

—
=
»

16

wd

T:, T L T TITT
s
»
1

T T

L

LR NI |

T

EXf. Ho.
Na Temp

Ne Flew
-
ﬂ;“#
.“
L
... .
.
-.'-'
L]
Dto-2 .

268 (Run i}
5085 (°2)
S.6—=2 (1/mln)

OM-3

L b33

L] L_lll!‘

L19) 186

2)

Tl me

Exp. No. 26

Fig. 7-3 Delayed neutron count rate during flow stop test

150 20

(sec)

{Run 1)

<]

i

16

w

(eps)

DND-2 Tount Rate



- 46T -

{cpe}

DND-1 Count Reis

:
14

3
1@

18

:
i@

- EXP. Ng. 26 (Run2) ]
A © Na Temp 588 (°C) ]
- Na Flow 2.9—=0 (1/mln) 1
i " DND-1 .
e . ;
e . .-.' _.--. j
- DND-2 et ]
|- 1 1 1 1 l L 1 L] 1 ' L [} 1 1 | L L |':.'|
g 50 100 150 200
Time {sec)

3)

Exp. No. 26

(Run2)

]
18

—
=

—
=

10

Ec;s]

DND=2 Count” Rate

fepe)

DND-1 Count Rate

19

—
=

)
18

2
10

(continued)

LI N N |

EXP. No.
No Temp
Na Flow

26 (Run 3)
Seg (5C)
1.8—=>=3 (1/mla)

b I .

R ", DND-1 -
- DBND-2  ° - ] T
3 T ’ -'. * -
| L i 1 L ] ] L 1 1 I 1 1 L1 1 ' L i [ .I |. .I
4} 54 180 158 268
Time (sec)

4)

Exp. No. 26 (Run3)

16

—
=

—
=

-

DND-2 Count Rete

2
134

1
10

{eps)



- G6T -

(cps)

OND-1 Count Rate

10

s
i@

18

B
18

T 1T 71717

EXP. No. 2B
Na Temp SBE (°C)
Na Flow S.8—=B (1/mln}

£t L oLal

-, DND-1 ]
o.. ‘,'.- & .:
-".r . . -: * .
pvp-2 e Lt
P B RPE T PR T | o3

5)

108

Time

[sec)

Exp.Nn}28

150

Fig. 7-3 (continued)

—
=

—
=

(eps) -

OND-2 Count Rata

2
13



- 961 -

[counts/B.4sec)

DND~] Count Reis

s
18 ¢ 18 ¢ :
[ EXP. No. 19 C EXP. Ne. 19
i TIR Tesi Scram -~ I TIR Test Screm
- Ma Temp 538 (°C) b - Ne Temp 538 (°C)
- Mo Flow 5.8 (1/mln) 3 - Na Flow 5.8 (1/mln)
e
e
s 3 3
12 L1
3 - [
=3 m -
s E [ \
L o .
S
‘ N
2 : 2
18 g1 q,
. ? a’ | .
“W{% Nqﬁ“Vﬁv bmﬂ@$
1] 1 '
10 E : 19 rﬂ
ﬂ' 1 Il I 1 I 1 1 lﬁ. 1 1 1 I ' [ 3 ]
! ] 18 208 30 418 58 [514] 70 688 B 16 20 k1] 4@ S6 - 66 76
Tlme (sec) Ttme (sec)
1) Exp.No. 19 (DND-1) 2) Exp. No.19 (DND-2)

Fig. 7-4 Delayed neutron count rate after TTR test scram

80



- L6T -

[}
1@

- EXP. No. 20 ]
[ TTR Test Scram ]
i Na Temp 178 (°C) ]
¥ Nao Flow 1.8 (1/min)7
I
a 3
218 i
® N 1
% L -«
oz 3 i
- | i
8 L. DND-1 ]
S e -
a " .. :
' ° ."...'. '. .
18 DND-2 g .t PO
lﬂ' Loyt ¢+ 1 ¢+ 4 4 1 L.f'l-l".l PN BT |

3)

108
Time

15
{302}

Exp. No. 20

200

5
19

- —

%] i

4 a a.
4]

i & »L

< -]

- -,

o o

o 24

C ol -

[ c

3 ]

o -]

(&) L)

™~ —

sl &

18 = =

=1 =1

19

1
18

19

—
[+]

!
19

]
18

Fig. 7-4 {(continued)

2
3 EXP. No. 21 ]
B TTR Test Scream ]
- Na Temp 178 (°C) 1
5 Na Fiow 5.8 (1/min)

3
- .
s ", DND-1 .

2| o . _
- L] L] 1

l 1 1 1 [l t L 1 1 L l 1 L 1 1 ' H L 1 i |

158
(sac)

1g8
Time

4) Exp. No. 21

200

19

—
=

—
=]

DND-2 Count Rate

!c;sl



-96[-

{cps)

DND-1 Count Rate

18

1
10

]
10

- : 18° 18 -
. EXP. Nao. 22 ] - EXP. No. 25 ]
B TTR Test Scram ; i TTR Test Scram ]
- Na Temp 420 (°C) 1 - Na Temp 388 (°C) A
[ Na Flow 1.8 (1/min) ] " Na Fiow 1.8 [1/mln)]
g*ea by ime by —_ —
’ 4 :. : 3 [ete,tennn be%,
- . 18 & R Y -
X 1 X . ]
- ’ - @® @ - L) 4
i ' 1 & | ' )
- . - - E - : -
i DND-1 1 2 S - BHB-1 '
N T,
v x K
3 ERE- R ;
:’ ity . ’ ..... .- ] : N “ . :
Ll ™ \ s . o 4 B . TR
[~ ) .: '".-.'.""...' ¢« . .. - L ] [ 'h-'...-:.--. O T U ’ T
* " B "ae '-1.. 2 1 . .-..... . . . '.o'- -
- DND-2 . . 118 18 ? OND-2 Y . s ?
- “ : ; y "
| EEETEN T S T D S TR W | | IRV N B 1 ;.'l".u T. 0.1 la lg’ 1 3 yoox b o4 4 s 1 .| a1 |.‘f l.‘ l‘

158
(sec)

58 108
Time

5) Exp.No. 22

6)

Fig. 7-4 (continued)

169 158 208

Time (sec)

Exp. No. 25

5
16

—
=

—
=

(eps)

DND~-Z Count Rate

2
1€

16



- 661 -

{epe)

—
-]

DND-1 Count Rate

i
10

-

)
10

]
18

!

Tx T 7 1T 10T

EXP. No. 27

TIR Test
Na Tomp
Na Flow

Scram
508 (°c)
5.8 (}/mln)

L1 1 1 11

o
.
-n.u.-. -.'.
. .luP' .
- "“. .y -l
- . . o
o LA I -
ad L -
L)
L - -1
- - % . - i
- By
- - . o
5 e . -
. .
W, o, N
-, -
- e - s -
s
L] * . L)
. 5 .
[ v
- ° -
- S e, e o
C DND-2°"% = “w ]
- N 1
- N -
»
- - e
-
= . -
e e
- ae "o : .o -
.
. - . L)
I l'" . "]
[
.
- I.
! 1.1 | VR VOO TR OVEE WU ANE VU TV YN TS NN Y SO W S

7)

Time

108 158

(sec)

208

Exp. No. 27

' EXP. No. 28 3
- TTR Tes! Scram ]
e, No Temp 502 {°C) 1
- Na Flow 5.8 {1/min)
ar P .
o°2 S s
2 : .'- :
% It .. ]
E "é o .t'- ~ o
2 5 .
8 s L : ]
) T . v DND-1
123 210 S .
=] " . ;
| o S
18 18 | SR ..
A DND-2 P ]
1 . .
18 . 16 e | IR W W T PURETRRNT S S TN T VUR M N YR TR T AN |

8)

Fig. 7-4 (continued)

Tima

120 158

(sec)

Exp. No. 28

5
16

—
=

——
=

10

19

OBND-2 Count Rate

(eps)



- 00T -

(cps)

DND-1 Count Rate

I
18

18

—
=

—
=

F EXP. No. 24 ]
[ Na DOreln ]
B Ne Temp 278 (°D) .
- Na Flow 5.8 {1/mln)]
; ‘I
18 - -
I " DND-1 )
k! ‘s, .
18 ™ e -
E -....' .'-..'.:'. .- . .. i
L '-.... . . .' -. '.' e en -
1 . _ *
18 & ‘. g
A DND-2 *, 5
l' ’ Y * .. ." et ]
N L o Waet S N
lﬂ' PP BT B R

100 15@

Time (sec)

1) Exp. No. 24

18
209

-

(eps)

UNdiz Count Rate

2
16

{eps)

DND-1 Count Rate

s
14

2
iA

)
18

18

T T T 1717

EXP. No. 26

Na Draln

Noe Temp SB8 (°C}
Mo Flow

S.8 [1/minl)

g L 1t td

- :
i T, DND-1 .
- . o -
[ DND-2 LA ]
[HEF U TN W N T SR N T NN SN YUY TR TS DU SN TOUN U A |
] 50 188 158 288
Time {sec) :

2) Exp. No. 26

Fig. 7-5 Delayed neutron count rate during sodium drain before TTR shut down

19

—
=

[
=

1@

18

(cps)

DND-2 Count Reta



(cps)

Count Rate

1000

100

Calculated Value

° Exp. No10
-]

+ Exp. Na 13

1 1
0 1.0 2.0 3.0 . 4.0 5.0
Flow Rate (£ min)

Fig. 7-6 Delayed neutron count rate vs. flow rate for both detectors

- 201 -



15000

~

-2

&

N 412000

3

<

=

t <1000

=

Qo

)

a 4500

Z

]
4200
=100
450

0 t 1 1 L L | 4]
0 20 40 60 80 100 120
Time (sec)
Fig. 7-7 Delayed neutron count rate and calculated value by using

analytical model for both detectors during flow stop test

- 202 -

DND-2 Count Rate (eps)



DND-1 Count Rate { eps)

5000

2000

1000

‘500

200

160

50

20

10

Exp. No. 13

5000

2000

1000

1500

41200

-1100

50

Fig. 7-8

20 40 60 80 100 120
Time (sec)

Delayed neutron count rate and calculated value by using

analytical model for both detectors after TTIR test scram

- 203 -

DND-2 Count Rate (cps)



CONCLUSION

Study on behaviors of non-volatile FP and delayed neutron
precursor FP in sodium, using inpile fission product behavior test
loop (FPL~II) with uranium capsule loading 20% enriched uranium

dioxide of 100g, has been performed.

15 irradiation tests in 1982 and 12 tests in 1983 have'been

conducted collecting ir;adiation measurement data with parameters

- of sodium temperature, sodium flow velocity and oxygen

concentration in sodium (this fiscal year). From these tests 1500

gamma-ray spectra data with 4K memory were obtained.

In consequence of deposition behavior analyses of non-volatile
FP, behaviors of Sr, Y, Zr, ¥b, Ba and La in sodium were clarified

as follows:

1) Sr nuclides dePosition is irreversible and rapid at higher

temperatures,

Deposition rate constants are obtained for Sr-92, Sr-93, and
Sr-94 by analyzing deposition distribution patterns.
Deposition rate constants of isotope nuclides are consistent
and no isotope effect is observed. Activatioq energy for Sr
deposition process is found to be -13 = 1 (KJ/g-atom) by
Arrhenius plot of Sr deposition rate constant, It is
concluded that Sr deposition rate is controlled by Sr
diffusion through the boundary layer at sodium in the vicinity

of inner wall of piping.
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2) Y nuclides show similar deposition behavior to Sr nuclides and
the deposition rate of Y nuclides is in complete agreement
with that for Sr nuclides between 200 and 530°C of sodium

temperature.
3) Desorption of Zr nuclides would occur.

Apparent deposition rate constant including desorption
phenomenon of Zr nuclides is smaller than Sr depositionm rate
at high sodium temperatures and shows no dependence on sodium

temperature between 200 and 530°C.

4) Nb nuclides show no deposition behavior in sodium at high

temperature.

5) The deposition rate for Ba nuclides is almost same at 400°C
sodium temperature but shows smaller temperature dependence,

compared with Sr deposition rate.
6) La shows almost same deposition behavior with Ba.

As explained -above, deposition behaviors of main nuclides of

non~volatile FP have been almost clarified.

Further study of deposition behavior in sodium with high
oxygen concentration and desorptiom behavior of FP nuclides once
deposit on wall surface is necessary to proceed. By achievement of
the study, evaluation of deposition distribution and the radiation

intensity etc. of FP in large scale FBR plant will be feasible.
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In gamma-ray measurement in FPL-II, many clear gamma-ray peaks
of volatile FP nuclides, such as Br, Kr and I etc., besides

non-volatile FP nuclides stated above, have been detected,

Among them, 8 nuclides, Br-86, Br-88, Kr-%0, Rb-89, Te-134,
I-136m, Xe~139 and Xe-140, were selected to obtain the release
fraction of FP nuclides from irradiation specimen surface to
sodium., Using the release fraction obtained and that calculated
from recoil model, k factors which are almost 0.4 value independent

of mass number and nuclides are obtained.

Transitlion behaviors of DN nuclides which are useful for
evaluation of fuel failure detection system were measured by using
two detectors installed on the loop. From the ratio of DN count
rates at two detection positions, transfer behavior of DN nuclides

in sodium was estimated.

Little adsoxrption on stainless sfeel surface was observed at
270°C sodium temperature, but decrease in count rate appears at the
downstream position at 225°C and becomes more distinct at 170°C.

It means that adsorption of DN nuclides on stainless steel surface
can not be neglected any more at 225°C and increases as temperature

decreases.

k factor was calculated by using DN count rate and the value
was 0.59 that is higher than k factor of volatile FP obtained by
gamma-ray measurement, k factor is usually higher than 1, so it is

necessary to examine further.
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Appendix A Calculation of Thermal Neutron Flux in FPL-II

A.1l Introduction

Flowing sodium through the inpile plug of FPL-II is activated

by thermal neutron from TTR and Na-24 is produced.

Half life of Na-24 is 15 hrs and is sorlong encugh to sodium
circulation time (48 ~ 480 sec) through the loop that Na-24
distributes homogeneously along the main circulation 1line.
Production rate of Na-24 was obtained from radioactivity
measurement in the delay line, and based on the production rate
thermal neutron flux in uranium capsule at TTR regular output (100
kW) was calculated as 7.9 x 109

same level of 9.5 x 109 n/cmz.sec chtained from gamma-ray

n/cmz.sec. The value is at the
measurement of irradiated uranium dioxide in FPL-II.

A.2 Calculation of thermal neutron flux

i) Na-24 production rate obtained by irradiation test

In calculation of Na-24 production rate, data of count rates

of gamma-~ray peak at 1368.5 keV obtained as following were

applied:

Exp. No. Sodium temperature (°C) flow rate (&/min)
3& 4 350 5

5 &6 420 5

7 500 5

8 530 5

14 & 16 530 1

Na-24 count ratios of gamma-ray peak at 1368.5 keV is
obtained from gammé-ray spectra measured at the delay line
and detection positions D-2 ﬁo D-9, whefe the count rate i1s
corrected by decay at time when 4 hr-irradiation is
completed,
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i)

Na-24 distribution along the delay line is shown in
Figs. A-1 and A-2. Distance expressed in abscissa is

that from uranium capsule.

Na-24 production rate is expressed by,

C_: average count rate of gamma-ray at 1368.5 keV in
the delay line

o Na~24 proauction rate (dps)
fr: gamma-ray branch ratio at 1368.5 keV (~)
ol detection efficiency of gamma-ray at 1368,5 keV

(cps.cm/uCi)
V : sodium volume per unit length delay line (cm3/cm)

VT: sodjum volume in main circulation loop (cm3)

By substituting fr=1'0’ fe=15.64 (*) (cps.cm/ucCi), V=0.694
(cms/cm) and VT=3979 (cm3),

Na-24 production rates were obtained, as indicated in the 6th

column of Table A-1. Those obtained in irradiation tests
were 3.84 x 108 to 4.63 x 108 (dps).

Note: (*) wvalue obtained by using mock-up test of gamma-ray
measurement system and Eu-152 standard radiation
source

Calculated Wa-24 production rate

Sodium in wuranium capsule is irradiated homogeneously by

thermal neutron, Na-24 production rate Ne (dps) is
Ne=Ng-0-¢ (1—-e™"t)
where,
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1i1)

=

atomic number of Na-23 irradiated (atoms)

reaction cross—section of Na-23 (n,Y) Na-24 (cmz)

e

thermal neutron flux (n/cmz.sec)

: decay constant of Na-24 (1l/sec)

[z S - s |
.. I

irradiation time (sec)
Na-23 atomic number,

No = 6.02 X 1023

oV
M
where,

P : sodium density (g/cm3)
VI: volume of irradiated sodium (cm3)

M : molecular weight of sodium (g)

When thermal neutron radiations on sodium were performed for
4 hrs at sodium temperatures 350°C, 420°C, 500°C and 530°C,
Na-24 production rate N, (dps) 1is, putting thermal neutron

flux ¢ as unknown value by substituting,

P = 0.864 (350°C), 0.851 (420°C), 0.832 (500°C) and
0.824 (530°C)

v, = 30

M = 22.99

6 =5x 1072

A = 1.283 x 107

t = 1.44 x 10%

Then, Ne = 5.75 x 10724 (350°C) to 5.47 x 10 24 (530°C)
The results are indicated in the 7th column of Table A-1,
Calculation of thermai neutron f£lux
Na-24 production rate obtained by irradiation test Ne and

that by calculation Nc should be equal, so Ne = Nec.

- 210 -



By putting Nc = Nc'¢d, the thermal neutron flux ¢4 = Ne/Nec' is
obtained as indicated in 8th column of Table A-l1 and Fig.
A"Bo

Thermal neutron flux in uranium capsule is,
7.74 x 10° to 7.99 x 10° n/cmz.sec in Exp. No.4 to No.le,
6.67 x 109 n/cmz.sec in Exp. No.3, and 7.9 «x 10° n/cmz.sec

in average of Exp. No.4 to No.l6.

In Na-23 nuclear reaction, resonance peak of (n, Y) reaction
* _ ,

locates at 3 keV. l), in which reaction cross-section is

0.245 barn. The reaction cross—-section of {(n, ¥Y) for thermal

neutron is 0.5 barnm.

Neutron spectra in TTR irradiation nozzle are not obtained
exactly, but slow-down mneutron flux including resonance

%
neutron at 3 keV is ca. 1/4 of thermal neturon flux. 2)

Now, assuming that slow neutron flux is composed of neutron
having 3 keV resonance enmergy, its reaction cross-sectiom is
ca. 1/2 of thermal neutron cross-section and, therefore, its
contribution of Na~-24 production rate is ca. 1/8 of thermal
neutron contribution, But (n, Y)  nuclear reaction
cross—-section of slow and fast neutron except neutron having
3 keV resonance energy is limited from several mbarn to 100
mbarn. Therefore, above mentioned value is located at the
upper limit. Na-24 production by (n, Y) reaction from Na-23
is mainly due to thermal neutron flux and the production rate
due to slow and fast neutron flux is so small as 12% compared

to thermal neutron, that its contribution can be neglected.

Na-24 is regarded as totally produced from thermal neutron

flux.
Note: *1) D. I, Garber and R. R. Kinsey: "Neutron cross

sections", BNL 325 Third Edition, Volume II
(1976).
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#2) Toshiba Review, Vol. 16, No. 9 (1961).
A.3 Conclusion

Based on Na~24 radioactivity obtained in irradiation tests,
thermal neutron flux at uranium capsule in TTR regular output (100
kW) was calculated as 7.9 x 109 n/cmz.sec. Shape, size and
installed position in inpile plug of uranium capsule used for FPL-I

and -II are same.

As an exanmple: in order to measure thermal neutron f£lux at uranium

*)

of FPL-II, gamma-ray of uranium dioxide in discarded and disjoined
9

capsule in inpile plug .in site, ' before installation and start-up

FPL-I was measured and thermal mneutron flux of 9.5 x 10 n/cmz.sec

was obtained. Obtained thermal neutron flux in this test indicated

a value at the same level,.

Note: *) Toshiba internal report
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Table A-~1

Thermal neutron flux

Exp Na [MNa Temp.[{Na Flowi{Na Dens.| C_ount Rate [Production Rate[Production Rate[T.Neutron Flux.
(C) | (€ Anin){p@an®)| C.(cps) Ne(dps) Nc(dps) P an®-sec)
3 2829+ 0.20| 384 x 108 6.67 X 109
350 5 0.864 5.75 X10°%@
4 3307 +£ 021 449 x 108 780 X 10°
5 3321 £ 019} 450 x 108 799 x 10°
420 5 0851 5.64 X 10726
6 33.04 4+ 0.18| 448 x 108 794 x 107
7 500 g 0832|3200+ 021} 434%x 108 |551 %1024 | 787 x 10°
8 5 31904 0.19| 433 x 108 792 x 10°
14 530 0824 3119+ 041| 423 x10% | 547 x107%4| 7.74 x 10°
1
16 31.50+ 021} 427 x 108 782 x 10°
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Fig. A-1 Na-24 distribution along the delay line
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Fig. A-2 Na-24 distribution along the delay line
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Fig. A~3 Thermal neutron flux calculated by using Na-24

gamma-ray spectra
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Appendix B Floppy disk lists

EXP NO. 14

------- —-———

DI{5K NO.

DISK NO.

TaG Ma.
21009
21149
21919
21119
210t
24111
g2
21112
21013
21113
21914
21114
F{L 1%
21113
2lats
Zlilé
2ta17
21417

{ MA TEMP, 338*C , NA FLOW RATE (LITER/MIMN )

21999

Na CIRCUL.

TTR
TTR
- TTR
TTR
TTR
TIR
TTR
TTR
TTR
TIR
TTR
TR
TTR
TIR
TR
TTR

2ilae8

TTR
TTR
TR
TR
TIR
TR
TTR
TTR
TR
TiR
TTR
TTR
TTR
JTR
TTR
TIR
TIR
TTR

139KW
190KW
194U
18QKW
198Kd
138KW
1eaKu
18aku
198KW
1301
199k
199xW
LaaKu
180K
133K
199KU

baTa [.D.
“C
530°C
339°C
539°¢C
J3ecc
338°C

[T
1 9aKL
198k
1930KY
1aaKu
190K
sTOP
5TO0P
sTae
3TQP
STOP.
STOP
sTop
STOP
3T0P

339

538*C
J3e*C
338°C
538°C
33a“C
330°C
319°C
339°C
3aa*cC

STaP 53a8°C
STOP 338°C

sTOP

538°C

BEFORE [RR.
NA CIRCUL. BEFORE IRR.
s3s°C
539*¢C
339°C
339°C
338°C
539*C
330°C
33e*C
33e c
33e°C
338°C
33a°C
33e*c
339*C
338°C
539°C

1L/H
(19, )
(19, §
1M
LM
1L
1trH
[}, ]
1H
(1)
Lti/H
1L
(1,
1nH
tL/H
1L/M

I
o
twH
1195, )
LL/H
1M
iLn
1L/
(194, ]
1L
(1%
1
IL/H
1L/M
1M
tLr
1t
(R, ]

DETECTOR

POSITION

D-2

o0o ? -3 -§-
WhOPsNNN

DETECTOR
POSITICH

0-2

D=7

DATE
APR
APR
APR
APR
APR
APR
APR
APR
APR
APR
APR
APR
APR
APR
APR
APR
APR

12 APR

DATE

12
12
12
12
i2
12
12
12

12
12
12
12
12

12
12
12

APR
APR
APR
APR
APR
APR
APR
APR
APR
APR
APR
APR
APR
APR
APR
APR
APR
APR

a3

a3,

a3

a3
83
83
83

83
a3
83
a3
83
83
a3

a3

a3
83
83
a3
83
a3
a3
83
a3
a3
a3
83
[ k]
:
83
83
83
83

START

TIHE
a9:14
BPits
121492
12142
12431
12331
12139
1257
13:87
131907
13:21
3121
13:34
13134
14:97
14107
14143
14:43

3TART

TIMS
L3317
1519
15133
15153
14183
14103
14112
18112
141280
14129
14:27
L4127
14142
14142
17393
17183
1727
17129

COuNT®

TIME
18989
1998
e 1]
308
304
3aa
3aa
e |1
3e9
J99
409
489
1209
1289
1299
12449
3589
3488

DISK NO. 21389

DATA [.D.

TTR STOP
JTTR 3TOP
TTR $TOP
TTR 3TOP
TTR STQP
TTR 3TOP
TTR STOP
TTR STOP
1TR 3TOP
TTR $TQP
TTR 3TOP
TTR 5TOP
TTR 3TOP
TTR 5TOP
TTR 3TOP
TTR 3TOP
TTR 5TOP
TTR 3TOP

OI5K NO. 21339

TAG MO,

21013
21134

533°C IL/M
530°C 1M
$39*C 1L
330*C IL/M
%39°C 1Lt
$38*C 1L/H
338°C 1L
330*¢ LM
s33°C IL/H
533°C LL/M
330°C 1M
$33°C 1L/H
539°C 1M
530*C 1L
$39*C tL/H
$3I9°C L/
539'C 1I/H
539*C LM

DATA 1.D.

TTR 5TAP
TTR 5TOP
772 3108
T2 3TOQP
TTR STOP
TTR 5TQOP
TTR 3TOP
T2 370P
IR 3TQP
TTR 370P
MA DPAIN
MA DRAM
bA DPALH
rA DRALH
MA DPAIMN
MA DRALN
MA DPALM

MA DRAM.

tia DRAIM
tia ORAL

II9°C L
$33°C 1M
533*°C 1LNM
333°C ILM
539°C tL/H
338°C LM
3¢ L/
333°C IL/M
538°'C LL/H
Jagtc tLH

DETECTOR
POSITICH

AP EAEAEARAR]
]
B Wi RN NS

]

DOO?UUO
1
WD wih o f A

GETECTOR
POSITICH

I 3 & 11 0

] i
Bl WENNNMMAD W oL YN

OQUOCUOOULODDUOCODOD
1

DETECTUR
POSITICH

12
12
12
12
12
12
12
12
t3
13
13
13
13
L3
13
13
12
13

13
13
13
13
13
13
13
13
t3
13
13
13
13
13
13
13
13
13

DATE
aPs
APR
APR
APR
APR
AP
Aapa
APR
AP3
AP3
APR
APR
AP
APR
APa
AP2
APA
APR

OATS
APR
AP3
apa
apa-
AP
APa
AP
apz
ARR
AP
APR
AP
APR
AP2
Apa
APR
apa
APR

33
a3
a3
83
a3
23
3]
31
83
33
93
a3
83
33
33
33
33
33

33
33
a3l
33
33
33
32
33
33
33
23
33
R}
33
a3
a3
33
33

13 AP2 33
13 A2 33

13:14
15:14

couT
TIME
33531
1549
34523
3592
3433
3503
3493
3433
3533
3533
3533
3533
3433
3592
34539
3523
3493
3542

caumT
TN
3543
3533
1323
3532
34533
34313
34343
3533
3523
1433
3429
3573
34273
1433
3539
3433
3493
34539

COoLMT
-TIHE
3533

3339
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Appendix B (continued)

EXP NO. 17 ¢ FPL-2 NO OPERATION )

i e e

DETECTOR START counT

TAG NO. bATA 1.0, POSITION DATE TIHE TIiME
22808 FPL-2 D-3 PGT D=3 13 Jul. 83 13188 g0s8an
22004 BACK GROWMD-1 a-1 14 JUL B3 16319 798039
22002 FPL-2 D-9 PGT D-9 19 JuL 83 11158 gae9e
22983 BACK GROLMND-2 a-2 13 JuL a3 18133 240098
22004 FPL-2 D-3 PaT 0-3 19 JuL 83 13:27 2a34d4q
22893 FPL-2 D-7 PGT 0-7 29 JUL a3 13127 aaaaa
22084 FPL-2 0=-2 PaT D-2 21 Jut 83 L14:08 gaang
22007 FPL-2 D-8 PGT b~3 22 Ju: 83 12235 8oged
22988 BACK GROULND-3 8-3 22 Jui. 83 ;04 20948
22089 FPL~Z - D4 PGT D-4 18 AUG 83 12130 agaaga
22019 FPL-2 0-4 PGT D=4 it AUG 83 11133 8a480
22a1) BACK GROLNO-4 B-4 12 AUG 83 [8:19 8a0ad
22912 FPL~2 0-18 PGT D-18 12 AUG 83 IL1:32 17239
22813 FPL=2 OD-18 PGT D-19 17 ALG B3 14144 894683
22814 FPL-2 D-Ll PGT D-t1 19 AauG a3 12519 893a9

22013 BACK GRaLND-3 8-3 20 AUG 83 12;:82 gasan
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Appendix B (continued)

______________ : . OISK NO., 2328

DISK MO. 23399 DETECTOR START  COLNT
DETECTOR START  COUNT
TAG NO. DATA 1.D. POSLTION DATE TIME TiHE | TAg Mo, DarA 1.0- Pos(Tion oaTE Tine _IEH_.E.
23099 NA CIRCUL. (SYPASS D-2 28 3EP @3 12147 7209 ity e m b3 o1 sep o3 game Jses
23198 Na CIRCUL. (BYPA3S) D-7 29 SEP 33  12:47 7208 33919 33846 sem 0-2 o1 acp n3  ane 300
23981  MA CIRCUL. 280°C 2LM D-2 23 SEP 33 13:134 539 23017 290°C 3L -3 21 Ser 23 1515 3320
23191 NA CIRCUL. 288°C 2L/M 0-7 28 SEP 83 15134 499 23820 sa3'c Som ooz =i cee a3 iosd 3:22
310:  2aa-C aom Doy 30 itk 93  laisa  ses 2120 33-C SLM 0-7 21 SZ2 81 9137 3400
23893 299°C 2UM D-2 20 SEP 33 14192 3499 Zyeal  FATC 5L 0-4 21 SEP 83 21411 3499
23183 298°C 24N 0-7 23 SEP 93 14182 3599 230ar  saaes o 07 nEp ezl 3508
23994 238°C  2LM © o-4 20 SEP 83 L711k 3599 23922 3e07C Sum o-4 81 2hat 3404
23184 238*C 2UM D-? 28 SEP 83 17111 3499 23122 3ea°C SLoM 0-3 2t Sem a3 22:21 3408
23184 2300 2L S seres mll 3409 23021 Sea*c 3ILm 0-3 21 SEP 83  23.34 3439
303 e am 0% Mg ad lane 3404 23123 339°C SLM 0-5 21 3EP 83 23134 3490
23998 238°C  2UM 0-3 29 SEP 83 17127 3499 2824 Z87C LM b-2 22 SEP 83 94144 3sa2
2238 230°C M D-35 20 3€F 33 17127 3599 2324 Searc GtoM D=7 22 SEP 83 . 08144 3403
33997 339°¢ M 0-32 34 SEP 43 29137 3693 23925 $92°C  SLM 0-4 22 SEP 21 91:33 3409
21187 2338°C 2UM D-7 20 3EP 33 20137 309 23123 JeL Sm o 2 FER LY s 3iaa
2 130°C 2/ 3 23024  S39°C LM 0-5 22 38F 93 92:82 . 1494
33108 aoaea 2 ooy P E 2w FrAH 23126  38a'C  son p-3 22 SEP 81  @3102 3509
- - £l
- 8 8t e oy . DISK MNO. 233483
DISK MO, 23199 DETECTOR START COUNT
DETECTOR START cCoumMT TAG MO. DATA 1.D. PastiTION DATE TIME TIME
TAG MO. DATA [.D. PO3ITION CATE TI(HE TiHE  mmmmmm= mmeseseee mmeeeae ===~ ===se neeew
________________________ ——— e mmmmm 23027 S89°C  SLM D-3 22 3EP 83 B4:l4 3499
23997  238'C  2LM D-& 21 3EP 33 08194 3539 23127  383°C  SL/M D-5 22 32P 83 B4114 3500
23137  233°C 2UM D-3 _ 21 SEP @3 93194 3489 22929 Sa4°C  SL/M D-2 22 3EP 31 95144 3489
23818 233°C 2U/M p-3 21 3EP 83 8122 3399 23128 %83°C  SL/M 0-7 22 3EP 83 83144 3509
23118 238°C 20 0-5 21 3EP 33  ot:22 3509 23929 399°C  3ILM D-4 22 3EP B1  97:94 3484
23011 239°C LM 0-2 21 3EP 33 a4:9% 3493 2M29  s39°C SLM 0-? 22 38 a3 87184 3430
23111 283°C 2L/ D-7 21 3EP 83 3423 3538 23239 533°C  SL/M 0-& 22 527 31 39413 3429
23312 239°c 2/M D-4 21 SEP 33 93117 3699 23138 Saa'C SL/M D-3 22 SEP 83 87113 3438
23112 280°¢  2M 0-? 21 3EP 33 93417 3449 2331 583°C SL/M 0-1 22 3EP 831 19129 3490
23013 28a°C  2U/M 0-4 21 SEP 33  94:27 1593 23131 FeatC 3L 0-3 22 SE° 93 19:28 348
22113 239°C  2UM D-3 21 SEP @3 94127 3493 23832 saitc sSLM D~2 22 SEP 83 11133 3509
23314 238°C  2/H 0-3 21 3EP 33  @7:38 3499 23132 sea*c s 0-7 22 3EP 83 11433 3408
23004 238°C 2L D-3 24 SEP 33  87:38 3492 23033 SA9°C  SLM D-4+ 22 3EP 83 12143 3404
23913 233'¢  2Um p-2 21 38R 33 13153 3499 23133 %es°c 5L 0-7 22 367 @3 12143 2500
23115 288°C  2L/M D~7 20 3EP 33 18153 34599 23234 1A DPAIN D-2 22 38P 83 1347 3509
23915 289°C 2L D-3 2t SEP 31 L2191 3498 23134 Ma DPAIN D-7 22 SEP 83 13147 3400
23118 230°C  2Um D~? 21 3EP 83 1214l 3490
23917 298°C 2L/H 0-4 21 3EP @3 13194 3438
23117 z2an°c 2um 0-3 21 3EP 33 13194 3439
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Appendix B (continued)

EXP NO, 18 { continued )

oy o e

e o s iy ) s ol

OISK NO. 23449

DETECTOR

TAG NO. DATA 1.0, POSITION
23833 MA DRAIN 0-4
23133 NA DRAIN D-9
23834 Na ORAIN D-4
23134 A DRAIN D-3
23937 NA DRAITH D-8
23137 HA DRAIN D=3
23839 NA DRALN D-2
23138 NA DRAIN o-?

22

22
2

22
22
22

DATE
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP

a3
a3
a3
a3

83
a3
a3

START
TIHME

COUNT
TIHE
34@0
3489
3408
3408
3408
3489
3438
35049



Appendix B (continued)

EXP NG, 19 ( MA TRHP. 539°C , MA FLOW RATE ZLITER/MIN )

DETECTOR START caunNT
TAG NO. oATA [.D. FOSITION DATE TIHE TIHE
24399 MNAa CIRCUL. BEFORE [RR. D-2 13 qCcT 83 P 2349
241498 A CIRCUL,, BEFORE [RR. -7 19 OCT 83 LESIT 2309
244991 TFTR 198K 539°C 2LrH D-2 I8 OCT 93 112 3o

24191 TTR 1393KW 339*€ 2AM
24382 TTR 199KW 539°C 2L
24ta2 TVR 1934 330°C 2L/M
2433) TTR 1939KW 339*C M
24§33 TTR 19eKkW 539°C 2L/M
24394 TTR 148K 533°C 2LM

13 OCT 93 1 389
18 OCT 83 1? 399
13 ocT a3 1ty 389
18 OCT 83 ti:23 309
18 ocT 93 11:29 309
18 0CT 83 11134 439

PPOPO000000000D0
WU W NN NN NN NN N
-

w
[

O
=4
o
W

24094 TTR 189KW 338*€ 2/M - 189 OCT 83 HEEE 508
24935 TTR t9dKW 333°C 2L/H 11:33 489
24495 TIR 199K4 530°C 2L/M - 19 9CT 93 [N R3-1} 409
24394 TTR 189KW 339°C 2/M - 13 ocr a3 12194 1339
24493 TTR 199KW 530*C 2L/ - 13 OCT 93 12124 1398
24197 TTR 198KW F38°'C 2L/M - 13 QCT 23 12:43 1939
24123 TTR 199KW 339°*C 2L/H - 13 OCT 33 13113 1398
24137 TTR 199KW 339°'C 21/M - i3 ACT 33 1 3:55 [ELL]
29119 TTR 168KW 33@°'C 2L/M - 13 OCT 33 14123 1329
)
I
1 S S
[ DESK NO. 24199
DETECTIR START COUNT
! TAG MO. oaTA [.D. FISITION DATE TIHE TIME
24011 TTR 5TOP 538°C 3L/H 0-7 19 9CT 37 13141 393
24112 HA DRAIN 0-7 12 0CT a3 13127 34949
24113 A DRAIN D-? 13 9CT a3 15:31 3439
24114 5 DRAIN D-3 13 OCT 33 17138 3499
24113 MA DRAIM p-5 18 ocr 33 13:37 3589
24114 Ma DRAIN 0-7 1?7 oCT 83 13154 34539
2417 MA OPAIM o-? 1?7 OCT 33 11357 3499
24113 Ma DRAIN 0-3 17 0CT 83 13:33 EELE]
24117 MA DRAIN 0-5 1? ocT 21 14:33 3439
24129 e DRAIN 0-2 17 0CT 83 15:25 3499
24121 HA DRAIN D=4 1?7 OCT 31 15133 3409
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Appendix B (continued)

EXP NO, 29 ¢ MA TEMP, 170°C , NA FLOW RATE, ILITER/MIN )

DISK NO, 23299

OISK MO, 23848
DETECTOR START COUNT DETECTOR - START COUNT
TAG NO. 0ATA 1.D. POSITION OATE TIHE TIME TG MO, DATA 1.D. POSITION DATE TIME TIME
25090 MA CIRCUL. BEFORE IRR. 0-2 a MOV 83 87194 2403 25018 TiR STOP 179°C IL/Y 0-3% 8 MoV 83 17508 Laan
25199 A CIRCUL, BEFORE [RR. 0-7 8 Nov a3 99154 3439 23113 TTR STOP 173°C /M 0-3 8 MOV 83 17199 189a
23091 TTR 180KW 478°C LL/H 0-3 a NOV 33 tiiie 384 29819  TTR STOP (78°C LL/M 0-3 a NV 93 17:38 L300
25191 TIR L38KU 178°C tL/M 0-7 8 Nov 83 Ltz 300 25117 TTR STOP (79°C LM 0-3 8 NOV 83 17,38 1eas
25032  TTR 1890 $78°0C LLvM o-2 4 MoV 83 11131 Ja8 25428 TTR 3TOP 170°C ItsM T 8 MNOU 83 18114 1889
23182 TTR 120KY 178°C IL/M 0-7 g MoV 83 12t 389 25tz TTR STOP 178°C ILM D-11 9 NG 83 18114 1828
250831  TTR 130KW 179°C IL/M p-2 8 N a3 1129 393 23321 TTR STOP |78°C IL/H 0-2 8 NOV 33 13149 3409
25183 TTR 139K 128°C IL/M o-7 8 Nov 83 11529 398 235121 TTR $T0P 178°C IL/H 0-~7 8 MoV 93 18143 3430
- 25394 TTR 13810 178°C LM p-2 B.NOV B3 11139 e _ 23422 TTR STOP 124°C LL/M D-4 a MoV 33 19:54 3499
25104 TTR 129KW 170°C iL/H 0-7 a Nou a3 11:38 et 25122 TTR STOP 178°C 1L/M o-9 8 NOov a3 L9135 3400
25043  TTR 136K4 t78°C IL/M b-2 8 MOV 33 11:S) 339 23323 TVR STOP 179°C 1L/M 0-4 3 NOV 33 21135 3488
23103 TTR 198KW 178*C LL/H 0-7 a MoV 33 11151 433 25123 TTR STOP 178°C iL/H D-3 3 NOY 83 21193 3309
23905 TTR 188K 173G IL/M 02 8 NV 83 12133 1304 25324  TTR STOP 178°C IL/M 0-3 8 MOV 33 22112 3489
25184  TTR 1AW 178°C IL/M o-7 3 MoV 83 12:03 1882 23124 TTR STOP 178°C {L/H 0-3 9 Nov 33 232112 3504
299987 TTR 196KW 174°C 1M 0-4 8 MOV 83 12:38 18423 25423 TTR STOP 179°C ILM D-13 8 NV 33 232t 3440
25147  TTR 19914 170°C L/ D-% 8 NOV 83 12138 1599 25123 TTR STOP 178°C IL/H o-11i 8 NOU a3 23:2) 3408
253234 TTR 138KW L70°C IL/H 0-4 8 MOV 83 13344 1893 23324 TTR STOP 173°C IL/H 0-2 ? M 33 42:38 3499
25188 TTR 189KW £78°C 1L/M 0-3 8 MOV 83 13111 1399 23128 TTR STOP I79°C I o-2 ? MOV 33 82133 3300
DISK NO. 25129 )

DETECTOR START  COWNT = ———m——emmeeeea

TAG MO, DATA 1.0, POSITION OATE TIME TIHE BISK MNO. 235389
------------------------ ——— -——— ——— DETECTOR START COUNT
2389%  TTR 199KW 170°C tL/M 0-3 B NOV 93 13144 1930 TAG NO. DATA [.0D. POSETICN OATE TIME TIME
25199  TTR (98K 178°C IL/M D-5 8 NOV 83 13144 188 em=eemm mmmmmmmee e mmm= ammme e
25019 TTR 13814 178°C LL/M D-18 8 Nov 83 14113 1883 25327  TTR 3TQP 173°C 1L™M 0-4 9 NOV 83 33138 3488
25119 TTR 108Kd 178°C IL/H D=1t 8 MOV 83 149118 1392 23127  TTR STOP 178°C ILM e 9 NOW B3 93:33 2484
23811 TTR 189K 178°C LL/H o-2 8 MOV 83 0 14152 333 23923 TTR STAQP (128°*C 1L/M D-4 P NOv 83 34159 REY 1]
23111 TIR 180KU 178°C LL/M D=7 8 MoV 83 14152 332 : 25123 TTR STOP 17@°C 1LM 0-3 ? MNCY B3 94:33 3539
234t2  TTR 109KW L78°C 1L/M 0-2 8 MOV a3 15191 293 29329  TTR STOP 179°C 1L/M 0-3 ? MOV 83 94198 2404
25112 TTR (deKW 179°C (LM p-? a Nov a3 15591 333 25129 TTR STOP 1798°C I1L/M 0-5 7 MOV 33 34193 3420
25313 TTIR 3TOP 170°C ILM 0-2 a MoV B3 15112 309 25339 TTR STOP 179°C LL/M n-13 ? MOV 83 97518 3488
25113 TTR 5TOP 1768°C 1L/H 0-7 8 MOV 83 tS112 139 23132 TTR 3TOP 179°C IL/M D=1l 7 MO 83 37419 3408
25814 TTR STOP 170°C LM 0-2 8 NoV 33 19:21 393 23431 TTR STOP 174°C LA o-2 ? MO 83 18109 34209
25114  .TTR STOP L79°C tL/M D-7 8 NOV 33 15121 333 2913 TTR 5707 179°C 11/H 0-7 ? MOV 83 18108 3400
23913 TTR STOP 170°C LM o-2 a Moy 82 13129 433 29332  TTR STOP 178°C IL/M D4 ? NG 33 tLsie e
25118 TTR STOP 178°C ILM 0-7 8 NOV 233 15129 433 29132  TTR STOP 176°C LlsH D-? 7 MO a3 tealg 3400
25414  TTR STOP 179°C (LM b-2 a MoV 83 19:42 1333 25333 TTR STOP 178°C IL/H 0-4 9 MOV 33 12534 3499
231t4  TTR STOP 178°C 1ILM o-7 9 NOv 83 15342 1889 25133 TTR STOP 179°C LM 0-3 P NCY B3 12134 3508
25317 TTR STOP |79°C 1L/M 0-4 4 MoV 83 14329 1892 295334 TTR 3TOP 179°C I1L/H 0-3 ? HG2 83 13148 3429
25117 TIR STOP 178°C IL/M 0-7 8 MOV 83 16120 1893 251134 TTR STOP 178°C 1L/H 0-5 # OV 83 13148 3439
23335 TTR 3TOF 178°C 1L/M 0-13 9 NCJ 83 15:01 2449
25133 TTR STOP 179°C ILM o-11 7 MG 83 15191 1499
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Appendix B (countinued)

P NG, 29 ( continued )

o o e

DETECTOR START couT
TAGQ NO. OATA 1.D. POSITION DATE TIHE TIHE
239345 TR STOP L79°C 1L/H D-2 ? NOV 83 17441 3409
23134 TTR STOP L78°C fL/H o~-7 ? NOV 83 17141 3480
23937 TTR STOP {78°C LM D-4 ? NOV B3 18:91 3439
23137 TTR STOP L78°C 1LM D-? ? MOV 83 18:31 3é09
23939 TTR 3TOP 178°C 1L D=4 ? NOV 383 1237 3499
23138 TTR STOP {70°C 1L/M D-3 7 NOV 83 19337 3408
23939 TIR STOP L79°C IL/H -8 ? NQU 83 2108 34049
25139 TTR STOP §179°C 1LrH 0-3 ? NOV 83 20199 3400
23949 TTR STOP L79°C LL/H D-12 ? MOV 33 22:14 3499
25149 TTR STOP |79°C tL/M 0-11 P MOV B3 22114 3400
23941 TIR STOP 179°C IL/M p=2 8 MOV 83 81133 3499
25141 TTR STOP 179°C IL/H D-7 19 MOV 83 91333 3480
23042 TTR STOP 179°C 1M D-4 12 MOV 83 23101 3408
23t42 TTR STOP 179°C IL/H 0-9 19 NGV 83 a3 3409
235843 Tr& STOP L79°C LM b-é t8 MOV 8] 841009 3404
23143 TTR STOP 170°C 1L/H D=3 12 MOV a3 84108 3409
23344 TTR STOP (79°C iwm D-g2 19 MOV 83 23:14 3499
23144 TTR STOP L79"C IL/H D-3 19 MOW B3 85:14 3489
DIiSK NO. 23508
DETECTOR START COUNT
TAG MO, bATA 1.D. POSITION OATE TIHE TIME
29943 TTR STOP L79°C LT D-19 19 NOV 83 B4:23 3499
23145 TTR STOP |70°C LL/M p=-11 . 19 NOV 3] 24123 34449
23044 TTR STOP 179°C 1L/H D=2 19 nav 83 ag:3J0 3499
23144 TTR STOP |79*°C IL/H 07 s NOV B2 08159 3489
235847 MA DRAIN D-2 13 MoV 83 i9:08 34948
23647 MAa DPRALN 0-7 19 MOV 93 19109 3409
23040 ta DRALN b-4 19 Nov a3 1197 3439
25148 MA DRAIN D-? i¢ HOV B3 11107 3é09
23847 - dA DRAIN D=4 t9 MOV 33 12127 34919
23147 MA DRAIM 0-3 19 MGV 32 12127 Jde0
23938 MNa DRAIN D-8 19 HOV 33 13137 34499
25139 MA DPAIN 0-53 19 NOV 83 13137 3489
239351 ra ORAIN o-t@ 19 NV 93 1322 3484
F+15-11 MA DPALN D=1t 12 Mo 3] 13:22 3409
23952 A DRAIN 0-2 19 MoV 93 14:30 3458
235132 HA ORAIN D-7 12 NGV B3 14130 3409
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Appendix B (continued)

EXP NO. 21 ( MA TEHP., 179°C , MA FLOW RATE. SLITER/MIN )

DISK MO, 25000 : OISK NGO, 24289
DETECTOR START COUNT DETECTOR START COLNT

TAG NOQ., DATA 1.0, POSITION DATE TIHE TIME TAG NO. oATA [.D. POSITICN PATE TiME TIME
25889 MNA CIRCut.. BEFORE IRR. -2 29 NGV 83 29128 4998 24818 TTR STQP 178°€C JL/M D=3 29 NOV 93 1857 180
251439 MNA CIRCUL, BEFORE IRR. o-7 29 NOV 83 8v129 S804 24118 TTR STOP 174°C SLrH D3 29 MCv 33 14:37 1389
T asant TTR 109KW L70°C LM D-2 29 MOV 83 k2 3490 24019 TTR STOP (78°C 3LM 0-d 29 NGV a3 17:33 1829
25181 TTR 188K |78*€ 3L/M D=7 22 MOV 83 12 369 24119 TTR STOP 173°C 3L D-3 27 MOV 33 17133 1982
25392 TTR 18QKM L?79°C 3LM D-2 29 MOV 83 11:29 334 23924 . TIR STOP 178°C 5L/1 o-14 29 MOV 33 18187 1899
25192 TTR 189KW 174°C SL/H bEYS 2% NV 83 [N FL ] 342 24512 TTR 3TOP 178°C SL/H D=1l 27 MOV 83 183197 18889
25983 TTR 190KMd 179°C 3L/ D~2 2% NOV 83 11:23 349 24821 TTR 3TOP {79°C SN D-~2 29 NGV 33 13:42 3404
25133 TTR 188KU {78°C SL/M D-7 29 MOV 33 11128 304 24121 TTR STOP 1786°C 3Ls/H b-7 2? MCV 33 1348 3499
25394 TR 192KW t73°C SL/H D-2 37 NOV 83 11338 489 28922 TTR STOP 179°*C SUL/M D=4 37 NOW 33 f?2194 3393
25134 TTR 188KW t79*C StH D=2 29 NV 33 fl:39 408 24122 TTR STQ” 70°C JL/H o-7 2?2 MOV 33 19144 3409
24333 TTR 199K 1768°C S5L/H D-2 27 MOV 33 tii91 489 24423 TYR STOP 1728°C 3LM D-$ 27 NGV 33 20:57 3409
24109 TTR 183KW 179°C 3SL/H D-7 29 NV 83 11151 499 25123 TTR STOP 179°'C SL/M 0-3 2? HCV 33 28137 EEYT]
24304 TTR 10QKd L78°C 3L/M D-2 27 MOV 83 L2:04 §:L-1] 25824 TR STOP 173°C JL/H 0-3 29 MGV 33 22:04 3483
24134 TTR 193kW 1 76°C SLM o~7 27 NOV 83 12599 309 24124 TTR 3TOP 176°L 5L 0-3 27 MOV 33 22:94 3439
25347 TTR 139K | 79°C SL/H D=4 29 MOV 83 12149 1329 24425 TTR STAOPR 179°C 3L/M D-13 29 MM 33 2311 3493
25197 TTR 190KW 179°*C SL/M o-9 29 MGV 93 12149 1340 245123 TTR 3702 178°C SLH D~Lt 27 NGW 33 23:11 3498
23394 TTR t98:x4 178°C SL/M D~4 29 NOV 83 13114 1308 25824 TTR 5Ta2 179*C SL/4 b-2 33 NOV A3 da117 3599
24133 TTR 19aKW 173*C SL/H 0~3 27 NGV 83 13514 13048 245124 TTR 5TOP 173*C S5L/M o-? 33 MDY 3] %117 3592

DISK NO. 24189 -

BETECTOR START COUNT

TAG NG, DATA [.0. POSITICM  DATE TIME TIME mmm e m

——————— wmmm———— eeme——— ———- mmmem m———— OISK ND, 25339
25899  TTR 188KW L73°C S/ b-3_ 2% NOV 83 13:48 1308 DETECTAR " START €ounT
25139 TTR 188KW 176°C SL/M 0-3 29 MOV 33 13349 1394 TAG NO. CATA {.D. PASIVICH taTE Tine TIRE
24319 TTR t98KW L79°C LM D-L8 29 NOV 83 P42t 188  mESmSS= 0 mESmsssw = TEEmEmmET soe= 0 mEmmem meem——
25119 TTR 198KW 179°C LM D~11l 2% MOV 83 14121 1209 24327 TTR STQP 174°C SL/M D-4 33 NOU 83 81123 3499
24311 TTR (Q8KW 173°C SLM -2 29 MOV 83 14154 349 248127 TTR STdP 1723°C SL/H D-? 33 N 33 &11293 3400
24111 TTR 180K 178°C 5L/M 0-~7 2% MOV 43 14154 384 : 25329 TTR 3TaP 179°C SL/H 0-4 33 nov a3 22:32 503
25312 TTR L36KU [79°C 3LM D-2 29 NOU 83 15592 e 25123 TTR 3T0P 122°C LM 0-3 33 nEv 31 32:32 3493
25[[2 TTR 100KW l?a-c 1M o=-7 29 MOV 63 l:laz 329 24327 TIR STOP 129°C SLM D-3 33 MOV 83 83:41_ 3439
25313 TTR STOF t79°C SLAM D-2 29 MOV 93 15512 390 24127 TTR 3TO0P 173°C 3L/H b-3 33 NOV 33 83341 3533
25113 TTR STOP 178°C SL/H o-7 28 NOV 83 15112 3849 24339 TIR 3TOP 179°C 3L o-13 39 MOV 93 03:28 3403
2589t 4 TTR STOP L790°C S/t n-2 3% NOV 83 15121 304 25138 TFR 370P t73°'C SL/M. Oo-il 33 Ho 33 83:23 3589
24114 TTR STOP 178°C 9L/M 0-7 29 NOV 83 15121 308 24931 TTR 3TCP 173°C 3LM D=2 33 MOV 33 B4:32 34449
24318 TTR STOP "179°C SL/M D-2 29 MOV 93 15:29 4809 25131 TR 3T 1789*C 3H D-7 33 NGV 33 24:52 3499
25115 TTR STOP 179*°C SL/M o-7 29 NOV 83 1527 £08 24232 TTR STOP 173°C 5L/M . D=4 39 NV 33 23:93 1489
26314 TTR STGP L7B°C SL/M n-2 29 MOV 83 15142 1889 24132 TTR 3TOP 74°C SL/M D-7 33 MOV 83 23:33 3533
25114 TTR 5TOP 73°C SL/M o-7 29 MOV 83 15:42 1808 . 24033 TTR 3702 173°C IL/M D-4 33 MOV 33 9?1123 3409
25317 TTR STOP L78°C 3L/M b-4 29 MO 83 16129 13989 2N TTR STCP 173°C 3L/H 0-3 33 OV 33 37113 ELLL
25117 TIR STOP t79°C 5L/H 0-9 29 NOY a3 15:28 1aee
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Appendix B (continued)

EXP NO. 21 ¢ continued )

DISK NO. 25409

DETECTOR START COouNT

TAG MO. DATA 1.0, POSITICH DATE TIME TIME
24034 MA DRALN 032 3 NOV 83 18121 3439
25134 MA DRAIN 0-7 38 NoV 83 19121 3539
24935 MA DRAIN D-4 38 MOV 83 th 3499
25135 NA DRALN 0-9 38 NoV 83 131 3499
24934 MNA DRAIN D-4 38 MOV 83 12137 34019
24134 NA DRATIN 0-3 38 NOV 83 12137 3408
24937 NA DRalN D-3 30 NOV 83 13144 3400
25137 HA DRAIN b-3 38 NOV 83 13:1443 3490
24934 MNa DRAIN D=8 38 MOV 83 14139 3490
24138 MNay DRATN D=1t 38 NOV 83 14158 34539
24939 kA DRAIN D-2 3@ MoV 83 15:53 3439
24137 MA DRAIN D=7 38 NOV 83 13159 3400
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Appendix B (continued)

. EXP NO. 22 (. Na TEMP. 909°C , NA FLOW RATE ILITER/MIN )

- i

OI3K NO. 27048 . DISK NO., 272889
DETECTOR START COuNT BETECTOR START COuNY
TAaG NO. oATA 1.0, POSITICN DATE TIHME TiME TAG NO. 0ATA 1.0, POSITICN DATE TIHE TIHE
274900 MA CIRCUL. BEFORE IRR. D=2 13 DEC 83 8152 7289 74919 TTR STOP 488°C IL/M 0-4 L3 DEC 83 15:47 1808
27198 NA CIRCUL. BEFORE [RR. 0-7 13 DEC 83 89152 7204 27118 TTR STQP 484°C 1L/ D-3 13 DEC 83 14147 192
r24:1 1} TiR 198KW 488°C 1L/H D-2 13 DEC 83 k2 334 2419 TTR STOP 48%*C IL/M D-a 13 0EC B3 17125 126%
2714t TTR 104KW 406°C IL/M o-7 13 DEC 83 iz 349 2711y TTR STOP 488°C IL/H D=3 13 DEC a3 17:24 1803
27892 TTR 129KkW 480°C LN p-2 13 DEC 83 1s2a 3849 27829 TTR 53TOP 433°C 1ts/H p-13 13 OEC B3 17139 1992
27182 TTR 198KW 308°C 1L/H o-7 t3 DEC 83 16123 349 27120 - TTR STOP 489°C IL/M D-11 13 OEC 33 17:39 1809
27003 TTR 109KU 488°C LL/M o~-2 13 DEC 823 11:28 399 27921 TTR STOP 488°C ILM D-2 13 DEC 83 18:37 3408
27143 TIR 109KW 400°C IL/M b-7 I3 DEC A3 128 3a? 27121 TTR STOP 498°*C 1LM D-7 13 DEC 33 18137 2408
27904 TTR 138KW 4@8*C IL/H 0-2 13 DEC a3 11334 489 27922 TTR STOP 439°*€ tL/H D4 13 BEC 33 171435 35832
27194 TTR 13QKW 420°C 1L/ b-? 13 DEC 83 11136 4449 2712z TTR STOP 402°C 1L/ o-7 13 DEC 33 1?1435 3433
27e83 TTR L23KW 429°C LL/H 0-2 . 13 DEC 83 [N 8314 &aa 27923 TTR STOP 448°C LM [ RF] 13 BEC 83 28:32 3433
27185 TTR 148K 4qd8°C LL/H D-7 13 DEC 83 130 444 27123 TTR STOP 489°C 1L D=3 13 DEC 83 28:32 3439
27994 TTR 1aikd 499*C tL/H D=2 13 DEC 83 12:843 1988 27324 TTR STOP 4@8°C 1L/H 0-3 13 BecC 93 22:32 34949
22194 TTR 190K 468°C LM 0-7 13 DEC 83 12:03 [§:LE) 27124 TTR STOP 4@8°C L/ 0-3 13 DEC 33 22:32 3409
2re87 TTR L130KW 4@3°C L1L/M D-4 13 DEC 83 12:38 1908: araz2s TTR STOP 493°C 1L/M D-18 13 pEC 43 23317 EET-T)
27197 TTR 106KW 498°C IL/M b-9 13 GELC 83 12:38 18€9 27123 TTR STOP 498°C 1LM o-11 13 DEC 83 23117 3583
27998 TTR LJ8KW 433°C 1L D=4 13 DEC 83 1312 18999 27423 TTR STOP 483°¢ 1L/H D-2 14 DEC 83 82:33 3493
el TTR 108K 438°C LM D=3 {3 DEC 83 13112 18049 27125 TTR STOP 488°*C LM o-7 14 DEC 33 82139 EET-L]

DISK NO, 27139 OlISK MO, 27388
DETECTOR START CAUNT QETECTOR START COLNT
- TAG NO. DATA [.D. POSITICN DATE TIME TIME TAG MO, CATA [.D. POSITECH CATE TIHE TIME
27889 TTR L00KW q28°*E IL/NM p-8 13 DEC 83 121448 18499 ar7aay TTR STOQP 4q99°C LM D=4 14 DEC 83 83138 3489
271a9 TTR 180KW 488°*C LM D-3 13 CEC 83 13;44 1808 27127 TVR STOP 488°C 1L/ o-? I+ DEC 33 93133 3433
27918 TIR 102K 48@*C IL/NM D-13 13 OERC 83 °©  14:29 18a2 27028 TTR STOP 433°*C Lt D-4 14 DEC a3 @444 34849
7118 TTR 1984KuWd 998°C I D-11 13 DEC 83 14129 1868 . 7128 TIR STOP 443°*C 1M D-3 14 DEC 32 843448 3589
27911 TTR 139K 498°C LT 0-2 13 DEC 932 14,32 309 27929 TTR STOP 438°C It/ o-3 4 DEC 33 93:34 3403
2711 TTR 109K4 483°C 1L/H 0-7 13 0EC B3 14:53 383 27129 TIR STOP 420°C 1L D-3 t4 DEC 43 85154 34082
27912 TTR 18@kW 488°C LM D=2 13 DEC 83 i3:84 309 2749349 TTR STOP 4023°*C IL/H D-13 14 DEC 83 47133 3489
27112 TTR 18BKW 488°C LM 0-? 13 pEC 83 13:81 Jaa 27139 TYR STOP 483°C 1L/H b-11 4 DEC 83 8733 3499
27913 TTR STOP 443°C (LM D=2 13 DEC 83 13:12 304 27931 TTR STOP 488°C 1L D-2 14 OEC 83 T 18:23 3489
27113 TTR STOF 408°C ILM D=7 l3 DEC 83 13512 309 27131 TTR STOP 428°C tLH 0-7 14 DEC 33 18,33 34a9
azaiq TR STQP 448°C 1M D-~2 13 DEC 83 13129 389 27832 TTR STOP 433°'C ILM o-3 i4 OEC 83 st 3499
27113 TIR STOP 438°C {L/M D=7 13 DEC 83 15120 304 27132 TTR 3TQP 48a°*C LM 0-7 14 DEC 33 tlatkt 3439
27913 TTR STOP 498°C LM D-2 13 DEC 83 135128 402 27933 TFR STOP 488°C LL/M D-4 14 RDEC 33 12:23 3433
22118 TTR STOP A88°C IL/M n-7 13 DEC 23 135128 ELE] 27113 TTR STOP 488°*C IL/H 0-3 14 DEC 83 1229 3404
2714 TTR STOP 488°C IL/H 0-2 13 CEC 83 15:48 L3089 27934 TIR 5TOP 48a°*L IL/M D-8 L4 CEC 81 13127 3539
27114 TTR STOP 448°C 1L/H o-7 13 DEC 83 13142 1809 27134 TIR 3TOP age*C LwH n-3 14 DEC 83 13:27 3449
717 TTR STOP 438°C 1L 0-4 13 DEC A3 14:13 1843 27833 Tia 370P 443°C 1L o-12 13 DEC 93 14:33 3489
27117 TTR STOP 488°C IL/H o-? 12 DEC 83 14113 1329 27133 TYR STOP 429°C L D=t 14 DEC 83 14133 ELLL)
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Appendix B (continued)

P NO. 22

{ contiaued )

TR
TR
TR
TTR
TIR
TR
TTR
TR
TR
TTR
TIR
TR
TTR
TIR
TTR
TTR
TIR
IR

TIR
TR
TIR
TIR

STOP 4499°'C /M
STBP 488°C IL/H
STOP 480°C LM
STOP 498°*C IL/H
STAP 449°C tL/H
STOP 4@9*C 1L/H
STOP 498°C 1M
STOP 489°C 1M

STOP 488°C 1L

STOP d99*C LLT
STOP 49@°*C I1L/M
STOP 409°C ILH
STOP 493*C LM
STOP 498*C iL/M
STOP 483*C ILs/H
STOP 499*C IL/H
STaP 492*C 1M
§TOP 488°C IL/H

STOP 499°C IL/M
STOP 489"C I1L/M
STOP 499°C lL/M
STOP 484°C 1L/H

DETECTOR
POSETION

[ -]
R I I T T T I R I O e ]
n

-

OQOUUUUQ?OUQUQOOO
VD WOR QY ENN == DWW ChAN

DETECTOR
POSITICN

DATE
14 DEC
14 CEC
14 DEC
14 OEC
14 DEC
14 DEC
14 DEC
14 DEC
14 OEC
14 DEC
13 DEC
13 DEC
13 DEC
13 DEE
13 DEC
13 DEC
13 DEC
13 DEC

DATE
L3 OEC
15 DEC
t3 DEC
13 DEC

a3
a3

a3
a3
a3
83

93
83
a3

a3
a3
a3

a3
83

a3
83
83
a3

START
TIHE
L7129
17129
a3
18:34
L7143
19:43
208:49
29:49
22114
22114
aLtla
LINEY: |
a2ilz
2117
83124
83:24
24t38
84139

START
TIME
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Appendix B (continued)

EXP NG, 23

DISK MO,
TAG NO.

e L

28949
29t03
28931

28191

28932
28132
288803
28423
29844
28194
28083
28183
28394
28134
28997
28107
28998
28188

¢ MA TEMP. 588°C , MA FLOW RATE 0-3LITER/MIN )

28888

DATA 1.D.

3e@°C 5L/t BEFORE [(RR.
$88°C 3L/11 BEFORE I[RR.

TIR
TTR
i
TIR
TTR
TiR
TR
TR
TR
TIR
R
TR
TIR
TR
TIR
TR

198KW 388*C SL/M
teaKd Ja8*C LM
2Kl H8e°C SL/M
13dky S88*€ 3L
180k 389°C 4.21L/M
190KW 388°C 4.2LM
190KW 338°C 4.2
186K J30°C 4.2/
taaKu  MA DRAIN
189K MA DRAIN
180K NA DRAIN
189K NA ORAIN
STOP MA DRATH
STOP HNa DRAIN
STOP MA DRALM
STOP A DRAIM

DETECTOR
POSITION

b-9
D~2

13
13
13
13

A3

18
13
13
13
IS
13
13
13

DATE
DEC
OEC
DEC
DEC
DEC
DEC
DEC
DEC
DEC
DEC
DEC
DEC
DEC
DEC
DEC
DEC
DEC
DEC

a3
a3

a3
83
83
a3
83

83
23
83
a3
83
a3
a3
83
83

98:33
29:53
12107
12587
12529
12129
L2141
12141
12:33
12153
13121
13121
13:34
13134
14083
14:35
14318
14118

498
424
439



Appendix B (continued)

EXP NO. 24

- 63T ~

¢ Na TEMP, 279°C , NA FLOW RATE. SLITER/MHIN ¥

279*C J-rt BEFORE IRR.
2790*C 3Ls14 BEFORE L[RR.
TR
TR
TTR
TR
TTR

189KU
193K
199Ku
198K
109K

TTR 1B9KW

TR

198KW

TTR 139KW

TR

138KU

TTR 109KW

TR

133KW

TTR 129Kk
TTR 199KW
TTR 199KU
TTR 199K
TTR 103KW

27199

TTR

DISK MO.

278°C LM
279°C Sum
279°C LM
279°C 3L/H
279*C UM
Z73°C S5L/H
A71°C St
27a°Cc LM
278°C SLH
274'C s5LM
279°C SLH
278°C S5LHM
279°C LM
279°C L
279*C 3L
279°C 5L

OATA 1.0,

199K

TIR ladku

LiLE;S
TTR
TR

193KuU
139+
199w

TTR l8aky
DRAIMN 278°C SL/M
ORAIN 279°C SLH
ORAIN 278°C 3LM
DPAIN 270*C JL/M

MA
A
MA
tiA
MA
May
MA
MA
HA
(2]
MA
A
MA
MAy

pRAalN
DRATH
OPAIN
DPAIN
DRAIN
DRALM
DRAIN
ORAIN
DPALM
DRAIN

278'C LM
279°C 3L/M
279*°€ SL/H
278°C 3LM
278°C JL/H
2749°C 3L

OETECTOR
POSITION

D=2

AARARRR
NN NN

)

[

OOOO?DOQ
Wk GENNNI

DETECTOR
POSITICN

0-3 -

el
-

1

[ LU
\)-"—\IN";UNUN“NMNMI\I—"‘
-

DDOUOUUOO?OODOOOOO

25
235
25
24
245
28
25
25
24
24
24
23
25
24
23
24
25
235

BATE
JAN
JAN
Jiay
Jerd
JAMN
Jadd
Jad
JAN
JAH
JAN
JAk
JAN
JAN
JAN
JAN
JAh
Jib
JaN

CATE
JAM
Joed
JaN
JAN
JEN
JEN
JAN
JAn
Jan
JEM
Jond
JEN
JAM
Jaby
JAN
JAM
JAN
e
JEN
JAN

84
a4
34
84
a4
34
349
94

34
24
a4
a4
34
34
34
a4
a4

a4
34
=L
34
a4
a4
34
a4
a4
a4
34
34
ag
34
a4
34
a4
34
34
34

START

TIME
97140
8749
[AERL)
11219
[ERRY:)
t1:18
11328
1128
t1:34
11134
f1:47
11147
12:99
12:83
12134
12134
13:19
13119

OISK MO,

DISX ~O,

TAG MO.

29298

by
A
Na
MA
May
MA
MA
MA
MA
Na
MA
NA
Ma
NAy
A
MA
ey
Na

27399

oaTAa 1.D.

DRAIN
DRATM
ORAEN
DRAIN
ORAIN
ORAIN
OPALN
DPAIN
ORALIM
CRAIN
pPAIN
DPRALM
pRALH

DAaTA L.D.

MAa OPAIM

bA

DPAIM

MA DRAIN

MA

DPAIN

DETEGCTOR
POSITION

0-4

[ ]

I ]

ODOOOOOO?QOUDUOOO
WECAVNNADWERYEYNN AT W

DETECTOR
FASITIUN

DATE

23
24
235
24
28
248
25
24
2%
23
24
F£3
27
27
2?
27
27
27

Jiay
NE
Je
JAnM
Jan
A
Ja
JE4
Jis
Jan
Jam
JAn
Jidd
Jaed
Jan
Jast
JRb
FEAT

DATE

27
27
27
27

Jedd
JaN
JeN
JiA

34
a4
34
34

‘84

a4
84
a4
34
a4
as
94
94
34
33
34
34
34

24
34
94
33

START
TIHE

START
TIHE

cowT
TIHE
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Appendix B (continued)

EXP NO, 29 ¢ NA TEMP. 328°C , MA FLOW RATE. LLITER/MIN )

e e [ ot

DISK NO. 39939 : DISK NO. 39299
' DETECTOR START  COUNT OETECTOR START  COUNT
TAG NO. DATA 1.0, POSITION  DATE TIME Ting TAG NO. DATA [.D. FOSITION  OATE TIME TIME
30949  386°C IL/M BEFORE [RR. 0-2 31 JAN 84 18347 1251 38818  TTR STGP 398°C IL/H D=2 31 JAN 84 18150 3489
39180 3@8°C 1L /M BEFORE IRR. 0-7 3L JAN B4 L8147 1251 30118 TTR STOP 339°C IL/H D=7 3t JAW 84 18159 3588
30381 TTR 196KW 333°C LL/H 0-2 3L JAN 84 11113 309 38819  TTR STOP 388°C {L/M D-4 31 JAM 34 19337 3508
38181 TTR LKW 388°C MM 0-7 3L JAN 84 113l3 LT 38119 TTR STOP 389°C LL/H O-? 31 JaN 94 17187 - 3488
38982  TTR 1@3KW 304°C (LM b-2 31 JAN 84 11423 300 39420,  TTR STOP 384°C ItsH D-d 31 JAM 34 21185 3599
38i82  TTR 164K 330°C IL/H 0-7 31 JAN 84 11i2d s 30128 TTR ST0P 388°C LA 0-3 31 Jan 34 21183 3402
38493  TTR 190KW 389°C LM 0-2 AL JAN 84 1113l 300 3@921  TTR STOP 334°C IL/H 0-3 31 JAM 84 22i1l2 3428
38183 VTR 190K 380°C ILM D-7 31 Jan @4 111 399 32121 TTR STOP 388°C IL/T 0-3 31 JaN 84 2212 3409
30884  TTR (@axW 38a°C IL/M 0-2 3L JAN 84 113140 sad 38922 TTA STOP 398°C ILsH 9-18 31 J&N 84 23:13 3480
3dlad VTR 188KU 388°C 1M D-7 31 JAN B4 Lig4d 499 38122  TTA STOP 390°C ILM 0-11 31 Jad 34 23118 3400
30045  TTR 189Kk 309°C 1L/M 0-2 31 JAN 84 11153 s08 30923  TTR STOP 388°C IL/h 0-2 | FEG 84 99:27 13869
38185 TTR (30KW 383°C IL/M D-7 31 JAN 84 11153 389 38123 TTR STOP 308°C ILM 0-7 L FEB 84  94:27  |a33a
38866  TTR 100KW 383°C (L/H 0-2 31 JAN 84 12197 1539 38424  TTR STAP 389°C 1L/ D-4 | FE3 a4 9337 3498
3818 TTR 190K4 360°C IL/M D-7 31 JAN 84 12107 1949 38124 TTR STOP 383°C IL/H 0-? L FEQ@ B4  93:37 3598
32237  TTR 1J0KW 360°C LL/H D-4 31 JaN @4 12:44 1802 33323 TTR STOP 398°C ILH D=4 | FEB 84  94:3 3484
39187  TTR 190104 388°C IL/M. D-? 3l Jew 84 123148 1309 32125 TTa STOP 383°C L™ - D-3 { FEQ 84 84132 3489
30093  TTR La30KW 380°C IL/M D=4 3 JAN 84 13143 1864 39928 VTR 3TOP 399°C 1L/H 0-3 | FEB 34  04:88 3sd0
30188 TTR (89KW 369°C LM 0-3 3t JAN 84 13113 1380 38128 TTR STOP 303°C (LN 0-3 | FEB 84 851230 3588
OISK NO. 3980 . =eessassaeeees
DETECTOR _ START  COUNT DISK MO, 39338
Tad NO, DATA 1.0, POSITION  DATE TINE TIME DETECTOR START  COLNT
------------------------ - ———— mmeee TAG MO, DATA 1.D. POSITICN  DATE TiME TIME
30839  TTR L@aKW 398°C IL/M 0-3 31 JAN 84 12153 T LT e == mmmee aeeee
38109  TTR 100KW 386°C IL/M 0-5 31 JAN 84 13133 1908 39927  TTR STOP 388°C IL/H o-1¢ | FE@ B4 @7:104 3500
30918 TTR 199K 393°C /M 0-18 31 Ja 34 14128 1899 33127 TTR STOP 3887C {L/M D=1t | FEB 84  07:86 3409
39110 TTR 190KW 380°C 1L/M O-11 31 JeN B4 14123 1300 39923 FRCH 383°C TG 394°C SL/H O-2 \ FE@8 84  B8113 7208
39211 TTR 10AKM 388°C IL/M D-2 31 JAN 84 1457 309 Ja128  FPCH 384°C TO 338°C SLen D=7 | FEB 84 38113 7284
38111 - TTR 188K 380°C (LM D=7 31 JANM 84 14159 3a8 )
3WAL2  TTR 199KW 302°C 1L/M D-2 31 JAN 84 15108 300
39112 TTR 184xu 388°C 1L D-7 31 JaN 84 15:03 398
33013  TTR STOP 388°C IL/M 0-2 31 JAM 94 S:1$ . 3ad
30113 TTR STOP 382°C ILM D-7 3] Jan 84 15104 308
39914 TTR STOP 388°C IL/M 0-2 3L JaN 84 (3524 3849
38114 TTR STOP 308°C ILM 0-7 30 JAn 84 15524 e
30815 TTR STOP 3M8°C 1L/M 0-2 3L JAN 84 15D 589

38017 TTR STOp 398°C IL/H 0-7 31 JAN 84 13131 489
Jaels TTR STOP 344G 1L/MN bp-2 3L JAN B84 15:44 1889
ECTR R TTR 3TOP 388*C IL/H 0-? Al JAN a4 19144 1509
38912 TTR STOP 304°'C 1L/M 0-4 A JAH 34 15:29 1809
3117 TTR sSTaP 38e*C iL/H D-2 31 JAN B84 14129 1668



Appendix B (continued)

EXP NO. 24 ¢ NA TEMP. 398°C , NA FLOW RATE. L-SLITER/MIN ) EXP MO. 27 ¢ MA TEMP. S89*C , NAa FLOW RATE. 3LITER/MIN )

DISK NO, 310889 DESK NO, 32002
DETECTOR START COUNT OETECTOR START COLNT
TAG NQ. tarta t.D. BPOSITLON OATE TIHE TIHE TaG NO. DATA L.D. POSITION DATE TIME TIME
31999 339°C IM BEFORE [RR, D-2 | FEB B84 12:24 1508 32049 TTR 198KuW J88*C 3IL/M 0-2 14 FEB 84 14133 1799
31189 394°C 3L/M BEFORE IRR. -7 | FEB 84 191248 1309 32138 TTR 133KW4 J88*C 3UL/M [ Erd 14 FEB B84 14135 1797
31491 NA DRAIN D=2 \ FEB B4 15118 1894 32941 TTR STOP 334°C 3L/H 0-2 14 FEB 94 13:11 399
38401 A DRATH D~% | FEB 24 15:19 19349 a2ial TTR sTOF 380*C SL/H D-7 14 FE8 84 13:1¢ 3843
3aag? ta DRALN D=2 | FEB 34 15349 1999 32232 MA DRAIM 0-2 14 FEB 34 15:2% 399
3e1a2 MA DRAIN D-3 | FEB 84 13:48 1892 32142 Ma ORAIM o-7 t4 FEB 334 15128 age
39833 Ma DORAEN D~2 | FEB 84 14114 1989 ' 32933 MA DRAIN 0-2 14 FEB 84 13138 439
39103 NA DRAIN . D=-5 | FEB 84 14314 jego 321493 ta DRAIMN o-7 14 FEB 84 13138 439
. 32994 MHA DRAIN o-4 14 FEB B4 13144 s34
32194 MN& DRAIN o-9 14 FEB 84 13144 4083
32993 MA DRAINM D~4 l4 FEB 84 13:57 408
32193 ba ORAIN o-3 i4d FEB 84 15:37 369
32984 NA DRAIN -3 14 FE3 a4 t4:13 439
32194 A ORAIN D-3 14 FE3 34 1413 4589
zrg? MA DRAIM o-2 14 FEB 84 14127 3893
2137 Ma OPAIM D=7 14 FES 34 14127 3993
329349 My DRAIN 0-4 14 FEQ 84 L7322 3949
321838 MA ORAIN D=7 i4 FE9 a4 17122 3399

1

LN., DISK NO. 321089
b DETECTOR START COLNT
i TAG MO, eaTAa 1.0, POSITICN DATE TIME TIHE
32899 MNA DRAITN D-4 {4 FEB 34 18213 3393
321089 MA OFAIM 0-3 14 FEB B84 18:13 3033
kFERY:} A DRALN D-3 14 FE3 894 191989 3439
3zila by DRAIN D-3 14 FES 34 17144 3099
3231t tA DRAIM q-z LS FEB 34 a7:48 7234
2Ll b DRALM 0-7 13 FEB 84 9388 7209
32942 tia DPAIN 0-4 L3 FEB 34 a2 7299
32112 Ma DRAIN o~ i3 FEB 84 11ri2 7203
323132 MA DPAIM D=4 13 FEB a9 1311 72909
2013 MA DRALN b-3 13 FEA 84 13114 7292
32914 Ma DRATH o~ 13 FEB @4 15:29 7284
32114 tA OPALM D-3 t3 FEB 84 15:24 7299
32913 Ha OPALM o-lg 3 FE3 84 17127 3439
32119 MA DRAIEI o=l 13 FEB a4 17127 3488
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Appendix B (continued)

EXP HO, 28

e e

¢ MA TEMP., 988*C , NA FLOW RATE SLITER/MIN )

DISK NO. 33888

TAG NG,
338989
33iae
33681
33tal
338492
33192
3Jee3
33163
J3a84
33134
33823
33103
33094
33194
33097
33197
kL E]
33198

58@*C JL/H BEFORE
330°C SL/H BEFORE [RA.

TTR 1934
TTR 198KU
TTR 13@Ku
TIR 19810
TTR LoaKdd
TTR 18eKuy
TTR 1eaxu
TTR 189K
TIR 189K
TTR 188KU
TTR 133KW
TTR 18QKW
TTA 188KU
TTR 109k
TTR 123K
TTR {3dKW

g89°C LM
388°C SLAY
Jag~c Lm
S08°C SLM
388°C SLAt
J38*C 5L/H
Jad*; LM
Je@*C SLM
Ja3*C JLm
S98°C S
Ja9°C It
$86°C LM
S48-C Lm
Jaa*C SuLmi
jaa*C sLM
509°C SLH

TTR 183KW 3Jag-C LM
TTR 134104 Z88°C LM
TTR 138K 539°C LM
TTR- 103K Sa8*C oL
TTR 13 Sae*C e
TTR 139KW SeR°C aL/NH
TTR 193Kk J93°C JL/H
TTR 1e8xu J08°C 3Lt

TTR STOP
TTR ST0P
TIR STQpP
TIR STOP
TTR STOP
TTR STOP
TTR sTOf
TTR STOP
TTR STOP
TIR STOP

ga8*C LM
389°C I
390°C LM
382°C 3L
389*C SL/H
jeo*C L
368°C /M
33e*C 5L/
343°C LM
339°C 5L

IRR.

DETECTOR
PASITICN

0-2
D-7
D-2
o-7F
D-2
0-7
D=2
o-?
D-2
-7
b-2
D-7
D-4
D-¥
0-4
0-3
o-9
D=3

DETECTOR
POSITICN

D-7

Pl

OODD?OOOO
L R SR Y (NS

g
w

28

28
28
28
28
28
28
28

28
28

28
28

23
23

DATE
FEB
FEB
FEB
FEB
FEB
FE8
FERB
FEB
FEB
FEB
FEB
FEB
FEB
FEA
FEB
FEB
FE8
FEB

DATE

28
28
28
28

28
28
28
28
28
28
28
29
28
28
24
29
28

FEB

FEB
FEB

FEB
FEB
FES
FEB
FEB
FEB
FEB
FEB
FEB
FED
FEB
FEAQ
FEB
FEB
FEB

84

a4
84
84
a4
a4
34
a4
84
a4
a4
24
94
84
84
a4
&t

84
94
84
a4

a4
a4
a4
a4
a4
a4
84
a4
84
a4
a4

a4

START
TIME
88:52
8832
if:1a
1istd
11128
11125
11333
11:33
thidl
1191
i34
1ts34
12131
12131
13134
13134
131327
13137

START
TIiME
id:lt
1t
14143
1445
14332
14152
15183
13185
1913
1318
1924
15124
t5:38
15130
14111
14311
14144
14:44

TR
TTR
TIR
TTR
TIR
TTR
TTR
TTR
TTR
TTR
TIR
TIR
TTR
TTR
TiR
TTR
TR
TR

TIR
TIR
TTR
TIR
TTR
TTR
TiR
TTR
TR
TTR
TR
TTR
TTR
TTR
L
TTR
TTR
TIR

PATA 1.0,
5TOP 588°*C SL/M
3ToP 548*C JL/H
STOR Sae*C JL/H
STOP Sda*C 3Lr/H
ST0P S39°C S
STOP 5ad*C Slo.H
STQP 339'C 3L/H
STOP J8e*C JtrH
3TaP 588°C SL/M
STOP 5ad*C SL/H
STQp Se8°C 5L/
STOP S89°C 5SL/M
STOP S539°C SL/M
3TOP 5d4°C 3L/H
STOP 549°C SL/H
3TOP Jdd°C SL/H
ITAP Sa9°*C Sirh
3TOP 380°C 3L/

bATA 1.0,
STOP 383°C SLM
5TOP 5408°C L/
STOP 53Q°*C SL/H
STOP 549°C SL/T
STOP 580°C SW/H
STaP Jaa°C SLm
STOP 999°C 3L/M
STOP 380°C SL/M
S70P S89°C 5L/H
3ToP 388°C LM
3TOP 539°C 3L/M
s5Tap 338°C SN
STOP Ja8°*C SL/M
STOP 3238°€ 3L/M
3TGP S@98°C JL/H
37T0P Seée°C 3ILM
STOP 382°C SL/M
STOP 503°C 5um™

DETECTOR
POSETION

D=2

| T | [ ]
R R e LR RN N T ]
-

DoOoODOUDOOUDDOODO
)

DETECTOR
POSITICN

DATE

28
28
23
28
29
28
29
28
23
28
28
29
23
28
29
27
29
29

FEf
FEB
FES
FEB
FEB
FES
FE3
FED3
FE3
FE3
FES
FEB
FE3
FE3
FE3
FE3
FEQ
FEB

DATE

27
29
29
27
29
29
27
29
29

29
a9
29
2?
27
29
27
29

FEB
FEB
FE3
FE3
FE3
FEB
FEB
FEB
FEd
FES
Fea
FEB
FEA
FED
FEB
FEB
FE@
FEB

24
84
a4
94
84

34
a4
34
34
34
a4
a4
34
=
84
a4
84

a4
24
a4
84
34
a4
34
a4
a4
94
84
a4
a4
a4
a4
84
44
94

23.:28
23:28
42:32
82152
83:5%9
93:59
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Appendix B (continued)

EXP HO. 28 { continued »

DISK NO. 33403

AR B4 13:23 72989
HAR 84 13123 723e

338354 MA DRAIN b-2
33159 MA DRAIN o-7

DETECTOR START COUNT
TAG MO, DATA 1.0, POSITION DATE TIHE TIHE
33034 TTR STQP 308a*C SL/M 0-4 29 FEB 84 14104 3433
33134 TTR STOP 388°C S/ D-9 27 FEB 84 18:194 34349
33037 TTR 3T0pP 398°C 3LM D-4 29 FEB 84 17154 34432
33137 TTR STOP 389°C 3JL/H D=3 29 FEB B84 17114 3449
33929 TTR STOP 3J@8*C 3IL/H b-8 29 FEQ a4 28121 3468
33138 TTR STOP 596*C SLAH 0-3 27 FEB 84 2942t 34849
33839 TTR STQP S520°C SL/M b-19 29 FEB 84 21126 kP11
33139 TTR ST0P 3599°C 3L/H o=l 29 FEB 84 2%124 3408
33943 TTR STCOP 586°€ 3L/ 0-2 29 FEB 84 22132 3402
33143 TTR S5T0Pf J0d°C 3SLM 0-7 29 FEB 84 22132 34349
33841 TTR STOP 3d@°C SLLM o-4 29 FEB 94 23148 34319
33141 TTR STOP 389°C 5LrH b-? 29 FEB B4 23148 3493
33842 TTR STOP 388°C 3L/M O-4 1 MAR 84 89134 EELE]
33142 TTR STOP 588°C SL/M D-3 1 MAR B4 80154 3489
33341 TTR STOP J33°C SN D-8 i MAR 84 221083 3409
33143 TTR STOP 588*C 5L/H ) b-5 1 AR 84 82183 3408
33944 TTR STOP 388°C JL/H D-19 1 HAR 34 23189 3499
33149 TTR STOP 588°C LM o-11 1 MR 84 93:99 34493
DISK NO. 33389
DETECTOR START COUNT
TAld MO, DATA 1.0, POSITION DATE TIME TIHME
33943 MA DRAIN D-2 1 MR 34 94148 7299
33143 kA DRALH 0-7 i1 HAR 84 84145 7293
33944 MAa DRAIN D-d4 1 MR g4 @d147 7299
33144 ey DRAIN : 0-9 L Har a4 35147 72449
33947 HNA DPAIH D-é i BAR a4 28333 7239
I3t47 Ma DRAIN 0-3 I AR 34 48133 7293
33949 MA DRAIN 0-8 1 HMAR 84 11:89 7293
ERILE ] MA ORAIN 0~-3 1 rAaR 34 iligR 7208
33849 Ha DRALN D~19 1 HAR g4 13017 7209
kRIL LS MA ORFAILN o-t1 I MR a4 13307 7282
1
1



Appendix C Mass Transfer Model

In order to evaluate behavior of DN nuclides in sodium quantitatively,
modeling of DN nuclide behavior in sodium is done. In general, FP
nuclides are classified into gaseous FP (kr, Xe), volatile FP (Br, Rb,
Te, I, Cs étc.) and non-volatile FP (Zr, Ba, La, Ce etc.), according to

their behaviors in sodium.
Now, modeling of volatile FP behavior will be done as follows.
C.1 Mass transfer model

Behavior of FP in sodium is controlled by mass transfer of
rate-determining diffusion, i.e. FP nuclides are released in sodium
transfer diffusing tbrough boundary layer which exists between
sodium bulk flow and the wall surface of piping and arrive at wall
surface, Rate of mass transfer by diffusion increases with
increase in flow welocity, and it increases with dincreased
difference between FP concentration in bulk sodium and that in

sodium close to wall surface.

Transfer rate of FP nuclide per unit area, j (atoms/cmzlsec), is

expressed by analogy of heat transfer as,
=k (T —Cg) (c-1)
where,

concentration of FP nuclides in sodium bulk flow
3
_ (atoms/cm™)

(1]

C : concentration of FP nuclides in sodium close to wall
3
surface (atoms/em™)

KL: mass transfer coefficient (em/sec)

According to Treybal(g)

— . 0,08, gp0.33,
kL— 0.023 - Re sc D/d (C_z)

~ 234 -



v-d
ns 0

where, Re=

Re, Sc: Reynolds number, Schmidt number (-)

D : diffusion coefficient of FP nuclide in sodium
2
{cm”“/sec)
d : diameter of cylindrical tube

Re and Sc are expressed as follows.

where, v: flow velocity of sodium.
C.2 Transfer model of volatile FP in sodium

Adsorption and desorption of volatile FP on wall surface occur
reversibly depending on sodium temperature. The phenomenon 1s

introduced into the mass transfer model.

Processes of adsorption and desorption are shown in Fig. C-1. A
curve shown in the figure indicates FP concentration in sodium
 distributed in vertical direction of sodium flow in the cylindrical

tube. j, C, Cs are defined parameters in Eq. (C-1).

J <t
el
(o]

|

\\Concentration
distribution

Wall surface

SHLLLLLLLMLLALA AL L LSRN

Sodium flow

Boundary
layer
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Absorption velocity and desorption velocity of FP on wall surface
are written as follows,

‘J_=4l:‘ Cs- (0‘3)
where,
T=%-C" (C-4)

adsorption rate of FP on wall surface (atoms/cmzlsec)
desorption rate of FP on wall surface (atoms/cmzlsec)

:+ adsorption rate coefficient (em/sec)

Il [y |

: desorption rate coefficient (%/sec)

(9]
>

:+ FP concentration at wall surface (atoms/cmz)

I
IT
ey

(C-5)
Applying transfer phenomenon of FP in sodium
&__t._ 13 (C-6)
dat  _ ad 1-C
where,

L =2mr, a= e (r: radius of cylindrical tube)
A : decay constant of FP nuclide (L/sec)

Variation of concentration € along the loop occurs only in the

direction of flowing sodium, so by putting the direction as X, Eq.
(C-6) is

dC(z, t) _ 8C(x, t) , 9C(x, t)  d=
dt - at + dx dt -7
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Assuming that FP has short half 1life, then radioactivity attains a

saturation level soon:

dC(z) _ ¢ . _ 4 dz _
dz# = Tavd Ty C (=), dt v) (C-8)

On the other hand,

0CT (2 t) =i —2- (¥ (at)

The concentration at wall surface attains a saturation level soon:

). AW
j=A4-C%(=x) (c-9)

Introducing Eqs., (C-3) and (C-4) into Eq. (C-5) and combine Eq.
(C"‘g) ’

V(z)={%/(A4%) } - C5(z) =KV- Cg (=) (C-~10)

From Eqs. {C-1), (C-8) and (C-10) erasing Cs(x),

—[.r] kg KW _ _
d%.r z"é‘{T_"fv‘ﬁ‘lz;(é/a)+1 }C (=) -(c 11)
where,
A kg K%
a= v { d .KW.'.kL * (e/a) +1 } (0“12)
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Eq. (C-11) becomes,

4G e T o)

Using EO: initial concentration at x = Q0 (fuel) (atoms/cm3)

C(x)=Cp -ea'

(c~-13)

It means that FP concentration in sodium shows exponential function

along the loop.

Concentration at the wall area is,

ky, -K¥

C¥) = A KV + Ky,

- C(z)

where Ka: partition coefficient (cm),

C¥(z) =K, -C (=)

Eq. (C-12) is simplified as,

a=2 (K, (/) +1}

Since the initial concentration Co is expressed by

released-¥FP from fuel and introduced-FP from loop to fuel.

c(L)+PF

- 238 -

(C-14)

(C-15)

(C-16)

sum - of

(C=17)



where,

L: total length of loop
P: release velocity of FP (atoms/sec)

F: flow rate (cm3/sec)
Introducing Eq.(C-13) of X=L into Fq.(C-l?)

Co=P/F +(1—ea'L
Co=P/F-(1—e ) (c-18)
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