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PRETRRADTATION DATA FOR ORNL SERIES IT
AND B & W OXIDE FUEL TESTS IN EBR-IT

ABSTRACT

This data package was prepared to satisfy the
requirements for approval of irradiations in the EBR-II.
The subassembly includes (U,Pu)0, fuel pins fabricated
by Babcock & Wilcox and Oak Ridge National Laboratory.

The objectives of the tests, a performance and safetly
analysis for the subassembly, and the as-fabricated fuel
pin descriptions together with the appropriate fabrication
procedures and Quality Assurance documentation are pre-
sented. The analysis predicts safe operation of these
experimental pins to burnup levels of 100,000 Mid/metric

ton of U + Pu at a nominal peak linear heat rate of 14 ¥W/ft
with cladding temperatures in the temperature range 550 to
650°C.

INTRODUCTION

This data package was prepared in accordance with the requirements
for approval of experimental lrradiations in the Experimental Breeder
Reactor (EBR-II). The experiment described here includes (U,Pu)0. fuel
elements fabricated by both the Babcock & Wilcox Company (B & W) and
Oak Ridge WNational Taboratory (ORNL) for irradiabtion in a shared experi-
mental subassembly.

Fach site has previously proposed sinmilar experimental irradiations

to be conducted with encapsulated fuel pins.t»”

Approval was granted to
ORNI, (ref. 3) for five encapsulated Tuel pins to be irradiated as lead
experiments for revised test programs’>% with unencapsulated experimental
pins using a 37-pin shared subassembly. The experimental programs of the
two sites have been coordinated to provide complementary performance data
on (U,Pu)0, fuel. The request for Approval-in-Principle’ of the combined
experimental test pregrams was approved.6

Fach organization has individual responsibility for the design,
fabrication, inspection, and shipment of its own test pins. However,

this data packsge is a common submission of the fabrication information
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and safety analysis required for irradiation of the shared subassembly.
This report has been organized in accordance with the directions in the

Guide’ to assure recognition of each of the EBR-II project requirements.
EXPERIMENT DESCRIPTION AND REQUIREMENTS

Purposes and Objectives of the Experiments

Both B & W and ORNL have programs for the development and evalua-
tion of oxide fuels for liquid-metal fast breeder reactor (IMFBR)
application.””” The program at each site includes specific objectives
for the test pins it has included in this shared subassenmbly. However,
the ecoordination of the programs is such that the objectives of all the
tests can be reduced to the following:

1. to obtain data on the operational characteristics of vibratorily
compacted (J,Pu)0, particulate fuel required to qualify it for
IMFBR use. The particulates include spheres produced by the sol-
gel process and angular particles produced by crushing pellets made

from a coprecipitated powder.

]

to compare the performance characteristics and limitations in a

fast flux enviromment of {U,Pu)0, fuels prepared by different

processes, including pellets prepared from coprecipitated (1J,Pu)0,

and pellets from (U,Pu)0, sol-gel-derived powders, and

3. to obtain data on the as-fabricated fuel characteristics required
for oxide fuels to provide the performance required for advanced
IMFBR applications.

To meet these objectives these tests are designed to place particu-
lar emphasis on the effects of {fuel form and void distribution on fission-
gas release and fuel-cladding mechanical interaction at extended burnup
levels (greater than 50,000 MWd/metric ton of heavy metal), with cladding
temperatures in the range 250 to 650°C.

The distribution of fuel pins for the first 37-pin subassembly
loading is summarized in Table 1 by fabrication form and fuel production
nrocess. This subassembly is designed for irradiation to a peak burnup
zevel of 50,000 Mdd/metric ton of actinide before interior examination

and pin replacement.



Table 1. Number of Test Pins of Various Fuel Forms
in Test Subassembly

Number of

Fabrication Fuel Oxygen- Test Pins at Each Total Pins
Féfﬁd Production to-Metal Design Smear Density of Each
’ Process Ratio (1 of theoretical) Fuel Form
80 43 85 90
Sphere-Pac Sol-gel 1.98 4 4 6 14
Sphere-Pac Sol-gel 1.94 2 1 1 4
Pellet Sol-gel 1.98 2 2 4
Pellet Coprecipitation 1.98 5 5
Pellet Sol-gel 1. 94 2 1 3
Vi-Pac Coprecipitation  1.98 @ 1 7
TOTALS 14 11 10 2 37
The postirrsdiation examination will permit a detsiled comparison of

fuel form, density, and voidage deployment effects on fisslion-gas release,
fuel swelling, in-reactor restructuring, and Tuel-component and fission-

product redistribution as a function of fuel burnup.

Desired ITrradiation Conditions

These tests involve two requirements (high cladding temperatures
and extended burnup) which required assistance from the EBR-TT Project
to obtain subassembly designs which would assure achievement of the
objectives. Since we are interested in peak cladding temperatures in
the range 550 to £50°C, we contacted the EBR-II Project for a reviged
J~37 subassembly design to accommodate pins with a 0.250-in. cladding
diameter.1® The J-37-A subassembly design is the result of this
request. This dezign was also used in establishing the flow reguirements
for the subassembly and selecting the reactor location for irradiation,
Subsequently, we requested'! an alternate design for the subassembly
which would not involve a bypass flow and a high risk subassembly design

modification, both of which would accept the same test pins as those



designed for irradiation in the J-37-A. The N-327 subassenbly is a
less expensive subassembly alternate for the J-37-A. The E-37-B is
the high risk subassembly design which may be used in the laftter stages
of the irradiation program if the risks associated with the highest
burnup levels are adjudged to reguire such protection.

Since the element and coolant flow cross-sectional area relation-
ships are identical for all three subassembly designs, a single thermal

2
b However,

analysis for the pins will fit all three subassembly designs.
the total subassembly heat generation, the total sodium coolant flow,
and the mean cooclant outlet temperature will vary with each design.

The desired irradiation conditions for these test pins were
initially analyzed using a J-37-A subassembly design which will provide
the required test temperatures and meet the subassembly exit coolant
temperature as reguired by Appendix C, p. 66 of the Guide.?>'% At the
request of the EBR-II Project,'” we also evaluated the use of the less
expensive N-37 subassembly. This analysis indicated we would exceed
the permissible subassembly mean coolant outlet temperature under the
flow conditions existing at the start of 1life and at the end of 1life
by only a very small amount. The EBR-TT experiment manager felt'® the
calculated results were sufficiently uncertain and the over temperature
predicted sufficiently small to justify the use of an N-37 subassembly.
We have included the flow reguirements aand thermal analysis for a J-37-A
subassembly as well as an N-37 subassembly in this data package to
prevent delays should the interim examination data indicate the need
to use the J-37-A subassembly for the second or third subassembly
loading.

The desired irradiation conditiong are summarized in Table Z.

Since the replacement pins to be intiroduced in each subassembly reloading
are currently scheduled to be duplicates of the pins removed, no change
in the desired irradiation conditions is antleipated throughout this
experimental program. A total of 58 pins are to be irradiated.

Table 3 presents the combined B & W and ORNL program for the sub-
assembly together with the proposed pin removal and replacement schedule.

No additional interim examinations are proposed.



Table 2.

Irradiation Conditions

Desired Alternate
Reactor location 6-N3 6~N4
Subagzembly type N-37 J-3"7-A
Subassenbly flows, gpm at 800°F
Pin area 45 45
Bypass Negligible 17
45 62
Acceptable linear heat rates,
KW /ft
Maximum pin 14 + 0,5 14 £ 0.5
Minimum pin 10 + 2.0 g + 2.0
Tead pin peak burnup aflter
exposure in:
Initial subassembly, % FIMA 6.1 + 0.3 6.1 + 0,3
First reconstituted subassembly, &.7 £ 0.2 .7 £ 0.2
% FIMA
Second reconstituted subassembly, 12.8 + 0.2 12.8 + 0.2

4 FIMA
Maximun pin average,
MWVd /metric ton U + Pu

Bstimated reactor residence time

Initial subassembly (reactor
M )2
First reconstituted subassembly
(reactor MJd)®
Second reconstituted subassembly
{(reactor MWQ)a

103,000 + 2,000

16,000
8,000

13,000

37,000

103,000 + 2,000

16,000
8,000
13,000

37,000

"Based on a reactor power level of G2.5 M.



Table 3. Test Pin Distribution and Replacement Schedule
Smear Pin Identification
Subassembly g Fabrication® Density
Location ponsor Form (9 of First T
theoretical) Subassembly Second  Third
1 B &W SP ac D-2 D-2 D-34
2 ORNL PELT, 80 OP-"7 oP-7 op-7
3 ORNT, SPL 80 OS =4 05-16 0S-1¢,
4 ORNL SP 85 0S-9 08-¢ 03-7
5 B W SP 80 D-30 b-30 D~-30
& ORNL SP 20 08~8 08-8& 0s-8
7 ORNL SPL 23 0s-1z 08-~12 08-12
| 8 B&W PEL, 33 D-9 D-9 D-42
Q ORNL PEL 85 0P-% 0P-* OP-=
10 ORNL PELL &0 OP-3 OP-10  OP-10
11 B & W VP 3 D-20 D-20 D-20)
2 B & W SP 83 D-10 D-25 D-35
13 ORNL SP 85 0S-2 0S-14 08-~1<
14 ORNL SP 85 08~6 03-6 05-18
15 B & W VP 83 D-22 D~22 D-38
16 ORNL SPL 80 0S8-11 0s-11 0S-11
17 BxW VP 83 D-21 D-21 D-37
18 B&W VP 85 D-31 D-31 D-31
19 ORNL SP 85 05-7 0S-77 08~19
20 B & W PEL 83 D-17 D-17 D43
21 ORNL SP 80 0s-1 OP-2 OP-4
22 ORNL sSP g0 08-13 OpP-11  0OP-11
23 ORNL SP 85 08-10 0s8-10  08-10
24 B&W PEL, 83 D-12 D-12 D-12
25 B&wW SP 83 D-19 D-19 D-40
26 B & W vP a3 D-18 D-34 D-34
27 ORNL SP 5 05-3 08~15 05-15
28 B&W PEL 83 D-14 D~14 D-14
29 B &W SP 83 D-27 D-27 D-41
30 B & W PEL 83 D~4 D-3¢€ D-3¢,
31 ORNL SPL &5 05-5 0s~17  05-17
32 B & W vp 83 D-25 D-25 D25
33 ORNL PEL S0 opP-2 0P-9 OP-9
34 ORNL PEL 85 OP-1 0p~8 oP-8
35 B&W SP 3 D~29 D-29 N-29
3¢ ORNL PEL 20 OP-6 OP-6 OP-6
37 B & W VP 83 D-5 D-5 D-5
Desired maximum pin peak burnup, €. 1 .7 12.8
9 FIMA £ 0.3 + 0.2  +0.2
Estimated incremental exposure period:
Reactor MWd 16,000 g,00C 13,000
Approximate EBR-II cycles 10 5 78
Number of pins removed at end of exposure 12 9 377

period

#fabrication forms:
with oxygen-to-metal ratio of 1.98.
with oxygen-to-metal ratio of 1.94.

VP = Vi-Pac; SP =

Sphere-pPacs; PEL -
SPL = Sphere-Pac; PELL -

pellets, all

pellets,

both



Desired Out-of-Reactor Services

1. DNeutron radiographs of each pin are to be obtained before they
are initially introduced into the subassembly and each time the subas-
sembly is dismantled for replacement of test pins.

2. As indicated in our request for Approval-in-Principle and in a

11 we would like to have the 0.040-in.-diam

previous communication,
spiral wrap stainless steel wire installed by the EBR-II Project on each
pin to be irradiated in this program.

3. Fach fuel pin is to be weighed to the nearest 0.1 g after the
wire wrap has been installed and to the nearest 0.1 g (currently listed
FRR-IT capability) each time the subassembly is dismantled.

4. Following wire wrapping, it is desirable to obtain a balance
point measurement on a limited number of pins to survey any fuel reloca-

tion during operation. These pins are to be:

Pin TIdentifications

05-2 op~2 D-2
op-2

08-8 (012 D-20

05-12 op-"7 D-30

The balance point on these pins is to be measured each time they are
removed from a subassembly whether or not they are to continue their
irradiation. Please note Item & on pin handling which may affect
balance point measurements.

5. PFach fuel pin scheduled for reinsertion into a new subassembly
is to be subJected to dimensional inspection for compliance with the
"reinsertion criteria'" defined in the safety analysis section of this
data package. The dimensioning shall be done in conformance with the
procedures and precisions defined in Appendix F, paragraph 1-C of the
“ulde as revised on Feb. 27, 1970, with the exception that any local
abnormal configuration observed in visual examination is to be dimen-
sioned at smaller axial increments and at rotational increments of 0, 30,
60, 90, 120, and 150°.

6. It is desirable to have the pins handled in a vertical orienta-

tion as much as possible during all preirradiation, interim examination,



and postirradiation activities. When the pins are handled in a non-
vertical orientation, they should be provided with a support such as a
Vee-trough to prevent incidental mechanical bending or darsges.

7. No special procedures are regquired during normal subassembly
handling, cooling, sodium removal with washing,'’s»'% or dismantling.

Tn the event the subassembly is suspected of containing a failed
fuel pin, the sodium removal procedure will have to be resolved with
the EBR-IT at the time on the basis of the data leading tc the suspicion.
The presence of plutonium in the EBR-1I coolant sodium, for =xample,
makes water washing of a suspect subassembly undesirable, while the
presence of only xenon tag in the EBR~IT cover gas might Jjustify water
washing to prevent caustic attack of the good pins during interim exam-
ination. Because of these variables and the unknown capabilities of
the FEBR-II Fuels FExamination Facility in the future, we wculd prefer not
to set specific sodium removal procedures for suspect subassembly
handling at this time.

2. Shipping procedures for completed experiments: currently, it
is planned to ship all pins thet have completed their irradiation to
ORNT, for examination. The procedures to be used will be the same as

those used for ORNI Series I experimental capsules.lj’20

Identification of Fuel Elements and Subassembly Loading Description

The identification of each test pin is listed in Table 3, together
with its assigned location in the subassembly. These subassenbly posi-
tions are shown graphlcally in Fig. 1, which also defines the subassembly
orientation for the preferred ©-N3 or alternate ¢-N4 reactor grid
locations.

Details of the metiod of marking each pin are included in the
sections describing the fabrication, inspection, and quality assurance

procedures used by each sponsor.



ORNL-DWG 70-6799
TO REACTOR CENTER

17

C @m

Fig. 1. Cross Section of J-37-A Subassembly with Iocation Identi-
fying Numbers for ORNL Series II and B & W Pin Placement.

Fuel Pin Descriptions

The detailed designs of the fuel pins provided by each sponsor are
shown in Figs. 2 and 3.
The principal difference between the two pin designs is the top end

plug configuration which is associated with the xenon tagging procedure
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used at each site. However, these detailed design differences do not
change the principal pin features so that a common performance analysis
can be used.

A general pin description is presented in Table 4. The as-
fabricated information on each pin is detailed in the appropriate
sponsor fabrication sections.

The only material in these pins which is unusual is the Fiberfrax
pads located at each end of a fuel bed. Fiberfrax is a glass wool-like
material made of alumina-silica fibers and manufactured by the
Carborundum Company. The fibers have a mean diameter of 2.5 um and
range in length from very short up to a maximum of 1.5 in. The analysis
of this material is given in Table 4, This material has been used in a
variety of irradiation tests at ORNL as porous restraining pads for
Sphere~Pac beds. 1t was used in the ORNL Series I tests?? and has also
been used as a low density filler for the gas plenum in a number of

thermal flux reactor tests. 21,22

Although we have not run specific
sodium compatibility tests on this maﬁerial, similar material has bheen
tested by others. A data search by the Liquid Metal Engineering Center??
revealed two investigations of interest. The Mine Safety Appliance
Company immersed samples of Fiberfrax in 500°F sodium under an inert

24 "There was no apparent reac-

atmosphere for 10-min and l-hr periods.
tion with the sodium other than a slight charring at the outer surface

of the insulation.'" The Chemical Engineering Division at Argonne
National Laboratory reported?®® on experimentation with a fume trap which
consisted of a crucible of molded Fiberfrax. The fume traps worked on
the principle of absorption and chemical reaction with the trap surface,
and the effectiveness of the trap was apparently unaffected by operation,
with sodium on the trap, at furnace temperatures up to 1400°C.

We have had three cases of in-reactor cladding fallures when NaK-44
was subsequently in contact with the Fiberfrax material under irradia-
tion. In the high-temperature regions involving molten (U,Pu)0, fuel
and sodium, the material lost its fibrous nature, forming small blackened
beads. This reaction is expected since the material will bead up when

exposed for extended periods to temperatures above 2300°F (1250°C) and
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Table 4. Nominal Test Pin Description
Fuel:
Material (71,Pu)0,
Pu/(U + Pu) 0.20 + 0,01
235u/u 0.93
(?3%u + 2%1pu) /Pu 0.90
Fuel bed length 13.5 in.

Theoretical density

Bed smear density
Cladding:

Material

Outer diameter
Inner diameter

Wall thickness

Insulator Pellets:
Material
length

Blanket Pellets:
Material
Length (of stack)

Shield Rod:
Material
Length
Diameter

Ped Retainers:
Material

Plug

Spring

10.90 g/em® at 1.98 oxygen-to-metal
ratio

Variable (80 to 20% of theoretical)

Type 316 stainless steel (solution
treated)

0,250 + 0,001 in.
0.218 1 0.001 in.

.+ 0.0015 |,

0.015 0. 0010 i
ORNL B&W
ThO» 238150,
1 in. 1 in.
238U02
~ 6 in.
Nickel

2 7/32 in.

0.212 in.
ORNL B &W
Type 316 None

stainless steel
Inconel X Type 302 stainless

steel
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Table 4. continued

Plenum Idner: ORNL B&W
Material Type 304 Type 316 stainless
stainless steel steel
Outer diameter 0.188 in. 0,187 in.
Wall thickness 0.020 in. 0.014 in.
Pads:
Material "Fiberfrax" Al,03=Si0»

A1,05 50 + 5¢
Other oxides < 39

below the melting point of approximately 3200°F (1760°C). However, the
fibrous mat was only darkened in color approximately 1/16 in. away from
the fuel-Fiberfrax interface.

These experimental observations clearly indicate that in the
unlikely event of a fuel pin failure the Fiberfrax material will remain
in the cladding. The observations of the Argonne National laborstory
group further indicate that there would be no significant contamination

of the reactor coolant sodium even though there was direct exposure.

Thermal Performance of Fuel Pins

In order to proceed with the design of the test subassembly and
safety analysis of these test pins prior to the availgbility of final
as-fabricated data, we used a single fuel composition and nominal smear
densities for individual pins to do the performance analysis. This
approach was approved by the EBR-11 Project Experiment Manager.gg

Peak fission heat generation rates were calculated for each of the
four assumed fuel densities using the fission rates listed for grid

P

positions €-N3 and 6-N4 in Table C~1 of the Guide. The listed fission
ating power from 50 MW to ©2.5 MJ. A value of 192 MeV/fission was used;
so no gamma heating in the fuel was considered. The axial distribution

of fission heat generation was in accordance with Fig. C1l of the Guide.
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The curves given in Fig. C-3were extrapolated to give an estimate of the
fission rates for the ?38U02 in the lower end of the pins.

The gamma heat generation in nonfuel components was derived from
Fig. C-4 of the Guide with an axial distribution in accordance with
Fig. C-5 of the Guide.

Peak axial fission heat generation rates for fuels of different
smear densities as a function of test pin location in the subassembly
are shown in Fig. 4., The gamma heating in the nonfuel components for
the wvarious pin locations was held constant at the value for the center
line of the subassembly derived from Fig. C-4 of the Guide (2.4 W/g for
iron and 6.5 W/g for uranium).

The coolant flow distribution in the experimental subassembly used
was the same as the distribution for an H-37 subassenbly?’ published in
Table D-IT of the Guide. No mixing between channels was assumed in
making the temperature analysis for each pin.

We used the same computer codes used previously for the ORNL Series T
test analyeis?? to do the heat transfer and temperature distribution
analysis. The computer program”® "MAMU" was used to calculate the
coolant temperatures and the temperature distribution from the coolant
to the fuel surface. The fuel temperatures were calculated with
PR¢FIL.29 Tterative calculations were performed to establish the
desired coolant flow (45 gpm of 800°F sodium).

The following thermal conductivity values were used in the computer

programs. Types 304 and 316 stainless steel:

kK = 8.49 + 4.3 x 1073% Bbu hr~! gt~ o1,

Sodium:

k = 51.3 — 0,0135% Btu hr~1 £t~1 °p~1 |,

Fuel: Determined from empirical formula included in the PREFIL code

and originally proposed by General Electric. 2°

Our experience
with thermal flux irradiation tests has shown that this formula-
tion provides a reasonable fit with experimental integral conduc-
tivities. All fuel center temperatures are quoted for restructured

fuel.
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Fig. 4. ©Peak Axial Fission Heat Rate as a Function of Radial
Iocation for EBR-I1 Subassembly Positions 6~N3 and ¢-N4,

Fuel-Cladding Gap: 1200 Btu hy~t ft7° °F~ 1, Although this gap conduc-
tivity may be too low for Sphere-Pac fuels, where the effective
geometrical gap is less than C.00l in., we have used it to provide
a conservative estimate of the central fuel temperatures.

These calculatlions resulted in the individual pin thermal perfor-
mance data given in Taple Z. Example calculations are presented in
Appendix A. Tn addition to the peak values, we have examined the axial
temperature profiles Tcr selected pins to cover the full range of maximum
to minimum heat ratings and the three different coolant flow rates.

Tnese analyses are presented graphically in Pigs. 5, &, 7, &, and 9,

Uncertainty analyses were made for the axial midplane locations on

the two highest heat rate pins. Certain of the factors such as the



Table 5. Puel Pin Thermal Performsnce Predictions

Fuel Smear Peak Total Heat Peak Fuel Peak Fuel Peak Cladding Peak Cladding Peak Local
Subassenbly Density® inear o s Center Lire Surface Inner Surface  Quter Surface Coolant

Location {d of Heat Rate uéﬂ?i;?loﬁ Temperature  Temperature Temperature Temperature Temperature
theoretical) (KW /Tt Ve ¢) ) (“c) °cy ery o (c°C)

1 30 13,76 14,45 2210 TEn 552 518 936 502
2 80 13.58 14.26 219C 767 558 525 951 511
3 g0 13.40 14. 07 2180 761 556 523 948 509
4 &5 14. 04 14,73 2300 775 556 521 S41 505
5 80 13.58 14.26 2190 a7 558 525 951 211
) 80 13,40 14.07 2210 829 643 &l4 1114 601
7 43 13.7¢C 14,338 2270 839 650 617 1123 606
g g3 13.51 14.18 2250 832 645 514 1117 603
S 35 13. 64 14,32 2260 768 559 526 252 511
10 9] 13.40 14.07 2130 837 648 616 1121 605
11 23 13.70 14,38 2270 £39 650 617 1123 506
12 a3 13.51 14.1¥ 2250 832 £45 614 1117 £C3
12 g5 13. 64 14.32 2290 837 648 €16 1121 &C5
14 g5 13. 44 14,11 2270 20 64 613 1115 €02
15 83 12.92 13.59 2160 748 549 518 939 504
16 &3 13.70 14.39 2240 765 351 518 935 502
17 €3 13.51 14.1¢ 2250 832 645 614 1117 603
18 g 13.64 14.32 2296 837 648 516 1121 605
17 85 12.62 14,11 2270 230 Ghd 513 1115 602
20 £3 12.92 13.58 2180 #12 633 603 1099 593
21 83 12.72 13.37 2160 206 2% 600 1093 58%
22 85 12. 82 13.49 2160 720 540 508 G20 493
23 25 13. 64 14.32 2260 768 559 526 352 511
24 a3 12.12 13.79 2210 820 637 607 1106 597
25 83 12.92 13.58 21¢0 813 633 603 1099 593
26 83 12.72 13.37 2160 206 529 6C0 1093 589
7 85 12.82 13.48 2190 809 632 602 096 591
28 33 12.38 12.96 209C 730 541 211 9z8 498
P 33 12.92 13,59 2160 748 549 518 939 504
30 43 12.72 13.37 2160 2ce 529 600 1093 539
31 g5 1z.82 13.48 2190 &co &32 602 1096 591
32 83 12.30 12,95 2120 792 621 593 1081 583
33 a0 13.12 13,80 2230 753 552 =20 943 506
34 a5 12.82 13,49 2160 749 540 508 920 493
35 g3 12.30 12.9%6 2090 730 541 511 928 498
36 a 13.12 13.80 2230 7E3 552 520 G43 506
37 g3 1i.¢C 12.5% 2020 71 528 499 a5 485

2, . . s . .
These are nominal design densities used in all thermal performance analyses.

b . . . . . - .
Including gammz heating in sodium coolant associated with each pin.

LT



Fig. 5.
Pogition 1.

Fig. 6.
Position 2.

TEMPERATURE {°C)

Partial Temperature Distribution for Pin in Subassembly

TEMPERATURE (°C)

Partial Temperature Distribution for Pin
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uncertainty in neutron and gamma flux, the subassenxbly flow rate, sub-
assembly flow distribution, the power level measurement, and the tran-
sient overload are reactor parameters; and therefore, we have 1o
Justification for altering these from the information presented31 in
ANI-~5719. We performed a statistical analysis of our data on cladding
thickness, fuel dimensions, and fuel composition which yielded uncer-
tainty factors of 1.C50, 1.003, and 1.C08, respectively. We chose the
larger and more conservative uncertainty factors from ANL-571% to cover
possible variations in the fabrication of the replacement pins, thus
hopefully avoiding the necessity of repeating these calculations. The
results are given in Tables ¢ and 7. These analyses indicate that all
uncertainty factors, including a 109 increase in the fission rate, would
yield a 3% maximum increase in cladding inner surface temperature and a
maximum fuel center line temperature of 2430°C, which is bvelow the
melting point of the [1J,Pu)0, fuel. Since the anticipated fission rate
per the note on the bottom of Table C-I of the Guide is probably a -59
instead of the +10¢ which we used, no more detailed uncertainty analyses

were made.
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Table 6. Uncertainty Calculations for Axial Midplane of Fuel for Subassembly Position 7
= = = 453.8 8 = 2663.5
Taermophysical 8 oolent - 204.2 Spiam = -2 e(;] ad 80.3 9r0el olsd interface 453 fuel = °
Quantity 7 d; a:? F 4z PAiap  (H142)2 F ds iz (21a3)? i3 dy Tdiw,  (Tdiaz)? F ds 15 (zd175)?
leutron and gamme 1.07 14.29 204.32 1.10 3.42 17.71 313,64 1.10 8.03 25.74 662.55 1.10 45.38 71.12 5058.1 1.10 266,35 337.45 113,886.00
flux
Flow rate through 1.05 10.21 104.24
subasgenbly
Flow profile within 1.05 10.21. 1104.24
subassenbly
Cledding 1.05 4.01 4,01 16,12
w Dimensions
b=l
24 8 Puel 1,02 0.68  0.684 0.468 |1.02 1.61  2.29 5.2 | 1.0z 2.08 11.37  129.18 {1.02  53.27  A4.oh 4,178.33
5% 85| pimersions
giat
g8 B Fissile 1.01 2.04 4,17 1.01 0.342 2.38 5.67 1.01 0.80 3,18 10.12 1.01 4. 5 7.72 59,57 1.01 26. 64 34.36 1,180.27
2 Materisl
Concentration
Cladding 1.10 8.03 8,03 64.48
B
— Bl Fuel-Cledding 1,10  45.38  45.38  2059.34
E g Interface
53
8% I
3 Fuel 1.15 399,53 399,53 159,620, 2
Hest trapsfer 1.20 6.84 6.84  46.79
coefficient
Power level 1.02 4.08 16.68 1.02  0.684 4764 22.70 1.02 1l.61 .37 40,58 1.02 9.08 15.45 238, 58 1.02 53.27 68,72 4,722, 44
neagurenent
Transient 1.05 10,21 104,24 1.05 1.7 11.92 142.09 1.05 4.01 15.9% 253.92 1.05 22.69 38,63 1492.28 f1.05 133,18 171.81 29,516.96
overload.
E(i‘di)z 537,90 531.35 1053, 01 9037.01 313,1%.22
1
(z(m,)?] /2 23,19 23,05 32.45 95,06 559,56
Without uncertainty De = 904, 2°F TO = 938.4°F (503.8°C) T = 1018.7°F (548.2°C) Tz = 1472.5°F (800.3°C) T = 4136, C°F (2280.0°¢)
(L84.5°C)
\
With uncertainty Te = 927.4°F 10 = 961.5°F {516.4°C) TL = 1051.2°F (566.2°C) T2 B 1567.6°F (853.1°C) TE = 4695.6°F (2590.9°C)
(497.4°¢C)

d.is the tempersture devietion in °F.

E]?‘ is uncertainty factor; 1

Te is coolant tempersture
T0 is
T1 is

3

zled outer surface tempersture

cled inner surface temperature

=

2 is fuel outer surface temperature
8 is tempersture veriation across region at normel condition

T¢ is fuel center temperature.

Table 7. Uncertainty Calculations for Axial Midplane of Fuel for Subassembly Position 4
Ty ics = = 44 5} = = 44 sy
fne;\n;ﬁoslég:;c_l ecoolant 116 efilm 4 clad 8.5 efuel clad interface 4549 efual 27751
F 4, a,? F a. Tdpse  (Tdaagz)? 7 d3  Tdiasz  (Fdws)?| F as My (FAza)? | F ds 415 (5d3-5) 2
Neutron and gemma 1.07 8.12 65.93 1.10 4.4 12.52  156.75 1.10 8,45 20.97 439.7% 1.10  46.49  67.46  4550.85 1.10  277.5 344,97 119,004.3
flux
Flow rate through 1.05 5.8 33.64
subsssembly
Flow profile within 1.05 5.8 33.64 .
‘subagsembly
Cladding 1.05  4.23 4.23 17.85
- Dimensionsg
g
2 B g8 Fuel 1.02 0.88 0.88 0.77 1.02 1.9 2.57 6.60 1.02 9.30 11.87 140.85 1.02 55,50 &7.37 4,538.99
5% 83| Dimensions
ERRE
§ A | Fissile 1.0 1.16 1.35 1.01  0.44 1.6 2.36 .00 0.85 2.45 5,98 1.0 4.65 7.60 50, 40 1.01 27,75  35.35 1,249.69
= Material
Concentration
2| Cledding 1.10 8.45 8.45 71,40
R
3] Fuel-Clzdding 1.10 46,49  46.49 2161.3
g 3 Interface
&g
81 Fuel 1,15 416,27 416,27 173,276.55
Heat tronsfer 1,20 8.8 8.2 Tl A
coefficient
Power level 1,02 232 5.38 .02 0,88 3.2 10.24 1,02 1,69 4,89 23.91 1.02 9.30 14,19 201.3C 1,02 55.50 69,69 4,856.97
measurenent
Transient overload 1.05 5.8  33.64 1.05 2.2 8.0 64.0 1,05 4.23 12,23 149.45 1.05 23.25 35.48 1258.48 1.05 138.76 Ll7%.24 30,357.84
2
E(Zdi) 173.58 311.76 714,93 &8312.78 333,284,345
o
[z(zdi)zj 13.17 17.66 26,7 91.17 577,31
Without uncertainty Te = §l6.1°F : TO = 860,1°F (460.0°C) TL = 944.6°F (507.0°C) T2 = 1409.5°F  (785.3°¢) B = A184.6°F (2307.0°C)
{435.6°C '
With uncerteinty Te = 829.3°F ) TO = §77.8°F  (462.9°C) TL = 971, 3°F  (521.8°C) T2 = 1500.7°F  (815.9°¢) If = AT6L.9°F (2627.7°C)
(442.9°C '

EF je uncertainty factor; di is the temperature devietion in °F.
Te is coolant temperature

10 is clad outer surface temperature

Tl is clad imer surface temperaiure

T2 is fuel outer surface temperature

6 is temperature variation across region at normel condition.

I¢ is fuel center temperature.

Do
=
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Thermal Performance of Subassembly

The thermal analysis of the subassembly was done with the same
"MAMU" code®® as used for the individual pins.

The assumptions on which the analysis was based are:

1. TFor a J-37-A subassenbly a total flow of 62 gpm of 800°F sodium
is acceptable and within the orifice adjustment capabilifties for such a
subassembly in row 6 of the EBR-II.>?

2. TYor an N-37 or an E-~37-B, the total subassembly flow can be
equivalent to that for a J-37-A.

3. We assumed there was no radial heat transfer to or from
adjacent subassemblies.’? Thus, all heat generated within the subas-
sembly must be removed by the sodium passing through the subassembly.

4. As indicated in the section on fuel pin performance, the flow
distribution used in the fuel pin area was the distribution for an H-37
subassembly. Since the MAMU code is based on a pure radial heat transfer
mechanism, we subdivided the individual flow channels to obtain an equiv-
alent cylindrical flow area. This procedure resulted in three flow areas,
depending on the pin locations in the center, along the edge, or at the
corner of the inner hexagonal can of the subassembly. The relative
coolant flow for each pin in the array was derived from a similar geo-
metric analysis and the relative flow for each of the channels, as
described in Appendix D of the Guide. These calculations are summarized
in Table 8.

A mean sodium temperature of 800°F (427°C) was used to convert the
sodium flow rate to pounds per hour. Iterative calculations were then
made to establish the desired flow. The cladding inner surface tempera-
ture for the highest heat rate pin in an inner location was limited to
650°C. No interchannel mixing weas assumed; so the calculated flow rate
may be slightly too high. With the flow rate for this pin established,
the flow rate for all the pins was defined by proportioning.

5. The MAMU code was also used to calculate the total gamma heating
in the subassembly components. In the case of a J-37-A subassembly, this
heat was transferred to the bypass sodium coolant. The subassembly com-
ponent gamma heating for the N-37 subassembly was transferred to the pin

coolant sodium.
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Table 8. Flow Distribution Inside Inner Hexagonal Can

Percent, of Total Flow

Pin Flow Area Relative Numiber
Location (in.?) Flow of Pins Each Total
Center 0.02249 1.00 19 2.014 38.27
Edge 0.03329 1.66 12 3.343 40,12
Corner 0, 02945 1.79 6 3.602 2l.6l

With these assumptions, we were able to establish the subassenbly
thermal performance data reported in Table 2 for each of the subassembly
types. Details of the subassembly thermal performance by pin locations

are included in Table 10.

Table 2, Subassembly Thermal Performance

Subassembly Type
N-37 J=37-A

Characteristics

Coolant Flow Rate:

Inner hex can, 1b/hr of 800°F Na 19,083 19,083
Bypass, lb/hr of 800°F Na 6,605
TOTAL, 1b/hr of 800°F Na 19,083 25,748
TOTAL, gpm at 8D0°F 45.02 60, 74
Total Heat Generated:
Pins and sodium, Btu‘hr 1,748,400 1,748,400
Subassenbly hardware,® Btu/hr 64,000 74,300
TOTAL, Btu/hr 1,812,400 1,822,700
Temperature Rise in Coolant:
Inner hex can, °F 313.4 302. 4
Bypass, °F 36.8
Mixed Mean Outlet Temperature:
°F 1,013.0 234.0
°C 545,0 501.0

aIncluding bypass sodium for J-37-A subassembly.
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Table 10. Fuel Pin Thermal Analysis Start of Life
Coolant Total gﬁggg?ﬁ; Coolant
Pin Flow Heat Outlet
ot 1 L . . Wall B
Position Rate Production o . Temperature
(1b/br) (seufor)  SPEEMNEcr) e0)
/ (°F) c)
1 687 49,312 1,02¢ 552 936 502
2 638 48,668 1,037 558 951 511
3 638 48,032 1,032 556 948 509
[ 687 50,267 1,032 556 241 505
5 638 48,668 1,037 558 951 510
6 384 48,009 1,182 043 1,114 601
7 384 49,069 1,200 649 1,123 606
8 384 48,401 1,193 645 1,117 603
9 638 48,880 1,038 559 952 511
10 638 48,032 1,198 648 948 509
11 384 49,069 1,200 649 1,123 £06
12 384 48,401 1,193 645 1,117 603
13 384 48,856 1,198 648 1,121 605
14 384 48,168 1,191 644 1,115 602
15 638 46,368 1,021 549 939 504
16 687 49,100 1,024 551 935 502
17 384 48,401 1,193 645 1,117 603
18 384 48,856 1,198 648 1,121 605
1@ 384 48,168 1,121 644 1,115 602
20 384 46, 344 1,172 633 1,099 593
21 384 45 644 1,165 629 1,093 589
22 687 46,037 1,004 540 920 493
23 638 28,880 1,038 559 952 511
24 384 47,065 1,179 637 1,106 597
25 384 LE 344, 1,172 633 1,099 593
& 384 45,644 1,165 629 1,093 589
27 384 46,005 1,169 €32 1,096 591
28 €38 Ld 226 1,00¢e 541 o928 498
29 638 46,368 1,021 549 939 504
30 38/ L5 644, 1,165 €29 1,093 589
31 384 46,005 1,169 €32 1,09 591
32 284 42,202 1,153 621 1,081 583
33 38 47,089 1,026 552 943 506
34 687 46,037 1,004 540 920 493
35 638 A, 226 1,006 541 228 498
3¢ 638 47,089 1,026 552 943 506
37 687 42,825 o83 528 905 485
TOTAL 19,083 1,748,392




Fuel Pin Stress and Strain Analysis

The fuel pin cladding stress is the net result of a variety of
conditions. A stress component can result from mechanical interaction
between the fuel and the cladding, initially as a result of differential
thermal expansion and at high enough burnup levels as a result of fuel
swelling. The principal sources of stress during most of the fuel pin
life are the net result of the radial temperature gradient in the
cladding and the internal pressure from sorbed gases, moisture, fill
gas, and fission-product gases. Finally, a stress component may result
from radial differences in cladding volume changes because of fast
neutron damage in the temperature gradients across the cladding. In
evaluating the performance of these pins we made two analyses.

The preliminary analysis was a simplified analysis in which we
assumed the as-fabricated fuel porosity plus cladding volume changes
during irradiation would provide space to accommodate all fuel swelling;
gso no fuel-cladding mechanical interaction would oceur after the initial
startup. In this analysis we also assumed a constant fission rate
during the life of the experiment which results in an overestimation of
the fisslon-gas production. Further, our cbservations to date on
Sphere~Pac fuel irradiation tests have indicated negligible fuel-cladding
chemical interaction at temperatures up to 590°C and burnup levels up to
59 FIMA, 21,2 Therefore, we made no allowance for fuel~cladding chemical
interaction. The results of this analysis, which were used in the sub-
sequent subassembly thermal performance analysis, are given in Appendix A.

A revised analysis was made at the request of the EBR-II Project
following the review of our preliminary data package. This revised
analysis includes the amount of fuel-cladding chemical interactions
specified in Revision 4 of the Guide, fuel swelling to aifect fuel-
cladding mechanical interaction, and flux enhanced creep of the stain-
less steel cladding. This revised analysis is discussed in the subsequent

sections.
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Fuel-Cladding Mechanical Interaction

The stress which might derive from mechanical interaction between
the fuel and the cladding has been examined in two ways:

1. The FMJDEL code’®* was used to examine the start-of-life
interaction as a result of differential thermal expansion. To make this
analysis we chose the pin in position /7 of the array. This is a Sphere-
Pac pin; the fuel-to~cladding gap is zero, which is the worst condition
for this analysis. Bince the initial startup rate of the reactor is
unknown, we chose to bring the pin to a full operating power peak of
14 KW/ft in four steps of 257 each, holding the power at each level for
24 hr before stepping to the next level. In addition, we assumed
restructuring to occur as a function of temperature to 98% of theoretical
for fuel above 1800°C, to 927 of theoretical for fuel between 1450 and
1800°C with no change in density for fuel at temperatures below 1450°C.
Further restructuring as a function of time at temperature was allowed
in accordance with the "hot-pressing" densification rates built into
the code.

The maximum density allowed by this process is 9879 of theoretical;
this was further restricted so that fuel between 1450 and 1850°C could
not have less than ¢% porosity, or fuel at temperatures less than 1450°C
could not have less than 10% porosity.

The cladding mechanical property data used in these calculations

are from a recent compilation.’?

Table 11 summarizes those properties
pertinent to this evaluation. The thermal and flux enhanced creep
formulas used in the FM¢DEL code are presented in Appendix A.

The results of these calculations are shown graphically in Fig. 10.
From these calculations it is apparent that any mechanical interaction
stress between the fuel and cladding as a result of differential thermal
expansion is gone after approximately 8 days (5 days at the full power
level).

2. The effects of fuel swelling on fuel-cladding mechanical inter-
action were calculated with the FMPDEL code. To define fuel swelling
it 1s necessary to input additional parameters. These parameters are:

(a) Solid fission product swelling, 0.32%9 AV/V per ¢ FIMA,
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Table 11. Cladding Mechanical Property Data”
Coefficient
T tiar Elastic Shear Temperature of Temperature Yield
em?sﬁ?lee Modulus Modulus ?ocj Thermal ?OC>J Stress
g (psi) (psi) : Expansion (psi)
(in. /in.=°C)
% 108 % 1074
24 0.283 0.113 x 108 100 0.1602 427 23,180
b
149 0.272 0.108 x 10° 300 0.1620 482 22,530
260 0.264 0.102 x 108 500 0.1746 538 21,810
371 0.256 0.960 x 107 600 0.1854 593 21,060
482 0.238 0.910 x 107 800 0,1998 649 20,300
593 0.225 0.850 x 107 704 19,000
2
704 0.210 0,800 x 107
816 0.186 0.750 x 107

a . .
‘See Appendix A for creep formula and constants.

ORN{~DWSG 70-14844
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(b) Fission-gas release rates as a function of temperature in

the fuel,

Temperature, °C Gas Release, %
> 1800 98

< 1800 > 1450 50

< 1450 30

The fuel densification limits used for this analysis were the same as
those described under the preceding Ttem 1. Since the final amount of
fuel swelling is included in the total stress~strain analysis presented

later, no separate tabulation of the results is presented here.

Thermal Gradient and Internal Gas Pressure

The thermal gradient across the cladding varies with power produc-
tion and coolant temperatures along the length of each pin. This radial
temperature gradient in the cladding is a primary source of stress. From
our heat transfer analysis this temperature differential in the peak heat
rate locations for the pinsg is 45 + 1°C.

A second source of stress is that produced from gas pressure in the
pin. This pressure is the result of expansion of the sorbed gases,
moisture, helium and xenon tag gas sealed in the pin, plus the gradual
accumulation of fission-product gases, and is affected by the burnup
rate, the total burnup, plenum volume, and the plenum temperature. To
obtain the values of internal gas pressure for each of the pins, we have
made the following conservatlve assumptions:

1. For the revised stress analysis we took into account the
effects of fissile element depletion with its effect on decreasing the
rate of fission-product gas production.

2. One hundred percent of the fission~product gases are released.

3. We assumed that there was no available volume in the fuel,
leaving only the plenum volume to accommodate the gas.

4. For the revised analysis we calculated the initial gas content
by adding the amount of sorbed gases, including moisture, to the mea-
sured volume of helium and xenon added to each pin. This gas content
contribution was assumed to remain constant throughout the test. The

plenum volume for each pin was derived from the fabrication data.
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Using these assumptions and the gas plenum temperatures calculated
oy the MAMU code, we have obtained the beginning and end-of-life gas
pressures for each of the pins. These are listed in Table 12, together
with the gas pressures used in the preliminary analysis.

Sample calculations are presented In Appendix A, together with a
table (A-5) showing the change in gas pressure as a function of burnup
for the pin with the highest pressure throughout the entire planned

irradiation period.

Cladding Damage Effects

The BEBR-I1I Guide, on p. 7 of the Guide, requires the inclusion of

a stainless steel sodium corrosion allowance in making stress analysis
as well as an allowance for defects, fuel-cladding interaction, and
fabrication tolerances. The FMJDEL code will not currently permit such
gradual changes in wall thickness. Therefore, we simulated these condi«
tions by reducing the wall thickness of the cladding at the start of
irradiation and maintaining all other conditions constant. This approach
is recognizably overly conservative. To obtain the reduced wall thick-
ness, we used the following assumptions:
1. Dbased on the recommended corrosion curve (p. 8 of the Guide) at our

peak cladding outer surface temperature of ©617°C, the corrosion

rate is 0.45 wil/year. Thus, for 600 effective full power days of

operating the wall reduction is:

600
5 (&) - 0,74 mil = 74 in.
0.45 365> 0,74 mil = 0.0007 in.,

2. reduction of 0,001 in. for fabrication tolerance,
3. reduction of 0.001 in. for nondetected flaws, because tubing with
defects in excess of a standard notch of 0.001 in. deep by 0.030 in.

long was rejected and not used for cladding,

~
:

fuel~cladding chemical interaction — we used the recommended EBR-II
reaction rate formula to obtain a maximum loss of wall thickness by

calculating it for the highest inner surface temperature as follows:

thickness loss in mils /% FIMA

i

0.00125 [T(°C) — 370]
0.00125 {649 — 370)
0.349 mil/4 FIMA .

it

i



Table i2. TInternal Gas Pressures in Each Pin at Operating Temperatures

Seax Target Cas Internal Gas Pressure, psi
S ivassembly Linear Average Pleaum .
. Eeat Initial Fingl
Location Rate /Burnup‘ ,Temperature ) — — — "
e /54 7 FIMA (°c) °K) Prelimirary  Revised Preliminary Revised
1 13.7¢ L 504 777 53 23 250 740
2 13.5¢% 11.3 512 785 54 g8 1440 1150
3 13.40 R 510 783 54 93 640 600
4 14,04 10,4 505 778 53 84 1480 1130
5 13.94 113 512 785 54 94 1440 1040
£ 13.40 11.1 603 76 60 75 1590 1200
7 13.70 10, ¢ 607 880 &0 104 163C 1300
2 13.51 7.3 604 877 60 60 1050 750
E 13.64 6.3 513 786 54 82 1450 1200
16 13.40 5.3 510 783 54 86 640 580
11 12,70 10,9 a0 280 Al 99 163C 112¢
12 13.51 5.1 604 877 60 105 720 590
i3 13.64 5.1 607 880 60 95 730 540
14 13.44 7.1 603 876 60 94 1040 250
i5 12.92 7.0 506 779 53 88 890 £70
16 13.70 10.9 504 777 53 92 1440 1140
17 13.5% 7.3 604 877 60 99 1050 780
18 13. 64 10.6 607 880 60 100 1620 1100
19 13.62 7.1 603 87¢ 60 ol 10690 860
20 12.92 7.0 595 868 59 50 990 710
21 12.72 4.8 591 864 59 77 670 590
22 12.82 4.8 495 768 53 66 600 506
23 13.64 10.6 513 784 54 g5 1420 11CC
24 13.12 16,5 598 B71 60 60 1540 1040
25 12.92 7.0 595 368 59 104 99C 760
26 12.72 4.8 591 864 59 28 670 540
27 i2.82 4.8 593 266 59 93 070 590
28 i2.30 9.9 499 772 3 60 1280 87C
29 12.92 7.0 506 779 53 93 8390 680
30 12.72 4.8 591 864 59 60 670 510
31 12.82 4.8 593 869 59 103 670 610
32 12.3C 9.9 584 857 59 96 1420 970
33 13.12 4.6 508 781 53 77 ©20 580
34 12.82 4.7 495 768 53 81 770 570
35 12,50 G, 459 772 53 92 1280 W20
3¢ 13. 2.7 508 781 53 73 1380

3% 11,20 5 487 760 5z 86 1220

03
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The total loss in wall thickness for the pin in position 7 at an
average burnup of 10.9% FIMA then calculates to 3.81 mils or
0.00381 in.

In order to retalin the effects of fuel-cladding mechanical inter-
action during power changes and as fuel swelling cccurs, we retalned the
initial cladding inner radius and reduced the 00,0165 in. average wall
thickness to 0.00995 in. by decreasing the cladding outer diameter to
0.2379 in.

Revised Stress-Strain Analysis

The revised stress-strain snalysis calculations were made with the
FMZDEL code and, therefore, include the effects of fuel-cladding mechan-
ical interaction, flux enhanced creep, and the effects of fast Tlux
exposure on cladding density changes. The code also predicts fisgion-
gas release as a function of fuel temperature and burnup. Since these
predictions are generally in agreement with experimental results and
less than 100%, we used a version in which the gas pressure in the plenum
calculated for 1009 release was input for discrete time intervals. The
code uses a linear extrapolation of pressure for the time increments
between these intervals. Simultaneously, the calculated gas release
fractions for various fuel temperatures were retained in the section of
the code calculating the fuel swelling.

The actual cyeclic conditions used are listed in Table 13, The
incremental times were altered from our preliminary calculations to
sgve computer time. Cycles 1 and 6 were extended from instantaneous to
3 hr to more nearly represent the rate of bringing the EBR~II to power.
The ends of cycles 4, &, and 10 roughly approximate the irradiation
increments proposed for this test series.

We evaluated three axial increments for the pin in subassembly
position 7. The results of these analyses are presented in Table 14.

The results of these calculations are quite comparable with the
preliminary analysis reported in Table A-8 in Appendix A. The prelim-
inary analysis indicates a greater overall dimensional change for the
peak heat rate and top of the fuel column, while the revised analysis

shows a greater predicted dimensional change for the bottom of the pin.
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Table 13. FMJDEL Incremental Conditions for Revised Analysis

Pin 7 Plenum Conditions

Interval , .
. Reactor Power .
Cycle Time Temperature Pressure, psi
(uz) revel (°¢)
Initial Final
1 3 Zero to full 607 15 104
2 2400 Full 607 104 3477
3 2400 Full 607 347 70
4 1200 Full 607 570 674
5 480 Zero 371 674 .04,
& 3 Zero to full 6Q7 494 674,
7 2400 Full 607 674 872
g 1200 Full 607 g72 265
2400 all 607 965 1140
10 2400 Full 607 1140 1301
11 1200 Full 25 1301 410

These differences are the result of the higher internal gas pressure
effect at high cladding temperatures while irradiation creep of the
cladding predominates at the cooler temperatures at the bottom of the

pin.

Effect of Increased Diameter of Pins on Coolant Flow
and Subassembly Thermal Analysis

The actual dimensional profile of each pin as a function of axial
location will be a complex interrelation of cladding swelling and plastic
deformation. Because of the uncertainties associated with both of these
caleculations and the varied history of the different pins in the subas-
sembly abt the end of life, we chose to make a very conservative assump-
tion for the calculation of end-of-life coolant flow and temperastures.

We have assumed a uniform 100% of the maximum calculated diameter change
without any corrosion allowance along the full length of each pin. In
addition, we have reduced the fission heat rate by only 10% although the

reduction in fissile inventory will be in excess of 137.



Table 14. Pin 7 — Stress-Strain Deformation Analysis with
Allowances for Fabrication and Corrosion Effects

. End of Cyele Inner Surface Quter | End of Life
- . Stary of Cycle
Cycle Axial - 8 . wrfac G 3 hange iz N
Number Location Lirear Heat Rate Eurnup - ’(ue‘l S(;ret\a R%duils Ssifrf;: gl.aiitng CD?;:fterq P‘l‘astfcc
(W /24) (4 rom)  Snelin (bt v (ps1) it (%) e
‘ ’ (% 2WNV) \BSL, (% av /) LR (%;
1 Bottom of 11,1 0.0 0.0 29,1908 0.2606 48,9008
2 fuel 1.1 2.0 0.03 —9,054 0.2806 14,930
3 10.8 3.9 0.20 -9,789 0.2811 20, 564
4 10.5 4,84 0.33 —11,380 0.2814 21,230
5 0.0 4. 84 0.33 770 0.281% 16,090
6 0.0 4.4 0.33 —14,170 0.2814 23,160
7 10.4 6.69 0.69 19,700 0.2823 34,140
8 0.2 7.59 0.9 -15,670 0.2828 24,130
9 10.1 9.39 1.53 —18,070 0.2839 31,370
10 9.9 il.14 2.58 -18,450 0.2852 34,120
11 0.C 11.14 2.58 -12,940 0.2831 24,520 1.38 2.18 C. 003
1 Peak heat 13.8 0.0 0.0 1,990%  0.279 21,620%
2 rate 13.8 2.37 0.37 —7,220 G.2801 13,330
3 13.5 466 .83 -1,350 0.2813 1,810
4 13.2 5.77 1,14 1,960 0.2819 10,930
5 G.C 5.77 1,14 16,620 0.2809 —3,060
6 0.C 5.7 1.15 810 0. 2814 13,220
7 13.0 7.99 1.83 4,830 0.2834 14,520
g 12.7 9,08 2.24 8,810 0. 2844 13,150
9 12.6 1.21 3.47 15,870 0. 2865 11,290
10 12.4 13.30 4.78 20,350 0.2889 10,070
11 0.0 13.36 4,78 27,900 C. 2862 12,000 3,22 3.24 0. 0C08
1 Top of fuel 10.4 2.0 0.9 72,2608 0.2798 81,460°
2 10.4 1.84 0.05 —%,350 0.2805 9,940
3 0.2 3.60 C.25 2,370 0.2815 7,54C
4 9,9 4,46 0.37 5,920 0. 2817 6,520
5 0.0 4,46 0.37 16,630 0, 2798 -4, 900
6 0.0 446 0.37 9,480 0.2813 2,360
7 9.8 6.17 0.68 2,500 0.2827 6,150
8 9.6 7.00 0.87 9,940 0.2831 7,400
9 9.5 8.¢4 1.40 10,900 0.2842 11,620
10 9.3 1C. 26 2.22 12,240 0.2855 14,740
1L 0.0 1G.26 2.22 23,780 0. 2818 4,850 1.49 1.74 0.0018

ar, . - . s . . L . . . - . s s . .
The stress values are Tor tangential stress in the increment adjacent to the surface identified. Positive values are tensile, and negative
values are compressive. The cladding thickness was divided into five radial increments for this analysis,

YAt room temperature the outer surface radii weare assumed to have been decreased by 0.00655 in. to account for fuel-cladding and Na-cladding
interactions plus mecnacical flaws, 'Therefore, the ficuizicus radii are not included in this table.

CPhe plastic strain is the calculated total creep strain including second-stage thermal creep and a flux-ennanced creep based on the
proposal of T. T, Claudscn, BNWL-5a-328B.

Umhe start of 1ife stresses are the result of differential thermal expansion in the fuel and cladding. Since the FMPDEL code is written for
pellet fuels with radial gaps between the fuel and tledding, the use with Sphere-Pac Tuels and no gap will give erratic start of 1ife stresses.
A very smallamount of priwmary creep not included in the present code will relieve thess stresses,

—
K

e
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Calculations of the effect of the @iameter change on coolant flow

are summarized in Table 15.

Table 15. Comparison of Start-of-Life Coolant Flow
Rates with End-of-Iife Flow Rates

Start of Life End of Life

o d

Pin Flow Area Flow Rate Flow Avea  Flow Rate -iooiotSts B
Location per Pin per Pin per Pin per Pina Ares Flow

(in.?) (1b /nr)? (in.?) (1b /or)

Corner 0.0369 687.3 0.0330 595.0 10.5 13.4
Fdge 0.0333 638.0 0.0295 5443 11.4 14.7
Center 0.0225 384 .4 0. 0186 304.7 17.3 27.0

a, . N o
Based on a mean sodium coolant temperature of 211°F.

Although only certain pins are currently scheduled for irradiation
to the maximum burnup level, there is a significant probability that the
results of interim examinations may alter the choice of which pins.
Therefore, we used the MAMU code to calculate the end-of-life thermal
conditions for each location in the subassembly. The results of these
calculations are summarized in Table 16.

In Table 17 we have summarized the subassembly conditions for the
hypothetical case where all pians are taken to full burnup. In this
case the mixed mean outlet coolant temperature for an N-37 subassembly
would have reached 1C58°F or 11°F above the permissible temperabure of
1047°F for a 6-N3 position listed in Table C-VIIL, p. C-50 of the Cuide.
This is a very conservative estimate.

Since these caleulations are all based on extremely conservative
assumptions, we would propose that no orifice change be made for the
second N-37 siubassembly loading. Further, we propose to use the results
of the interim examination at the time of fabricating the second sub-
assembly together with all available data from other experiments avail-
able at that time to evaluvate mere precisely the end-of-life conditions
and define the orificing requirements for the third subassembly. Similar

adjustments to a J-37-A internal orificing may be made for the third



Table 16. Fuel Pin Thermal Analysis, End of Life
Pin Fuel Smear Coolant Total Maximum Cladding Coolant Extra
Location in Density Flow Heat Inner Surface Outlet Thermal a
Gubassembl % of Rate Produqtion Temperature Temperature Expansion
¥ theoretical) (lb/hr)  (Btu/hr) (°F) °e) (°F) (°c)  (in. x1073)
1 80 595 44,518 1,026 552 946 508 Negative
2 80 544 43,937 1,042 561 966 519 Negative
3 80 544 43,365 1,037 558 962 517 Negative
4 85 595 45,376 1,033 556 251 511 Negative
5 80 544, 43,937 1,042 561 966 519  Negative
6 80 305 43,341 1,237 669 1,171 633 0.1
7 a3 305 44,295 1,249 676 1,189 638 0.1
8 a3 305 43,694 1,241 672 1,175 635 0.1
9 85 544 44,128 1,043 562 967 519 Negative
10 80 544, 43,365 1,037 558 262 517 Negative
11 83 305 44,295 1,249 676 1,181 638 .1
12 83 305 43,694 1,241 672 1,175 635 0.1
13 85 305 44,104 1,246 674 1,179 637 0.1
14 5 305 43,485 1,238 670 1,173 634 0.1
15 83 544 41,867 1,026 552 953 512 Negative
16 83 595 44,327 1,025 552 945 507 Negative
17 83 305 43,694 1,241 672 1,175 635 0.1
18 85 305 44,104 1,246 674 1,179 €37 0.1
19 85 305 43,485 1,238 670 1,173 634 0.1
20 83 305 41,844 1,218 659 1,155 624 0.1
21 83 305 41,214 1,210 654 1,148 620 0.1
22 5 525 41,570 1,005 540 930 499 Negative
23 85 544 44,128 1,043 562 967 519 Negative
/, 83 305 42,492 1,226 663 1,162 628 0.1
25 83 305 41,844 1,218 650 1,155 624 0.1
26 83 305 41,214 1,210 654 1,148 620 0,1
27 85 305 41,538 1,214 657 1,151 622 0.1
28 83 Sty 392,939 1,011 524 941 505 Negative
29 83 544 41,867 1,026 552 953 512 Negative
30 83 305 51,214 1,210 €54 1,148 620 0.1
31 85 305 41,538 1,214 657 1,151 622 0.1
32 83 305 39,916 1,194 646 1,134 612 0.1
33 20 S5bée 42,516 1,031 555 957 514 Negative
34 85 595 41,570 1,005 541 930 499 Uegative
35 83 544 39,939 1,011 544, 941 505 Negative
36 20 54y 42,516 1,031 555 957 514 Negative
37 g3 595 38,679 984 529 914 490 Negative
TOTAL 15,434 1,662,279

®The extra thermal expansion denotes the increase in cladding diameter due to the change in

tenperature from begimming-of-life to end-of-life conditions.



Table 17. Subassembly Thermal Performance, End of Life

Subassembly Type

Characteristics
N-37 J-37-A
Coolant Flow Rate:
Inner hex can, 1b/hr of 800°F Na 15,891 15,891
Bypass, 1lb/hr of 800°F Na 7,665
TOTAL, 1b/hr of 800°F Na 15,891 23,556
TOTAL, gpm at 800°F 36,4 54.5
Total Heat Generated:
Pins and sodium, Btu/gr 1,662,300 1,662,300
Subassembly hardware, Btu/hr 64,000 74.,3C0
TOTAL, Btu/hr 1,726,300 1,736,600
emperature Rise:
Inner hex can, °F 358 345
Bypass, °F 32
Mixed Mean Outlet Temperature:
°F 1,058 9473
°C 570 506

aIncluding bypass sodium for J-37-A subassembly.

subassembly to level test conditions, even though the worst case is

well within the EBR~IT coolant outlet temperature limitations.

Effect of Increased Pin Diameters on Subassembly Dimensions

The effects of increasing pin diamelers on the subassembly dimen-
sions must be considered in two ways: (1) mechanical interaction during
irradiation, and {2) changes in subassembly hardware at each interim
examination.

During irradiation of any subassembly the increased diameter of
each of the pins will result in a gross dimensional change in the pin
bundle periphery dimensions which vary as a function of axial loeation.
Since these dimensional changes are predominantly the result of cladding

and wire wrap density changes as a function of fluence and the subassembl
Yy
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hardware is subjected to the same fluence at each of the axial locations,
the change in relative dimensions across flats for the pin bundle and
the subassembly inner can will be essentially zeroc. In fact, because of
the temperature of the inner can (generally close to 500°C), the initial
as-fabricated clearance between the inner can and the pin bundle may
increase slightly.

However, it may be necessary to alter the dimensions of the inner
can for the second and third subassemblies to provide assembly cleararnce
for the irradiated pins. On the basis of our dimensional analysis, the
inner hex-can distance across flats will have to be increased by 0.020 in.
to 1.866 in. nominal for the second subasserbly. This will reduce the
effects of pin swelling on coolant flow described in the previous sec-
tion. It is possible that a further increase in the Inner hex can flat-
to-flat dimension by 0,010 in. may be required for the third subassembly;
but this is unlikely and can only be determined when the results of the

interim examination of the first subassembly are available.

SAFETY ANALYSIS
Operation at 110% of Normal Heat Rate

An increase of 10% in the stheady-state heat rate of all the pins
in this subassembly will have a negligible effect on fuel restructuring
with the maximum fuel center temperature increasing from 2300 to 2420°C.
No axial fuel movement is expected, and the effect of the increased peak
cladding temperatures (1140 to 1120°F) on sodium cladding reactions is
likewise negligible,

The effect on fuel-cladding reactions is more nebulous. One of the
secondary ovbjectives of this test series is to obtain more information
on fuel-cladding interactions at cladding temperatures above 600°C.
There have been tests in which reactions up to 0,005 in. at 750°C have
been reported.’® These reactions were with fuel having a reported
initial oxygen-to~-metal ratio of 2.00, and lowering the ratio should
lower the fuel-cladding reaction rate. The reaction rate with our

hypostoichiometric fuel is uncertain. In view of these uncertainties
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and the fact that we have used a conservative approach in making our
stress-strain analysis, we feel the possibility of a 10% overpower
operation will not jeopardize the integrity of these pins because of
fuel-cladding interaction.

The very remote possibility of a 10% greater dburnup for the maximum
burnup pins will increase the swelling of the fuel and vary the swelling
of the cladding. The higher fuel temperatures would increase the plas-
ticity of the fuel and increase the actual fission-gas release. This
would improve the utilization of available porosity to reduce the rate
of fuel swelling. Even without the increase in volume provided by the
stainless steel void swelling effect on the cladding dimensions, which
will be less according to the current formulations as the cladding tem-
peratures go farther above the 550°C peak swelling temperature, there
should still be adequate void volume to accommodate the fuel swelling
without serious mechanical interaction with the cladding.

The effect of changes in swelling of the cladding on coolant annuli
will bte negligible because of similar changes in the fluence~-temperature
effects on the swelling of the inner hex can.

The mechanical properties of the cladding will experience a range
of property changes because of the increased range in temperatures. The
higher temperatures are expected to decrease the effects of irradiation
on both yield strength and ductility, thus making our assumptions of

unirradiated properties more valid.

Abnormal Operations

Power Excursions

Nuclear Excursion in a Core at Zero Power. — Acting on instructions
37

from the EBR-II Experiments Manager, we have not considered Case 1 in
Appendix E of the Guide.

Accidental Insertion of a Control Rod in a Core at Normal Power. ~—

-

Case 2 of Appendix E of the Guide defines the transient. In analyzing
this case, we chose to analyze the peak heat rate pin in position 7 of

the subassembly. We further assumed that the accident occurred after
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172 hr of full power operation so that there would be a gas plenum
pressure of 130 psi absolute inside the pin.

The thermal analysis was done by a series of steady-state analyses
using the MAMU code. This 1s conservative since the actual coolant
temperatures during the transient will be less than the steady-state
temperatures. The resulting maximum temperatures at various times
during the transient are listed in Table 18 and shown graphically in

Fig. 11.

Table 18. Nuclear Excursion Subassembly Thermal Analysis
for Pin in Position 7

Maximum Cladding

. Reactor . ] o Coolant Outlet
Time a Surface Temperature, °C o
(sec) Power Temperature
’ (%) Inner Outer (°c) (°F)
0 100 650 616 604 1120
5 101.9 654 621 610 1130
10 104.2 660 627 616 1140
15 107.1 668 635 621 1150
20 110.5 677 743 632 1170
25 115.0 688 654 643 1190
30 119.7 704 666 652 1205
35 125.0 718 679 666 1230
40 130.4 732 693 677 1250
45 136. 4 749 710 693 1280

a. - .
Based on a reactor power level of 62.5 MJ as 100%.

The stress analysis for this case was made by using the MAMU tempera-
tures and calculated by the FMPDEL code for three O.5-in.-long axial
locations, the bottom of the fuel column, the peak heat rate section,
and the top of the fuel column. The critical values resulting from
these calculations are listed in Table 19.

Three failure criterla can be assumed:

1. cladding temperatures reach the melting point,
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Fig. 11. Partial Thermal Analysis of Power Transient on Pin in
Subassembly Position 7.

2. cladding tangential stresses exceed the ultimate strength of the
material, or

3. sufficient fuel melting occurs to provide a serious threat to pin
integrity. UFor this case, we believe the unirradiated fuel tests
in TREAT>S Jjustify the assumption that less than 50 vol % melting
is below the transient failure threshold,

Based on our analysis and the results given in Tables 18 and 19,
none of these failure criteria are met provided the power transieat is
terminated within 4° sec. The maximum cladding temperature is only
749°C (1380°F), well below the melting point of 1380°C (2520°F). The
cladding tangential stresses at the outer surface are high, but the mean
wall stress is below the ultimate strength of the material. Finally,
the volume of fuel melting is calculated to be 45% of the volume, which
is below the failure criterion but would obviously exceed this criterion
if the transient was allowed to continue beyond the 45 sec that we have

analyzed.



Table 19. Nuclear Excursion Analysis for Three Axial ILocations on a
Pin in Subassenbly Position 7

) Gas Bottom of Fuel Peak Heat Rate Position Top of Fuel

Time RfaCtoé Plenum  Fuel Center Fuel Cladding Tangential Fuel Center Fuel Cladding Tangential Fuel Center Fuel Cladding Tangential

(sec) govfr Pressure Temperature leiting Surface Stress, psi Temperature Melting Surface Stress, psi Temgergture Melting Surface Stresg, psi

‘st “c) fvol ) inner Quter Y {vol #) Inner Outer e {vol & inner Outer
0 100 131 1930 i —15,700 1¢,200 2170 o —18,800 18,650 195G & ~12,6CC 12,600
5 101w 132 1940 o] -10,300 21,703 2220 o] -16,000 21,800 1390 o] -11,8G0 13,900
10 14,2 132 1920 o] ~1,300 30,100 2270 G -11,200 26,200 2040 8! ~13,400 15,800
15 107.1 134 2050 z 3,100 34,900 2340 G k ~3,80C 32,700 2100 o =7,200 12,100
2C 110.4 135 2120 0 6,800 39,10C 2420 0 1,200 40,200 2170 0 -1,GC0 25,200
25 115.90 13¢ 2210 0 7,200 40,3C0 2530 c 4,000 44,200 2260 o 2,30C 28,900
20 119.7 128 2310 a 7,300 42,400 2650 Q0 4 ,9C0 46,700 2360 0 2,100 390,50C
35 125.0 140 2420 Q 5,000 44,000 2780 0 4,900 48,600 2470 0 4,300 32,500
43 130.4 142 2340 0 8,200 45,600 Molten 14 4,600 50,000 2580 0 4,500 33,5600
45 136, 4 144 2660 c 8,600 47,400 Molten &5 4,800 51,500 2710 0 4,600 34,400

& . . . -
Based on a reactor power of 62.5 MY as 10C%.
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Loss-of~-Coolant Flow Operation

To investigate the effects of a loss~of=-coolant pump power with
imnmediate scram of the reactor, we again made a series of thermal
analysis calculations using the MAMJ code and assuming steady-state
operation at fixed time increments during the event (Figs. E-3 and E-4
of the Guide). We did these calculations for the pin located in sub-
assembly position 7, the peak heat rate pin with the minimum coolant
flow. We assumed this occurred during the initial startup of the
reactor following introduction of the pin; no fuel restructuring was
considered. The latter assumption raises the fuel center temperatures

to the maximum. The results of these calculations are summarized in

Table 20 and shown graphically in Fig. 12.

Table 20. Loss-of-Coolant Flow Accldent Pin in Subassemblya Position 7

Time Flow R;i;ggr MaXlﬁiiﬂgiifdln% Cigiir i;ﬁiﬁif

(sec) (%) (%) Temperature, °C Tempfﬁature ?e@peratgfe
Inner Outer (=c) (=c) (°F)
0 100 100 650 616 2340 502, 1120
1 1060 ez 438 429 680 427 g00
10 47 15 451 446G 590 L5 833
20 23.5 11 483 202 570 479 895
30 15 8.9 511 508 585 509 948
40 10.5 7.5 537 535 cQ0 537 998
50 7.5 .6 576 575 630 575 1067
60 5.3 6.0 634 633 685 33 1172
70 4.0 5. 684 684 730 684 1264
75 3.6 5,0 593 693 735 093 1279
g0 3.4 4l 9 706 706 750 705 1301
a0 3.2 4.5 27 697 730 697 1287
100 3.0 4.2 6I6 696 720 626 1284

#Full flow = 384.25 1b/hr; sodium heat capacity - 0.306 at 750°F;
sodium density = 53.3 1b/ft”° or 0.8538 g/em’.
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Fig. 12. TPartial Thermal Analysis of ILoss-of-Coolant Flow on Pin
in Subassembly Position 7.

Because of the immediate scram of the reactor, all fuel temperstures
are well below the normal operating temperatures, and the thermal gradi-
ents in the cladding and fuel rapidly approach near zero values. The
only significant temperature differences occur in the cladding tempera-
tures and coolant outlet temperatures. These two temperatures, after an
initial drop, will rise above the normal steady-state operating condi-
tions to peaks approximately 80 sec after the loss of pump power. The
peak cladding and coolant outlet temperatures will be approximately
1300°F (700°C). Since there is essentially no thermal gradient stress
in the c¢ladding at this time and the internal gas pressure will only
rise 10% above normal, because of the increased plenum temperature, the
effective stress in the cladding will be well below that under normal

steady-state operation.
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Cladding Failure

Gas Blanketing

The failure of the cladding on one pin in the subassembly will
release its gas to the coolant and cause a temporary deterioration of
the heat transfer characteristics of the subassenbly. The extent of the
heat transfer deterioration and the length of time that such a tempera-
ture transient will endure depends on the nature and location of the
cladding failure together with the burnup level at the time of failure.

We have chosen to analyze two cases of fallure similar to those

29 We have used the HEATING code’® to analyze the

selected by others.
temperature transients. In making these analyses we have assumed that
the Tailure occurs at the boLtom of the fuel pin and at the peak burnup
level when the fission-product gas accumulation is maximum. In both
cases we have assumed that the gas escapes at a rate defined by the flow
area of sodium displaced with the gas bubble moving at a velocity equiv~
alent to the sodium flow before failure. The gas~-blanketed flow channels
were defined as shown in Fig. 13. In Case A the gas blanket is distrib-
uted to all coolant channels surrounding the failed pin, while in Case B
the gas blanket is restricted by the wire wrap to one-third of the
available channels. Figures 14 and 15 show the maximum calculated fuel
and cladding temperatures as a function of time for Cases A and B,
respectively. As can be seen in Fig. 14, no fuel melting is anticipated
for Case A. The calculated volume percentage of molten fuel for Case B
as a Tunction of time is given in Table 21. These values are only
approximate since only radial heat flow was assumed in the analysis and
the actual molten volume would be significantly less because of tangen-
tial heat flow to the two-thirds of the fuel still having full coolant
flow in the unblanketed channels.

These calculations were made with the assumption that the gas
blanket was a perfect insulator so that no cooling was available to the
cladding covered by the gas during the time the gas was escaping. This
assumption is undoubtedly too pessimistic but even so in Case A, where
the entire pin is blanketed for 1.49 sec, only incipient melting of the

cladding at the highest heat rate location of the pin is indicated, and
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(4.47 sec duration)

Time After Maximum Volume
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the partially cooled adjacent pins should survive the less severe
localized temperature transient without failure.

If the gas is trapped in the restricted channel defined in Case B,
cladding melting will cccur on the failed pin and failure of the adja-
cent pins is probable. However, since the gas escaping from these pins
would also be trapped in the same coolant annuli, additional failures

beyond the adjacent pins are highly unlikely.

Solid Debris Plow Blockage

The possible effects on coolant flow blockage by solid or molten
material from a failed pin are, to a large extent, dependent on whether
or not the material can become lodged in the subassembly and the effec-
tive reduction in coolant flow from such blockage.

Brook*! did an extensive analysis of the effects of flow blockage
on PFR fuel subassemblies. The agreement between Brook's analysis and
our calculations for the gas release Case A is excellent. Therefore,
we Teel the use of his analysis is a valid analogy for this subasserbly.
From Brook's analysis, blockage of a single flow channel would not cause
severe damage; but complete blockage of six to eight flow channels would
initiate boiling in the stagnant coolant and melting of the pins. The
basis of Brook's analysis was that flows of the magnitude of 2 to 4% of
full flow would restrict the temperature rise in the coolant for short
blockages to the point where sodium boiling would not occur and the
cladding temperature at 4% flow would be below the melting point as a
result of heat conduction to adjacent channels. We did not attempt to
duplicate his analysis for our case since such calculations are extremely
sensitive to the assumptions of the length of such blockages, the amount
of interchannel mixing, etc. Fallure debris is more likely to be swept
out of this subassembly with wire wrap spacing than with the grid struc-
ture investigated by Brook. Therefore, we feel the probability of failure
propagation within the subassenbly as a result of debris from a single
fallure is extremely remote.

Iocalized bulging of a fuel pin as a result of the initial failure
would impair the coolant flow in the adjacent channels, but is very

unlikely to lead to a total blockage of even one coolant channel. Thus,
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again citing the analysis of Brook, the continuation of as little as

4% of the initial coolant flow will prevent failure propagation.

Reactor Environment Contamination

We examined the effect of cladding failure of one pin on reactor
coolant and cover gas contamination with the assumption that the failure
occurred in a peak burnup pin with an-initial fuel smear density of 85%
of theoretical. The fission-product inventory was calculated by the
JRIGEN code.“? Because of the probable thermal transient and high
burnup, the assumption of 100% gas release (krypton and xenon) from
this pin to the cover gas volume is probably reasonable. On the other
hand, the assumption that all of the fuel and nongaseous fission~-product
activity is released to the coolant is unreasonable. Nevertheless, usiag
these assumptions, we have plotted both the cover gas and coolant con-
tamination as a function of decay time following the assumed failure in
Fig. 16. It is our considered opinion that the extent of fuel washout
from any failure will be less than 1%; so the actual coolant contamina-
tion will be about 1% of the values given.

The exposure of the Tuel to the primary coolant will probably
result in some additional fuel swelling from sodium~fuel-fission product
interaction. The maximum change in diameter associated with a pin fallure
in which this reaction may have been a contributing factor is 229, as
reported by General Electric*?® (pin F-2-A). This failed fuel pin was in
an eoncapsulated test in the EBR-II with a reported burnup of
71,000 M{d /metric ton. The cladding was type 347 stainless steel
welded and drawn tubing, and the fuel had a reported oxygen-to-metal
ratio of 2.03. The initial failure was reportedly associated with the
tube weld and extended the full length of the fuel. The extent of
reaction with the sodium (approximately 0.020 in.) was approximately
four times the reaction depth seen in another failed pin (F-4=D) where
the fuel oxygen-to-metal ratio was 2.00. Since all of the fuel in this
subassembly has initial oxygen-to-metal ratios less than 2.00, it is
reasonable to assume that the reaction, and therefore the swelling, will
be less than 22% even if the failure occurs at the high burnup levels.

Therefore, sodium-fuel-fission product reactions may increase the extent
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Fig. 16. Reactor Coolant and Cover Gas Contamination Following
Rupture of 85% Smear Density Pin after 600 Effective Full Power Days
of Operation.

of the original fallure but will not lead to additional failurez in
the subassembly.

Should the initial pin failure go undetected or the wrong subassem-
bly be removed after detection of a failure, both highly unlikely since
all pins have an identifying xenon tag, sodium could enter the Tuel pin
during the reactor shutdown period. This condition, sodium logging,
could cause gross rupture of the pin on the subsegquent return to power
and the washout of fuel particles into the coolant stream. Although
this would lead to additional contamination of the primary reactor
coolant, it should not result in failure propagation or damage to the
subassembly hex can. The additional release of contamination will
readily be detected and the subassenbly contalining the failed fuel pin

removed from the reactor.
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Sodium Removal from Failed Pin

The consequences of subJecting the failed fuel element to the
normal sodium removal process will depend on the location and extent of
the failure. Reactions between the fuel and the cleaning agents will be
insignificant. However, reactions between the moist alr or water and
trapped sodium or sodium-fuel-fission product reaction layers are 1o be
expected. Such reactions will undoubtedly lead to contamination of the
inter~-building~coffin and the effluent cleaning gas and liquid. Such
reactions will not significantly add to the failure, but will cause
changes in the cladding reactions and reaction products which will make
determination of the cause of failure more difficult. However, we do
not have a suggestion for an alternate practical cleaning procedure

wnich would eliminate this difficulty.

Subassembly Criticality Analysis

The keff was calculated for this subassembly under the conditions
of water flooding. A number of conservative approximations were used
in making this calculation. The assembly was assumed to be infinite
in length and surrounded by an infinite water reflector. DNo self-
shielding was assumed for 235U and 239Pu, and the 228U resonances were
not shielded. Despite these positive approximations, the calculated
multiplication constant was 0.46, well below the limit of 0.60 set by

safety requirements.

Criteria for Reilnsertion of Pins

Interim examinations of the pins in this subassembly which go to
full burnup are required at the levels of burnup reguested for removal
and replacement of pins defined in this data package. The interim
examination requirements are detailed in the section on Designed Out~-of-
Reactor Services.

When evaluating the dsta on these pins for reinsertion, the following

limitations are to apply:



1. No pin which shows a diameter increase in excess of 1.5% at
250 effective full power days of exposure or 3% at 390 effective full
power days of exposure is to be reinserted. These limits reflect the
primary uncertainties in the swelling calculations as a function of
neutron fluence and temperature and so are larger than the predicted
changes given in Table A~9., The limit applies to the maximum diameter
change at any axial location.

2. No pins with broken wire wraps shall be reinserted.

3. All pins which show unusual evidence of fretting attack in the
cladding region, or evidence of localized mechanical damage to the
cladding, shall be removed from testing.

4. EBvidence from the neutron radiographs of gross fuel redistribu-

tion such as slumping shall be cause for rejection for further testing.

QUALITY ASSURANCE DESCRIPTIONS AND AS-RUILT INFORMATION

Both ORNL and B & W used essentially identical requirements for
hardware components and fabrication procedures to assure the highest
quality in producing pins for this experimental subassembly. However,
the exact procedures for fabrication, inspection, and analysis did vary
in detail.

Copiles of all reference procedures or methods have been supplied
gseparately to the EBR-II Project and sre on file at the respective
fabrication site. Also, in accordance with Revision 3 of the Guide”
the following materials, samples, and information were supplied under
separate cover to the appropriate EBR-II Project personnel: (1) three
each full size drawings; (2) two each sample weld assemblies with
complete closure assemblies on each end of a 12-in. length of cladding;
(3) duplicate x-ray films of all welds and assembled fuel pins; and
(4) two each xenon tagged dummy elements from each fabrication site.

In the following two sections of this report, one for each
fabrication site, we have provided a brief description of the fabrica-
tion procedures and the specific as-built information as required under

Sections VI-F and VIII-A of Revision 3 of the Guide.
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Fabrication and Tnspection of ORNL Pins

Fabrication and Quality Assurance Procedures

The ORNL EBR-II Series II fuel pins were fabricated to the design
shown in Fig. 3, p. 11, in accordance with MET-FCT-FQ-1 and the other
specifications and procedures listed in Appendix B.

The quality assurance program for the fuel pins includes the
following:

1. certified analyses on all metallic components,

2. ultrasonic inspection of all cladding material in both transverse
and longitudinal modes. All tubing containing flaw indications in
excess of the reference notches 0.001 in. deep x 0.03C in. long
is rejected,

3. the wall thickness of all cladding material is measured ultrasonically
and recorded, and any tube with a wall thickness measurement outside
a tolerance range of t8:88%8 in. is rejected,

4, eddy current and profilometer measurements of the inside diameter
recorded for all cladding used,

5. dye-penetrant inspection of all cladding tubes for surface-connected

defects,

N

outer diameter dimensions measured at ¢-in., intervals along cladding

tube length,

~J

dye-penetrant and radiographic inspection of top and bottom end

plugs and top end cap for surface-connected and internal defects,

8. dye-penetrant, radiographic, and helium leak testing of all closure
welds; mass spectrometer leak test equipment to a sensitivity of
1 x 1077 em?/sec is used,

9. final dimensional inspection of finished fuel pins at 1/2-in.
intervals for outer diameter to an accuracy of 0.0002 in., inspection
for TIR over length of cladding, and measurement of final length to
an accuracy of 0.002 in.,

10. radiography of completed fuel pin To confirm proper fuel and component
positions and dimensions, and

11. inspection of fuel column in finished pin by gamma-ray densitometer

with density variations recorded along the total length of the fuel

column.
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Fuel Pin Assembly

A general description of the fuel pin assembly process follows.

After machining, each metallic component was cleaned, weighed, and
dimensionally and nondestructively tested as required. The bottom end
plugs were assembled to the cladding tube and welded and inspected to
closure weld reguirements. The assembly was weighed, cleaned, and
transferred to the alpha facility for fuel loading and final weld
closures. The blanket pellets (UO:) were loaded, a 1/16~in.—thick
Fiberfrax pad was placed in the column, followed by loading of two thoria
insulator pellets. Glove box loading of the (U,Pu)0, fuel either as
pellets or microspheres followed., Two thoria insulator pellets were
loaded and a Fiberfrax pad was placed on top of the column. The nickel
rod was next inserted, followed by the spring with the two spring seats
attached.

After decontamination of the weld zone, the fuel pins were frans-
ferred to the welding box. After evacuation to 107 torr and backfilling
with helium, the spacer rod was inserted compressing the spring and the
top end plug inserted. The top end plug was welded to the cladding tube.
This was followed by xenon tagging, plug welding of the capillary tube
end, insertion of the top end cap into the top end plug, and final
closure welding of top end plug to top end cap. The rod was then trans-
ferred from the alpha facility for final nondestructive inspection which
included visual inspection, radiograph of top end plug, capillary, top
end cap welds, and overall rod, helium leak check of rod, dye-penetrant
inspection of top end plug, top end cap welds, and adjacent areas. A
gamma densitometer inspection of the rod was performed, followed by
weighing, final dimensioning, marking of the rod identification number,
cleaning, and packaging in the shipping container.

A summary of the nondestructive testing reports pertaining to
ingpections performed on the fuel pins and fuel pin components is given

in Tables 22 and 23. Copies of these reports are on file at ORNL.



Table 22.

Nondestructive Testing Summary — ERR-IT Components

Clacdirg Tite Top Cap Top Plug Bottom Cap
Pin Lt rason: o Cladéing
Humber Dyve rheek lv‘;il - "Mtrasonic Dye Check Radiograph Dye Check Raciograph Dye Check Radiograph Nunker
e TERR o Defects
Thickness
0S-6 TR-10863 IR-10843 Tr-10254 Tlot performed IR-1 &2.% MeC Form 117, IR-10868 Yot performed before 19-52A
vefore welding dated 3/9/70 welding of bottom cap
to top end to tube. See pin
pluz data on Weld wW-1.
03-7 IR-10863 IR-10863 TR-10854 19-23A
05-8 IR-10363 IR-10863 Mee C Rept. 19-74
19-7, dated
10/69
03-9 TR-10863 IR-108¢3 IR-10854 19-60A
05-10 I#-10863 IR-10863 M C Rept. 19-6C
19-6, dated
10/69
05-2 IR-10263 IR-108¢3 IR-10854 19-374
05-1 IR-17+ ¢ IR-10863 TR-1085, 19-264
08-3 IR-10863 IR-~-10863 IR-10854 1i-¢ R
0S-4 IR-10863 IR-10863 TR-10854 10-20R
05-5 IR-10872 IR-10869 IR-108454 19-53A

%



Table 22. continued

Cladding Tube

Ni;ger Ultrasonie e Top Cap Top Plug Bottom Cap Cledding
Dye Check Wall Defects Dye Check Radiograrh Dye Check  Rediograph  TDye Check  Rediograph | 70¢T
Thickness b
0S-11 IR-10863 TR-10863 IR-10854 Not performed TR-10858 M& C Form 117, IR-10868 Not performed before 19-354
before welding dated 3/9/70 welding of botfom cap
to top end to tube. BSee pin
vlug deta on Weld W-1.
08-12 IR-10872 IR-10869 IR-10854 19-494
0S-13 1R-10863 TR-10363 M -&C Rept. 19-8a
19-8, dated
10/69
oP-1 IR-10883 IR-10863 TR-10854 19-56B
opP-2 IR-10872 IR-1086% IR-10834 19=544
QP-4 TR-10872 IR-10869 TR~-10854 19-49B
OP=-6 IR-10863 IR-10863 TR-10854 19-664
op-7 IR-10863 IR-10863 M&C Rept. 19-108
19-10, asted
10/69
QP-3 IR-10863 IR-10863 IR-10854 19-554
OP-5 R-10872  TR-10869  IR-108% b : } } L 19-764

L
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Table 23. UNondestructive Testing Summary, EBR-~II Series II Fuel Pins

» a . Radiography, Helium ILeak Test, Dye-Penetrant Tes Finished Pin
Fin Cladding . overall Helinm
sl i
Pamber - Nomeer Weld W-1 Weld W-0% Weld W-3  Weld W-4° Weld W-5 Radiography Leak Test
08— Inspection Engineering  IR-114¢7 Req. 178  Req. 1%%9 Reg. 158 ok Reg. 1%

letter dated 4/°1/70

B 10-05-4 Inspection Engineering IR-114¢7 IR-11083 IR-1108&3 IR-11043 ok IR-11043
letter dated 4/21/70

RISENC 1-"=h Inspection Engineering  IR-114¢7  [R-1100% IR-11:20% IR-1100% ok IR-11037
letter dated 4/2v/70 IR-1100%

AR 1omi=A Inspection Engineering IR~11467 IR-1100%  IR-1100C¢  IR-1100% oK IR-11005
letter dated 4/21/70 IR-11037

N3-1 Lot =C Inspection Engineering IR-11467 IR-11C282 IR-11282 ok TR-11082
letter dated 4/21.0

08-2 19-37-A Req. 152 IR-114¢9  IR-11077  IR-110v7  IR-11077 ok IR=110777

05-1 1020 -A Inspection Engineering IR-11457 TR-1100% TR-11002 IR-110CE [sX'4 IR-11037
letter dated &/21/0 IR-11005

28-7 1h-nis-B Inspection Engineering IR-114¢7 IR-11020% TR-1130% TR-11G05 ok

letter dated -

/21770

28-4 1=50-8 Inspection Engineering IR-11467 TR-11010 IR-11010  TR-11010 ok
letter dated 4/2:/70

SRES 1o-75-A Inspection Engineering IR=-11467 IR-1101U IR-12uk/ IR-11007 ok IR-11007
letter dated 4/29/70

08-11  19-35-A Inspection Engineering  IR-11467  IR-11087  IR-11087 IR-11087 ok IR-11087
letter dated 4/21/70

0s-17 1o-4-A Inspection Engineering [R-11%467 IR-11087 IR-11087 IR-11087% ok TR-11C82
letter dated /32"

o
[%2]
1

[
y—t

Inspection Engineering TR~11467  TR-11082  IK-11082  IR-1108Z2 ok IR-11082
letter dated 4/21/7

aP-1 1 -66-B Inspection Engineering IR-114€2  IR-1100¢ IR-1100¢ IR-11006 ok IR-110Ce
letter dated 4/0 <70

np-> 1=l Tnspection Engineering TR-11464 IR-110C8 IR-11008 IR-11038 ox IR-11008
letter dated 4/20/70

OP-4 17-< - Inspection Engineering  TR-11469  IR-1100  IR-11007  IR-11009 ok IR-110C
letter dated 4/29/70

IP-¢ 1-4-66A Inspection Engipeering IR-114€7 IR-11007 IR-11C IR-11007 ok IR-11007
letter dated 4/20/7C

0pP-7 1--10R Inspection Engineering TR-11da% TR=-1100¢8 IR-11008 IR-11038 ok IR-110082
letter dated &/70 /70

OP-3 TR-11:Me IR-114¢ '/ IR-1111¢ IR-1111¢ IR-1111¢& ok TR-1111¢e

op-5 1I-T70A ZR-1107 IR-114¢7 TR-11021 JR-11781 IR-11081 ok IR-11061

aDye—penetrant - M s C Inspection Form 117, dated 3/7/

“Not dye-penetrant inspected.
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As=-Fabricated Data

Complete Pin Data. — The "as-built" data for each of the fuel pins

fabricated to date are presented in Table 24. This includes all of the
information required by the Guide for Ttems 1, 511, 13, 14, and 18 in
Section VI-F. Additional dimensional data on the cladding before and
after assembly into the fuel pins are presented in Table 25.

Fuel Data. — The various fuel compositions are given in Tables 26
and 27, and this includes all of the information requested by the Guide
for Ttems 2 and 3 for Section VI-F. Item 4 of this Guide section requests
the date of last chemical separation of the fuel. The plutonium in these
fuels was prepared from seven equal batches, three of which were separated
in February 1967. The remainder were separated in May 1968.

Items 12, 15, 16, and 17 of Section VI-F of the (Guide apply to cap-
sules and not to this type of test pin.

Additional Component Data. — Additional chemical analyszes on the

nonfuel components are summarized in the following tables: UQp, blanket
pellets and ThO, insulator pellebs in Tables 28 and 29; Fiberfrax in

Table 30; and all metallic components in Table 31.

Quality Assurance Certifications

In accordance with the requirements of Section VIII of Revision 3
of the Guide,’ we are including the following item-by~item certification
for the various materials. Table 32 lists the specification and inspec-
tion certification for each of the metallic components. Additional

information in accordance with Guide regulirements follows.



Table 24.

Fuel Pin Data Summery for ORNL EBR-IT Series II Experiment

F.el ©' L numdber
Cladding equivalent number

F:el tatch number

Fiel length, in.

Fuel diameter, in.

o

Fiel weight, g
roarse
F'nes

TOTAL

Fuel smear density, ” of theoretical

Fael Pin Tomponents

Ivem Pateh or Composition
23 I, blanket IRHTL Tl
peliets
Fiverfrax pad. MAT A-H1734

~ W05 in. thick

2 lower Thd; JRNL I-1

insulator pellets

¢ apper Th) ORNL I-1

insulator pellets

Fiverfrax pad, VAT A-H134

~ 0 in. thick

Nickel MAT 37
shielding rod,

outer diameter = 0,212 #+ C.001 in.
Retainer spring  Spring, MAT 32
and end seats Seats, MAT 20

Spacer tube, MAT 1¢
outer diameter : 0.18%
irnner diameter 148

Fuel cledding.
end plugs and
end capsb

Type 317 stainless steel
Cladding, “AT 1°
Plugs and caps, MAT 20

Loaced rodC
Total weight, g
Overall length, ‘r.
Center of gravi
Gas used in rod assembly,
1 em® Xe + ke balance, TOTAL -
Total free vo'd volume, cm’

Approximate activity at 1 ft, gamma mr/hr

neutrorn

from tottom of rod, in.

Average outer
diameter, in.
<L, in.

W, g

g

Weight, g

Average outer
diameter, in.
IL, in.

™, g

Average outer
diameter, in.
T, in.

W, g
Weight, g

Lengtn, in. (*i/ed)
Weight, ¢

Length under 4-1%
load, in.

Spring weight, g
T seat weight, g

Length, in.
Weight, g

¥ weight, g

Average claddin,
outer diameter’,7 in.
Average claddin
inner diameter,” in.

0s-172 08-: 0%-1 05-4 08-% 08-¢€, 08-7
FRINY Y 1-3-A 1 -A 1o 3 15e53-4 10-52-4 19-23-4
SP8OC SPR:C sP24C sP 30/2% SPL 80/35  SPE5 SPA5C
SPF SPF SPF SPLF SPLF SFF SPF
13.30 13.%° 13,54 13.45 13.34 12.48
KA NA HA NA 5 NA NA
53,508 54.012 54,785 94, 898 54. 278 54.382
10,164 18.632 18,704 19,742 19.655 19,701
2,672 73,133 72.650 73. 489 7. 640 73.933 74.083
82.0 8z.4 21.9 21.6 83.8 83.1 82.4
0. 2084 0. 20710 0.204¢ 2. 2080 0. 2080 0. 2080 0.2081
5, 2a0 5. 88 5.88 5,88 5. 890 5.890
33.262¢ 32,274 33.400 33.600 33.303 33.291
0.031 0.03* 0.035 0.032 0.035 0.030
0. 2077 0. 2080 0.2087 0. 2076 0. 2074 0. 2077 0. 2086
0. 2064 0. 5082 0. 5052 0. 506 0.5071 0. 5095 0. 5008
2.5573 2. 5631 2.6138 2.550 2.552 2. 5653 2.6186
0.2078 0. 2077 0.2089 0.2078 0.2075 0. 2081 0. 2090
o, a0 0, 5067 2. n.5063 2.50¢7 2,078 S.21%
2. 5667 2.5588 2. 2. 5635 2.540 2.5612 2.6182
0.031 0.035 0.032 0.030 0. 034 0.032 0,034
2 7/32 2 7/32 2 7/32 2 7/32 2 7/32 2 7/32 2 7/32
11.43 11.31 11.35 11,37 11.35 11.44 11.32
1.59 1.53 1.75 1.61 1.75 1.67 1.69
1.93 1.94 1.9% 1.94 1.97 1.96 1.94
1.15 1.14 1.15 1.15 1.15 1.16 1.13
13.12 13.12 12.93 12.90 12.81 13,04 12.98
17.130 17.257 17.017 17.220 16.910 17,200 17.040
7C. 24¢ 70. 829 70, 486 70. 260 70. 281 70,101 70,402
0. 2454 0. 2495 0. 2497 0., 2496 0. 2496 G. 2408 0. 2498
0.2178 0. 2174 .2180 0.2178 0.2177 0. 217¢ 0.2178
213.200 213.935
8 40,030 39,083
16 17 /3 Y 16 19/32
8. 504 2, 510 8.38% ek
8,004 8. 510 £.3¢8 TS
E 3 3 :
[ Nil mil Gl

8¢
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4.  continued

Fuel pin numher
Cladding eguivelent nusber
Fuel batch number

Fuel length, in.
Fuel diameter, in.

Fuel weight, g
Coarse
Fines

TCTAL
Fuel smear density, % of Shearetical

Fuel Pin Components

Tten Batch or Composivion
22 U0, blanket ORNL B-1
pellets

Fiverfrax pad, MAT B-H134
~ .05 in. thick
2 iower Thdp

insulstor pellets

ORNL, T-1

2 upper ThO, ORNL I-1

insulator pellets

Fiverfrax pad, MAT B-F134

~ 0.05 in. thick

Nickel MAT 37

shiglding rod,

outer diameter = 0.212 * 0,001 in,
Spring, MAT 38
Seats, MAT 20

Retainer spring
and end seats

Spscer tute, MAT 16

outer dlameter = G. 188

inner diemster = C, 148

Type 316 stainless steel
Cladding, MAT 19

Plugs snd caps, MAT 20

Fael cliadding,
ernd plugs and
eng ¢aps

Londed rod”
Totel weight, o
Overall length, in,
Center of gravity from bottom of rod, in.
Gas used in rod sssemhly,
1 cm® Ze + He balance, TOTAL =
Total free wid volume, em®
Approximete metivity at 1 %, gaume mr/for
neutron

Average outer
diameter, in.
L, in.

N, 8

Weight, 2

Avergge outer
diameter, in.
L, in.

W, g

Average outer
diameter, in.
£L, in.

121 -4

Welghz, g

Length, in. {31/64)
Weight, g

Length under 4-10
loed, in.

Spring welght, g
L seal weight, g
length, in.

Welight, g

Z weight, g
Average cladding

outer diameter, inm.

Aversge cladding

inner diameter,b in.

08-10 08-9 o8-8 08-11 08-123
15a6-C 19-60-4 1G-7=A 19-35-4 1949-4
§PRCC SPESC SPEST SPL 80785  8PL 8C/85
SFF SEF SPF SPLF §PLF
13.28 13.36 13,24 13,56 13,44
WA B4 A NA NA
53,478 54,234 53.339 54,102 54,528
19.423 19,743 18,743 19.407 19,748
73.301 73,977 72,079 T4, 276
82.8 83,2 #1.7 83.1
0. 2082 0. 2079 0. 2045 0. 2080 L 2080
5,875 5. 886 5,88 5.88 5.88
33,512 33,233 22,300 32,200 33,200
0. 034 0,025 0,035 G,033 2,025
0. 2087 0,2075 0., 2077 G 2076
€, 5059 0., 5776 0. 5063 0. 5071
2. 5892 2. 5606 2. 5581 2. 54€
G. 20675 0.2076 0.2073 0. 2079
G. 5G4 3. 5066 Q. 5058
2. 5689 : 2.5585 2. 5589
G671 G.C30 0.03% 0,033
2132 2 wi32 z 7732 2 7/22 2 7/32
11.40 11.35 11,32 .30 11.32
1.74 1,80 1.67 1.74 1.83
1.52 1.96 1,97 1.99
.12 1.15 1.13 1.15
12,99 12.41 12,97 12.74
17.2%0 16. 845 17,055 16, 900
7G. 154 70.356 71,030 71,020 70, 240
0. 2435 0, 2496 0, 2456 0. 2498 0. 2494
3. 2177 0. 2175 0, 2177 0, 2177 0. 2182
212,615 283,275
39,984 35.992
16 15/2 16 21/32
3,449 8,725 8.37%
8. 449 2,419 8,729 8. 979
7 3 3 3
Nil Hil il Hi

1.
i
12.77

16. 882
0. 472
0. 2497
0.2177
217,155

39,946
16 9/16

QPa2
19=54a4
eL 90

| 5142 snd

8142
13.43
0.2101

80. 96
$0.8

0, 2078

33,1481
0.033

0. 5067
2. 5609

0.035

2 7/32
12,35

G, 2498

0.2179

220.635
39.915
16 17/32

7.739
V739
2.5
Nil



e . -
Table 24. continued

Fuel pin number oP-3 OP-4 OP-% OP-¢ Qp=7 05-2

Cladding equivalernt number 19-55-4 ombiml L9e70mh 19-€f-A 19-10-F 19-60-

F:el batch rumber PELL 30 PELL 8% PEL 85 PEL 90 PELL 80 SPE5C
5122, 8123 8153, Si58 $151, 5154 3144, S14% 8192, 8195 SFPF
S124 /4142 Hldd 8155 62

Fuel length, in. 13.48 13,54 13.57 13.47 1%.60 13.28

Fuel diameter, in. 0. 2099 0.2102 0.2140 0.2101 0. 2099 NA

el weight, g

foarse 53,965

Fines 19.528
TITAL 72.102 75,627 78.038 80.845 71.623 73.492
Fuel smear density, T of theoretical 80.4 34.3 8e.5 90.4 79.6 83,2
Fuel Pin Components
Item Batch or Composition
2% 0. bianket ORNL Fel Average outer 0. 2080 0. 2080 0. 2081 0. 2080 0, 2079 Q.2077
pellets diemeter, in.
sL, in. L. 88 £, B8 5. 886 5.88 5,885 5. 885
W, g 32.95C 33.100 33.133 33.206 33.1424 33,3331
Fiberfrax pad, MAT 8-H134 Weight, g 0.031 2, 030 0.030 ¢.032 0.030 0,032
~ 0.0% in. thick
2 lower ThO, ORNL I-1 Average outer 0.208¢ 0.2078 0.2077 0. 2081 0.2075
insulator pellets diameter, in.
%, in. 0.5109 0. 5063 0. 5063 0. 5072 0. 5077
M, 8 2. 6181 2.5023 2.5618 2.5611 2.5579
> upper ThO: ORNL I-1 Average outer 0. 2086 0. 208s 0. 2077 0. 2076 0.2077
insulator pellets diameter, in. X
oL, in. 0. 5064 0., 5094 0. 5099 0. 5072 0. 5068 0. 5062
W, g 2.5568 2.6120 2.6233 2.5623 2.5589 2.5602
Fiverfrax pad, MAT B-H134 Weight, g 0,032 0. 034 ¢.030 0.035 0.031 0.035
~ %05 in, thick
Nickel MAT 37 Length, in. (+1/4) o /30 2 /32 2 7{3 2 7/32 2 7/32 2 7/32
shielding rogd, Weight, g 11. 34 11.41 11.38 11.18 11.38 11.36
outer diameter = 0,212 + 0.001 in.
Retainer spring Spring, MAT 38 Length under 4-1b 103 1.9 1.77 1.67 1.5% 1.72
and enc seats Seats, MAT 20 load, in.
Spring weight, g 1.95 1.92 1.0 1.91 1.9
¥ seat weight, g 1.15 1.13 1.14 1.1% i.12
Spacer tube, MAT 14 Length, in. ] 12.79 12,94 12,4937 i3.02
outer diameter - 0.188 Weight, g 160 16, 8B40 17.28 i7.05 17.174
inner diameter = 0.148
Fuel cladding, Type 31¢ stainiess steel 7 welght, g 70,334 735,230 73,500 70,46 10, Shd 70. 7308
end plugs and Cladding, MAT 19 Average claadin 0. 2496 0. 2498 Q. 2497 0. 2496 0. 2497 0, 2494
end capsh Piugs and caps, MAT 20 cuter diameter,” in.
Average claddin, C.2177 0.2179 0.2178 0.217¢ 0, 2377 0.2175
inner diameter,- in.
Loaded rod®
Total weight, g 211.815 214,785 217,975 213.212
Overall length, in. : 39, 39,934 39.990
Center of gravity from bottom >f rod, in. Lt 16 /16 16 9/16
Gas used in rod assembly,

1 em® Xe + de balance, TOTAL - 7414 8,470
Total free void voiume, cm? . 7414 R4
Approximate activity at 1 ft, gamma mr./nr 4 K 3

neutron Kii Nid Nil Nil
Bl g fine U0, microspheres (saten *iF-1) around blanket peliets.
b; v g fine ‘1. microspheres (fatch 'F-1) around ulanket peliets.
¢

for detailed cimensional meacurements of claddings and fuel pir

09



Table 25. Dimensions (in Inches) of ORNL FRR-TI Series IT Fuel Pins

61

Cladding Equivalent Number

19-37=A  19-60~8 19-20-A 19-59-8 19-53-A
Inner diameter over length,
max 0.218 0.2182 0.2186 0.2188 0.2184
min 0.2168 0, 2167 0. 2174 0, 2167 0. 2170
Inner diameter ovality over
length,
max 0. 0005 0. 0004 0. 001 0. 000s 0. 0008
Mean inner diameter over 0.2177 0.2178 0.2181 0.2182 0, 2173
fuel length
Inner dismeter ovality over
fuel length
max 0. 0005 0. 0004 0. 0004 0. 0006 0. 0008
Wall thickness over length,
max 0.0161 0. 0157 0.0156 0.0155 0.0167
min 0. 0150 0.0148 0.0148 0.0149 0, 0153
Wall thickness over fuel
length,
max 0. 0160 0.0156 0, 0156 0.0155 0, 0lee
min 0.0150 0.0149 0. 0148 0.0149 0.0153
Fuel Pin Number
O5=-2 05~3 05~-1 05=-4 05=5
Outer diameter over
cladding length,
max 0, 2499 0, 2499 0, 2501 0. 2500 0.2502
min 0, 2492 0, 2490 0. 2494 0. 2492 0. 2491
Oubter diameter ovality over
length,
max 0, 0005 0, 000% 0. 0006 0. 00045 0. 001
Quter diameter over fuel
length,
max 0, 2499 0, 2495 0. 2499 0. 2497 0, 2497
min 0. 2494 0. 2494 0. 2496 0. 2495 0. 2496
Outer diameter ovality over
fuel length,
max 0. 0003 0. 0001 0. 0003 0, 00015 0. 0001
TIR,
max 0.002 0.003 0.003 0.003 0. 003
Overall length 39,924 39,920 39.988 40,030 39.983
Envelope diameter,
max 0.2515 0.2515 0.2515 0.2515 0.2515
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Table 25. continued

Cladding Equivalent Number

19-52~A 19~-23-A  19«7-A 19-60-A 19~6-C
Inner diameter over length,
max 0.2185 0.2183 0.2182 0.2183 0.2181
min 0. 2167 0.2173 0.2172 0. 2168 0.2172
Inner diameter ovality over
length,
max 0. 0007 0. 0009 0. 0006 0. 000% 0. 0007
Mean inner diameter over fuel 0.2181 0.2180 0. 2180 0. 2178 0.2178
length
Inner diameter ovality over
fuel length,
max 0. 0004 0. 0004 0. 0005 0. 0005 0. 0006
Wall thickness over length,
max 0. 0157 0.0159 0. 0159 0. 0156 0.0136
min 0.0148 0. 0146 0.0153 0. 0150 0.0148
Fuel Pin Number
0S~6 0S~7 05~8 0S-9 0S-10
Outer diameter over
cladding length,
max 0. 2500 0.2502 0. 2500 0.2501 0. 2500
min 0. 2496 0. 2493 0.2493 0. 2492 0.,2491
Outer diameter ovality over
length,
max 0. 0006 0.001 0. 0004 0. 0003 0., 0009
Outer diameter over fuel
length,
max 0. 2498 0. 2497 0. 2498 0. 2497 0. 2496
min 0. 2496 0.2494  0.2495 0. 2494 0, 2493
Outer diameter ovality over
fuel length,
max 0. 00015 0. 0001 0. 0002 0. 0002 0. 0002
TIR,
max 0. 005 0. 005 0. 006 0.003 C. 007
Overall length 39.972 39.997 39,992 39,993 39,996
Envelope diameter,
max 0.2515 0.2515 0.2515 0.2515 0.2515
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Table 25. continued
Cladding Fquivalent Number
19-35-A 19-49-A  19-8-A 19-66~B 19~54-A
Inner diameter over length,

wax 0.2183 0.2185 0. 2184 0, 2182 0.2186

min 0.2172 0.2179 0.2172 0.2172 0.2172
Inner diameter ovality over

length,

ma.x 0. 0009 0. 0004 0. 0007 0. 0009 0, 0007

Mean inner diameter over fuel 0,2177 0.2182 0.2178 0.2179 0. 2177
length

Inner diameter ovality over
fuel length,

max 0. 0005 0. 0002 0. 0006 0. 0007 0. 0006
Wall thickness over length,

max 0.0163 0. 0164 0.0162 0. 0157 00,0167

min 0. 0149 0.0151 0.0152 0.0150 0.0155
Wall thickness over fuel

length,
max 0.0162 0.0163 0, 0160 0, 0156 0.0145
min 0.0150 0.0152 0.0153 0.0150 0.01L57
Fuel Pin Number
05-11 03~12 08-13 oP-1 OP-2
Outer diameter over cladding
length,

max 0.2508 0. 2499 0. 2497 0. 2499 0.2503

min 0. 2489 0. 2489 0, 2491 0. 2495 0. 2494
Outer diameter ovality over

length,

max 0. 0019 0. 0008 0, 0002 0. 0002 0. 0005
Outer diameter over fuel

length,

max 0.2503 0, 2498 0. 2496 0. 2496 0. 2497

min 0. 2494 0, 2494 0. 2494 0, 2495 0. 249%
Quter diameter ovality over

fuel length,

max 0. 0008 0. 0002 0, 0001 0, 0001 0. 00015
TIR,

Y 0.003 0.005 0. 007 0. 005 0. 005
Overall length 39. 984 39,992 39.997 39. 946 39,916
Fnvelope diamefer,

max 0.2515 0.2515 0.2515 0.2515 0.2515
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Table 25. continued
Cladding Bguivalent Number
19-55-A 19-49-B 18-76~A  19-66-A  19-10-B
Inner diameter over length,
max 0.2184 0. 2182 0.2182 0.2183 0.2181
min 0.2170 G.217¢ 0.2175 0.2170 0.2172
Inner diameter ovality over
length,
max 0. 0007 0. 0006 0. 0006 0. 0002 0. 0005
Mean inner diameter over fuel 0.2178 0.2179 0.2176 0. 2177 0.2178
length
Inner dismeter ovality over
fuel length,
max 0. 0007 0. 0004 0. 0004 0. 0009 0. 0004
Wall thickness over length,
max 0.0157 0.0163 0.0165 0.0157 0.015¢
min 0.0150 0.0153 0. 0154 0. 0149 0. 0148
Wall thickness over fuel
length,
max 0.0156 0.0163 0.0165 0.0156 0.0156
min 0.0150 0.0153 0.0154 0.0149 0.0148
Fuel Pin Number
0P-3 OP-4 OP-5 OP~6 op-7
Outer diameter over
cladding length,
max 0.2500 0. 2500 0.2501 0.2500 0.2502
min 0. 2492 0. 2490 0. 2493 0. 2492 0. 2492
Outer diameter ovality over
length,
max 0. 0006 0. 0009 0. 0005 0. 0006 0. 0008
Outer diameter over fuel length,
max 0. 2497 0.2495 Q. 2497 0. 2497 Q. 2497
min 0. 2495 0.2493 0.2493 0.2495 0.2498
Outer diameter ovality over
fuel length,
max 0. 0001 0. 0001 0. 0003 0. 0002 0. 0001
TIR,
max 0. 005 0. 004 0. 006 0.005 0. 005
Overall length 39.996 39. 974 39, 984 39, 880 39.988
Envelope diameter,
max 0.2515 0.2515 0.2515 0.2515 0.2515
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Table 26. ORNL EBR-II Series II Fuel Chemical and Isctopic Composition

PEL 9C PEL 85 SPE5C SPF PELL &80 PRLL 85 SPL 8G/85 SPLF SP3CC
ranium, wt 7 70,32 70,39 7C.40 68.97 70. 58 70, 43 59, 85 69,60 69.35
Plutonium, wt ¢ 17.93 17.67 17.72 17.46 17.51 17.68 18.22 17.86 17.93
Pu/y + Pu, wt % 20.32 20, 57 20,11 20,20 19.88 2C.C7 20.69 20.42 20C. 54
Oxygen-to-metal ratio 1.970 1. 23C 1.976 1.988 oP-3, 1.955 1.961 1.965 1,985
31.957;
opP-7,
1.961
Moisture, ppm <5 36 3 19 19 8 5 < B 7
Gas release, cm’/g 0.035 C. 014 c.c2 G.13 0.04 < 0.01 G045 C.14 C.C1
Density, % of theoretical 29,0 R 93.7 M
Nitrogen, ppm 13C 16 30 20 45 83
Carbon, ppm 24 < 15 4y 93 < 2C < 29 < 20 a b
Chloride, ppm 12 14 28 28 29 25
Fluoride, ppm 5 20 14 21 20 25 15
Uranium Isctopic
233 = 0,001 < C.0005 0. 004 0. CCC4 < 0.0006 < C.00C5 < C.CCC3 a o
234 1.005 3. 999 1.004 1. 006 1.009 1.0C7 1. 006
235 92.75 92.76 93.02 92.93 93, 04 92.75 93.18
236 C.465 0,469 0.511 0,507 0,452 0. 4€5 0.513
237 5.78 5.77 5,46 5.55 5,50 5.78 5.32
Plutonium Isotopic
238 < 0.04 = 0,04 = C.04 = 0,332 = 0.04 = 3,33 & b
239 28,76 88.73 28.70 BE, 74 88, 5% 88.69 88,74
240 .96 2,98 10,00 2,94 10,10 10.02 2,28
241 1.182 1.19C 1.197 1.216 1.203 1.185 1.18
242 0.101 0,10z 5,103 0,101 0,107 0,102 0.103
244 < $.0005 < C.CCO5 < 0,001 < 0,003 < 30,0005 < 0.0005 < 0.0002
Oxygen-to-metal ratio 1.970 1.%80 1. 976 1.988 15-10=3, 1.938 1.9¢6% 1. 965 1.985

1.961;
19-55-4,

1.9287

a
“SPF analyses are representative of this material.

By o . v e .
SPL 50/85 analyses are representative o This material.



Table 27. Trace Metallic Impurities in ORNL EBR-II, Series IT ®uel Pellets and Microspheres™

Batcl Icentity

Tlement 15C Sp1 e fen SPF PRL-Z% PYL-90 — FRLI-20
Sample . o Sarpie Sample Sample Sample Sample Sample Sample Sample Sample e Sarmcie = 1
2 i 2 1© 2 2 3 4 5d e SAme

Al 100 1500 - 200 <13 200 500 50 SNT
Fe iR R ™R i
51 R : . <1 <1
5 > 100 1 snE 0. a2 )T
2 NR i I'R
Ca > 1000 20 70
cr 70 300 3 300 120 120 60
o 8 ¢ yep® 200
Fe 300 300 1900 L5000 450 1420 270
P IR 25 sw 70 SIF

20
< 1.3 3 $
<3 20 SKF
< 7 ~ 5000 1100 100

w
=
[}
2
|

¥
1
[}

3t > 1000 20 feny 1900 3000 1000 > 3000 SNF SNF
Az R IR it :

Lia g <o 2 5

3 I I : n < 15 SUF TR ERig
T: R 20 h 20 < 2 VET 500 VFT
v TR 0.3 IR 1 1 SVF 1 uw 1 ST
o = 3 40 1000 50 5 100

99

a i - N N - . d. i N - N . .
Lnalysis by spark source mass spectrometer uniess ctherwise irdicated. dinole pellet dissolved — emission spectrographic.
b ~ e . 5 . N . . R N . . e tai (g rally < ).
3, Ta, Mg, S1 probably high due to contanmination Quring dissciution, Cliot reported (generally < 1 ppm)

“Sought, not found.
ery Taint trace,

“omission spectrographic.
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Table 28, ORNL EBR-IT, Series II Blanket and Insulator Pellet
and Fine U0, Microsphere Characterization

Material Type U0, Blanket ThO, Insulator Fine U0,
Pellets Pellets Microspheres

Batch Number ORNL B~1 ORNL I-1 Up-1
Oxygen~to~netal 2.002 i 2.005
ratio
Moisture, ppm 8 31 20
Gas release, cm’/g 0.02 0.014 0.04
Nitrogen, ppm 19 4 15
Carbon, ppm 3 4 7
Chloride, ppm 14 13 2
Fluoride, ppm <2 12 6.5

aNM - Not measured because of the known characteristics of this
material in attaining an oxygen-to-metal ratio of 2.00.

Table 29. Trace Metallic Impurities in ORNL EBR~II, Series II
Blanket and Insulator Pellets and Fine UQ; Microspheres

. o U0, Blanket ThO, Insulator Fine UQ,
Material Type Pellets Pellets Microspheres
Batch Number ORNL B-1 ORWL I~1 UF-1

Al 100 50 50
Bi NR® R WR
B 0.4 30 2
Cca NR NR NR
Ca 100 950 50
Cr 20 5 10
Cu 0.3 9 20
Fe 200 30 100
Pb NR NR 3
Ii NR NR NR
Mg g 4 5
Mn 0.6 2 1
Mo HR 2.5 NR
Ni 7 7 3

i 20 50 100

Ag IR NR NR
Na < 0.3 4.5 100
Sn NR NR < 0.4
v 2 0.3 NR

Zn NR 8 30

"NR — Not reported (probable value < 1 ppm).
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Table 30.

Used in ORNL EBR-IT, Series TI

Characterization of Hiberfrax

Batch MATE-H134

Spectrographic Analysis, %

B 0.3
Na, 0.2

Gas release, cm’/g

0.536

Table 31.

EBR-IT, Series II Fuel Pins

Chemical Analyses of Metallic Cowponents of ORNL

Material Use and

Cladding Tube

End Plugs, End Caps, Spring Seats

Identification MAT-19 MAT-20
Vendor's Vendor's
) a Report ORNL Report ORNL
Requirement Specified Type 316 Check Specified  Type 216 Check
Material Type Stainless Stainless
Steel Steel

C 0.08 max 0.054 0.061 0.08 max 0.04 0.038
Si 0.75 max 0.47 0.53 1.00 max 0.47 0.44
Mn 2.0 max 1.44 1.42 2.0 max 1.59 1.31
Cr 16.0-18.0 16.5 16.0 16.0-18.0 16.5 16.4
Ni 12.0-14.0 13.3 13.4 10.0-14.0 13.1 12.9
Mo 2.0-3.0 2.% 2.11 2.0-3.0 2.68 2.48
P 0.03 max 0.013 0.008  0.045 max 0.011 0.006
S 0.03 max 0.006 0.004  0.030 max 0.010 0.007
Nb
Ti
Al
v B < 0.001 B < 0.0001
Co 0.04
Cu 0.05 0.03
Fe
Tensile strength,
KIPS

Ultimate 75 min 89.8 90 0.4

0.2% 30 min 41.1 45 73.5
Elongation, % 35 min 7.5 35 39.5
Reduction in area,% 45 77
Hardness 63 R/B 95/97 R/B
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Table 31. continued
Material Use and Spacer Tube Capillary Tubing
Tdentification MAT-16 MAT-41
Vendor's Vendor's
. ] Report Report o
ﬁf?iﬁi:?egt_a Specified Typi 304 ﬂgRﬁi specified Type 304 oot
seterial Lype Stainless T o° stainless o
Steel . Steel
C 0,08 max G.059 0.042 0.02 max 0.05 0.081
51 0.75 max 0.57 0.52 1.00 max 0.50 0.47
Mn 2.00 max 1.60 2.00 max 1.64 1..60
Cr 18.0-20.0 15.3 183.1 18.0-20.0 2.7 18.8
Ni 2.0~11.0 2.9 9.6 g.0~12.0 9.5 3.8
Mo 0.33 0.5 max 0.28
P 0.04 max 0.024 0.011 0,030 wmax 0.024 0.014
S 0.03 max 0.011 0.013 0.030 max 0.025 0.022
1)
Ti
Al
v
Co
Cu 0.19
Fe
Tensile strength,
KIPS
Ultimate 115 max 112.8
C.2% L2.2 30 min 5€.4
Elongation, % 6 3% min 55.0
Reduction in area, 4%
Hardness
Shielding Rod Spring
MAT-37 MAT-32
e vendorts avn L. Vendorts ORNT,
Specified Report . . Specified Report "
- Check o e Check
Nickel Inconel ¥-75C
C 0.15 max .12 0.02 max 0.01
353 0.35 max 0.03 0.5 max
Mn 0.35 max 0.25 1.0 max 0.2
Cr 0.0605 14.00-17.0 15.3
i 99.0 min DI 45 by 70 min 72.35
difference
Mo 0.01 max 0.0 0.2
P
S 0.01 max 0. 004 .015 c.012
No 0.7-1.2 0.35
(Cb+Ta)
Ti 2.25~2.75
Al 0.4-1.0
v
Co 0.03 1.0 max
Cu 0.25 max 0.03 0.5 max
ie 0.40 max 0.05 54
Tensile streugth,
KIPS

Ultimate

0.2%
Elongation, %
Reduction in area, %
BRI

Harduess,

262 min

A . . PO :
Chemical analyses in weight percent.
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Table 32. Metallic Component Certification”

MAT-19 Stainless steel tubing, ASTM A213, type 316, 0.250-in.-0D,
218-in.-ID, solution annealed and stralghtened. Chemistry:
(ASTM E59) ladle and check analyses; mechanical properties
ASTM A213, dye-penetrant inspection; MET-ND[-4 ultrasonic
inspection; RDT-F3-8T, MET-FR-4. Use: clad tube.

MAT-16 Stainless steel tubing, ASTM A262, type 304, 3/16~in.-0D X
0.020-in. wall. Chemistry: (ASTM F59) ladle and check
analyses; mechanical properties (no requirement on ASTM A269).
Use: spacer tube.

MAT-20 Stainless steel rod, ASTM A276, type 316, 1/4-in.-diam,
solution annealed, cold drawn, bright annealed. Chemistry:
(ASTM £59) ladle and check analyses; mechanical properties
ASTM A276. Use: bottom end plug, top end plug, top end cap,
spring seats.

MAT-41 Stainless steel capillary tubing, MIL-T-8504, type 304,
0.062-in.~-diam X 0.10-in. wall. Chemistry: ASTM T59.
Use: capillary tube.

MAT-37 High-purity metal rod, ASTM B160, 1/4-in.-diam rod. Chemistry:
ASTM E59. Use: shielding rod.
MAT-38 Inconel X-750 wire, MET-FR-3, RDT M8-1T, 1/32-in.-diam.

Chemistry: ASTM E59. Use: spring.

aIt is certified that all materials listed in the table met the
listed specifications and inspection.

Tubing for Cladding (MAT-19). — We certify that the inspection and

testing procedures described in Section VITI.A.1(b) of the Guide were
followed with satisfactory results. Chemical analyses performed by the
vendor and by ORNL are summarized in Table 31. Results of mechanical
properties tests are also glven in Table 31. Metallography of the tubing
is provided in Appendix B.

We certify that archive samples of the tubing (MAT-19) are avail-
able for the EBR~I1II Project.

find Fittings (MAT-20). — We certify that the inspection and testing

procedures described in Section VITI.A.2(Db) of the Guide were followed
with satisfactory results. Chemical analyses performed by the vendor
and by ORNL are summarized in Table 31; results of mechanical properties
tests are also given in Table 31. Metallography of the material used

for end fittings is provided in Appendix B.
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We certify that archive samples of the end fitting materials
(MAT-20) are available for the EBR-II Project.
Welds of FEnd Fittings to Cladding Tube. — We certify the welding

procedure described in Section VIII.A.3(a) was followed on the welds and
(b) that the welds meet the acceptance critera of Section VIII.A.3 of
the Guide. Photomicrographs showing the appearance of qualification
welds on W-1, W-2, W3, W~4, and W-5 are provided in Appendix B.

Representative sample welds (two each of top and bottom closure
welds) have been shipped under separate cover to the Trradiation Coordi-
nator. A summary of all weld repair is given in Appendix B.

Radiographs of closure welds for each fuel pin (0S-1 through 0S-13,
and OP~-1 through OP-7) have been shipped to the Irradiation Coordinator
under separate cover:

With use of shape correction form, O and 90° orientations of

welds W-1, W-3, and W~5, and
Without use of shape correction form, O, 60, and 120° orientations
of welds W-1, W-3, and W-5.

Bach radiograph 1s identified by use of lead numbers and letters
during exposure as to cladding equivalent number, weld number, orienta-
tion, and date of exposure. These welds were radiographed per ORNL
Inspection Engineering Standards, Section 3, and ASTM Technical Publica-
tion No. 223 (Symposium on Nondestructive Testing in the Field of
Nuclear Energy). A duplicate set of these radiographs is filed at ORNL.

Helium Leak Testing. — A leak test was performed in accordance with

ORNL Inspection Englineering Standards, Section 7, on each fuel pin.

The results of these tests are given in Table 33. ©No detectable leaks
were found. The sensitivity of the leak test system was at least

2 x 107° cm®/sec. Test data showing the system gensitivity on each day
that fuel pins were tested are given in Table 33.

Xenon Tag Insertion. — We certify that the requirement of 1 + 0.25 cm’

special isotopic mixture xenon gas insertion in each fuel pin void space
has been accomplished as required in Section IX of the Guide.

The procedures for inserting the xenon tags were submitted to the
FBR-II Project on January 9, 1970.

The initial xenon tagging operation was observed by W. J. Larson

on June 2, 1970.
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Table 33. EBR-II, Series II Fuel Pins Helium Leak Test Results?

System Measured
Fuel Pin Numbers Date of Test Sensitivity Leak Rate
(em?/sec) (em’®/sec)
Bottom Closure Welds
0s-13, 0s-7, 08-1, 0S-11 4 /14 /70 3.4 x 10710 < 3.4 x 10710
0s-2, 08-6, 0S-9 4 /14 /70 3.4 x 10710 < 3.4 x 10710
0S-3, 08-10 4 /14./70 3.4 X 10710 < 3.4 x 10710
0s-8, 08-12, 0S-5, Op-2 4 /27 /70 1.5 x 10710 < 1.5 x 10710
OP-3, OP-6, OP-5, OP-7 4./27 /70 1.5 x 10710 < 1.5 x 10710
OP-4, 0S-4, OP-1 4.[27 /70 1.5 x 10710 < 1.5 x 10710
Finished Pins

05-2 6/4 /70 4.0 x 10710 < 4.0 x 10710
08-6 6/8/70 1.6 x 10710 < 1.6 x 10710
OP-5 7/15/70 9.0 x 10-10 < 9.0 x 10710
OP-1 7/21/70 6.0 x 10710 < 6.0 x 10710
08-10, 08-13 7/22/70 4.0 x 10710 < 4.0 x 10710
087 7/23 /70 6.0 x 10710 < 6.0 x 10710
OP-3 7/28/70 4.5 x 10710 < 4.5 x 10710
OP-7, OP-2 7/29/70 5.1 x 10710 < 5.1 x 1071°
OP-4 7/31/70 6.0 X 10710 < 6.0 x 10719
0S-4 8/4/70 6.0 x 10710 < 6.0 x 10710
oP-6, 08-5 8/5/70 1.0 x 107° < 1.0 x 107°

0S-11, 0S-12 8/6/70 2.0 x 10710 < 2.0 x 10710
0S-1, 0S-3, 0S-8, 0S-9 9/22/70 2.0 x 10710 < 2.0 x 10710

“As per MET-¥CT-0P-9, paragraph 4.

Two tagged dummy elements have been shipved under separate cover
(are being shipped with fuel pins) to the Irradiation Coordinator. One
of these was filled just prior to tagging the first fuel pin. The other
was filled just following the tagging of the last fuel pin.

Bond Tests (Sodium-Bonded Fuel Elements). — Does not apply.

Spacer Wire Attachment. — Spacer wires will be attached by the

EBR-II Project.
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Dimensional Inspections. — The dimensional inspection procedures,

descriptions of gages, and requirements for gage calibration are refer-
enced in Appendix B.
As-built dimensional data on the fuel pins are given in Tables 24

and 25, pp. 58-60.

Fuel Element Weights. —~ The procedure used for calibrating the

balances is referenced in Appendix B.
The weight of each as-built fuel pin is given in Table 24.
Fuel Element Assembly Radiographs (by the Experimenter). — Radio-

graphs of each fuel pin showing the arrangement and condition of internal
parts were made in accordance with ORNL Inspection Engineering Standards,
Section 3. Copies of these radiographs have been gent under zeparate
cover to the Irradiation Coordinator. Duplicate films are on file at

ORNL.

Fabrication and Testing of BEW Unencapsulated Fuel Pins

Description of Fuel Pin

The PRabcock & Wilcox fuel pin is similar in design to the ORNL fuel
pin described in this document. Detailed features and dimensions of
these pins are described in Drawing NDC 1730 D-1. A reproduced copy of
this drawing is included as Fig. 2, p. 10. The "as-built” data for each
fuel pin are presented in Table 34. Design values common to all fuel

pins are summarized as follows:

Fuel form sphere-Pac, Vi-Pac, or sintered pellet
Fuel composition, wt % 80 U0,~20 Puo,

Enrichment, wt % 93 23°17 in U

Fuel diameter 0.218-in. OD, Sphere-Pac and Vi-Pac

0.205-in. 0D, pellet
Fuel column length, in. 13.5

Average fuel smear density, &0 + 2
% of theoretical

Blanket material Depleted UO, pellets
Reflector material Nickel
Spring material Type 302 stainless steel

Plenum tube wmaterial Type 316 stainless steel
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As-Built Description of Fach

Fuel Pin Identification Number
Fuel
Fabrication
Pu/(U+Pu), wt %
2353/
(239pua247py) /py
Length, in.
Diameter, in.
Weight, g
Smear density,
theoretical
Distance from top of fuel
column to top of tube, in.
Blanket Material
Fabrication
Length, in.
Diameter, in.
Weight, ¢
Length of Bottom ~iberfrax
Pad, in.
Bottom Insulators
Favrication
Length, in.
Diameter, in.
Weight, g
Top Tnsulators
Fabrication
Length, in.
Diameter, in.
Weight, g

% of

Length of Top Fiberfrax Pad, in.

Nickel Reflector
Length, in.
Diameter, in.
Weight, g

Spring
“ree length, in.
Diameter, in.
Weight, g

Plenum Tube
Length, in.
Diameter, in.
Weight, g

Clad Tube
Length, in.
Maximum deviation

nominal 0.250 in.
Maximun deviation from

nominal C.218 in. ID, in.
Minimum wall thickness, in.

Fuel Pin
Zength,

from

oD, in.

in.

Maximum outsilde diameter, in.
Minimum cutside diameter, in.

Straightness, TIR, in.

D-9
(U,Pu)o;
Pellet
20.20
92.68
91.53
13.494
0.205
75.01
82.78

17 19/32

U0,
Pellet
6.059
0.214
37.054
/16

U0,
Pellets
0.501
0.214
3,116
U0,
Pellets
0.500
0.214

0.
0.0150
39.972

G.2502
0.2492

& Wilcox EBR-IT Fuel Pin
D-2 D-4 D-5
(U,Pu)0; (U,Pu)o; (U,Pu)0
Sphere-Pac Pellet Vi~-Pac
19.96 20.20 20.10
92.68 92.68 92.68
91.53 91.53 91.53
13.55 13.458 13.518
0.218 0.205 0.218
71L.19 74.82 70.98
78.26 82.50 78.18
17 5/16 17 5/8 17 7/16
UG, UG U0,
Pellet Pellet Pellet
6.104 6.059 5.965
0.214 0.214 0.214
36.%6 37.055 36.993
1/4 1/16 1/4

UG, U0, U0,
Pellets Pellets Pellets
0.508 0.507 0.506
0.214 0.214 0.214
3.056 3.095 3.046
U0, U0, U05
Pellets Pellets Pellets
0.495 0.501 0.494
0.214 0.214 0.214
3,017 3.095 3.043
3/32 1/16 1/16
2.221 2.221 2.218
0.210 C.210 0.211
10.18 10.17 10.20
4.500 4,475 4.500
0.208 0.209 0.208
3.30 3.28 3.24
10.497 10.497 10.505
0.187 0.187 G.187
11.23 11.29 11.26
37.866 37.8€2 37.863
~0. 0004 -0.0006 ~0.0006
+C. 0003 +0.0004  +0.0004
0.0155 0.0152 0.0150
39.972 39.967 39.979
C.2497 0.2495 0.2497
0.2491 0.2490 0.249C
0.0025 3.003 0.007

0.004

D-10
{(U,Pu)0,
Sphere-Pac
19.96
92.68
91.53
13.51
0.218
71.1C
78.40

17 3/¢

U0,
Pellet
6.058
0.214
37.182

1/%

U0,
Pellets
0.486
0.214
3.000
U0,
Pellets
0.508
0.214
2,067
a/a2

2.219
0.210
10. 1

4.525
0.202
3.31

18.499
0.187
11.30

37.859
—0.0008

+0. 000
0.0151
29,957
0.2497

0.2491
0,002

D-12
(U,Pu)oy
Pellet
20.20
92.68
91.53
13.4873
0.205
75.00
82.73

17 5/%

[0
Pellet
6,060
0.214
37.082
1/1¢

UeC,
Pellets
0.490
0.214
2.982
uo,
Pellets
0.505
0.214
3,104
1/1¢

2.220
G210

10.20

29,907
0.2500
0, 2494
0. 004
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Table 34. continued

Fuel Pin (continued)

Total weight of fuel pin, g 211.0 214.1 208.8 214.8 210.2 21h.7
Smearable alpha activity, 29 < 10 < 10 < 10 < 10 2 10
dpm/100 cm®

Fuel Pin Tdentification Number D~14 D~ 17 D-18 D-19 D20 D-21

Fuel (U,Pu)o, (u,Pu)o, (U,Pw)o, (U,Pu)o, (U,Pu)o, (U,Pu)o,
Fabrication Pellet Pellet Vi-Pac Sphere~ Vi-Pac Vi-Pac

Pac
pu/(Utpu), wt % 20.20 20.20 20.10 19.96 20.10 20.10
2351/ 92.68 92.68 92.68 92.68 92.68 92.68
(23924 lpu) /Pu 91.53 91.53 91.53 91.53 91.53 91.5%

Fuel .
Length, in. 13.458 13.457 13.541 13.55 13.490 13.482
Diameter, in. 0.205 0.205 0.218 0.218 0.218 0.218
Weight, g Th T4 7476 71.07 71.14 70.58 70,66
Smear density, % of 82.92 82.79 78.15 78.21 77.90 78.03
theoretical
Distance from top of fuel 17 19/32 17 9/16 17 3/8 17 9/32 17 15/32 17 13/32

colum to top of tube, in.

Blanket Material U0, U0, 70, U0, U0, 0,
fabrication Pellet Pellet Pellet Pellet Pellet Pellet
Length, in. 6. 060 6. 060 6.058 6.047 6,049 6.058
Diameter, in. 0.214 0.214 0.214 0.214 0.214 0.214
Welght, g 37 . 144 37. 164 37.149 36,97 37.230 37.034

Length of botbom Fiberirax 1/16 1/16 1/2 1/4 1/4 1/4

pad, in.

Bottom Insulators U0, uo, uo, uo, o, o,
¥abrication Pellet Pellet Pellet Pellet Pellet Pellet
Length, in. 0.501 0.499 0.500 0.500 0.505 0.496
Diameter, in. 0.214 0.214 0.214 0.214 D.214 0.214
Weight, g 3.113 3,086 3.078 3,100 3.074 3.052

Top Insulators 00, uo, o, U0, UG, 10,
Fabrication Pellets Pellets Pellets Pellets Pellets Pellets
Length, in. 0.502 G.496 0.504. 0.5C0 0.494 0.500
Diameter, in. 0.214 0.214 0.214 0.214 0.214 0.214
Welght, g 3.100 3.076¢ 3.063 3.106 3.054 3,114

Length of top Fiberfrax pad, 1/16 1/16 1/16 3/32 1/16 1/16

in.

Nickel Reflector
Length, in. 2.212 2.220 2.220 2.219 2.221 2.221
Diameter, in. G.211 0.210 0.211 0.210 0.210 0.210
Weight, g 10.18 10.19 10.20 10.18 10.18 10.19

Spring
Free length, in. 4. 500 4.525 4,500 AN 4.525 b AT5
Diameter, in. 0.206 0.204 0.208 0.208 0.207 0.209
Weight, ¢ 3.23 3.21 3.23 3.20 3.29 3.25

Plenum Tube
Length, in. 10.506 10.498 10.503 10.500 10,497 10.497%
Diameter, in. 5.187 0.187 0.187 0.187 0.187 0,187
Weight, g 11.24 11.24 11.27 11.26 11.23 11.25

Clad Tube
Length, in. 37.3063 37.862 27.863 37.863 37865 37 .86l
Maximum deviation from ~0, 001 ~(.0005 -0.0005 ~0.000z2 =~0.C006 -0, 0005

nominal 0.250 in. OD, in. ’

Maximum deviation from -0, 0003 -0.0003  +0.0002 +0.0008 +0.0002 +0, 0003
nominal 0.218 in. ID, in.

Minimum wall thickness, in. 0.0152 0.0151 0.0154 0.0151 0.0151 0.0150

Fuel Pin
Length, in. 39.959 39.971 39.976 392.965 39.965 39,974
Maximum outside diameter. in. 0.2500 0.2506 0.2496 0.2502 0.2500 0.2500
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Table 324. continued

fuel Pin (continued)

Minimum outside diameter, in.

Straightness, TIR, in.
Total weight, g
Smearable alpha activity,
dpm/100 cm?
Fuel Pin Identification Number
Tuel
Fabrication

I’u/(U+Pu) , Wt ‘é

23y y
(23%u24 7 py) /Pu
Fuel

Length, in.
Diameter, in.
Weight, ¢
Smear density, % of
theoretical
Distance from top of fuel
colurm to top of tube, in.
Blanket Material
Fabrication
Length, in.
Diameter, in.
Weight, g
Length of bottom Fiberfrax pad,
in.
Bottom Insulators
Fabrication
Length, in.
Diameter, in.
Welght, g
Top Insulators
Fabrication
Length, in.
Dismeter, in.
Weight, g
Length of top Fiberfrax pad,
in.
Wickel Reflector
Length, in.
Diameter, in.
Weight, ¢
Spring
‘ree length, in.
Diameter, in.
Weight, g
Plenum Tube
length, in.
Diameter, in.

ype L

“tainless Steel
Tensth, in.

Vavimim dev

icn from
in. CD, in.
v deviation from
13 .717 in. TD, in.
ran wall thickneessz, in.
el tin
Lensth, in.

, T7E. in.
“otal weirht, o

mezrable zlpha activity,
Jom/ 1 on

outside diameter, in.
conbedde diameter, in.

0.2485 0.24%5  0.2491  0.2490  0.2490
0.005 0.005 0.0035  0.0025 | 0.0055
214.1 214.5 210.7 210.2 210.0
25 < 10 17 41 < 10
D-22 D-25 D-27 D-29 D-30
(U, Pu)0, (U,Pu)o, (U,Pu)o, (U,Pu)o, (U,Pu)0,
Vi-Pac Vi-Pac Sphere- Sphere~ Sphere-
Pac Pac Pac

20.10 20.10 19.90 19.95 19.90
92.68 92.68 92.68 92.68 92,04
91.53 91.53 91.53 91.53 91.53
13.554 13.501  13.49 13.48 13.5%
0.218 0.218 0.218 0.218 0.218
71.00 68.96 71.19 70.87 7100
77.99 76.05 7¢.61 78.32 78,28
17 11/32 17 15/32 17 3/8 17 3/¢ 17 11/32
U0, U0, UG, U0, U0,
Pellet Pellet Pellet Pellet Pellet
6.0 .05¢. €053 ©.058 0. 050
0.214 0.214 0.214 0.214 C.214
36.93 37.100  27.17 37.07 27,16
1/4 1/4 1/4 1/4 1/4
uc, Uo, 110, 10, Lo,
Pellet Pellet Pellet Pellet Pellet
0.499 ) 3,500 0.514 0.49%
0.214 0.214 0.214
3.09¢ 3,020 3.112
10, U, O

Pellet

0. 507

3.088

372G

—(.C0cE

+(3, 0005

0.0151

0,005
2096

n-21

(U, Pu)0s
Sphere-
Pac
19,96
I2.08
91.5%

13.53
.21
7117
7836

17 3/#

U0,
Pellet
0043
0.214
37.12
1/4

uo,
Pellet
J.501
0.214
2109
C,

VR0

LO00¢

S0 00
0.0152

39.972

3 35
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End cap material Type 316 stainless steel
ASTM-276-67 and ASTM 484-65

Cladding material Type 316 stainless steel ASTM AZ213

except tolerances
Cladding dimensions 0.250 in. 0D x 0.218 in. ID
Gas volume at room 7.8 cm’, Sphere-Pac and Vi-Pac
temperature 8.2 em?, pellet
Gas pressure at room 1.1

temperature, atm

Fuel Material

The fuel consists of hypostoichiometric U0,~20% PuQ, fabricated by
three different processes. These fabrication processes are: (1) Sphere-
Pac pins made from sol-gel-derived microspheres; (2) Vi-Pac pins made
from angular particles prepared from coprecipitated oxide powder; and
(3) pellet pins containing sintered pellets made from coprecipitated
oxide powders. For each fuel form the U0, is fully enriched in 22°7.
The 1sotopic composition of the fuels is presented in Table 35. Com-
plete chemical characterization data for both the fuel and blanket mate-
rial are presented in Tables 36, 37, 38, and 39. The blanket and

insulator material in all fuel pins consist of depleted UQ, pellets.

Table 35. TIsotopic Compositions of BYW EBR-IT Fuel

Plutonium?
238py, wt % 0.047
2%y, wt % 90,497
240py, wt % 8. 344
247py, wt b 1.033
242pu, wt b 0.079
Uraniumb
234y, wt % 0.99 + 0.01
2357, wt % 92.68 + 0.05
236y, wt % 0.38 + 0.01
238y ot 4 5.95 + 0.03

aAhalysis performed on June 21, 1948,
bAnalysis performed on July 10, 1968.
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Table 36. EBR=-II Fuel Characterization

Fully Foriched (U,Pu)0,2

X Microspheres
pnedyots Pellets (32?;§z> Coarse Fine
£20-59C pm < 44 um
Pu/(Pu+U), wt % 20.20 + 0.04 20.10 + 0.15 20.51 ¢+ 0.05 19.16 + 0.06
23y content, wt % 92.68P 92,687 92.68° 92687
Oxygen to metal 1..983 - 0.003 1.980 + 0.005 1.992 + 0.006 1.993 + 0.004

atom ratio

Moisture, ppm oxide 2.4 ¢+ 1.0 42,5 1 12.9 53,5 ¢+
Sorbed gas, om’/g 0.0053 0.045 0.033°
Density, % of 93.0 - 2.0 91.0 91.5
theoretical

Nitrogen, ppm metal 23.8 + 2.7 35.2 9.2 10.5 - 5.8
Carbon, ppm metal 17.2 + 6.8 70.5 + 11.5 6.8 + 0.8
Chloride, ppm nmetal 16.2 + 3.7 12.7 0.6 2.6+ 0.8
Fluoride, ppm metal 12.C 4.3 6.6+ 1.9 0.9 + 0.2

ag.2 1 2.0
0.033°

WM

6.5 + 0.9
14.0 + 3.9
4.7 v 07

a . . -
Errors are for 5% confidence limits on the mean.

boq- c
?3°0U content determined by AVCC.

Cq B : s -
Sorkted gas analysis was performed on a mixture of 73 wt

coarse and

27 wt % fine microspheres in order to simulate the fuel composition in a pin.

Table 37. Trace Metallic Impurities in EBR-IT Fuel®

Fully Enriched (U,Pu)O;

Element Pellet Shards Microspheres
eLilets (Vi-Pac) Coarse Fine
420-590 um < 44 um

Aluninuam 300 330 320

Beryllium < 0.5 < 0.5 0.5

Bismuth <1 < 1 .

Boron < 0.3 < 0.3 1.¢

Cadmium < 0.5 < 0.3 2

Calcium 120 120 501

Chromium 12 12 45

Copper 75 19 10

Iron 6o a0 260

Lead < 2 < Z 2

Lithium < 1 < 1 1

Magnesium & 15 a

Manganese A A 2

Nickel < 10 o0 < 50

Silicon 150 450 125

Silver 0L o OL5 D 0LE

Sodium oL < 30

Tin <2 22

Titaniun ! (

Vanadium 2 3 -5

Zinc 50 < 30

" - —_—

Yrrors are for 5% confidence limits on the mean.
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Table 38. EBR~II Blanket, and Insulator Pellet Characterizationa

2335y content, wt % 0.7° 0.7° 0.7°

Oxygen to metal atom 2.007 + 0.000 2.007 £ 0.000 2.007 + 0.000
ratio

Moisture, ppm oxide 10.3 + 2.2 3.2 + 0.7 1.1+ 0.6
Sorbed gas, cm’/g 0.004 0.005 0.005

Nitrogen, ppm metal 24.0 + 11.7 23.8 + 4.4 23.7 + 3.9
Carbon, ppm metal 13.8 + 11.4 12.2 £+ 9.1 10.5 ¢ 5.3
Chloride, ppm metal 2.6 + 0.9 6.3 £ 2.0 6.8 £ 2.4
Fluoride, ppm metal 0.5 + 0.3 0.7 + 0.4 2.6 + 1.2

aErrors are for 95% confidence limits on the mean.

b235U'content was not determined, but should be less than normal.

Table 39. Trace Metallic Impuritiesain EBR-TI
Blanket and Insulator Pellets

Element Firing 1 Firing 2 Firing 3
Aluminum < 15 < 15 < 15
Bismuth < 2 < 2 <2
Boron 0.5 0.4 0.3
Cadmium < 0.3 < 0.3 < 0.3
Calcium 55 40 40
Chromium 100 47 26
Copper 4 3 < 2
Iron 130 150 o7
Lead < 2 < 2 < 2
Lithium < 2 < 2 < 2
Magnesium < 3 <3 7
Manganese < 6 < 6 <6
Molybdenum 21 16 < 3
Wickel < 10 < 10 < 10
Silicon 15 16 26
Silver < 0.25 < 0.25 < 0.25
Sodium 15 19 59
Tin 22 15 6
Vanadium < 3 < 3 < 3
Zinc < 50 < 50 < 50

AValues given are in parts per million of metal and
are the mean of four determinations.
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Tubing for Cladding

Procurement Specifications. — Cladding for these fuel pins is
type 316 stainless steel tubing which is 0.250 & 0.001~-in. 0D with a
0.016 * 0.001-in.-thick wall. This tubing was obtained from BNWL and

is Tfrom the same lot as that used by ORNL for their fuel pin cladding.
This material was purchased by BNWL from Carpenter Steel Company to
ASTM Specification A213 {except tolerances) and BNWL purchase order
number BIS-777-47372. All tubing was fabricated from Carpenter Steel
Company heat 87210. Results of an independent chemical analysis per-
formed by National Spectrographic Laboratories are presented in

Table 40. Independent tensile data on the tubing is presented in

Table 41.

Table 40. Alloy Composition of Type 316 Stainless Steel Cladding
and Type 316 Stainless Steel End Plug Material

Type 316 Stainless Steel Type 316 Stainless Steel
2 ement Cladding Composition, wt % End Plug Composition, wt %
Specification Independenta Specification Independenta
Limits Analysis Limits Analysis
Carbon 0.04 to 0.06 0.054 0.08 max 0.048
Magnanese 1.00 to 2.00 1.51 1.00 to 2.00 1.30
Phosphorus 0.03 max 0.013 0.03 max 0.013
Sulfur 0.03 max 0.006 0.03 max 0.006
Silicon 0.75 max 0.46 0.75 max 0.45
Nickel 12.0 to 14.0 13.29 12.0 to 14.0 13.18
Chromium 16.0 to 18.0 16.81 16.0 to 18.0 16.70
Molybdenum 2.00 to 3.00 2.46 2.00 to 3.00 2.49
Copper 0.20 max 0.07 0.50 max 0.04
Boron 0.0010 max 0.0006 0.002 max 0.0006
Nitrogen 0.02 to 0.03 0.0074 0.06 max 0.0072
Cobalt 0.045 0.026
Iron Balance Balance Balance Balance

aAnalyzed by National Spectrographic ILaboratories, Tnc.
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Table 41. Tensile Test Dataa’b on Cladding Material

Tube Strength, psi Total
Temperature Yield ~ Tlongation
'b -
fumber 0.2% offset  Ultimate (%)
16 Room 37,600 88,900 56
35 Room 35,700 84,100 59
53 Room 36,300 85,500 57

aTensile tests performed by the Babeock & Wilcox Company,
Nuclear Develcopment Center.

bAll tests performed on tubing from Carpenter Steel
Company, mill release Nos. 8359, 83613, and £30619.

Inspection and Testing. — TFabrication tolerances on the tubing

were specified in the BNWL purchase order. The tubing was 100% ultra-
sonically inspected by Wolverine Tube Company to ensure that no tubes
showing defects greater than the standard (0.001 in. deep X 0.030 in.
long X 0.005 in. wide) would be accepted. Copies of the procedure and
of the individual traces are available upon request.

Inside and outside diameters of all tubes were measured to a
precision of *0.0001 in. with an air plug and air-ring gage in accord-
ance with the procedure for Dimensional Inspection of Metallic
Components and Finished EBR-II Fuel Pins.

Archive samples of the tubing are available at B¢W and will be

supplied to EBR-IT personnel upon request.

End Fittings

Fnd caps for these fuel pins were made from type 316 stainless
steel bar stock. This material was obtained from BNWL. This material
was purchased by BWL from Crucible Steel Company to ASTM Specifications
A-276-67 and A-484-65 and BNWL purchase order B9-8-777-47376¢. Results
of an independent chemical analysis performed by National Spectrographilc
Laboratories are presented in Table 40.

Archive samples of end cap material are available at B&W and will

be supplied to EBR~II personnel upon request.
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Reflector, Spring, and Plenum Tube

The bar stock for the nickel reflector was obtained from BNWL. This
material was purchased by BNWL to ASTM Specification B-160061 and BNWL
purchase order No. B9S-777-47368. Independent chemical analyses are
presented in Table 42.

The type 302 stainless steel plenum springs were obtained from EBNWL.
These springs were purchased to the specifications in BNWL purchase
order No. B9S-777-55818. Tndependent chemical analyses are presented
in Table 42.

The type 316 stainless steel plenum tubing was obtained from BNWL.
This material was purchased by BNWL from Carpenter Steel Company to
ASTM Specification A-269 and BNWL purchase order No. BI9S-777-47370.

Independent chemical analyses are presented in Table 42.

Fiberfrax Pad

Chemical analyses of the Fiverfrax material used for the top and
bottom pad are presented in Table 43,
Table 42. Alloy Composition of Nickel Reflector,

Type 302 Stainless Steel Plenum Spring, and
Type 316 Stainless Steel Plenum Tube

Type 302 Typa 316
Nickel Stainless Stainless
Element Reflector™ Steel Pleaum®  Steel Plenum
(wt %) Spring Tube
(vt %) (vt %)
Carbon 0.048 0.06e5 0.065
Manganese 0.21 0.95 1.51
Sulfur 0.008 0.020 0.007
Phosphorus 0.018 0.012
Silicon 0.016 0.95 0.48
Nickel 99 .4 7.83 13.47
Molybdenum 2.47
Chromium 17.94 16.73
Copper 0.032 0.06
Cobalt 0.060 0.048
Iron 0.20 Balance Balance
Boron 0.0005
Nitrogen 0.010

a .
Analyzed by National Spectrographic Laboratories, Inc.
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Table 43. Wet Chemical and Spectrographic
Semiguantitative Analysis of Fiberfrax®

Plement® or Compound PZiiiiz
Si as 810,° 48.3
Al as A1203c 002
Te as Fep03 0.3
Cu as Cun0 <01
B as By0s 1.2

aAnalyzed by Babcock & Wilcox Alliance Research
center.

bAll the elements are reported as the oxides.

This does not necessarily imply their presence asg sguch.
The elements Ti, Mg, Wi, Cr, Mo, V, Co, Mn, Zn, Pb, 8n,
and Zr were not detected in this sample. The limit of
detectability for these elements by the semiquantitative
technique is approximately 0.05%.

“wet chemical analysis.

Fuel Pin Assembly and Quality Control

Before assembly all metallic components were inspected in accord-
ance with the procedure for Dimensional Inspection of Metallic Components
and Finished EBR~IT Fuel Pins. Bottom end caps were welded to the clad
tube in accordance with the "Procedure for Welding End Plugs.” After
welding, each bottom clogsure weld was helium leak tested in accordance
with the procedure for Helium Leak Testing of Welded End Plugs, Mesthod
HI-2. The helium leak test results are presented in Table 44.- Radio-
graphs in accordance with Section 8.A.3.F of the "Guide for Irradiation
Experiments in EBR-II" were obtained for each bottom closure weld. Any
closure weld which did not meet the weld acceptance criteria was rejected.
Room temperature burst tests performed on closure welds using the same
welding procedure and cladding and end caps from the same lot all failed
outside the weld and heat-affected zones. Any oversized weld was
polished to size prior to radiography and helium leak testing.

After the bottom closure weld was established as acceptable, the

fuel and internal pin hardware were loaded into each fuel pin. The top
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Table 44. Helium Teak Test Results

Fuel System Measured
Pin Date of Test Sensitivity Leak Rate
Number (em?/sec) (em® /sec)
x 10~1° x 10710

Bottom Clogsure Welds

D-2 May 5, 1970 4.7

D-s April 6, 1970 5.1 < 5.1
D-5 vay 5, 1970 4.7 9.2
D-6 April 6, 1970 5.1 < 5.1
D-9 April 6, 1970 5.1 < 5.1
D-10 May 5, 1970 4.7 < 4.7
D12 April 6, 1970 5.1 < 5.1
D-14 April 6, 1970 5.1 < 5.1
D-16 April 6, 1970 5.1 7.6
D-17 April 6, 1970 5.1 <5.1
D-18 May 5, 1970 4.7 < 4.7
D-19 May 5, 1970 4.7 < 4.7
D-20 May 5, 1970 4.7 4.7
D-21 April 6, 1970 5.1 < 5.1
D-22 May 5, 1970 4.7 < 4.7
D-24 May 5, 1970 4.7 < 4.7
D-25 May 5, 1970 4.7 < 4.7
D-27 June 25, 1970 2.1 < 2.1
D-29 June 25, 1970 2.1 < 2.1
D-30 June 25, 1970 2.1 < 2.1
D-31 June 25, 1970 2.1 <2.1

Welded Fuel Pin"
(both end plugs welded in place)

Group
Number

1 July 21, 1970 9.3 < 9.3
27 July 21, 1970 9.3 <9.3
3 July 21, 1970 9.3 <9.3

a . N .
The fuel pins were divided into three groups, each group con-
gsisting of seven fuel pins.

bGroup 1 - D-4, D-6, D-12, D-14, D-15, D~17.
‘Group 2 — D-5, D-1&, D-20, D-21, D-22, D-2%, D-25.
YGroup 3 ~ -2, D-10, D-19, D-27, D-29, D-20, D-31.
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end cap was welded in place after a mixture of helium plus 1 cm? of
xenon was introduced into the fuel pin. The gas mixture was at 1.1 atm
pressure (ab room temperature). A1l closure welds were considered to
have met the acceptance criteria.

Final dimensional inspections of the finished fuel pins were made
in accordance with the "Procedure for Dimensional Tnspechtion of Metallic

Components and Finished ERR-II Fuel Pin."

Quality Assurance Certifications

In accordance with the requirements of the "Guide for Irradiation
Experiments in EBR-I1I, Revision 3," we suomit the Tollowing certifica~
tion statements.

1. We certify that the inspection and testing procedures For
tubing procurement described in Section VITI-A~1-(b) of the "Guide for
Irradiation Experiments in EBR-II" were followed with satisfactory
results. Metallography of the claddings is presented in Fig. 17.

2. We certify that archive samples of the tubing are available to
the EBR-IT Project.

3. We certify that the inspection and testing procedures for end
fithing procurement described in Section VIII-A-2-(b) of the "Guide for
Irradiation Experiments in EBR-II" were followed with satisfactory
results.

4. We certify that archive samples of the end fitting materials
are available to the EBR~II Project.

5. We certify that the welding procedure, "Welding of End Fittings
to Cladding Tube for EBR-II Fuel Pins," writtem by E. N. Harbingon in
August 1970, was followed and that the welds meet the acceptance
criteria of Section VIIT-A-3-(b) of the "Guide for Irradiation Experi-
ments in EBR-II." Metallography of a typical weld is presented in
Fig. 18.

6. We certify that a leak test was performed in accordance with
the procedure, "Helium Leak Test of EBR-IT Fuel Pins," written by
E. N. Harbinson in August 1970, on each fuel element to be irradiated
and that the leak test disclosed no detectable leaks in the elements

submitted for irradiation.
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Fig. 17. Microgstructure of Type 316 Stainless Steel Used for EBR-IT
Fuel Pin Cladding. Babcock & Wilcox photograph.

Fig. 18. Typical End Closure Weld for EBR-II Fuel Pin. Babcock &
Wilcox photograph.
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SAMPLE CALCULATIONS

The following examples show calculations for the heat rates,
fission gas production, pin and subassembly thermal analyses. A1l
calculations, with the exception of the revised gas pressure data,
were based on the design densities for the fuel pin. In these
examples we have chosen a pin with 85% smear density. The

composition of the fuel used is:

U 699.1 mg/g
Pu 182.5 mg/g
0, 118.4 mg/g

Theoretical density 10.90 g/cm’

The isotopic analysls used is:

U Pu
234y 0.996% 23%py 83.65%
235y 93.16% 240py 10.00%
236y 0.514% 241py 1.25%
238y 5.33% 242py 0.10%

Heat Generation in Fuel

R

Fission rates from Table C-1 for grid locations 6-N3 or 6-N4.
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Fission Rates
(fissions/g-sec x 107 13)

Location Isotope
"""" T 50 Mw 62.5 Mw

Peak 23575 0.655 0. 8188
238y 0.0%14 0.0518
23%py + 241py 0. 77 0,9675
24 0py 0.281 0.3513

Average 235y 0.603 0.7538
238y 0. 036 0.045
239py+ 24lpy 0.711 0. 8888
240py 0.240 0. 3000

Minimum 235 0. 549 0.6863
238y 0.0283 0. 0354
23%py + 24lpy 0.639 0.7988
240py 0.187 0.2338

Volume of fuel:

(“ ) (0.218 in. x 2.54 cm/in.)? (1 em) T 0,240808 cm®/em

Z
(0.240808) (13.5 in.) (2.5 cm/in.) = 8.2573 cn®/pin
Weight of fuel per cm of pin at theoretical density:
0.240808 cm’® (10.90 g/em?®) = 2.62481 g/enm

Grams of fissile isotope/cmS at theoretical density:

2357 10.90 g/cm (0.6991 g/g) (0.9316) = 7.099 g/cm’

Fission rate per cm at peak axial location and

85% of theoretical density:

2355 7,099 (C.240808) (0.85 T.D.) (0.8188 x 10*?) =

1.1897 x 10*? fissions/cm-sec.



Figsion Rates for 85% Dense Fuel Position 6-N3 or 6-114

Isotope Weight Fission Rate

(e/cm) (fissions/cm-sec x 107"7)
Mﬂf- ézg. Min.
235y 1.4531 1.1897 1.0953 0.9972
238(5 0. 0831 0. 0043 0. 0037 0. 0029
23%py 0.3610 0.3492 0.3208 0.2883
24 0py 0. 0407 0.0143 0.0122 0,0095
24lpy 0. 0051 0. 0049 0.0045 0.0%41
TOTALS 1.9430 1. 5625 1.4365 1.3020

At 192 MEv/fission, there are 3.07 x 1071 w—sec/fission, The peak

figsion heat rates then are:

Maximum (1.5625 x 10%3 fissions/em-sec) (3.07 x 10711 w-sec/fission) -
479.7 w/cm

Averagze (1.4365 x 10%2 fissions/cm-sec) (3.07 x 10~ w-sec/fission)
441.0 w/en

Minimum (1.3020 x 10%3 fissions/cm-sec) (3.07 x 107'* w-sec/fission)
399,7 w/en

The peak-to-average Tission rate is 1.12:1.

Thus, a fuel pin with 85% smear density fuel located at the
average subassembly location will generate the following total

fission heat.

1 441.0 w/em A y -
(1‘12) ( 565 w/kw> (13.5 in.) (2.54 cm/in.) = 13.5 kw .

The actual heat generation for each subassembly location is
calculated on the basis of the design fuel density for the pin in
that location and the fission rate proportioned as shown in Fig. 4

of the text.

LE

it
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Calculations of ¥Flow Rate and Flow Area

Three different flow channels were derived from the geometric
arrangements shown below and the flow distribution for an H-37
subassembly published in Table D-IL of the Cuide.

These are shown graphically below.

Flow Area Associated
with a Corner Pin

Flow Area
Associated with
a Side Pin

~

Flew Area Associated
with a Center Pin

Two conditions were calculated; (1) the initial flow area and
velocity for start-of-irradiation, and (2) a final flow area and
velocity for end-of-life, assuming a constant change in diameter to
103.84% of original pin diameter. Thus, a circular flow channel

was defined with an equivalent diameter (De) based on a flow area
(An) equal to the ncnsymmetric areas for cach of the three locations.

In the following calculations tie terms are:

o)
1

pin diameter, in,

flow area, in.? = geomebtric area — pln area — wire area

=
LE]

o T density of Na at 911°F = 51.95 1b/ft>

w = Na flow, 1b/nr



o7

The values of the gubscript n are 1 for initial
conditions and 2 for end-of-life.

V = Na flow, ft/ar = whA) (144 in.?/rt?)
P, = Wetted perimeter, in.
Center Pin D, = 0.250 in. D, = 0.2596

Total region is a hexagon with 0.290 in. across flats.

A, = 0.,07283 — 0.04909 — 0,00126 = 0,02249 in.?

W, = 384.35 1b/hr determined by iterative calculations
to obtain maximum cladding temperature desired.

47,375 ft/hr or 13.16 ft/sec

<
3t

4 A1 4 (0. 02249)

Dé_ = = = 75,250 = 0,11453

1 w

Ay = 0,07283 — 0,05293 — 0,00127 = 0,01865 in.?

- 4(0.01865) -
DEZ - 0.2596 - 0.09147 .

1t

Because of the difficulties in defining other pressure drops
in the subassembly, we assumed the pressure drop (h) was constant
at the beginning and end-of-life, i.e. h, = ha. We also assumed
that only 80% of the caleculated reduction in flow occurred as a
result of pin swelling because 20% of the pressure drop is

unaffected in the remaining subassembly components.
- o 1 V2
S W -l
e

f, ‘the friction factor,

where

I, the length of the chamnel, and

g, gravity are constant for both hy and hy.
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v, = (D )ll/z
D

_Tyo. 09147 2] e
Vo = [(0 11453 (4’7,375)“J = 42,333 fi/hr

Vo Az p
144

b

= 284.8 1b/hr

Since we have assumed an 80% factor, then W, zctual is:

W (actual) = Wy — (0.80) (Wy — Wo) = 304.68.
Edge Pin

1/2 hex area + rectangular area

[}

Geometric area

0.036416 + (0.165) (0.29)

i

0.036416 + 0.04785

T 0.084266 in.”

Ai T 0.084266 — 0,04909 — 1.5 (0,00126)
= 0,033285 in.?
De, = 2(0:9232937) - 5 195

¢ T (0.25)
p = 52.7 1b/ft? at 820°F

Wi = 638.02 1b/hr

V. = 52,363 ft/hr or 14.5 ft/sec
A, = 0.0294514 in.?
Dep, = 0.144446

Vo, = 48,330 ft/hr

W, = 570.92 1b/hr

W, (actual) = 544.34 1b/hr
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Corner Pin
Geometric area = 1/3 hex area *+ rectangular areas * triangulary arcas

= 0.02427745+ 2(0.145) (0.165) *

2(0.165) (0.09526)
p)

T 0.02427745 0.04785 + 0,0157179
= 0.0878454 in.?
A = 0.08785 — 0.04909 — 1.5 (0.00126)
= 0,03687 in,?
Dey = 0,1877%
0 = 52,8 1b/ft? at 813°F
Wi = 687.35 1b/hr
Vi = 50,838 ft/hr or 14.12 ft/sec
A, = 0,03303104 in,?
Dep = 0.16200%
V, T 47,218 ft/hy

W, I 571.88 1b/hr

W, (amctual) = 594.97 1b/hr

These values were then used to establish the input for the computer
code MAMUU, The code agsumes that all heat is transferred radially
through the pin. The program then sums the heat produced, both fission
and gamma, in predetermined axial increments, calculates the heat

flow and radial temperature distribution, and prints out these
guantities. Tables Al and A2 are coples of the computer output sheets
for caleculations on a pin located at the maximﬁm temperature position

in the subassembly (Position 7).
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Table A-1. Temperature Distribution, Subassembly Position 7

Pin Axial

R T-C T~0 T-1 T-2
Position
1 700.0 700.1 700.6 701.1
2 700. 5 701.5 7041 775.6
3 701L.6 702.8 705.9 789.5
4 702.9 704.3 707.8 804.0
5 704.3 705.9 710.0 819.3
6 706.0 707.8 712.4 836.6
7 708.0 710.0 715.4 858.8
8 709. 2 709.8 711.5 755.4
9 716.1 742.0 811.1 1174.6
10 729.8 756.6 827.2 1201.4
11 743.9 771.6 843.9 1229.3
12 758, 4 787.2 861.5 1.259.8
13 73,4 803.2 879.4 1289.8
14 788.9 819.5 897.2 1317.9
15 804.7 836.2 915.1 1345.4
1é 820.8 853,0 932.8 1370.8
17 837.2 870.0 950.5 1395.0
18 853.8 887.1 968.0 1417.1
19 870.5 90%. 2 985, 2 1437.4
20 887.3 921.3 1002.1 1455.9
21 904. 2 2384 1018.7 1472.5
22 921.0 955,2 1034.7 1486.5
23 937.7 971,9 1050.5 1499.6
24 954.3 988.2 1065.6 1509.9
25 970. 7 1004, 3 1080. 3 1518.9
26 986. 8 1020.0 1094.3 1525.2
27 1002.7 1035.4 1107.9 1530.5
28 1018.2 1050.3 1120.8 1533.7
29 1033.3 1064.8 1133.3 1536.0
30 1348.1 1078.8 1145.1 1536.4
31 1062. 4 1092, 2 1156.1 1534.9
32 1076, 2 1105.2 1166.9 1533.9
33 1089.7 1117.9 1177.6 1533.9
34 1102.7 1130.4 1188.3 1535.4
35 1115.5 1142.9 1199.7 1541.8
36 1122.0 1122.8 1124.1 1159.8
37 1122.3 1122.5 1123.0 1127.6
38 1122.4 1122.6 1123.1 1126.0
39 1122.5 1122.6 1123.1 11247
40 1122.5 1122.7 1123.2 1124.4
41 1122.6 1122.7 1123.2 1124.2
42 1122.¢6 1122.7 1123.2 1124.7
43 1122.6 1122.7 1123.2 1124 .4
44 1122.7 1122.8 1123.3 1124.2
45 1122.7 1122.8 1123.3 1124.0
& 1122.7 1122.8 1123.3 1123.92
47 1122.7 1122.8 1123.3 1123.8
48 1122.7 1122.8 1123.3 1123.8

T-C = temperature of coolant, °F; T-0U = temperature of
outside surface of clad, °F; T-1 = temperature of inside
surface of clad, "F; T-2 = temperature of outer surface of
fuel, "F.
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Table A-2. Calculated Heat Transfer, Subassembly Position 7

Pin Axial

Position QF HTC QIC QIS ar arx
1 0.1750 22142.2 4 4 2 2
2 0.2050 22136.1 116 116 62 62
3 0, 2500 22123.7 136 136 187 188
4 0.3150 22120.3 157 158 334 335,
5 0.4063 22110.6 120 181 503 50%
6 0. 5625 22099, 5 207 207 697 698
7 0, 8875 22086.6 242 243 921 224
8 1.4400 22083.3 39 39 1061 1065
9 2.4013 21.961.7 1566 1567 1864 1868

10 2.4710 21873.7 1611 1612 3452 3458
11 2. 5449 21733.1 1659 1661 5087 5004
12 2. 6304 21689,3 1715 1716 6774 6783
13 2. 7107 21592.8 1767 1769 8516 8525
14 2.'7790 21493.8 1812 1813 10305 10316
15 2.8420 21392.9 1853 1455 12128 1.21.50
16 2.8922 21290, 3 1886 1882 14008 14022
1y 2.9357 21186.3 1914 1916 15908 15923
18 2.9665 21081.5 1934 1935 17332 17849
19 2.9866 20976, 1 1947 1949 19773 19791
20 2.9973 20870, 5 1954 1956 21724 21744
21 2.9973 20765, 1. 1954 1956 23678 23700
22 2.9839 20650, 4 1946 1947 25628 25651
23 2.9665 205564 1924 1936 27568 27593
24 2.9344 204540 1913 1915 29492 29518
25 2.8969 20352.8 1889 1890 31393 31421
26 2.8460 20253.6 856 1857 33265 33294
27 2.7911 20156.5 1820 1821 35103 35124
28 2.7268 20061, 9 1776 1779 36902 36934
20 2.6598 19969, 6 1734 1736 33652 38691
30 2,5848 19820, 2 1685 1687 40363 40403
31 2.5018 19793, 9 1631 1633 42026 42062
32 2.4241 19710. 2 1581 1532 43632 43669
33 2.3531 19628, 9 1534 1536 45189 45228
34 2.2929 19549, 5 1495 1496 46704 46744,
35 2.25% 19470, 8 1473 1474 48188 48229
36 1.3500 19513.1 36 37 43943 43985
37 0.3250 19513.2 19 20 4,8970) 49013
38 0.5125 19512.5 12 12 43986 49029
39 0.3688 19512.1 7 7 48995 49039
40 0.2913 19511.8 6 6 49001 49045
41 0.2375 19511.6 4 5 49006 49051
42 0. 2000 19511, 4 2 2 49009 59054
43 0.1625 19511, 3 3 A 49012 49057
4 0.1250 19511.1 2 3 45015 59060
45 0.1.063 19511.0 2 p 49017 49063
46 0. 0275 19510.9 2 2 49019 49065
477 0. 0650 19510.8 1 1 49020 49066
48 0,475 19510.7 1 1 49022 49068

QF = unperturbed heating rate, w/g; QCH = heat generated in the coolant,
Btu/hr; HIC = heat transfer coefficient, Bin £t72 °F*Y; QIC = sum of heat in
all regions excluding coolant, Btu/hr: T = total heat in all regions (excludiug
coolant) in all capsules above midplane, Btu/hr; OIS = sum of heat in all regions
including coolant, Btu/hr; QTX = total heat in regions (including coolant) in
all capsules above capsule midplane, ptular.
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The entire pin was svbdivided into 48 increments with lengths
that depended upon the contents at various axial locations. For the
fuel region, Positions @ through 35, the increments were 0.5 in. The
fuel surface temperature and the heat rating for a specific fueled
increment were then input into our PR¢FIL code to calculaste the fuel
centerline temperatures. Since the initial fuel will restructure
under the conditions of these irradiations, we have reported the
fuel center temperatures after restructuring. A typical computer
printout for the axial midplane fuel section is shown in Table A3,

To determine the effects of uncertainties on the various temperatures,

we used the format and factors described in the Addendum to Hazard

Summary Report, Experimental Breeder Reactor IT (EBR-IT), ANL-5719,

Addendum, pp. 58-59.
Additional analyses of fuel performance characteristics were

calculated with common assumptions and equations as follows:

Gas Pressure

1. Preliminary Analysis

Gas pressure buildup in pin located in Subassembly Position 7.

The average fission rate Tfor this pin is:

450 w/en__ ! L
1,12 pk?avg 192 Mev/fission 1.603 x 10-13 wwsec/Mev

401.78 avg w/cm
307.776 % 1077 w-sec/fission

% 1,305 x 10%? fissions/sec-cm

The total fission rate for 13.5 in. of fuel is:

1.3054 x 1072 (13.5 in.) (2.54 em/in.) = 4.4762 x 10** fissions/sec
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Table A-3. Typical Profile Calculation Results for
Pin in Position 7

EBR Series IT fuel region healt section of MAMU
Mev/fission = 192.0
Initial void diameter = 0 cn

Initial fuel density = 0,830 T.D. 10.902 g/em’
Profile with ¥ = 0,0110* 1/(( 0.4848 = 0,4465 = D)+ T

The next output is for densified fuel.

Radius Temperature K KT &) et
(om) (°c) (w/em = ) (w/cm) (w/em?) Density

0.0 2274 0.0 0.0 0 0.0

0.0 2274, 0.0 0.0 0 0.0

0. 0807 20774, 0. 0195 0.0 0 0. 970
0.0876 2271 0.0195 7,63 734, 0.970
0.1011 2253 0. 0196 25.30 ~2033 0. 970
0.1130 2222 0. 0197 42.71 ~3052 0,970
0.1238 2185 0. 0199 60,12 -3893 0. 970
0.1337 2142 0. 0200 A ~ 607 0,970
0.1430 2097 0. 0202 . 95 —5226 0,970
0.1516 2049 0. 0204 11.2.37 5770 0,970
0.1598 2000 0. 0207 129,74 ~6257 0.970
0. 1676 1949 0. 0209 147.19 —6679 0.970
0. 1751 1898 0.0212 164.61 ~7060 0.970
0.1823 1846 0.0211 182,02 ~7542 0,965
0.1891 1794 0. 0135 199,35 —9052 0.920
0.195¢ 1732 0. 0133 215.87 ~9336 0.920
0.2022 1672 0.0191 232.38 ~9586 0,920
0. 2084 1611 0. 0194 248,90 ~IE06 0.920
0. 2145 1552 0. 0197 265,41 —2995 0.920
0.2203 1492 0. 0139 281,93 ~10785 0,895
0.2201 1430 0. 0171 297, 57 ~12236 0.830
0.2216 1362 0. QL7 312,48 ~12318 0.830
0,237 1294 0.01.78 327,383 ~12371 0,830
0. 2424 1228 0. 0181 342,08 ~12396 0. 830
0. 2476 1184 0.0185 357,18 -12393 0.830
0.2527 1101 0. 0130 372.08 —12361 0.830
0.2577 1039 0, 019 386,93 ~12299 0,830
0, 2627 979 0. 0199 401.88 ~12208 0.830
0. 2675 920 0. 0205 216.78 -1 2088 0.830
0.2722 863 0. 0211 431,67 ~11937 0.230
0. 2769 308 0.0212 446,57 ~11757 0.830

13.61 kw/ft heat generation
0.081 cm void diameter

Columnayr grains of density 0.97 assumed for T greater than 1800.0
Equiaxed grains of density 0.92 agsumed Tor T greater than 1450.0
Equiaxed grains start at 0.2245 cm radius
Columnar grains start at 0.1885 cm radius
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The fission gas production rate per effective full power day lg:
4. 4762 x 10™* fissions/sec (0.26 gas atoms/fission) (8.64 x 10% sec/day)

= 1,0055 x 10*° gas atoms per day.

At standard pressure and bemperature, this is:

1.0055 x 10%° atoms/day
6.023 x 10°° atoms/mole

> (22,400 cm?/mole) = 0.374 cm?/day.

Since the initial gas loading of the fuel pin is assumed to be
8.5 cm3, the total gas conteat at the end-of-life is:

8.5 cn®+ 0.37% cm®/day x 592.5 effective Tull power days =
230.08 cm?

The effective plenum volume, excluding all available porosity
in the fuel and neglecting any diametral changes in the cladding due
to thermal expansion or irradiastion-induced density changes, is
6.82 cm®. From MAMU computer calculations, the average gas plenum
temperature is 607°C (880°K). Therefore, the end-of-life gas

pressure is:

230.08 cm? (880°K

6.82 cm” 273°K) (15 psi) = 1630 psi

2. Revised Analysis

Following favrication of the pins and in keeping with new
EBR-II reguirements. we revised our gas analysis to more precisely
predict the actual fission gas production in each pin and to
include the amount of sorbed zas in escn pin component plus any

moisture.
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To obtain a more precise estimabte of the initial gas content in
each fuel pin, we obtained the amount of absorbed gas for ecach pin
component by multiplying the weight of the cowponent by the measurad
gas content in cmB/g. To this we added a H,O contribution by
multiplying the component weight by the measured Hp0 content in ppm
and the conversion factor.

Pin 08~12 in Pogition 7 is given here as an example.

Pin Contents: Fuel 54.5 g SPL 80/85

5
19.7 g SPLL

Blanket 33.2 g U0, (BL)
Insulators 5.1 g ThO»
Fiberfrax 0.07 g
Partial Analysis of Contents:
SPL 80/85 SPLF U0, ThO, Fiverfrax
Gas release, cm/g 0.045 0.14 0.02 0.014 0.536
H,0, ppm 5 < 6 8 31 e

1(ppm H,0) (2.24 x 10* em?/mole)

H,O-to~-gas conversion -
< = © 18 g/mole (10° ppm/z)

= 0.001244 cm’®/ppm .

Thus, for the Tuel:

54.5 (0.045) + 19.7 (0.14) + 176.3 (5) (0.001244) = 6.30 cn?

For the Blanket

33.2 [0.02 * 8(0.001244)7 = 1.00 em?

For the Insulators

5.1 [0.0L4 + 31(0.001244)] = 0.27 cn3
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For the Fiberfrax
0.02 (0.53¢) = 0.08 em®

To this it is necessary to add the amount of helium and xenon tag gas
in the pin, which can be obtained from Table 26 as 8.38 cm® X

“=o= 7,80 em? STP.  This yields an as-fabricated gas content of
15.4 cm?® at STP. These data, together with similar data for all

37 pins, are presented in Table A-4,

To obtain the plenum volume outside of the fuel region, because
of our assumption that fuel porosity would be completely filled by
fuel swelling, we subtracted the fuel void volume associated with the
fuel from the measured free volwme in each pin. The fuel void volume

was caleculated as:

(’ 8.2573 cm’ \\(}
13.5 in. of cladding/ \

\
~ fractional fuel density) .

Thus, for Pin 08-12,

8,379 — 8.2573 (1—0.831) = 6.98 cm® plenum volume.

Thus, the beginning-of-1life plenum pressure can be calculated

using the plenum temperature calculated by the MAMU ccde.

15.4 cm® of gas 880°K\ _ .
6.98 cm”® of plenum (14.7) (273oK = 10 psia

To cobtain the end-of-life pressures and all other gas
Dbressures, a deplefion calculation was made using the DEPLETE code
to obtaln the peak burnup in ecach pin. The average burnup for each
pin was theu obtained by using the peak~to-average ratio of 1.12
from the Guide. Then the moles of fission gas production at 26% of

all fission product pairs can be obtained.



Table A-4. Cas Content and Pressure Caleculations for As-Fabricated Pins

Start-of-Life BEnd-of-Life
Subassembly Pin Fuel Elanket Insuiators Tagged Totay® Plerun Plenun Flenum Average Fiseion Toval Flenun
Position Taertity Welght Cas Weight Ges Weight Ge3 Helium Gas ‘v'ol\_z:ne Tem? Pressure Burnup Gas Gas Preasure
(5 em @ e T N ) R e I (K} fesi) @ FD)  (en?) (o)) (pele)
H,0 H0 1,0
(ca’) (o) {em®}

i D-2 71.19 7.95 36.96 C.66 6.07 0.11 8.58 17.3 7.8 77 93 7.4 119.9 137.2 740

2 op-7 TL.62 4,56 33.14 0.99 5.12 .27 8.68 4.5 7.0 785 88 11.25 175.1 189.6 1140

3 0S-4 73.49 5.87 33.4C 1.00 5.11 G.27 8,51 15.4 7.0 783 93 5.27 84.C 99.5 €00

4 08-9 73.98 4.35 33.23 1.00 5.12 0.7 8.42 14.0 7.0 778 84 10.94 175.1 18%.2 1130

5 D-30 71,20 7.95 27.16 0.66 5.24 C.1r 8.58 17.3 7.8 785 94 11.25 174.2 191.5 1340

6 05-8 72.08 1.33 35.86° 1,16 5.12 G.27 8,73 11.5 7.2 276 75 11,09 7.7 183.2 1200

7 gs-12 T, 28 5.73 33.20 .00 .11 0,27 8.38 15.4 7.0 880 M 10.% 176.1 191.5 1300

8 D-9 75.01 C.62 37.65 0.86 6.07 .11 9.C2 10.4 8.2 877 60 7.3 119.8 130.2 750

9 oP-5 78,04 4.51 33.15 0.9% 5,12 C.27 7.41 13,2 6.8 786 a2 10.é3 180.3 193.5 120C
10 Op-3 72,10 4.59 32.95 G.99 5.12 G. 27 8.55 4.4 7.1 783 86 5.27 82.6 97.0 580
1 D-20 70. 58 6 91 37.23 Q.66 6.14 C.1 8. 58 16.3 7.8 880 9% 10.9% 168.0 184.3 1120
12 D-10 71,10 7.% 718 0.65 6.07 C.11 g.58 7.3 7.8 877 105 5.15 79.3 96.6 580
12 03-2 73.13 4.30 33.26 1.00 5.12 0.27 8,47 4.0 7.0 880 93 5.05 80.C %.0C 630
14 05-6 73.92 4.35 33.30 1.00 5.13 0.27 8,51 4.1 7.1 876 3 7.13 114,1 128.2 8350
15 D-22 71.00 6.95 36.93 0.66 6.17 C.11 &,358 16.3 7.8 77 a8 7.02 108.5 124.8 &70
16 08-11 73.51 5.67 33.20 1.30 5.1% 8.27 8,51 15.4 7.0 Vo 92 10.94 17.5 189.9 1132
17 D-21 70. 66 6.92 37.03 C.66 6.17 C.1t 8.58 6.3 7.8 877 99 7. 34 112.8 129.2 780
18 D-31 71.17 6.97 37.15 G.66 & 19 .11 &.56 16.4 7.8 880 100 10.63 164.7 181.1 1100
19 08-7 74,08 4.2 33.29 1.00 5.23 C.28 7.73 13.4 7.0 876 91 7.13 114.3 127.7 8¢0
20 D-17 476 c.é2 37.1¢ C.66 6,16 CoiL 9.02 10.5 8.2 868 &0 7.32 114.2 124.7 710
21 08-1 72.65 1.26 24,97 1.14 5,23 0.28 2.50 1l.4 6,8 264 77 4.84 75.5 86.9 59G
22 05-13 72.87 1.36 32.7% 0. 98 5,13 0.27 8.52 11.2 7.0 768 66 4.76 742 85,3 500
23 08-10 73.30 4.3% 33.31 1.00 5.17 G.27 8.45 4.1 7.0 7856 85 10.63 168.6 182.8 1108
24 D-i2 75.30 C.62 37,038 0.66 6.09 C.1 9,02 10.5 8.2 871 60 10,49 1711 181.86 oAy
25 D-1 Ti. 1 7.9 36.97 0,66 6.21 C.11 2,58 7.4 7.8 868 134 7.02 108.7 126.1 750
26 D-1 7137 6.96 7.15 0.66 6.14 C.11 2,58 6.4 7.8 364 98 4. 84 %.8 91.2 340
27 03-3 73.49 4.32 33.33 1.30 5.12 Q.27 8,48 14,1 7.1 866 93 4.76 75.7 89.9 590
28 D-14 4. 74 0.62 27.24 0.66 6.21 0.11 9.62 10,5 8.2 772 60 9.87 1€0.5 i71.0 &70
29 D-27 71.19 7.95 37.17 G.65 6.15 0.11 8,58 7.4 7.8 779 93 7.02 108.¢8 126.1 680
30 D=4 74.82 G.éz 37.06 0,66 6.19 0.11 9.02 0.5 3.2 864 690 4.84 78.7 89.2 510
31 08-5 74,64 5.7 33.60 .G 5.09 0.27 8.39 15,5 7.0 866 pier] 4.76 7. 92.6 €10
32 D-25 63.96 6.75 37,10 0.66 6.09 0.1 8.58 15.2 7.8 gx7 9% $.87 48,1 164.3 97C
33 : op-2 83,96 3.34 33.15 .99 5.11 0.27 7. 12.4 6.8 781 Ve 4,62 81.4 93.8 58C
3 OP-1 77.06 4.45 33.15 0. 99 5.18 30.27 7,861 13.4 6.8 768 81 4,76 79.7 93.1 560

5 D-29 70,87 7.91 37.07 0. 86 6.24 Q.11 8.58 17.3 7.8 772 32 S.87 152.2 169.5,.« 9CC
36 oP-6 0.84 3.33 33.21 1.08 5.12 G.27 .72 12.4 7.1 781 73 9.71L 171.0 183.4 1080
37 D-5 70,98 6.95 36.99 0.65 6.09 .11 8,58 16.4 7.8 760 86 9.5 147.3 1€3.7 860

3

a2'.nc1ucling C.06 em’ for gas sorbed in Fiberfrax pads.

bIncluding U0, fines in blanket area.

LOT
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Moles of fission _ Wt of Tuel X wt % of actinides
gas produced

MW [the isotoplc average molecular Wt
% FIMA (0. 26)
100 )

This can be reduced to cm’® at STP and added to the initial Zas
content to cobtain the end-of life gas content.

For example, for 05-12

. . 9. L8746 10. 94
54.5 (0 8802%;93/2 7 (0.87456) (1;)00,) (0.26) (22,400) + 15.4 =

191.5 cm?

The end~-of-1ife pressure then is:

\
191.5 880 - s
Z o8 <é73) (14.7) = 1300 psia
Since 0S-12 in Position 7 has the highest gas pressure of all the
pins throughout the life of these tests, we calculated the gas pressure
for this pin as a function of irradiation time. These pressures as a
function of effective full power days of reactor operation, together

with the average burnup level, are given in Table A-5.

Stress and Strain Analysis

Detalls of the stress and strain analyses are given in
Rer, 32, and the mechanical normal properties used are presented
in Table 10. The creep formula and the constants used are

presented below for completeness. Tnermal creep:

. N
€ = A exp(—Q/RT) sinh(Co/T)"

where, for annealed type 316 stainless steel, we used:
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Gas Pressure in Pin 0S-12, Position 7

As a Function of Irradiation Time

Irradiation Average Fission Total Plenum
Time Burnup Gas Gas Pressure®
(EFPD)a (% FIMA) Produced (cm?) (psia)

(cm®)

25 0.57 9.2 24.6 167
50 1.13 18.2 33.6 228
75 1.68 27.0 42,4 288
100 2.21 35.7 51.1 347
125 2. 74 4 1 59.5 404
150 3.25 52.4 67.8 460
175 3.76 60.6 75.9 515
200 4.25 6R.5 83.9 570
225 4. T4 76.3 91.7 623
250 5.21 84.0 99.3 674
275 5.68 91.5 106.8 725
300 6.13 98.8 114.2 775
325 6. 58 106.0 121.4 824
350 7.0L 113.0 128.4 872
375 7.4 120.0 135.3 219
400 7.86 126.7 42,1 965
425 8.28 133.4 148.8 1010
450 8.68 139.9 155.2 1054
475 9.08 146.3 161.6 1097
500 8.46 152.5 167.9 1140
525 9.84% 158.6 174.0 1181
550 10,22 164.7 180.0 1222
575 10. 538 170.6 185.9 1262
600 10. %4 176.3 191.5 1300

SEFPD = Effeccti \ Davss b e MWA
fective Full Power Days of Reactor Operation = =T -

bAssuming a constant plenum volume of 6.98 em? and plenum
temperature of 880°K (607°C).
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A = 2.95 x 10%%

Q T 110,935

c = 0.02

N = 6,371

R © gas constant, 1.986 cal/g-mole-°C .
¢ = psi.

The form of the flux enhanced creep equationl is:

€ A0 ¢ ¢,

¢ = hr™t
& = neutrons/cm®-sec,
o * psi,

(1,405 — 0.0027 T)
- )

T = °K,
A2 6.732 x 10727 for annealed cladding, and

AT 6.948 x 10727 for cold-worked cladding.

All other sample calculations have been presented in the text.

Preliminary Stress-Strain Analysis

Since no fuel-cladding mechanical interaction was assumed, we
reduced the 0.016-in., wall to 0.0133 in. by increasing the inner
radius from 0.109 to 0.1117 in. and retaining the outer radius of
0.125 in.

The stress-strain-~time relationships were investigated for
the two highest heat rate pins (subassembly locations 4 and 7) by
calculations using the DEFPRM subroutine of the FM@DEL code. The

7. T. Claudson, Irradiation Induced Swelling and Creep in
Fast Reactor Materials, BNWL-SA-3283 (May 21, 1970).
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total effective full power operating time requested is only

592 days. However, we chose to extend the operating period for
stress analysis to 675 days to account for additional time at less
than full power, but when temperatures and stress are high enocugh
to affect creep deformetion. The 675 days were subdivided into
five full power increments of 135 days each; and a zero power
period of 25 days was inserted between each full power increment,
with an assumed reactor coolant temperature of 371°C (700°F). A
final increment of 25 days at 20°C was assumed Tor subassembly
dismantling, etc. before fuel cladding deformation can be measured.
The actual incremental conditions used are summarized in Table A-6.
The cladding radial temperature differentials are listed in

Table A-7 for the three axial locations investigated on each pin.
These sections are taken from the three extremes of temperature and

temperature gradient.

Table A-6, DEFﬁRM Inpul Pressure Data

Position 7 Plenum

Cycles E:XZ{ Temp Pressure (psi)
(°c) Initial Final
1 Full 607 60 418
2 Zero 371 306 306
3 Full 607 418 776
4 Zero 371 568 568
5 Full 607 776 1134
6 Zero 371 830 830
7 Full 607 1134 1490
8 Zero 371 1090 1090
2 Full 607 1490 1850

10 7Zero 20 616 616
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Table A-7. Pin 7 Cladding Temperatures
Used in Calculations

R Temperature Temperature
Sect
Lzzaiign Inner Outer Differential
il Surface Surface (°C)
(°C) (°C)
Bottom of fuel 433 394 39
Peak heat rate 548 54 4t
Top of fuel 649 617 32

The results of the DEFPRM calculations without fuel cladding
mechanical interaction or flux ennhanced cladding creep, but with
the abnormally high assumed gas pressure, are presented in
Table A-8.

These calculations do not include dimensicnal changes in
the cladding from fast flux exposure. These were calculated

independently for each pin at discrete axial locations.

Effects of Fast Flux on Cladding Volume Changes

The primary source of cladding dimensional changes will be the
volume changes in the cladding material as a result of fast neutron
exposure., To determine these at 1/2-in. intervals along the axial

length of the fuel, we used the following swelling formula:

% %; = 4,90 x 10749 (gt)1-71 10[

7

1.549 x 10%  5.988 x 106]
T 2

The temperature (T) at each interval was the meaon temperature of the
cladding for that interval, as delermined by the MAMU heat transfer

analysis. The axial flux distribution was based on Fig. C5 of the



Table A-8,

Stress-Strain Analysis with no Allowance for Fabrication and

Corrosion Effects

Intezrated

Bottom of Fuel Peak Heat Rate Top of Fuel

Pin Cycle Pime of Inner Surface Outer Surface Inner Surface Outer Surface Irner Surface Outer Surface
Humber - ‘,}éﬂf Radius  Stress Radius  Stress Radius  Stress Radivs  Stress Radius  Stress Padius  Siress
{hr) {in.)®  (psi)® (in. ;@ [psi) {ic.} {psi) {in.} {psi) (in. ) {psi) {ir.} {psi)
4 1 3,240 G,10977  -13,250  C.12533 14,610 5.10990  —16,500  0.12605 16,360 0.11004 12,820 0.1 14,130
4 2 3,840 0.135968 3,550 T.1257% 1,420 C.10%8¢ 1,650 C.12523 1,4R2C 0.10%87 1,650 0. 1,420
4 3 7,08C 0.10977 ~—il,45% £.1258% 16,300 G.1.0980 —14,59C 0.12e07 18,55 0.110805  ~11,000  C.1z6 15,810
4 4 7,680 0.10968 3,700 0.12578 3,012 0. 10966 3,490 0.12579 3,000 0. 10967 3,49 0.12579 3,010
4 5 10,920 C. L G.125%9 18,2350 0.10990 —=12,410 0,12609 20,490 (. 11005 -2,310 0.12624 17,730
4 & 11,520 Q.1 0.12579 4,610 0.10966 5,330  (0.12581 4,590 5.10%63 5,330  G.12580 %4,EC0
4 7 14,766 2. 0.1259% 20,200 L10991 —-15,250 G.ir6l2 22,410 0.11006 =5,5630  C.i2826 19,640
4 g J.D,Juu 0. G.125e0 5,200 0. 138967 7,160 (.12584 6,17 3.10963 7,170 0.1258 6,180
4 9 18,600 G. 0.12593 22,130 C. 10992 -8,100 C,12816 24,310 0.11307 —4,450  D,12630 21,510
4 10 19,200 a. £.12507 3,300 C.10902 3,810 0,12513 3,280 0.10933 3,320, ©.12511 3,290
[ieasurable A radius (in.) 0. 00007 0. 00013 0.00C1:
Strain (%) C.06 0.10 0.08
7 1 3,248 0.10977 -12,490 0.12588 14,340 0.11002 ~—16,120 0.12623 17,940 0.11019 -8,150 .12653 11,3190
7 2 3,840 0.10958 1,750 0.12578 1,500 0.10963 1,740 0.12579 1,490 0.10256 1,730 Q.igsER 1,487
~ 3 7,080 5.10978 —-9,900 0.1258% 17,140 0.1100r 13,840 012626 20,220 0.110156 —6,560  0.iEse3 12,340
4 4 7,680 0. 10969 3,670  0.12579 3,160 0.10961 3,640 0.12581 3,140 0.10953 3,600 0.12393 3,090
7 5 10,920 0.10579 7,310 0.12590 19,430 o.11001 0 —11,420 0 GU1R63C 22,420 0.131017 ~3.800 012882 13,190
7 & 11,520 G.10965 5,590 0.12579 4,320 5.10961 5,540  G.12585 4,770 0.10953 5,430 0.12812 4,860
7 7 14,760 0.10980  —,730  0.12592 21,720 0.11002  —5,93C  0.12836 24,570 0.11019 ~i0 .17z 13,990
7 & 15,360 0.10970 7,510 0.22581 6,480 0.10962 7,430 0.12591 6,390 0.1095, 7,180 0.1282 6,150
7 e 18,600 0.10981 —2,180  0.12595 ”4,000 0.11003 6,410 0.12644 26,620 0,11023 4,560 0.12756 14,900
7 10 13,200 0.10905 4,010 0.12508 3,460 0.10897 4,000 0.12523 3,450 010891 3,760 O.12eil 3,210
Meagurabie 4 radius {in.) 0. 00008 0. 00023 0,001
Strain (%) 0.06 0.18 0.88

Bat room temperature the initial radii are: inner surface — 0,109 in.

bme stress values are for
values are compressive,

tangentia l stress in the incremernt adjacent to the surface identified.
The cladding thi

outer suriface — 0,125 in.

kness was divided inte five radial increments feor this enalysi

Pesitive values are tensile, and negative (=}
5.

€Tt
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Guide. The peak fast flux for a pird in subassembly Position 1 was

calculated as follows:

From the gElQE: Peak fission rate for 23%py =
0.77% x 10'? fissions/g-sec at 50 MW.

Therefore, at 62.5 MW the peak rate is 0,774 X 10Y? x 1.25 =
0.9675 x 10*? fissions/g-sec.

From a physics analysis of the EBR-II, we had determined an effective
fission cross section for 22°Pu inm Row 6 of 1.77 barns, thus setting:

_ fission rate
n
9f

239 g/umole 1
6.023 x 10°2 atoms/mole 1.77 x 1072%

0.9675 x 103

HH
il

1

¢ = 2.1685 x 101°
Since the flux with energy greater than 0.1 Mev is repor‘ce‘:dlyy+ 87%,
we used a peak Tlux of 1.887 X 10%° for the pin in subassembly Position 1.
This agrees well with the curves on pages 60 and 61 of the Guide.

The flux at all other pin locations was raticed in accordance with
the fission rate decrease in going from Position 1 to Position 37
approximately 17%.

The results of the cladding volume change calculations are given
in Table A-9. The maximun change in diameter from the change in
cladding density is 3.4% in the peak flux regions. To this must be
added the 0.4% for creep deformation calculated by the preliminary
stress analysis to yield a peak measurable change in diameter of 3.8%
for the peak flux position of pins irradiated to the maximum burnup

level.
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Table A-©

The following tables are the computer output
for each pin showing the calculated end-of-life
volume and diameter changes for the cladding
material as a result of fast neutron fluence.

Each position is a one-half-inch length of cladding
beginning at the bottom of the fueled section (9)

and terminating at the top of the fuel column (35).



PIN MG TS v TIME IN DAYS = 381 PEAK FLUX 15 Lo 8B6R0E LB

P05 TCING T{0UT) neL T T{M} FLaiX FLUENCE PERL W
86 ¢ DEG C Des C LEG C
3 433 4 366, & 23, £ LA Co154LE 18 VoGS TE 22 2.
iu 439, 2 3195, 7 3.5 L1, @ . 1558 16 . 5128 23 2. 5%
i 465 2 4G4, 7 EYA 44 .6 0,765 14 L 5272 23 279
il 451,77 479, 6 41 8 L33, 6 £.1688 36 V. 545F 25 3,08
iz H5%. 3 $35,72 42. ¢ L2324, 6 JTUE 14 CLEELE 23 2098
Ll b4, 3 420, 6 w3, 8 L4y, 4 S« 175E 16 - F75E 23 2565
5 4T, 4 425,70 by, b b4, 2 TLOLT9E L6 G, 5388 23 a,01
i & L7641 431.2 45, A @53, 6 JaiB2E 16 L. BG9F 23 L. 33
iT Ldrg, 7 “36.% 45,7 LEG, R C.:85F 16 { &L8FE 23 4, 34
i85 HE3. A wh f. 4 45, 4 b5, 4 P RTE 1S U fL4LF 23 &, 52
15 Lo, 447,49 L€, 2 47N, ¢ 0, 1888 16 S 6LBE 23 4, 63
24 454, 3 53, b€, ¢ 476 7 DLYHE8E 16 G.E2LE 23 &L, T
21 4,6 454, 4 46,3 4381 .4 S..08% 16 o bZUE 23 4,715
22 5¢%s3 LES5. & 4547 436,44 JaTHBE 15 Je & LBEF 75 e 15
23 512,49 LEF,? L5, 7 491 S L8TE Lo Dbkl 3 4,72
24 5:d8, 3 473, 8 L4, 7 4G5, % o, LB5E 15 rBLTE 25 “. 65
2 522, ¢4 TR & 2%, 4 BOg, - TLOLR2E LS 4. 6U0E 23 4. 55
26 262 433, $3, Gl b, A - 1TFE TH L B58GE 23 4, &
27 523.7 an7, 6 w2, 2 578, ¢ ¢LLTHE 16 ). E7BF 23 4, 26
28 £33,0 451,56 “la i 512« % DLETLVE ib i okl 2% & OB
z° 526,1 455, 6 40, & 51%. 8 G, EeTE U6 LESLE D4 CIR
2 £24,9 00 35,8 519.5 Lo 1E3E L5 R3S 23 3. 69
3] Gal,3 503, 3 I7.4 5.2 € Coen 875 16 C.518% 23 3.48
a2 543,8 50746 34,3 525.7 s 1528 18 G-5LZ2F 23 3,28
37 S66,3 51i. 2 2R, 528, 7 DOT4RF 1S SoaRTE 23 3010
34 543, 514,77 3w. 2 53). 9% Tebds 16 U.«75F 23 2«94
5 £52.1 S51 8,4 25,6 €38, 2 N iA2E 36 J.LERE 232 2. 85
TLINY = TEMP 3F INNER CLAD SURFACEH, TOUT = TEMP NF CUTER CLALC SURFACS
DEL T = TLINY ~ TLOUTH T{M) = CLAD MEAN TEWMF,
PERC V = PERCENT CLAD VILUME CHAMGE. PsrC D

= PERCENY CLAD CIAMETESR CHANGE.
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PIN NO IS « TIME IN DAYS =  59¢, PEAK FLUX IS 1.B6C2CE &

PGS T{IND T(GUT) DEL T T{M) FLUX FLUENCE PERC V
CeEG C OE6 C DEG C DEG C

9 431. 6 303,58 38, 3 4412.5 U 1498 15 ULTE9E 23 4,67
ic 427.6 3984 4 39,0 4.8 J.353E 16 G.7BLE 23 B 16
1t 6473, 3 401, 8 “r . 0 4258 e iSBE L& 0 BD4E 23 5, 7C
il 450, 4 405.2 63,2 £25.8  {.183E 16 .R3LF 23 6. 35
i3 457,01 414,89 42,3 425,90, 168C 16 D ESTE 23 6,53
9 463.6 4200k 43,2 4421 C.iT2E 16 7. RBT8E 23 7.50
i5 470, 1 425, 1 Sa, L 448, d.175E 16 O RGAE 253 8. 08
1é 47645 431.8 G447 454,22  J.17SE 16 U.9Y4E 23 B.53
37 Liz, 7 437, 6 45,1 663,2 0.LRIE 15 ', GZ8E 23 8,94
N 4HR, B 443, 3 45, 4 466, 1 L. B4E 16 .G38F 23 3, 30
LS H39a 6 449, 1 4%, & L7108 DL 185E V6 J.C44F 27 G. 56
27 5 5.3 454,7 nE. g 477.% L.L86FE le 0. GATE 23 S, T4
21 £C5. 8 GED.3 45. 4 4831 Gu1BAF 16 N.GETE 23 ,~83
22 510, 9 €5, 8 45,1 488. 4% L.1BS5F 15 O.943E 2 S. 81
23 £:5.9 671,13 44,7 493, 6 . jBaS 1s O, 92RF 23 3.75
24 £/0. 5 $76.6 IR 4%8.6 0. ,82E 16 (. GZ8F 23 9.59%
25 565, 1 481,17 43,3 5C3. 4 (wiRCE 16 O.916F 23 5. 38
2¢ EoG, 7 56,7 47, 4 5CT.9  (.i176E 1o J.G0CF 23 S,U8
27 531, 4G, € Yia 5 S51u.4  DLIT3E Y6 ULB8R2E 23 .15
23 525.7 466, 3 S 516.5  D.16FE 16 UL RLZE 23 84 38
25 560, 2 5i: ). B 38,3 5£0.5 O.165E 16 CLE41F 235 7.98
LW 563,71 508, 2 3e, 2 B4, 2 SL06UE 16 G- FLTE 22 7.56
E} S4e, 2 502, 3 16,6 5¢7.7 O, LIB5E 16 (.TCGlE 23 TLin
32 Bakbied 13,2 35, 7 531, 1 GA150€ §d  U.TERGE 23 6,68
3 EfLl. 8 5172 T4, 6 534.5 SO146E 16 0.T44E 4 £a 33
24 556, 7 524141 33, ¢ 537.5 U.142F Y6 G.TISF 23 5.58
gD B8g, 1 525, 32.¢ S541.8  DeinuCE Y6 D, TLGE 23 5,78

TLIND = TEMP IF INNER CLAD SUREACE. TCUT = TEMP OF DUTER (LAD SURFACS
BEL T = T{IN} = T(OUT} T{M) = CLAD NMFAN TiMP.
PERC V = PERCENMT CLATD VWJLUME CHAMNGE. el O o= PLKCENT CLAD CIANMETER CHANGE.

LTT
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PIN NO IS 3 TIME IN DAYS = 254, PEAK FiiJX 18 1.8315CE 15
PRSI TLINY TLOUT)Y Dzt 7 TiM) FLUX FLUEANCE PERC W PERC U
PEG C 2EG C DeEG C REG C
3 4308 3673,3 37. € 4121 . 167E 16 G.Z22E &3 1,07 r. 36
1o 436, 7 3158, 2 3845 417.5 Q.151€E 14 0-3318 23 ieal U39
v 42,5 45 he 4 33.% 23,0 L. iB5F 16 e 36TE 2% 131 Gaot
i 446G 6 48, 7 L, 7 4291 D.lbae T4 D R52E 23 3.45 Geas
23 45041 Lle, 2 47,8 43251 L1606k U 0LREZE 23 1,59 3,53
4 462 4 “Gi7e 8 42,7 R T Ga JTGE 14 S.o2¥2E 23 1.72 0. 57
5 ¢58. 9 420, 4 43,5 44671 Va1 T74E LE DLZBRLE 23 2485 no6e2
i6 475, 431,11 44.d L53. % G2 7TE 36 o 3RHEE 23 1. 96 CLé5
i3 “4Bled 426,7 bb, € 59, € TGL1T79F L6 u. 293k 23 2.6 J. 69
IR £57. 3 G4, 7 4464 6 LbL, i GudBIE L& U. 2G8E Z3 2.13 “.73
W9 49341 449, 45,10 470, 6 C.1R2E 16 oo e00E 23 Zy2u J.73
25 463, 7 451,71 45, ¢ 476, 2 C.rR3z 16 e RLZE 23 2o 24 575
i 50 4, 483, 7 4L, 8 481l.¢ J.3183E 16 oL LUZE 22 2. 28 G.73
22 509s 1 4¢45. 6 Lh, 5 486. G T.0628 15 e UE g3 2:26 ¢ 75
23 5i4.1 LHE3. G by 4972, 4 D18 8 OoneHE 23 2425 .75
2 518.7 475,2 43, % 456, 5 i 7RE 1y ZCEIE 23 Z.21 U. 74
25 BE3.1 Lf8a, «r. R AN C.IT7TE L5 OIBSE 23 210 C.72
26 527.2 483, ¢ NP 506,72 G.lTeb 16 SOZPYE 23 2416 0.0
27 535, 1 4953 4%, 1 517, % L ITOE 16 TL2T4E 23 2.52 D,.£7
28 £34, 6 4Gu, b 55,3 Sites £ JredbTE 16 D, 265E 23 1.63 T k6
2¢ S33. 0 5G9, 38,9 51R8.¢6 Yelezxr T8 L. oEEF 23 .85 Y62
A Bel, ] 5C 3.4 3747 522. 2 JediGo0l 19 - A 1.75 .53
3i £42.9 87 & PR 525, 7 G153 38 S.2E58 025 1a b 0.55
e 546,56 511, 4 38,2 526,16 CelGRE L& GLrZBF 23 155 D.52
A3 549, % 555,12 34, i 532.5 Guibdt 186 3. 7I5E 23 e B0 473
34 554 3 519.1 32.2 535. 7 Cx 1&de 6 o 3TE 25 s 39 0. 45
33 555.7 527341 32. 0 536, 4 J.13BE 16 CLR030 23 1. 34 Je &5
TLINY = TEMP OF INNER CLAD SHRFACE, TCUT = TEMP (F CZUTEFR CLAT SURFACS.
DEL T o= TEIN) ~ THOUT) TiMy = CLAD MEAN TEMB,
PERC ¥ = PRECENT CLAD VOLUME CHANGE, PeRC 0 = PERCENY CLAD CIANMETER (HANGE,

g1t



PIN RO IS 4 TIME IN DAYS = %30, PEAK FLUX IS TLEDBEQE 15

P35I TEING TLDUT) DEL T T{M} FLUX FLUENCE PERC ¥
CEG C DEG C DeG C OEG L
5 434, 6 395,12 3%.3 414.G 2.145E 16 C.73TE 23 ‘e B
it G4, A Gude L 4.2 4235, 3 J.1a%E 1o G.TE8E 23 5«00
11 fiab, s 0%, 3 4%, 3 425.¢ T,153E L6 Q. TELE 23 5,51
1 452, 2 4l 424 6 431.95 J.158E 156 C.BUTE 23 6.09
] 45%¢,7 41500 43,7 427, 9 G.lé3E 16 D.BEESE 23 6.67
14 4nb.h 42..%5 44. 6 443,08 L 0L16TE 16 (e R53E 23 .20
W5 472,56 + 27w 5.4 449G, 8 CL1T71E 16 OL.E7Z2E 23 T-71
le€ 478, 7 43246 b1 55,7 C,i74E 15 U. BBEE 23 g.16
17 4R4, 3 433, 2 40.0 t61. 5 C,177E 16 J. 9CLE 23 8. 55
18 LG, 7 942, 7 6. G 467,72 SJ179%E 15 L,3L06E 23 B.87
i9 456, 3 H649, 2 47,1 72,3 v.lBGE 16 G.GikE 23 3,10
2¢ Bri.g 454, 7 47,1 4 TB. L L. LBCE 16 Y. QZOE 23 9.27
21 TG 46741 46, 5 462, 5 JeiRIE 15 Gy G2F 23 9. 35
2& £1l.3 465,32 45, & 4d8. 6 L. 18B0E 18 3. 95 5E 23 $5.33
22 Si16.7 AT0. & e, L 633, 6 S.17GE 18 JLeinE 23 3,27
24 Beial 475, ¢ 45, 4 498, 2 0. 1778 14 Ly BOUGE 25 9. 14
25 525,73 430, E G4, 8 BL2. 3 D.1T4E L6 G BRYE 3 g1
2¢€ S2941 48342 43,9 50742 G.171E 1o J.£738 23 8.632
A £%e. B 483, & 47,6 511. 3 TeibBE 16 0. 8568 23 8,33
23 Bies! 454.2 41,5 515. ¢4 C,184E 16 U 82TE 23 T.97
25 535.3 4943, 5 40.8 518,09 fL.i608 16 T.BI6E 23 Ta b
3G Sacal BC2. ¢ 39,5 582.% Co258E 16 Je TIEE 23 T221
3l Sha, b 500, 4 e, 2 5£5. 5 2. BLE L6 L.7e88 23 5,78
A2 Sut,2 5iu. 2 36473 522, 7 C.l4sE 16 G, 7TH4E 23 6. 38
43 £43,7 51 3.9 358, & 521, 8 TualcE 15 0,228 23 5. 03
36 582.3 517.¢ 34, 8 534,% Je. 13dE 16 deTULE 2 573
25 E55. 6 521.2 3y, P 533, 4 Uy L36E 1A L. 6%2F 23 5o B4
TLIN) = Te¥pE F INNEAX CLAD SUREACE, TCUT = TEMP QF CUTER CLAD SURFACS.
CeL 7 = TUINY - TLOUTH TIM) = CLAD MEAN TiMP,
PERC ¥V = PERCENMT CLAD VOLUME CHANGE PERC U = PZFCENT CLAD DIAMETER CRANGE.
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POS T{IN) TLOUT) Det 7 Ti{M} FLux FLUENCE PERC V PERC U
0eG € NES C e C DEG C
9 L£21.5 293, 2 32,1 412.5 L.14%g 16 S-TESL 23 4a b7 1.56
1c 43746 3945. 6 39.0 4380 O. 1538 15 . IRLE 25 5.16 1.72
il 464,58 4G3.38 Gt G 423,38 T 4538 10 fLBLGE 23 BT 1.9%
ie 450 % L{d9e & bis 2 42G. 8 C,ib3F 16 G, B21E 23 &, 31 2.2
! 457, 1 4le,8 b2. 3 42%. 6 2.168F & U BATE 73 6.92 2. 71
{4 4563.6 ST AN 43,72 462,05 Co17er 15 1. 8TBE £3 7,50 2.5
e 4701 w256, 1 a4, G LG, de ITOHE L& L, EB&E 23 R, 0OF 2.£8
a6 47645 43148 Ghe 7 454, 2 Gai73E 16 T Gi4t 23 8,53 2. Rb
17 G482, 7 437,6 4541 460. 2 Q.182% 16 G.S¢6E 23 5,956 2. 59
18 448, 8 443,72 45, ¢4 Lbbe i Delbol 16 L, 838F 723 o, 30 3.1
iv 4944 € 449,17 45, h 471.8 J.,1B5E 15 CoS%atb 23 9,56 3019
2o 80,3 454, 7 L5, 6 477.5 5.186k L& U.9478 Z3 G. 7 3,295
2! £1.8.8 4ci. 3 45, 4 483, 1 U, i 8&FE 15 (s GaTl 23 9,87 3.28
22 510.9 45543 4541 4B8Be i 2. 1858 LA -S43 73 s K3 3.27
23 51%8.9 4715 L4, 7 453, ¢ 2o 19%E 18 gy CTAE 23 8,75 3.25
24 52046 4754 ¢ e } 4G8, 5 N Bk ab J.928E 23 3. 59 2. 20
25 52941 8.7 43,3 503. 4 B.1808 18 G.916f 23 G, 3A 3,13
b 529.2 haht,? 424 507.9 Du 760 16 J-GUGE 23 S« UE 3.03
27 £33.1 451, 2 41.5 512.4 Py 738 16 0.8a2c 23 8.75 2.32
28 536.7 455, 7 43y 4 5i6.F Ce169F 16 G- Bé6dt £3 e 38 279
£9 S4i0, 2 FIR 3G6. 2 520.5 0- 465K 16 D.841F 23 T.9# 2+£5
A 43,3 5354 2 38. 2 524,12 D.160E 16 Gy BLTE £3 Ts 50 2+ 52
3} Satel Q.2 36,8 52747 Q,1588 18 J.7¢3y I3 Tt 2,37
ie £45, 3 51323 35. 7 531.3 O, 1508 14 TLTHEE £ 6. 64 2.23
33 551.8 51 7.2 3%.6 534, % TLiabE 6 G, T44F 22 &30 PN
34 554,7 521.% 336 £37.5 Ded&2E 15 0. 7¢8E 23 5.G8 1,99
3G £54a,1 52%a1% 33,4 54..6 D 1408 16 O.7T4E 723 5.7 ]
TLING = TEMP OF INNEF CLAD SURFACE. T3UT = TEMP OF CUTRER CLAD SURFACS
CEL 7T = T{IN) -~ T{DUTH TiM) = CLAD MEAN TEMP,

PERC V = PERCENT CLAC VILUME CHAMNGE. PERC O = PERCENT CLAD CIAMETLP CHANGE
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TLINY TEOUT DEL T T{M) FLUX SLUENCE PERC v
DEG € CEG L DEG nEG €
432, A9y b 35 4 “13.6 0, i45E 15 0. 737E 23 brdr?
wlil B NN 39,2 LiZ.c LJTAIE YA D.TRRF 23 54 CR
4k, | A10LS afiel 431 @ L1538 1b  O.THLE 23 5.72
460 9 G156 AN 660, 2  L.158E 16  J.BLYE 23 bewd
LG, h 42,5 62,3 445,46 0, L163E 16 0, 832F 23 7,11
IO $37.5 43,7 459,41 D.i6TE 16 0, 852F 23 7.7
5.5 4ab. R 43, 8 $66.7  0.171E j&  5.872% 23 .08
5004 455, 1 Loy 3 478.3 L. i74E 16 G.BBRE 3 Be 72
£10, 3 465, 6 Sy 7 487.5  CLITTE 16 L.OCIE 23 9.7
5200 475, 1 44. G 4$7.5  0.179E 18 C.910E 23 3,28
2256 486, 5 68 SC7.1  U.18JE 1% 0 916E I3 3. 37
532, 9 434, ] 44,0 516.5  DLAiALE ls C.GQ2(F 23 S 36
E4n 2 503, 6 nh, b S25.S  U.aflE 1E UL G2LE 23 9. 23
55743 51209 b S350 DL1RDE 16 U.G15F 23 e 98
5n5 ., 8 A2, ¢ 477 S44.7  U.1TSE 16 L.G10E 23 3.69
€Tq. i 531,72 L3, S52.7  O.3TIE 16 4.SU0E 23 8, 3.
£52. 4 S40, 2 wl2 S6l.3  C.LT4E 1A U £69E 22 7,968
5504 2 563, 9 bav 3 565,5  (,iTLE 16 L.5T3f 23 7a b
547, 7 357, 4 4.3 5TT.6  C LABE 15 0, £5eF 3 6.0}
404, 3 5¢5, 7 30.2 585.3  0.164E 16  3.R37F 23 s bl
611.3 £73. 8 38, 552.8  C.l60% 16 U BiEE 2% 5.91
£14. 4 58i.8 36,8 5ULru 0. 155E 15 5.T793F ;A 5. 43
€24, 5 LN 35, 8 606.7 U 151E 1 0.768L 22 4,94
£3%, 5 E56. ¢ 3L, 3 613,4  Cal4bE 16 (. TenE 25 4,052
EiE. & 6C3, 13, 2 619.¢  0.le2F 1A . T22F 23 4 11
€424 4 61044 3242 626.3 L. i3BE 16 U TULE 23 330
€4t T £4”. 2 31,6 532, C.id6F 16 D.e97t 23 3.55
TEMP OF INNER CLAD SURFACE. TOUT = TEMP OF CUTER C(LAD SUFFACS.
TUING =~ T{OUT) T{M} = CLAD MEAN TEWP,
PERCENT CLAD VULLME CHANGE. PEEL 0 = PERCENT CLAD CIAWETER CHANGE
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PIN NC IS € TIME IN DAYS = 341 PEAK FLUX I35 1. 7TGL0E

15
PCSTI TUIND T{OUTY DEL T T(M} FLUX FLUENCE PERC V PERC
frC C DEG C 0rG € pEG C
g 432, 1 3¢, 2 27.8 413.1 Dei42E 16 G, 4E83E 23 2.706 G.69
17 L40,9 402e 2 38,7 41«5 C«147E 16 (.%82€ 23 2» 33 G718
L 450, 1 4104 38,7 4304 ¢ S.151E8 16 J: 4378 23 2.63 .88
ié 459.7 4158.6 40,7 439,13 Coa56E L G.Ei3E 43 2435 0.98 -
i3 4EG, 4 427.7 1.7 448. 6 Col61E 15 G B29E 23 3,27 L.09
14 476, 2 47304 6 4245 457.6 Caab5E 16 J«563E 23 3. 55 : 1.13
15 485, 1 445,8 43,3 467, 4 Ca169%E 1 3, ES8E 23 3,81 1,27
i6 458,38 455. 4 43, 8 47649 Gel7dE 18 U« 5688 23 “4.0d - 1s34
i7 5u8,4 4, 3 44,1 486, 6 D174 16 Us573F 23 4,18 1.329
28 518.1 473.7 Ghe & 495. 9 Ou176E 15 G.579E &3 4.28 1-43
P 58T 483, % 4h, b 5¢5.2 G 177e 1% 0.583¢ 23 4,33 IR L
2¢ £35.7 4524 4 44, 3 514.6 C.178E 16 2. 5858 23 4. 372 iabb
21 45,8 501.7 b, ] 523, 7 O.178E 16 La5385F 23 4. 27 1,42
22 554,5 £173.9 4548 532.7 s 177E 15 U.583E 73 417 1,33
23 tez. 2 S2u 1 “2.z 541, ¢ 8.1756E 1o G.57GE 23 4,0y 1.35
24 571458 229.1 4244 550,73 Cai?4E 15 C573E 23 3. 85 wnd3
25 579,46 537.% 41,7 558, 7 G l72E 16 D.Be6E 23 3, 67 be22
24 587,2 565.5 4G, 7 564, 3 G, 169E 106 . 586F 23 3. 45 i1
27 €34, 7 554, 5 2C, 8 574, 8 Co 165E 16 J.565F 23 3,23 1.08
28 £Li.8 5€3. 1 38,7 58324 % C.162E 14 G.532F £3 3.68 S R ]
23 £C8.6 571, 0 37, ¢ 582 8 G 158F 15 G.519E 3 2. 77 0,92
il €i5.0 C578,.7 3643 594, 8 0.253E 1 0. S5C5F 23 2:55 - 0,85
3k €21.1 586, 35,1 602, 6 2.148E 16 O, 488 23 2432 3. 717
a2 €27, 6 583.2 33.13 610.1 Critaf 16 G+ #73E 23 212 0T
33 622,19 £0C. 1 32,7 16.5 G. 140E 1o G,485GE 23 1,94 C. 85
34 £38,7 £0Ea 5 1.4 £22.8 0. 136k 16 Je &BE 25 —3 0 TG SR VR VIR
35 €45, 0 613.8 2l.2 529. 4 Ca13ek 156 Us el F 23 1.68 n.56
TEIND = TEMP OF INNER CLAD SURFACE. TCUT = TEMP OF CUTER CLAD SURFACS.
BEL T = TUIN) ~ T{OUT) TIM} = CLAD MEAN TEMP,
PERC V = PERCENT CLAD VOLUME CHANGE, PERC D = PERCENT CLAD CIAMETER CHANGE,

get



PIN o IS 5

POST  TEINY TIOUTY DEL T T{M} FL
LEG © DEG C DEG € DES C
S 411.3 393, ¢ 38, L 12,7 Ol
10 437,38 393, 7 1,2 elm.2 Ll
il 444, 1 47 3.9 40,2 424.0  C..
12 450,8 409G, & @l 430,71 wel
13 457, 4 Hlads @2, 5 36,0 0.1
14 464, 0 420, & 23,4 462-3 003
L5 470, 6 420, 2 46,2 468.4 .
16 47449 432. % “a, B 454.5 .l
i 7 4R3, 2 437,53 &5, 3 60,6 Ouy
P8 486,72 449 3,7 LR bbb, 3 0o
i3 445, 2 249, 4 45. 8 @7z.7% 00
cu 5001, 8 455.1 “5.,7 4780 001
21 5%, 3 460, 7 45, ¢ 83,5  C,1
22 51345 48643 45. 2 488,35 0.
23 516.¢ L7171 44, 8 494,17 0,7
24 521.2 77,0 Ghy 2 98,1 L.l
25 £25.7 48242 42, ¢ 504. % Gal
25 526. 9 L5772 w77 SUH. & Jud
27 £33, 3 L9714 “1. 7 513.L L
28 527, 4 LG5, 8 40,6 517.0 0 L
25 54,9 S0l 4 32,6 521, Gl
3 T R05.7 33.3 524.6 (.
31 Sab. G 553.9 27, 529.4 0.1
32 Eag.7 513.9 15,8 537, Cu.
33 5520 517,38 34 T £35.7 0 0.1
34 555, 5 52..8 33,7 538, 6 0.3
35 556,93 525, & 33,2 CE A
TUIND = TEMP JF INNER CLAD SUFFACE. TOUT
DEL T = T{INY = TiOUTH T
PrxC V = PERCENT CLAD VOLUME CHANGE. PrEl

X
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PEAK FLUIX

is i

¢

£ 15E g3 &4,
D ) D VS36FE 23 4,
E 1& L.758f 23 5,
Eois . YH83E 23 5
£ 15 DORLTE 23 5.
£ 16 J. 8288 23 6.
£ 16 . BebE 23 7
16 D, BezE 23 7
c is CoRTLE 23 8.
E 16 L. BB2AF 23 2,
E 16 D.8ESE 23 B
£ 15 e BG3F 25 8.
£ is G.BC3XE D3 3.
£ 16 Q. BASE &3 By
£ L G.BR3IE 23 2.
£ 16 . B74F 223 8.
£ 16 hLBE3F 23 & .
£ 16 D.RGBE 23 B,
Fls G.R831E 23 T
£ 16 D8Ik 23 7.
E 16 5.7G92F 23 7
vl GL.TTLE 23 £a
£ 16 3.745F 23 6.
£ 16 3.7228 23 b s
£ s DT E 23 5.
£ 16 D.ERIE 205 5
S s BT RE 23 5.
TEMDP OF CUTER CLALC S
(LAD MEA&N TEMP,

PERCENT

CLAT CIAMETER
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PIN NC IS 10 TIME IN DAYS = 2%, PEAK FLUX IS 1.8316CE 15

pPNSI TCIND TLOUTH pEL T T{M) FLUX FLUENCE PERC Vv PERC D
CLEG C DES C DEG C DEG C _

2 4335, 8 303,3 E &12.1 Cs iGTE 18 CL322E 23 1467 C,35%
id 436, 7 393, 2 39,5 417.5 C«1BlE 16 Ue 331E 23 i-i8 O-33
11 42,9 403, 4 36,5 423,11 "o 155E 1 J.3L1E 23 1.2 Catsdr
1e 64T, 4 4C 5,7 G0, T 429, {e161E L Us 252E 23 1e 45 - G.48
12 456, ( 414,22 41,8 435, 1 N, 166F 15 0, 362 23 159 (1,53
14 £62. 4 419.8 42,7 441.1 GCet7CE 16 0,372 23 1.77 .57
18 468, 9 L25, 4 43,5 447 C.174E 16 0. 281F 23 1.8¢5 n,.62
16 475,1 43541 4441 4513, 1 Ceat77E L 0. 3BBE 23 1s 96 0.65
17 483, 3 436, 7 44, & 4593,y 0,179 1€ 5. 293F 23 .06 3.69
i8 487.3 443, 7 b5, % 464, C C.18YF 16 (1. 3G8E 23 2+ 13 9,71
16 433,1 348, 5. C 470, 6 C.1B2E 16 5. 60CE 23 2420 Z.73
2C 498, 7 483, 7 45,0 47642 C.i183F 3 G40 ZE 23 2e26 8.75
21 S 4, 459, ¢ b, 8 481, 6 C.183FE 16 GuewC2€ 23 2. 26 G.15
22 5559, 1 Geb, & 44,5 4B&, G 0.i82FE 16 2. 40GE 23 2r2b Ge75

3 fi4.1 469G, 9 Lb, ] 492,71 D.131E % Q. 2CRE 213 .25 .75
24 £18,7 475,72 43,5 4,65, 6 C.179E 15 G.393E 23 2+ 21 .74
25 B2%,1 480,73 42,3 EQ1.7 C.17TE Y16 T.3HBE 23 2+ 16 0.72
26 €702 435, 2 4., G 506, ¢ C.174E 146 GLOERLE 23 7.1l 0. 70
27 S3iel 490, 0 41,1 510, 5 J. L T0F 16 9. TTHE 23 2,02 U, 67
28 534.6 4944 6 40, ¢ Sla. & S.iBTE 18 . 3658 23 193 Gybo
23 B1%,0 493, 1 28,6 518. 4 Leib?E L6 (. 3S6E 23 i1.8% N,62
2L S4ial S50%. 4 LT 52,8 N.153F 186 G.2460 23 1,75 053
3L 543, 3 0T, 4 3R, 4 525, 7 SL1T82E e 19,228 23 164 5.55
37 e, & Sliet 35,2 E25. 0 Jei4BE 16 D.25F 23 155 0,52
33 E45. 4 Ei%a3 ETAN 532,23 rLiAGE 16 C.3158E 25 Losb G, 49
34 5524 3 513, 1 33,72 555, 7 0. 1%0E 16 U 307F 23 is 39 (.66
w5 65,7 523, 1 3246 529, 4 C.i38E 1¢# G.303E 23 1e 36 I A

TEINY = TEMP OF INNER CLAD SURFACF. TOUT = TEMP COF CUTER CLALC SYURFALS.
DEL T = T{INY - T{DUT) T(M) = CLAD MEAN TEMP,
PERC V = PERCENT CLALD VOLUME CHANGE, PERC D = PERCENT CLAD CIAMETER CHANGE,

T



PIN NC IS 13 TIME IN DAYS = 5S¢, PrAK FLUX IS 1. Bl550E 1S
POS I TLING T{OUT) DeEL 7 T{™) FLUIX FLUENCE PERC V PERC
res C eG C o986 € bEG C
3 432. 8 394, 4 13, 413, 6 C.itSFE L6 G.727E 253 4449 1.5C
it 441.8 402, & 39. 7 w22 ¢ Gs,149E 16 G. 7T5RE 23 5. U8 1469
I 421, 1 4i0. 5 wiioz 437,10 2, 453%E 16 G.T781E 23 5.72 .95
e 45,3 443,06 Gle 3 L4 2 Coi53E 16 0. 2L7E 23 Hx b 2. 14
&3 «7dec “23.4 424 % 445, ¢ OesbzE 16 J, 0328 23 Told 7. 37
L LFE a7 437, % 43,2 459, 1 Qa1bYE 6 U.853F 23 T.72 2.57
i5 QL6 446, 8 42, 8 468, % G,iTLE 16 3.8T2E 23 g.28 2.75
16 E03, 4 455, 4 44, 2 %73. 3 Gel¥aE i5 5. BBBLT £3 9,72 293
17 fiv. 3 465, 6 wb, 7 48745 C.1778 16 J. 9ulE 22 9.07 3.82
18 E27.0 435.1 44,3 4587.5 U, 1798 18 G.S10F 232 G.24% 3.03
10 2739.6 484, € 45,0 5CG7T43 U.1R0E 16 U, 916k 23 9. 37 3.12
23 558,93 LG4, ) L&, 3 5165 Cs i BGE 196 G3,9208 23 9. 36 3.12
21 548,22 5C3.¢ 44,8 525, 9 2. 180E 16 2, 59¢CE 23 G.23 3,03
22l E57. 1 1.9 ba, g 535, 4 Te s BOE 16 Je @LBE 23 5,98 2 G3
23 65,8 E2la1¢ L3, 7 S, L TL1TSE TS ", 9ICE 23 8,693 2,950
2 £E74,2 531.2 43, 552. 7 CLITTE 1A b G(DE 23 5,30 2.77%
25 582.4 £600, 2 bc. 2 56i4 3 To176E LA U, FEQL 23 T B8 2,63
26 5604 ¢ 548,95 41,3 569, ¢ e l7iE L6 . BT3E 23 T Ll 2:47
27 5.7 557. & 40, 3 577. ¢ TL168E Y4 fLB56E 25 5.9% 2.30
28 ElGs 565, 7 T3, 2 SR5., 3 Gyihwg 16 U, R3YE 23 Aa by 2-i@
29 Eiia 573. 8 33,0 562.8 C.lbuE 36 U. BablE 23 5.091 LT
L1V Gidan SEl.6 3€. 7 600, 8 N.i56E 16 J.T62E 23 5s 43 il
3i Ere.5 584,71 35,05 66,7 fO181E 14 G, TmAL 23 4. 964 1.£%
LY £2u.5 5GF, 2 e 3 o134 le b L6 Ja 7465 23 ; 159
13 £26, 4 173, 3 33,2 61¢ ¢ JooLs2F 16 C.7028 23 .23
34 £ud, =+ Gida 2 2,7 cdib. 3 Ge138E 76 e TusE 723 .27
is Fady? 537, 2 1146 532. ¢ Jri36E 1o D.063E 23 1,18
TEINY = Temp TF INNER CLALC SURFACE TCUT = TOMDP NF CUTFR (LAD SYPFACS
DEL T = 70145 -~ T{30T) T{Mj; = CLAD VNEAN TEMP,
Pkl ¥V = PERCENT (LALD VOLUME CSANGE. PERC D = PERCENT CLAD CIANMFTER CHAMGE

921



il

S LEZ 0 TIME IN DAYS = 254,
TEIN) TLOUT) oeL T T{#)
LEG C Des DER C DFG ¢
432*1 3?402 "‘;T.S !‘;-:‘aj
G40a 9 402 2 38.7 4.2
450.1 4]10.4 29, 7 630, 2
459,7 413,6 40,7 419,32
409, 4 427.7 41,7 Lng.b
479, 2 436, 6 4246 487.9
489, 1 b, B 43,05 LETL 4
438,8 458,30 43, 8 476. 8
5C8B. 4 LEL, 3 Lh, L LBE, @
£18.1 473,77 G, & 495, ¢
527.4 83,1 44,4 505, 2
53647 £G4, 4 Gh. 3 514%.6
45,8 DUiad ahal 5¢2.7
554,56 5i0.9 43, 6 532.7
£63.2 825 1 i ? S4le 6
571.5 £2G. 1 LG 550, 3
£75.5 537,9 “1.7 558.7
S87.2 flho, B s 7 565473
BG4, T 35449 36, 8 74, B
6La 8 5€z2.1 18,7 E82.4
£0R, & ETL. 0 7.6 584G, 8
el18.0 573,7 35.3 £96. &
Edlsl 586, C A%,51 603,56
27,0 533.2 33,8 1001
£27.8 60T, 2267 616, 5
€38.7 5064 G a8 6272+ 8
€63, 0 €13, B 3102 L2554
TEMP OF IMNER CLAL SURFACE,

TLINY - T{OuUT)
PERCENT CLAD vOLUME

CHANGE,

PEAK FLUX

FLUX

£, 142E
Gel&TE
G.i8LE
Q‘iSOE
G, 161K
1, A 65F
T 163E

Gs i T2E-

2, 1 74E
G iT5E
0, 177E
C. 1 78E
Je 1THE
0.177E
Ga L 7HE
£, L 74E
N, 172E
e 166E
GalbekE
¢, 53¢
Ga 1953F
Uw L4HBE
O. 14k
0, 16uE
G, 1 36E
Dai3%E

TCUTY

is ie TTSICE 18
FLUENCE PERC V¥
15 . 313E 23 1.03
ié Ne 3228 23 1.17
Lé O, 231F 23 1,33
16 G. 342E 23 1.47
16 O, 3532F 23 le63
16 D.262F 22 1,77
14 3.37CF 23 1.8n0
16 G, 3T6E 23 el
16 J.- A8ZE 23 2,09
id (i, ABLE £23 PR
16 . 28GE 23 2. 17
16 G+ 3G0E 23 16
16 G, 29CE 23 £a 1%
is Ue3BBE 23 2«08
15 0.2R6E 23 202
45 0.382E 23 1.92
16 3. 37TTE 23 !
14 Ua 27CE 23 Le 73
15 (. 363E8 23 i.61
ié 3. A55EF 23 1850
15 G, 346E 23 1,39
ié s 3360 23 1. 27
15 Js3226E 23 1,16
ib Gr23:5%F 23 a6
18 . AU 6E 23 0,97
16 0. 298 23 {is BY
i6 Ue2G46E 22 De8a

TEMP CF CUTER

TiM} = CLAD MEAN TEMP

PERC D =

PEECeNT CLAD

CLAD SHURFACS

ClAVETER

CHANGE

LT
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3 TIME IN DAEYS = 284, brak FLUX IS 1752708 15

TLoUTS DEL T T{M) FLUX FLUENCE PERC V¥ PERC
De L neGg ¢ OEG €
354, 4 38,4 413, 6 L6 U.308E 23 .ol N, 34
402, 6 39. 2 4284 2 16 0. 3178 23 1ais 0438
377. 6 73,5 G14,3 is Ou 326E 23 i.lc Q.37
L1G, 6 4743 440, 2 16 02 33FE £3 Ia e H.468
424, 4 bg, ? L4G, £ i5 G.568F 23 1.60 D.E3
%37.5 %3, 2 456, 3 16 L. 356F 25 ie 70 J+58
Ldb, R 63, 8 4h8, 7 ih G.3686EF 23 «s 806 D.¢62
456, i Ldey 3 478, 2 DeiA9E 15 e 373c 23 1,96 .55
“4€5.6 “4, 7 487. 6 O. 0728 16 0,368 25 2aiio . €8
‘?7;3»! ‘*“»g 4‘9?.? A‘ﬁ‘\?BF &6 Ui 3":“.3E 25 29(&9 ’*0_"‘_\?
484, 6 45,0 5C7. % . 174E 16 Uy PB3E 23 2. 11 07D
49459, 1 Gy G 516,5 Co 1755 16 G.384Ef 25 2. 10 G0
503, 6 G, & £25. 9 TP 1TSE 16 Je3BAE 23 2+3G8 0,69
5.249 hby & 535w g.1768 15 G.3638 23 202 ida &Y
522.2 L3 7 Sha. O U.173E 16 0. 380F 25 1.95 ga b5
531.2 45, U 5527 CaiViE 16 L.374E 23 le87 OebZ
47042 L2582 561.3 Js, i B9F 15 b 2738 23 .97 2.59
548,56 61,3 569.5 T L66E 16 D 2658 23 Le &b (.55
587.4 4304 3 577, % Ceibat L6 3. 35BE 23 1«55 2.52
545,57 3%9. 2 585%. 3 Ge1598 1é Da350F8 23 1edd a8
575. % 38,1 552, & 031558 16 De361E 23 1,33 .44
581, ¢ 6. 8 HLCL U CeibiE 16 L R3LE 25 124 da el
SR 5.5 U6, T J.146E LG Ted2lt 23 .41 C.n?
5362 44, 3 &13. 4 T.5428 16 ~21%E 23 el 2
C3.3 22,2 619, ¢ Tei37E 18 . 3028 23 Ga972 SEES]
Al 2 3242 £26.3 O R K- Gy 294L 23 (e85 Ca2
61742 EPEN. £22.¢ OV IZE & P A e BO &.27
OF INNER CLAD SURFACE TDUY = YEMP OF CUTER (LAD SURFALS.
TEiT) T{M} = CLAD WLDAN TiMmP,

i
RCENT CLAD YOLUME CHANGE. PERC © = PERCENT CLADR CIANMETER CHAMGE
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PIN NC IS i4%  TIME IN DAYS = 281, PEAK FLUX IS 1,7263CE 1%

PIST  TUIND T(OUT) DEL T T(M) FLUX FLUENCE PERC V
"CEG € DEG C DEG C DEG €
9 431,38 394, 1 27,7 412,%  (,133E 16  0,455% 23 1,95
10 440, 6 402,11 38,5 421.2  C.i4ZE 16 U, 46BE 23 2.21
i1 449, 7 410, 2 35.4 429.9  (.1%65 16  0.4B2E 23 2. 49
12 455, 3 418.7 Al € 439.0  G,151E 16 0.498E 23 2,85
13 465.9 427, 4 ai.e 446,2  C,i55E 16  0.513F 2 2,10
L4 478.7 43643 42.3 457.5 G 16UE 16 0.526F 23 3,27
5 438.5 445, 4 42,3 467,60  0,164E 16 £ 53BE 23 3. 61
16 468, 2 @5446 43, ¢ 476.4%  U.166E 16  U.548E 23 3. 81
17 507.8 463, 43,9 485,66 0.1668 16  C.556E 23 3,37
18 517.3 473, 2 44,2 £95,2  0.i7LE 16 (.552€ 23 4,07
19 5¢6.7 482, 5 44,2 504s 6 G.1T2E 16 0. S66E 23 4. 17
24 535.9 491.8 44, 513.9  0.17ZE L6  0.568E 23 4. 11
2i 545, 501.1 42,5 523.1  U.172E 1€ 5.568F 23 4, 06
2 553.7 Sives 43, 4 532,C 0.Li72E 16  U.565E 23 3,97
23 56243 519, 3 4245 560.8  C.1TLE 16 ). S562E 23 3. 84
24 E10.6 5282 82.3 549.4  G.169E 16  U.5S6E 13 3,68
25 578, 6 537.1 41,5 S57.8  UlW167F 16 L. 549F 23 3, 50
2t 586, 2 545. 6 4.6 565,35  0.164E 16  0.536E 23 3,29
27 561,56 - 554.0 39 6 572.9 . C.161F it 0.E29E 23 3.08
28 €G5a T 562, 1 33, 6 S8le4  CuIB7E 16 0. SiTE 23 2486
29 £57.4 570,90 3.4 568.7  0,153E 16 . 504E 23 2.65
3¢ €13.9 217.7 362 535, 8  0.149F 16 0.49CE 23 . 2,43
31 €1, 9 584, 9 34l § 6244 0.164E 16 0,674F 23 2.22
32 £25, 8 59241 33,7 608.9  0.139F 16  0.459E 23 2.33
33 €31.6 595, 0 32,6 615.3  ~,135E 16 0 4ugE 23 .86
34 637, 4 505. 8 31e7 62ls®  Cu132E 16  0.434E 23 .71
35 €43, 7 51246 3.1 628, L D.13CE 16 3.423F 23 iabl
TOIND = TEMP AF INMER CLAD SURFACE. TCUT = TEMP OF CUTER CLAD SURFACS.
DEL T = T(IN) = T(GUTH T(M) = CLAD MEAN TENMP,
PERC ¥ = PERCENT CLAL VOLUME CHARGT, PERC [ = PERCENT CLALD TIAMETFR CHANGE
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i S i85 TIME IN DAYS = 38%1. PEAK FLUX IS 1L E9680E 15

TLING T{OUTY el T T{M) ELUX FLUENCE PERC ¥ PERC
CeEG C DEG C e C DEG C
428.7 392, ¢ 3€. 3 431 C. 7 Tel36E 14 De&e4 88 73 1,86 Ga82
bo4e b 367,49 317. 2 41640 2 1&UE 16 TaebiF 25 206 G, 69
46,5 024 3 48, 2 421.¢ Dulbbs 16 Goa?5F 25 2,27 D76
Lat, 8 4L 745 49,32 427.% s 498 15 04318 73 Z2e51 Dy B4
&R 3.t 4.2.8 i, % 422.,% De156E 164 (L 8T 6F 25 2.76 .32
456, 3 LaHa? 47 .z «38.7 0. 4578 16 . E18E 23 £ 99 1.00
4654 423, 6 52,0 Glig, & CL16E |6 J., 530F 23 3,21 1.07
LT3 .56 “YeFu 4le 5 L4515, 3 Tl 1 64F 16 Cyda{ & 23 EFE-e 1613
4£77, 6 434.5 473, 5K L C.i6eE 16 0, 5488 25 2.58 1.19
483.3 439,56 47, 4 6146 U.10dE 18 0.553F £3 3,72 ie 24
488. G 4465, @ “2.5 4£7, ! Ty YH9E 16 0. 5878 23 3,83 L. 28
454, 3 450, 8 43.5 67245 S« 1T7OE 16 U- 5598 23 3,9] 130
496G, 5 456, 1 w3, 4 77.8 TLOUTHE 16 e 556F &3 .95 Ls32
SCha 4 451.4 4340 4824 G U« 169C 16 D.587F 25 3. G6 132
5,9, 2 “h6, 6 42, ¢ 487, G T.ibnE 16 {.553E 23 2. 94 ia 3%
513%.6 47146 4241 L92. 65 Js166E 16 O.547F 23 3. 88 ix29
5i7a9 47245 ale b L97 . 2 Libar 16 D.5408 23 3,81 1e27
£21. 8 LR, b5 b 5G6..5 Gy ible 16 G.521e 23 2. 69 i.23
£25,4 «85. 9 33,7 505. 7 D, 1B8E 1o 0,821 253 2.57 1.17
252Gt 49Ud. 3 38,7 50¢. 7 Jelb6E 16 Us BOYE 23 EPRY 1.1%
532, 2 4G4, & 374 7 513. 4 CeaBIE 16 1, &GHE 23 3,27 i.0s
535. 4 53,7 16, F XNt Lo l66E 1 DLoB2E 25 3a.1lu Te0i3
£37.9 50247 25,2 520.3 D.3828 16 6. &t678 2% 2.9? e 97
ST 505 5 She d 523.5 G.l13T7E 1 & GokbZE 23 <75 U922
f4s5.3 5ilsz RGP 526.7 O.1323E 18 Tat29F 25 2.6 n.gz
56,1 5136 324 5354 ¢ Crl30E 15 2. 4288 23 £s %7 Ge B2
£65, 3 517.7 ERINS 233.5 CaleBE 16 Godglb 23 2.23 Je 8D
TEMP F INNER CLAD SUxFACFE. TOUT = TEMP OF CUTER {LAD SURFALS
TEIND - TLGTH T{M} = CLAD MEAN TEMFE,
PERCUNT CLAD VILUME CHANGE. PLRC D = PERCENT CLAD DIAMETER (HANGE
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PIN NC IS 6 TIME IN DAYS = 590. PEAK FLUX IS »a BCS55CE (5

Pas 1 TN T{OUTY pEL T T{M) FLUX FLUECANCE PERC V PERC
"EEG C DEG C DEG C CEG C
S 434,56 135, 3 34,3 414.0 Mo 145E 16 G.737E 232 4a 54 1.51

ig Gl b 400G 2 40,2 42042 D.149E 15 G. VS5BE £3 505 147
il 446, 6 4G5, 3 “+1,3 425.9 Je 153k 1¢ C.781E <3 5., 51 is B4
1z 453,22 415,68 42,5 431,98 N, L15BE 16 Ce RGTE 23 & C 2+L3
i3 455,77 416.1 43,7 437,96 Je1B2E |5 D.83%2E ZZ 6,67 | 2e22
5 47245 42741 45, % $%G, 1 ULV1T1E 16 Ua.BT2E 23 7.71 57
lo 478.7 422, ¢ .1 455, 7 DulT4E 16 C.BEBE 22 B. 16 . 2e72
17 484, 8 433,°2 N, b “tl.5 CaiT77E 18 U BCLE 23 8.5% 2+-8%
L8 430, 7 443,7 46. 5 L4674 2 (. 172€ L6 L.9ICE 23 8,87 £-C8
i% 36, 2 469, ¢ 47,1 4£72.8 O, L8OF L5 G, 916E 23 Yol 3,02
23 S5C L. 8 45, 7 T4 478, 2 2. 180E 1 U«S920EF 23 C.27 2.09
21 Eo7,2 4804 % 46 G 483,58 UL 18C0E 10 g. 9208 23 9. 35 2,12
22 SileS 4654 3 Hb, b 4B8. 6 S.18CE 1S 0.915E 23 Sy 33 3,11
23 5.6.7 «T70, 0 dhal 492,54 Ga 3798 15 T.GiuE 22 G427 3,09
24 Sdiel “T5,. 8 45,8 33,3 J..77E 16 0. SLU0F 23 9. 11 3.04%
2 5¢56 3 483, 5 44, 8 B2, S N1 TaE L6 0. BBYE £32 g.91 2.97
25 5¢5a1 486, 2 43,9 S5L7. ¢ Uy o TLE 16 J. B73E 205 Be 63 2.88
27 £32,8 48643 42,9 5114 CeiedE 16 . BEEE 25 8.33 2,18
28 53641 494, 2 4.9 5i5.¢ D, 104E 16 G. BITE £3 Ts97 Z+ 66
23 529, 458, % &, 8 Eids © Oy L6GE 16 (0,816EF 3 T 60 2,53
a0 54744 54 2e 6 39,5 5224 O« 150E 16 2,79 2E 23 T2l 2,440
3i Ehagh S5CHa. 4 3R, £ 525. 5 U.3151E 16 J.768BE 23 6,78 2.26
3 BaT,2 510G, 2 160 9 5287 Qe dadE 15 aT4GE 23 £. 38 2+13
33 Bady 7 5154 % 35,8 £31,8 0,L42F8 16 G.7228 25 £.G3 21
34 858, 3 517.¢ 34,8 534.¢ Gei28E 15 0,706k 23 5.73 i.9%
35 Fat.b 82532 34,2 538, 4 Uei30E 16 C.693F £3 5,5% i85
T{INE = TEME DOF INNER CLAC SURFACE, TOUT = TeEMP OF NUTER CLALC SUFFACS.

DEL T = TLIN) - TLGUTY TIM) = CLAD MEAN TEMP.

PERC ¥ = PERCENT CLAC VILUME CHANGE, PERC © = PERCENT CLAD TIAMETER CHANGE.

TetT



PIN NC TS P70 TIME IN DAYS = 381, Pohax FLUX IS 1.77940E 15

PGS 1 TEIND T{OUT Y DEL T 7MY FLUX FLUENCE PERC ¥
LEG C RES C 5 C DEG C
3 43z 39442 37,8 413,17 T.1462F 16 U. &6598 23 2.06
A"P ‘{"‘*Gnq 4"02\2 2%9”‘/ ‘?2.1”5 ’:nv«:."??-t_ E.b x*«#ﬁZE 23 20 33
il 450, 1 4104 33 7 420. ¢ GelBiF 16 Ul &9TE 23 2+ 63
ie 459,77 L} de S 40, 7 439, 3 Oy 150F Lb Ve B13E 23 £x35
17 407, 4 «27.7 41,7 L4486 D.lélr 15 C.E79b 23 327
ie 4TS5, 2 43646 “+Z4 b w57, 9 C.165E 16 Je £43E 23 2. 55
LA GRG,1 L4, 5 43,3 GHT % Ls169E 16 1, 855858 23 3.81
ié 495, 8 @55, ( 43. 5 £7h, G Ge 1728 16 C. 56058 23 e 02
iy SLdets 4646, G4y B8, 4 CaiTaer 1 J. 5738 23 .19
13 5i8e1 +72,7 i, & 495, ¢ Lei76E 16 U.BTQE 23 4a28
19 EeTen 483.1 b4, 4 5C5.2 C.ATTRE 16 0.582E 23 4. 33
29 53¢, 7 4924 biv, D 3146, 6 C.178E 16 5. 585k 23 ., 23
23 5,8 501« 7 ad, 523. 17 LaiTob 18 G. 585F ¢35 by 27
2é 5546.6 5106.6 42.56 532.7 Coi77E 15 . 583F 23 4637
I 63,2 Sdval w3, 2 S5&41.¢6 CaiT6E & G S5TGE 23 Hae ik
24 57143 323.1 m 4 550.3 Gei 70t 16 . 572F 23 3. 86
25 874,56 537,59 Gla 7 528,79 rLl72E 4 3. 566E 23 347
26 587.2 546.5 HGe T 566. 6 Cal69E L& C. 556t 23 3adh
27 Eae 7 554, 9 39, 8 574, 8 0. .656E 15 ;. 56EE 23 3.23
ZR 6118 £63.1 38, 7 5874 D+ 162E 16 {05528 23 3.00
23 EL8. 6 571.0 17, & 582, 7 Us 158E 16 0. 519f 23 2. 17
A0 £15.0 57 3.7 36,2 596, & Ce i53F 16 5. 5U5E 23 2.55
31 £2141 SHb,. L 6.1 62, 4 Cosant 16 0. 4F8F 23 2. 32
32 £27.0 593,/7 23,7 610, 4 C.l46E 18 N.4728 23 2+ 12
33 £22,8 AR 52,7 5i0.5 Gei4Ul 16 U, 65GE 27 14934
B €35,7 606, S 3.8 622. 8 Ua i 368 16 Us448E 23 1.79
35 fe5.1 il 8 21,2 £25. 6 D.i5%6E 16 Gocblt 23 i.63
TEINY = TEMP DF IMNER CLAD SUEFACE. TCUT = TepMe OF CUTER CLALD SiIRFACS.
DEL T = TOINY - T{OUTH TiM} = CLAD MLAN TEMP,
PERC Vv = PERCENT LLAL VOLUME (HANGE PERC O = PERCENT CLAD DIAMETED [HANGE
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PIN No IS 18 TiMe IN BAYS = 35S0, PEAK FLUX IS 1. 7E827CE 1S —

POSI TOINI T(OUTY Del T T{M) FLUX FLUENCE PFRC ¥ PERC D
CEG C neEG ¢ DEG C DEG C
e 432,3 334, 4 38,4 413,46 Ta160E 16 G.715E 23 4. 26 La42
id 41,8 40 2. 6 29,2 422, 2 C.la6t 18 0. 736E 23 4,83 sl bl
il 45141 377, ¢ 73:5 414, 2 C,14%E 16 U, TERE 2 Gy 7% .58
12 460 41946 41,3 440, 2 CelB4%E 16 0.782F 23 e 2.4
i3 473,58 42844 42,3 4649, 6 0,158 15 JLBUTE 23 5. 76 2.25
i 48U, 7 437,85 43,2 459, 4 0.:62E 16 s B2BE 23 Te 34 2.45
i5 490, 5 L4456 B “3.8 468, 7 CalbbE 16 L. 8&6E 23 7.87 2462
i6 SO0 % 4506 4 “hald 47643 . 189E 16 G. BL2E 23 8.29 . 76
17 $i0.3 465, 6 440 7 4RT, 5 C.i72E 16 0.874E 23 B, 62 2. 87
i8 52260 475,41 Gb, G 43745 Gse LT3E 16 4. BB3E 23 8,82 2+ 9%
18 Bevab 484, 6 45,0 507, 1 CeiTeE 16 0.488%E 25 8,9} 297
FAY £38.9 49%a 1 44,5 516.5 s 175E 1o U- B33k 23 8.39 2»96
21 Bag, 2 503, & Ao & 525+ ¢ 20175 16 G.8928 £3 8. 77 2,972
22 85741 £14.9 442 535.C us i 7@t 16 C. 889FE 23 B. 5% £+ B5
23 85,8 £22.2 43, 7 S44, { G.373E 16 O.RE3E 23 2. 26 2.75
24 57442 £3l.2 42, L 552, 7 (. 1TLYE 16 J,RT4E 23 T.89 2+83
25 58244 540, 2 4248 5613 CLie3k 18 GL.BE3E 23 Te 49 2450
26 560G, 2 S43.9 4342 569.5 ceabBE 16 C.B4BE 23 TL03 2.+ 34
27 567.7 557. 4 @0, 2 877, 6 Ty 1E3E 14 D.EZ1E 23 6. 57 2+19
28 E0 4 56547 29.2 585, 3 Cl.15%E 16 S.Ei2E 23 6.C9 2.L3
25 61i.5 £73, 8 3R, 1 592, 8 0,155E ié6 J.7%28 23 5.62 L.87
G €.8.4 581, 6 36, 8 600. ¢ f.i51E G, T7GE 23 5.16 1.72

3 £24.5 53300 35,5 608, 7 vsakbE 16 G, 7488 23 4,70 1.87
32 €32, 5 56642 34,3 613, 4 C.142E Qo 0. 728 23 4,29 1.43
33 E36, w AL3, 3 1z .2 519.G Cai37TE 18 G.TC1E 23 2.92 1,31
3 Elrcel Eldad 3% 2 £26. 3 Lo i 3%E % e 683F 23 3.63 .20
35 S48, 7 6i7. 2 1.8 £32.G Chi32E 14 D.€72E 23 3,37 1.ig
TOINE = TEMP OF INNER CLAD SUPFACE, TOUT = TEMP CF CUTER CLAD SUKRFACS.

DEL T = T{IN} - T{OUT? T(M) = CLAD MEAN TEMB,

PERC V = PERCENT CLAC VOLUME CHANGE, PERC £ = PESCENT CLAD NIAMETER CHANGE.

eel



PIN NO IS P9 TIME IN DAYS =  381. PEAK FLUX IS 1. 72630E (5

PGS i TLING T{OUT DEL 7 T{My FLUX FLUEACE PERC V PERC D
LFS C 6 C DEG

C oeG C

@ 4318 364, 3T 7T L2, % Uy 13Br 16 Us&E5E 23 1.95 0.65
&l 44545 40244 ?8. 5 Sdlas Uala2E 16 D,468E 25 2y 2% T T4
il 44.G, 7 L P 3G, 4 429.9 C.lent 156 U wR2E 23 2,40 $a.83
i2 429, 3 413.7 40, £ 439, C G, aBlE 3156 DneBEE £23 2+ 80 DeG3
13 46530 427.4 @t € 448, ¢ Coe156F L6 3.5413FE £3 3. 10 1,03
i 47847 436,32 L2433 457.5 Gel60E 16 C.82HFE 23 3.37 1.3¢d
i5 438, 5 445, 4 4501 46T, Celobc | vrD38E 23 3.6 se 20
ib 498, 2 4544 6 43,6 76,4 GedlébE 16 Ue 548E 23 3581 1: 27
VT SL7. 3 483, 5 43,9 485, 9 2. 109E 15 2. EBEE 23 3.97 132
i2 5i7.3 4772.2 bha 2 435, 2 CeiTLE 16 0. BedE 23 4. 7 1.3%6
iv 576, 7 482.5 Gl 2 564, 6 G.172E 16 DLERELD 23 4,1 V.37
2C £25. 9 4548 hd, ] 512.9 C.iT2E & 0.558E 23 4ell 1.37
F 545,40 5C1.1 42, % 52241 C.172E 16 C.568E 23 4s D6 1,35
2é 553, FRRVIS 4346 53244 {la172F 16 Us 565 23 2,97 1.22
23 £62. 2 Fl.3 42,3 54C. 8 Fel7i2 16 0,882 3 3. 8o .28
24 BEAYRN ) 5273 3 L2, 3 569, 4 $. 1628 16 3, 8&E g3 38R0 1.23
25 5736 537.% 40 e 5 5E57.8 foi8678 16 J.ZaSE 23 3450 1Y
b 5d&a 2 545.6 L0 505, ¢ G,i88E 16 GJoEISE 23 3. 2% oo
7 8Q3. 6 4. G 39, & 574, 4 C.itie 16 U.EeSE 23 3etid 1403
24 EGue? 562, ! 3 8.6 5814 veidTE 16 O, 5178 22 e 86 .95
25 EoTaw BTG JLREANE 588.7 Ce 153E 44 . B4l 23 2,65 3.88
335 613.9 S7.7 3&. 2 595, 8 Gei49E 16 G, &50E 253 Ly 3 e 81
ERS £16.9 £Bu%, G 34, & 24 bt 16 N, 4748 23 2,22 I
iz €25. 4 5%2.1 33.7 08, G Tei29c 10 ur&5SE 23 29033 . &8
32 £31.6 599,70 3246 £15,7 Ge135E 15 U bhEE 23 186 0.£2
34 52744 EL5, 8 3i.7 521+ 6 Cat32E 15 ey L3LE 23 1071 G.57
35 €63, 7 €12, 86 DU 281 Sy1ANE L6 u. LZRE 25 1.60 J.5%

TOING = ToMP OF INNER CLAD SUXFACE. TOUT = TEMP OF PUTER (LAD SULFACS.

DEL YV = TEING ~ TL0UT) TiM} = (CLAD NEAN TEMFE,

PERT V = PERCENT (LAD VILUME CHANGE. PERC 3 = PERCENT CLAT CIAMETER CHANGE

7eT



PIN NG IS 20 TIME IN DAYS = 381 PEAK FLUX IS -+ 89S BLE 15
POSI TCIND TCOUT S DEL T T(M) FLUX FLUERACE PERC V PERC T
EeG C DEG C D6G C DEG C
3 429,7 293.4 3643 471.5 . 136E 15 U, 46BE 23 1.88 D83
¢ 4238.1 4G1ad 37,4 419, 6 U, 14UE 1s Jas6lE 23 Z+12 a7l
li 445, 9 40 fH, 5 38,0 42745 Ueadf 16 L. 475E 23 2,39 J. 80
i2 456, 1 “17.1 15,1 436, 6 . 149F 16 3. 491E 23 2+ 68 0«89
13 455, 4 42544 Gile T 445, L Celbez 15 Je BLEBE Z3 24937 G499
i% 476,58 434,0 Gi. B 654, « Q. iB57E 16 Z,618E 23 3.24 i.08
it 4RG, 2 a4 2,7 4la 4 “4bH3, 4 O, i61E L6 U BRGE 23 3. 48 1.1%
i€ 493, 5 45145 42,2 472.5 L1648 16 J+540E 23 3e6b - .1e.23
L7 £Exé. 8 4T L 42.3 481,56 Je 166E 16 J. S4BE 23 2. 84 1.2
ls 511.9 49, 4 22s & 430 7 C.168E 16 J.583€ 23 3,95 1.32
i 9 227049 473,72 47,6 LG9, & Coe16GE 168 D.857F 23 4. 051 1,24
&7 £25.8 48743 47, 6 508. € s 1TOE 15 2. 589E 23 Gy 22 ie34
2i E2R. 5 4986, 2 423 51744 T i7eE e G853 25 2,93 1.32
2< 546,79 505. 2 “la5 525. 8 De 4 65E Qb 5-557E 3 351 Ta 20
23 568, 2 513.8 41, 4 524, 5 G. 1635 16 U. 5538 23 3,83 1.27
24 £63.1 AN %, 8 542.7 C.166E 16 G.567F 23 3,68 ae22
25 573, % 523, 8 aG, 1 550, 8B 0, l16af 16 J. 54CE 23 3.49 L. 16
2€ 578, 2 5323,¢ 3942 558, ¢ JeiblE 1o G.531E £3 3,30 1+ 10
27 5885, 3 5647, 1 38,2 56,2 O, 1%8E 16 T.821E 23 2e il 1.03
28 £82.1% 554. 8 37.2 573, & J.154E 16 U BLOE 23 2x 86 0. 36
£5 £83.5 ZEL. 4 Ingl 582,5 G.i51E 15 . 496E £3 2463 G.oB2
A0 Bla, 7 €69, 8 AL, 5 587, 2 G.isdE 156 Oeubck 23 2e47 GsB2
3 £lu. 5 574, 4 43,8 592.7 Coie2f 16 W HETE 23 2alh 3,75
é £19,2 283, 6 3726 593, 9 C.137E 36 G.e52F 23 Z2 08 s k3
i3 2148 530, 3 31,8 £{H, 0 C.133E s U, 6398 23 1.91 . b
3o £27. % 5654 8 306, 6 6l2. 14 (Y3CE 16 Ua428E 23 1.76 U.59
A5 £33, 4 603, 2 20,1 &l8,4 D, LZ2BE 15 e HZLE 23 1+66 055
TOIN) = TEMDP OF [MMER CLAD SurkaACE, TOUT = TeEMP OF CUTER CLAD SURFACS.
CEL T = T(IN)E - TI{DUTY TIM) = CLAD MEAN TEMP,
PERC V = PERCENT CLAC VOLUMD CHAHGE, PerC O = PERCENT CLAD CIAMETER CHANGE.

GeT



PIN NGO IS 2i  TIME IN DAYS = 254 PZAK FLUX IS i« ©7340F 15

s B e
0

LN IR SRRVERS PR

VYIS ¢

[E 0 SIRTPR SR o

D 9o

Y

o L e We U 0 PO RS RO RO N R G AU B P et et B e B el e
S A By e

4

<.,
KT e
g

—f 2
o

o
Mo

(@]

LS

{IN} T{OUTY 9EL T T{M)y FLUX FLUEANCE PERC V pERLC
CEG C DEG L DG C pes £
429.3 393.2 35.7 481, 7 D.13%4EF 14 T.2G9¢E 23 (.Gl 233
437, 2 400.7 36. 5 41 8.5 T4128F 1o U, 2028 23 .03 T4 24
445, 4 4id, 4 37. 4 427,11 CeaheE 16 D.R1ZE 23 3.19 N, 24
454,59 G41l6. 4 3R, 4 4%5,7 0-147c 18 D.222€8 23 1,30 J143
4os, ! 4244 7 39. ¢4 Lbb, b C,l20f 45 T RZ2EB 25 e B4 J.48
"7313 43:")'; 40, 2 ‘*5}’2 ()nlSSE is {4 380 F ?3 Iats? f‘n52
482.5 G417 &0, 3 4671 2.15ef 1s J.2ERE 23 1+ 59 0.56
4G3. 7 450,73 “Gle 4710 C.i6LF 16 Je 2D4LFE 234 1e78 .59
5C 089 L59, % 41.7 480, { Calést 16 Ue 359E 23 1.86 Ve 62
509, 8 “€7, 5 43+ 3 48B.6G G L6BE 14 G- 362E 23 1.92 D, 64
518.7 L7467 42,0 457.7 (. 1&67C 16 o RAEE 23 1,95 C,65
5755 435. 6 41l. 9 D6s5 L l&67E 168 D.367F 23 1. 86 0.65
526, 0 4G4, 3 +1.7 515.¢2 Jeib?E 3 i, 26T7E 23 1o 95 J.€65
544, 3 5\15-\" 1‘14-5 5?3-@ Ce 1Hok ié G .:)f’lsg 25 20 S i Uvé‘?
i e 5ii+€ 4. 8 532,60 Cal565%E Lf O.263F 3 1s 86 G.62
Séle3 £2541 45,2 54047 Galoaf 16 - 35QL 23 1.79 0,60
5¢7.9 £23,3 319, 6 548, 1 O, 2628 15 3+ 2558 23 1.71 U.57
575.1 £E364 4 3R, 7 555, 8 L2 159E 14 . 5488 ¢3 1.62 0.54
S84 S44,.4 77 5€3,2 P.152F 186 J. 3628 25 i,52 G. 51
588.7 550, 1 “hHa 7 570, & UesD2F 16 ‘e 334F 23 iy 62 Qe &7
595.2 ‘“a.b 3% 6 5774 J.148E 16 nLZZ26E 232 1e32 Ua by
6. 2 £6.7 4.5 584, C e l&GE 16 e 310E 23 1,22 Gadl
606, 9 d?3.7 3.3 5G4, 3 TwléE 16 UL 20EE 23 1.12 3.37
£1245 58J. 4 32.1 596, 4 ZT.135¢€ 1% e 237E 23 1,063 G, 34
518,.,0C 586,09 3n.% G2 D.131E 16 Le 288C 23 0,65 0,32
£eé3e 6 593.3 12. 2 50 8. & Do i28E 18 U« 281E 23 Ga 88 0a29
£29, 6 569G, 8 29,7 &1 4.6 N.126F 18 0.2%7FE 23 U B3 C.28

= TEMP 2F INNER CLAD SURFACE. TCUT = TEMDP 0OF CUTER CLAD SUSFACS.

= T{INGY ~ TLOUT) T{M} = CLAD WMEAN ToMP,

= PERCENT CLAL VOLUME CHANGE PEEC © = PERCENT CLaD DIAMETER CHANGE

9¢T



PIN NOJ IS £2  TIME IN CAYS = 254,

P3S1

Q
id
I
il
i3
i
5
1€
17
13
is
P4
2%
2¢
23
2%
25
26
27
2B
29
30
3:
3z
Az
A4
a5

TIINY
geL T
PERC V¥

TUING TIGUTY
FEG C DEG C
L2G, & 367, 4
434,58 397.¢
G4l 4 4112, &
Qi by b 407+ 4
482.4 412.4
458,53 wh Tak
464, 2 422.4
46S. 8 42748
“475. 4 4£32,6
483,38 437,77
485.9 442,77
4306 whT,7
495.7 52,6
503, 2 457.4
5(;"".-{') ‘1“52‘2
EC8.6 466, 7
512+ 4 471.,2
515.9 475.¢
519.3 4793, 8
822+ 3 483.8
525,¢ 487, 7
8c?7.8 51, 4
834, 1 494, 5
532, 4 458, 4
534,7 5301, 8
£37.14 505,1
580, 4 508, 6

TEMP CF INNE® CLAD
TLINY - T{OUT)Y
PERCENT CLAD VOLUME

el 7
neEG

(@]

35,
16,
37.
39,
GG,
47,
41,
42,
42,
G,
473,
43,

t‘}l

(UAINAN IR iR~ TR SO RERN I B LR WY § SRV IRV o)

his
472,
41,

a4y
39,
A8,
3

- i

25,
34,

(A V4 W i BEUN IV SN B0 SRS ; ¥ SEE AN BEVG RS « oIl 85

W
Py
ory

SURFACE,

CHANGE.

T{M)
DEG C

411, 4

1. 4
[.‘21 » ‘:’
426,
432,
#37‘
443,
448,
454,
454G,
4od4,
469,
474,
476,
483,
"'B-"Q
4G,
495,
4’90‘@
5C3,
506,
5095,
512,
515,
518,
521,
524,

[WVIE o BV CY O IEE I RS PSRV, (IR LRy B N I EUIRUE RS SO o SRV 3 RNy o SN

PEAK FLUX

FLUX

Co s 32E
(e L26E
Oa A &GE
C.144E
O. J453E
D0, 153E
Ge 1846E
Jel153E
CylbiE
Gal63E
Ty 1 64E
{e 1 65E
De 1 65E
Ge 1 64E
Ga 1 83E
Ua 161E
C.159¢€
G« L36E
CoiB3E
C.iSak
0, L6k
e 142E
s 1375
G.133E
Ua 225K
Celdok
Ce 1 26E

s i O&TUCE 15
FLUFRCE PERC V
16 .c89F 23 J. 89
HEC) Oy eG8FE 23 (.98
16 3.2CTE 23 1,07
it . 31T7E 23 1.19
15 N, 3276 23 1. 3C
16 Ja 2RABE 2 1.413
16 L. 2420 23 ie 51
16 Us349E 23 160
16 0, 254F 23 1.568
i6 0. 287E 23 1. 75
15 T, 3608 22 1. 8¢
ia N, 36LE 23 1.8%
18 D.2€.F 23 1. 86
16 L.260E 23 1.86
16 TL.2ETE 23 Ls86
ié {ts 284F 23 1«83
18 Ue349F 23 1, 80
1% C.243F 23 1.7
15 ,326F 23 1469
15 Q0. 3229k 23 lab3
16 (0, 3208 23 1.56
ib 2.311F 23 1e 48
15 G, 201E 23 (A
ib6 G. 292E 23 1.32
1é J.288E 273 1428
14 Je276F 23 Lo l®
16 N.27T2E 23 i.15

TCUT = TEMP (OF CUTEP

T (M}
PerC D =

CLAD MEAN

CLAC SURFACS.

TEMP,
PERCENT CLAD LCIAMETER CHANGE.

PERC

0. 30
.3
x4
G4l
Q.47
3. 80
Ge 53
056
(.5%8
D, 60
Uebl

J. 62

(s b

Jeb2
.61
Ga b0
U.58
D.56
Ga 54
.52
‘}?AQ
C.&7
Ca b4
”:’:af‘:’z
G 40
~. 38

G.33

LET



PIN NC IS 23 TIME IN DAYS = 56¢. PEAK FLUX IS 1.7327CE 15
P35 1 T{IND T{OUT)Y neyg T T{M} FLUX FLUENCE PERC W
LFG C DEG C DEG C LER C
9 43348 393,& %9, 2 432.7 CalGUE 16 . T185E 23 4,23
it 437, 8 163, 7 39, 2 418, 2 ChlesE L6 3. 7365 23 4,67
it L, | 503, % N 424, 0 f..49% 16 U, T58E 23 5,16
12 450U, 8 459, & 4144 430, 1 (3545 16 0,783F 23 5,71
i3 L5744 414, 5 42,5 636,72 0.i58F 16 0, BCTE 23 6,27
14 4ia D 4204 a3, 4 Lo, s C.162F 16 0.828E 23 6. 75
i5 47¢,6 426,53 a6, 2 448, 4 C.i66E 16 5. RedE 23 7,28
TE 47645 432, 4 Ldy R 454, 5 Cs 1638 16 Ge 8B62F 23 7.72
17 453, 2 437,6 45, 3 L4660, & G.L72E 16 D, BT4E 23 f.1%
38 483, 3 443,77 45, 6 468, 5 N.1738 16 0, BRAE 23 8,41
19 495, 2 44673, 4 45, & 472, % J.174F 16 Je EBGE 23 8,64
20 50, 8 455, 45,7 L78.0 S,17T5F 16 . B93FE 23 2, 80
21 50643 460,77 45, 5 L83, 5 Ue1TBE 16 . 8838 73 5,883
22 Siia5 456,73 45, 2 488, 9  0.i74F 16 G« BBSE 73 8. 87
2z Sib, 56 471.7 b4, 8 I D.173F 16 0, B83F 7 5. A1
24 852142 477,06 b, 2 L0OG, ) 0LITLE 18 CeBTLE Z3 Byb6
2€ 525,7 4B, ? 43,5 54,0 . 169F 16 £, 8E3E 23 8,47
26 5G9 w7, 2 2.7 508, 6 ). 1EHE 16 . B48E 23 8,28
27 £33,8 492, 1 4147 S15.4 {,TE3F 18 . R3LE 23 7.90
28 537, 4 49643 404 & 5171 D.189E 16 GL.RI2: 23 .56
2% 47,3 Bl 39, & £21.2 01558 18 U 7928 23 7.20
EYy Sdie l 505, 7 38, 3 524, 9 CLIBLE 6 JT7TCE 23 6. 82
L 546, 9 503, 9 3701 528, 4 CoiebhE L& (.745E 23 Ga i
37 549, 7 513.6 315, 8 52;.8 haihPE 16 G, 722F 23 Badd
33 552,56 £17. 8 34, 7 534, OoL37E 16 B.TCLE 23 5,66
34 555,5 21,8 33,7 538, 6 Ta i 34F 16 i, 683E 23 5,39
35 £58,9 5254 8 33.2 547, 4 NLI32E 18 UL 6TZE 23 L 23
TIIND = TEMP OF I[MNER CLAD SURFACT TOUT = TEMP 0OF CUTER CLAD SUPRFACS.
DEL T = TEINY) -~ TLOUT) T{M} = CLAD NEAN TEMP,
DEKC V = PERCENT CLAL VOLUME CHANGE. PERC D = PERCENT CLAL DIAMFTER CHANGE.

C R I SR S
5R6
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&

e
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-
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PIN NU IS 24  TIME IN DAYS = 550, PrAK FLUX IS 1.72630E LS

P35I TOIN) T{nuT) pet ¥ T{M) FLUX FLUENCE PERC V¥ PERC D
- CEG C DEG C LeG € DEG C
3 421,8 394, 1 27,7 412.9 G.138E 16 N,T06F 23 4,13 1.28

ki 44L. 6 402, 1 38, 5 #2i.3 . Daabcr 16 0. 7¢5E 23 4. 67 - 1-55
il 449,17 410, 2 39, 4 %29, S DalonE 16 G.747TE 23 5426 1.75
1z 456G 3 418,7 w0y & 43G,C . 151E 16 J.TT2E 23 5.91 1-G7
i3 469, 0 427.4 41, £ 448, 2 Gelbb6E 16 U- 785k 23 6. 54 2418
14 478, 7 436, 3 42,3 457.5 D.160F 16 0.816F 23 7,11 : 2. 3T
i5 4R%, 5 445, 4 43,1 &b67.C G.l64E 16 C.B834EF £3 T«63 2454
i6 498, 2 454, 6 434 6 4764 G.166E 16 LU.b4aSE 23 8.05 2. 68
17 50 7.8 3.5 43,9 485, 8 T 16GE L6 .BE1E 23 2,38 2479
ir £17.3 4732 Gh, 2 495, & Dsa7il o J. BYILE 23 - 8,59 286
x9 52647 482, G, 2 Sla. b G,1728 146 J. BYHE 23 8.49 2+95
20 835,49 491, 8 4, ] 513.9 Q..72E 16 2. BT5E 23 8.63 2.90
23 Sas,u 50Ll.1 43,9 523.1 J.172E 1o V. BTGE 23 B.59 2.86
22 £§53.7 910, 3 43. 4 532,73 Cr,172E 16 3« 875E 23 8. 38 2,79
23 56243 516,13 42x 9 5608 Cx171E 18 0.RTCE 23 8,12 2,71
24 5730 528,72 @2, 3 543, 4 T 169F 15 Q. B51E 23 T.77 24573
25 578+ 6 537.1 1.5 £57. & Caib67E 18 O, 890E 23 T.39 2446
26 £86.2 545. 6 40 8 565.¢ Ceiloak 10 0. 835E 23 6.55 2-22
27 EG3, 8 556,40 36,6 573.8 N, 1l6lf 1o J.B19E 23 6. 54 2. 17
28 UG, T £2 1 38, 6 58le.4 JeiB7E 16 J.BCCE 23 - be U5 £.07.
29 EGTe 4 57540 A7, 4 588, 7 Gs153E 16 U, TBLE £3 5.59 1. 86
Ac £13.6 577.7 36,72 595%. 8 0. 158 156 0. 758E 23 5,14 1,71
31 €i1%.9 586, ¢ 34, G 50244 Gelatk 16 D.T24E 273 4y 67 1.54
3z 625« 8 362, 1 327 ELR, ¢ U 2338 16 wl.T11E 23 4e 29 1.472
33 £21, 5% 592, 0 3. 5 &15.32 0.135E 14 U, FECE 23 2,93 i.31
34 E:T+ 4 605, & 3la? £21.8 £, 1328 16 G.£73E 23 3e62 is21
35 €63, 7 Elz. 6 31,1 €28, 1 Tal 30k 16 G.663E 23 3.39 113
TLINDY = ToMp OF [MNER CLAD SURFACE. TOUT = TEMP OF CUTER CLAD SURFACS.

CEL T = TU{IN) - T{3UT) TiM) = CLAD MEAN TEMP,

PERC V = PERCENT CLAC VOLUME CHANGE, PERC D

= PERCENT CLAD LIAMETER CHANGE.

68T



PIN ML IS 25 TIME [N DAaYS = 3£, Pea FLUX IS 1.68%8CE 15

PRSI T{INY TIOUT)Y DEL T T{M) FLUX FLUENCE PERC ¥
TEG C LG C Cro C DEG C
5 473,7 393, 4 3&. 3 431510 F N 136E 16 U.G4RE 23 « 88
1% 43344 40 4,1 2741 219, 6 Le L@0F 16 D.6061E 23 £.12
] 464,58 C3. ¢ 33,2 427,59 G.146F 216 2.,75E 27 ¢+ 39
be 496, 1 417,1% B2 L36. 6 DL 14Q9E 16 Cea9if £3 2¢ 58
33 $65,4 42544 2l 7 Lob, s O.156F 16 S, SCHT 23 2.97
i4 bT7448 434, ¢ L7, ¢ 454, 4 Qe 157E 18 S S12E 23 deh
s 4RL, 2 w42, 7 6,4 463, 4 TL,161E 16 3. B30E £3 3.48
16 453.5 451.5 Gle U 47245 CedbH4E 16 Ce24DF 23 3. 68
57 EC s B 4tT. 4 “2, 32 481, 6 Cyi866E 16 Js BeBL 73 3,84
a8 519 463, 4 4205 690,17 GaabBE 16 G.553F 23 3.%5
;s 220.9 4758.3 424 6 499, 5 0. 1638 16 G578 22 4,00
£G £2G. 8 487,53 L2.6 208 & CelT0E 16 5.59%5F 23 4,07
2 £38.5 494, 2 “f. 3 517.4 Cai708 316 G.EBGr 25 2,98
2d PP 583.¢C biaC 5254 G C.16%E 1% Le 5578 23 3.91
23 555.2 5138 Gi, 534. 5 G, 1688 1% DL 553E &3 3. 80
24 Fedal 5¢2.3 4348 542 7 0. 166E i6 D.547E 23 3. 65
25 570, 8 S33. 8 Liie 1 55048 C.lo4E 16 G,840F8 23 2,65
b 57842 533, ¢ A5, 2 55B. & UeiblE 16 Ga5%1E 43 3,345
7 585.5 56740 38.°2 566, 2 J.a58F 16 G.523E 23 RS
28 £ESZ.1 554, 8 7.2 573. 4 Ga i5%E 16 G.BU9E 23 £» B3
2¢ 598, 6 S5c .6 Ah. 4 58U. 5 Cei5LE 156 Cs 8968 23 2«43
3¢ &4 T 563 8 34, 9 587.¢ 0. 146EF 16 G. 4828 23 2 A7
34 £i1246 57648 E- £63.7 Cou42t 14 deabHTE 23 2. 26
32 tibe 2 582. & e b 569, G 0.2137€ 1 e LB2F 23 2euf
33 £21.8 59G. 3 3145 5064 T332 46 D.4Z9E £53 ia 9
3y £27e4 596, 8 3. b 612.1 G.i30E 3 U.42BE 23 1.76
35 £23.4 &3, 2 3.0 LB, 4 0.3288 4 3421 £F i.06
TUING = TEMP OF [NNER CLAD SURFACE. TGUT = TEMP OF CUTER CLALC SURFACS.
DEL T = TLINY -« T4OUTY T{my = CLAD MEAN TEMP.
PERC V = PERCENT CLAT VILUME CHANGF. PERC D = PERCENT CLAD LIAMETER (HANGE
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PIN NG IS 26  TIME IN DAYS = (%54, PEAK FLUX IS 1. 67340E 15

POS1 TLINY TouUT) el 7 T{™) FLUX FLUENCE PERC V PERC O
- CEG C DEG C BEG C DEG C

£ 473, 8 isz, 2 35.7 411.¢ 0-134% 15 D, 294€ 23 0.91 U 30
it 427,2 @ Je 7 30. 2 418. 5 C.1338E 16 Ce 3G2E 23 1.03 L Ne2H
ii L4, B 48.4 2T Lo Ta Ual42F 16 2. 312E 23 1.18 U, 38
ie L5056, 5 4i6a4 38,4 435.7 0. 147TE 16 0. 3228 23 1,30 L.43
i3 a4, 1 424, 7 35, 4 bbb C.151E 16 G 3328 23 1.44 Ge48
ath £73.3 L3245 40,2 453, 2 .355E 16 J.2alE 23 w57 R S Y
25 48245 441, 7 40, 5 L6272, 1 Ue 159E 156 0. 2488 23 1.69 0.56
16 4¢1.7 45043 “les 4T el Caléitc 16 Ux2B4E 23 .78 . L.59
17 S5GG. 8 459,11 “l.7 480, G C.164E 16 <. 359E 23 ie 86 G.62
i8 50 3.8 46749 4ie 3 425,56 C.1E5E 18 Je 3E3E 23 1.92 Oy b4
19 5i8.7 47647 2.5 497.7 0. 167E 16 . 366FE 23 1+985 (. €5
2 £27:5 485, 6 1. € 506.5 2LYETE L6 0. 3676 23 1+96 G«65
25 536,40 454, 3 Gla 7 5i5.2 C.18TE L6 Le 2ETE 23 1.95 0,65
22 Bag,3 533.¢C 4Ll 3 523.¢ JuiboE 1 J. 2658 23 195 C.64
3 58Ze% £11.6 40, 8 522. ¢ Ua 155E 16 0, 363F 23 1,86 .62
24 560s3 52344 4L. 2 PRV Je LE4E 16 U 359F 23 1. 79 0. 63
28 5¢7.9 52343 36,6 S&d,1 G.1862E 15 0.355¢€ 25 i.71 2. 57
26 575, . 5206.4% 38.7 555, 8 CeiS59E 16 C.24BE 234 162 e Sia
27 582, 4 Eqb, b 37.7 563,12 Ga156F 16 e 3428 23 1,52 .51
28 £38.7 55 2. As. 7 5704 Ca.d52E 16 - 0.334F 23 1,42 0,47
286 505.2 5593, ¢ 35. ¢ 577. 4 Uy L48E 186 Ca.226E 23 1.32 O, %4
3G £ L. 2 566.7 34,5 S5Ba4, G CalasE 16 U« 316E 23 ie2d Uaal
3l EU6. 9 573,17 33,3 5¢7, 3 e 140E 1 e 20EE 23 1,12 be 27
3 £lee 585, 4 32,1 5964 4 v 135E 16 Ve 297TE 23 1.03 Ge 34
A3 £19.0 5245, 9 R HUZ. 5 Cr1321E 16 0. 288F 23 { .95 0.32
34 el b 5G3,3 3C.2 508, 4 Ue wc88E 16 Us &8LE 23 .88 G259
35 6%, & £99,8 26,7 £id. b Noi26E8 L5 Gy Z7TE 23 G833 G.28
TLINY = TOMP OF [NNER CLAD SURFACE, TCUT TEMP OF CUTER CLAD SURFACS.

DEL T = T{IN) - T(OUT) T{M) CLAD MEAN TEME,

PERC VvV = PERCENT CLAD VOLUME CHANGFE, PERPC D = PERCENT CLAD CIAMETER CHANGE

7T



PIN NC

POST

£

21
[
13

.

3

&

l

1

[

4l

“
4

i8
15

<
27
23
24
25
25
Zi
28
25
30

IS 27  TIME IN
TLING T{OHTY
[eG € BES

L4723,2 393, 3
L27,7 4GG. 8
b, 3 4u8,7
4658, 5 +1Se 8
4F4,8 425. 1
474,14 633,46
483, 4 bz, 2
4$G2. 56 4554 G
ECiLL B 459, 8
5i0.9 458, 7
19,9 477,564
28,7 4865, 0
Ei7.3 495, 3
545,7 S5Che i
5532.8 512.7
f61,.7 521.2
563, 4 529, &
B7&.7 37.8
AR32,7 545, 7
5SLe 4 553, %
5%0,9 BLied
o3, 563, 3
£UE, 8B 57%.3
£14, 4% H824 4
£ 948G 588,7
£254 5 5851
£l £31e 6

= TEMP OF [NNER CZLAD

-

TEINY - TE2UTH

PERCENT CLAD wnpuM

GAYS =
DeL T
DES C

35,6
36, 8
37.7
36, 7
39, 7
4.5
4%, 2
41,7
LZ,4
42,3
42,3
4242
@24
4,5
Gi.d
4G, 5
3%, 4
38,9
3H, G
30.9
35.6
Ay, R
23,5
3746
3is 3

&

a

[ARIR Y
WY Y pes
*

EY

254,

T{M)
DEG C

411
415,
427,
4364
LN
453.
L2,
470
45,
486G,
458,
5C7,
510
524,
5313,

SURFACT,

t CHAMGE.

N D PG D =d T3 NN L) OO a0 0D ) e U NN

PEAK FLUX

Lo |
(1w {7y

S W
o

FLUX

J.122E
Do l36E
Ve L@UE
LbhE
- 149F
i53E
1 56F
15SE
iELE
153EF
ib4F
i B5E
165¢
164F

163

"\

»
[y
@

»

2

-

P

R Rk ot ) Geod Pros

FalRS )}

[ACRE I SR S L SV I

torodi M

s ARV I S

oo

Ty e N

16
16
16
i6
16
154
b
ibd
16
ib
is6

Le 6LTO0E 1S
FLUENCE PERL ¥
G.28SE 23 C.89
Js £SBE 23 106
DL.30TE 23 1413
. 317E 23 N
Q.227E 23 1.4
D, 2238 23 1.53
U, 342E 23 lebs
$.348F 23 Te4
G, 354E £3 i B2
C.357E 23 eb7
G, 260E 23 §.90
0, 3L1F 23 1.91
L. 361F 23 1.839
0. 360E 23 1.85
us A5TE 23 1.81
0. 354E 23 1: 74
U348 E 23 ie &6
J.34e3f 23 1. 57
0. 236EF 23 is48
J. 325F 23 i+38
QL3208 23 i.28
Je2iiE 23 i 18
U 2018 23 1.08
G, 2928 23 5.9%
N, 2848 23 veS1
0. 2768 23 (a4
L. 772 23 ¢. 79

CUTER CLAD SURFACS.
AN TEMP,
NT CLAC CIAVMETER (HAMGE

PERC D

0,330

~
0,33
-
y
h

27

0,2k



PIN NC IS 23 TIME IN BAYS =

T{IN
OEL T
BERC

)

v

TOIND T(OUTH DEL T
CeEG C BEG C Les C
4eta?2 39,7 34. 6
431,71 396.3 3Z.4
$27,4 401.0 36,4
443, 4 405, 5 ﬂ?u 4
449, 4 4l0. S 38,58
455, 4 416.1 39. 32
‘Yb:‘so‘j ‘12.02 lfcgl
45744 428+ 4 a7
472.7 431.6 43,1
4782 436, 8 4le 4
483,6 442.,0 41 6
438, 7 447, 41.5
493, 6 45242 4ia b
498.3 ‘!57;2 ‘{f;a}.
5G2.3 46241 4C, 8
5G7.1 4664 G 40, 2
51t.2 471 € 3%, 6
5)4a 9 47641 38,8
5184 4 480,06 EXI
S21.7 484, 8 384 €
5£4.8 4BR, 8 A6a. 0
527.7 452,48 34,5
533.2 496, 6 32,7
£32.8 5G3.2 E P
535, 2 563, 7 PRI
E38,0 50762 20,7
B4ial 5150, 9 32,2

35C.

T{M)
CEG €

LR, S

41a.00

&£19,72
L2447
45"}1 2
433, 7
443, 2
452.2
457,58
462, 8
“eT. 9
472, %
477.7
482.5
487
4% .4
485, ¢
L399, 5
EC3a 2
506. 8
510.7
S}; 3‘.‘?

LY

[

U O

»

2

Py Y s et

Tor @
o

LRI IS 3}

TERP OF INKER (LAD SURFACE,

TOINY - TU3UTH

FERCEMT CLAD VIOLUMF CHANGE.

PEAK

F

s
Ga
C.

s

e
Do
L
()
O’
U‘
Gs
G

-
U

FLUX

LUX

130E
«33E
127E
LheE
148E
LSCE

i53¢E

155k
153K
160K
LelE

+62E

ibZE
i6lE
160E

Ds LE55E

s
o

15¢E
1 54F

Or 15LE
Js A4TE

!:}v
Qe

T4af
L39¢E

(e i 35E

s
Js

i{31E
127¢€

Ueldat

'S
A

TCUT
T{M)
PERC

Ty
A{.ci.E

Ho#u

<

Is

16
id
ié
R
16
is6
i6
i6
ié
16
16
1o
i6
is
1%
i6
L6
1é
16
16
16
156
16
1¢
14
15
16

i-6187CE 15

FLUENCE

[ £6UF
{s 6 80F
O, TORE
0.7 23F
O.TubF
. T6AF
G, TE2E
4. 786k
. 8LTE
U.BlEE
e R21E
Ga824F
Gae Bzdb
. BZ1lE
3. 81&E
3+ BUTE
0. 7GCTE
0. TH3E
0. TERE
U TSOE
0.732E
0.711E
O, BRE
0. 58TE
(. 647E
Ue&ELE
G, £71E

TEMP OF CUTER
CLAD MEAN TEMPE,
PERCENT CLAD DIAMETER CHANGE.

23
Z3
23
23
23
23
23
23
23
23
&3
23
23
23

CLAC

3. 55
2.94
4, 32
4.3
5.25
5. 69
£.12

- 645Q

b B4
7,12
?Q 3%
Ty 51
.60
Ta62
T.61
T.51
T 37
T.17
&, G4
6. 67
&, 38
5,06
5.72
5.6
5,01

-4y 87

s 72

SURFACLS.

Yt



PIN NC IS 29 TIME N DAYS =  38L. PEAK FLUX IS5 1.6S9980E 15

P3S I T{ING TLOUT Dee 7 M) FLUX FLUENCE PERL V PERC
TEG O DER € UEG C DEG €
¢ 4z8,.3 2.8 2£, 3 bile T Da138E 16 D, 448E 23 1.86 G.€2
17 434, 6 397, 4 AT e 416,17 CeledE 16 S.eblb 23 2400 C.69
B Leii, 5 4023 1.2 421, & Jeieal 16 V. &7T50 23 Z.27 .76
12 446h,8 067,58 13,3 e Ted Ca14GE 16 Vs 4GlE 23 Zs 53 3,84
12 453, 1 412.8 3, 2 432, 6 f..54E 18 UoOELeE 23 .76 .92
is 453.3 4183.2 4i.2 438, 7 D, 1578 LS 2. 51EE 23 2+ 95 1. 60
18 GEB, 5 423, 6 “2, 0 Gad, & Calbst 16 J.5Z0E 23 3. 2% 1.07
16 47566 425, 1 bl. b 450,73 Q. i%4E 16 Gw 5400 2 Dy 4 14213
i 4T T7e b €34, 5 43,1 4586, 4 0. 166E 16 U. S468EF 23 3,58 1.19
i8 483,73 439. 6 43, 4 4hl. 6 C.:68E 16 C.553E 23 3.72 iv2%
1Y 4%0,3 Gu5. 4 43,5 457, 1 Ue LBGE 16 G- 5878 23 3,82 128
21 Gy 5 ©57%, 5 &3 5 “£V2.5 L. 1708 16 C.55GE 23 2,91 1.30
i «359, 5 626, % 43,4 &77.8 O.1TCE I C.588F 23 3495 i.32
22 Ehals Ghiat 43,4 4B2. G Ge i 69T 16 J. BB7E 23 3.96 1.22
22 510,42 4664 € 4748 487.5 Calb¥E 16 DL 5538 23 2. 9% 131
24 513,86 471.6 “de 1 4G2. ¢ Ur LOGE 18 T, 567% 23 3. 88 ia 29
25 51749 476,45 b4le 4 467. 2 N.i64E 16 L8407 23 3,81 el
26 218 4851.2 40, & 5C1.5 CelBiE L6 J. H3LE 23 3, 6% La23
27 525,464 485,95 35,7 0, 7 T.15080 156 2LOE2IE 23 3. 57 1.19
28 £25.0 4503 3847 505, 7 CalBar 16 ue BUGE 23 Fa 42 L.id
25 534243 5G4, & 37,7 5:3.¢4 CeiS1E 16 7 4SEE Z3 3. 27 1.09
1N 25,72 4638, 7 36.5 Si7.C JeibsE 16 D 482F 23 3.10 1.03
31 837.9 52,7 35,2 5202 Colalt 15 G.ARETE 23 2592 3,67
EP £40. 6 506, 5 3443 523.5 OuiR71Z 36 G.&22E 25 2. 75 762
3 543, 3 212, 2 33,1 526.7 0.1238 1 Ue&39F 23 2. 6L 0,87
2 54641 513.9 2241 530, C Gy L 30E Lo D488 23 Eads? 0.82
3s 546,13 517.17 3146 53%.5 Ty 1d3E 15 UL LZ21E 23 2435 5.8

TLINY = TEMP OF INNER CLAD SURFACE. TOUT = TEMP CF CUTER CLAD SURKFACS
DEL ¥ = 701Ny ~ THIOUT) TiMy = (LAD VMLAN TEME,
PERC Vv = PERCENT (LAD VOLUME CHANGE, PERC D = PERCENT CLAD CIANETER CHANGE

ke



POS T

T N N S R N N T T
CV O QM P iw o) 0D

LIS 2R AW 2N

PIN NC. IS 30 TIME IN DAYS = 2
TEIND T(OUT) DeEL T
CEG C DES C DEG C

428.8 393.2 35,7
43742 L0, 7 36.5
445,38 408, 4 37. 4
454, 3 416,64 38.4
4E4, 1 424,7 24, &
473, 3 433+ 5% 4. 2
482,5 443147 40,8
431.7 £50.3 Glets
£0L. 3 454,1 4547
516.8 67,9 4.9
539, 7 676,77 “Z.d
EZ7.5 LHS, 6 4.9
£28.,C 454, 3 41,7
Sug, 3 503.C 41.3
55244 511.6 40.3
5eC, 3 52041 40,2
567.9 528. 3 349, %
575. 1 53644 38. 7
582, 1 599,4 ATV 7
£38.7 552.1 36. 7
£95,2 554, & 35. 6
eul.2 fEh.T 3a.5h
605,9 573.7 32.3
6i2.5 5874 & 2241
€i48,90 586.9 3iad
€23, 6 593,13 5.2
£2%. 4 595, 8 25.7

TEMP OF INNER CLAD SURFACE,
TINY - T{OUTY
= PERCENT CLAD VOLUME CHANGEL.

54,

T(M}
DEG C

411,
418, 5
4741
435.7
bhd, &
453, 2
4621
471.C
480, €
488, 9
497, 7
55645
£15,2
52346
532, ¢
540, 2
548, 1
555, 8
563, 2
57Ge &
577, 4
584, 0
£3¢, 2
ECH, 4
£02. 5
508, 6

PEAK FLUX

FLUX

Cal34F
Ce138C
0, i42E
Dy 1467E
L. 151E
TeiB5E
O« 1895E

Gai67E
(s 1 65E
(e L 6BE
DOa i bGE
L i62E
Je i59E
0, 54E
Us1582E
s 1 483€E
Gia Lleis £
N, 140E
0. 135¢
Ge 121E
Cs 128E

Js i 26E

TCuT
T (M)
PERC D =

Ho#

1s

15
16
156
18
i6
L4
16
16
16
18
16
)
1%
is
15

M
ES

16
2 €
i6
i6
16
is6
5
16
156
ib
18

TEMP

1.6734

FLUENCE

. 29%E
Je 302E
U, 322€
Q. 3228
0. 2340 E
D, 348¢F
De 354E
0O.359¢E
Wy 3E3E
0. 366FE
Je36TE
0. 3&6TE
O» 365E
U. 3¢63E
‘313 3596
g, 355%F
v, 343E
D. 34 C2E
Ue 334¢E
0. 326F
O, 31 6L
U, 306E
Ur £97E
N, 283¢E
S 2BLE
D.27T7E

OF CUTER
CLAD WMEAN TEMP,
PERCENT CLAL DIAMETEK (CHANCE.

CE

23

23
23
23
Z3
23

S RN B ()
P 4 tw

€3
&3
23
23
23
23
23
23
23
£3
23
23
23
23
23
23
23
23
23

CLAL SURFACS.

15

PEXC v

C,91

4,03

1. 15
1.30
l.44
1.57
1,69
i.78
1485

Cie92

1495
1.96
1495
1.91%
1,36
1.79
1. 71
ie62
1.52
142
3732
is22
1.12
1.G3
(.95
D« 88
U.83

PERC D

¢.30
De 3%
G’ 38
Uat43
s 48
D52
O’ 56
5%
Q62
. 64
0,65
0,65
5,65
E§ QYA
L.62
(s b
0.87
0154
0s 51
4 A 4
0. 446
Gsbl
3. 37
D 3
. A2
29
08

3

(@]

£

0

o
“

71l



PIN NC 18

pPIS o

ot et 0 Bt et e
(S SRTUN VR S

v funt
T"

NI
LS SIS PR+’ B BN

22

o

i

24
25

T
LE

[ 20 ¢ S N
il PO oo

1) B s gos

Y ke YT

)

*

AN
- *

P 4

yy

€Y e I
[R11

<

£

Fo RS A B NS )

N

=

t D

-
p
-

s

-4

3

]

) o e

-

TINE

Y

re
I

ouT
£

CY s

"y
4

363,
401
438,
44165,
425,
4213,
b,
250,
453,
465,
477,
486, 4
655,53
504, 3
51¢.7
521.2
52 5. 6
£27.8
54 5.7

[¢ RN IR < JRVS B AC N O N A U B P S

5)3»5
56041
5€8.3
578,32

- m

e 1)

v

)

iN DAYS =

LumE

DEL T
DEG C

3E.

36.

i
.

3 8.
39,
Nl
&l
Ligt
‘?2&
42,
42
42w
42
3-'
4%,
Giia
39,
38,
)5'

St
35,
34,
3%,

[Fo TS AN . BESU 4 BRI 8 B EVERNS I G B 1 SRS B SRR By SRV o)

wy <

~y
3

ot
e}

-

(RIS EEY A ¢ S RRVY

R
E IV

APIR

S I o

CLAD SURFACE.

CHANGE.

?54.

T
D

{M]

£EG C

4311,
42 Cg.
42?*
4286,
LN
£53,
462,
471,
&80,
489‘
458,
537. 6
516,72
52%. G
532,73
541 .
549,
557,
Sl
572,
57 5.
585,
562,
591,
b4,
6132. 3
514.5

RO RS BN

N

wd DI W

~3 Nt on

o

L

Cod P 7y b O

PELK

£

i)

e
Ga
U

I
tie

e
Ca
sy
e
Dy
o
D
‘.J-
T

T

TCUY
T{Mm}
PERC

FLUX

LUX

132F
136k
1ae0E
i44E
l49¢E
153¢
156E
159E
161E
163E
16AE
165E
i65E

e 164 F

1E£3F

. 101 E

159¢

56k
i%3E
+50¢
I46E
NS
137E
i33E
1EQE
1&HE
124E

Hon

0 =

Is

16
ié
L6
i6
16

ié

16
i6

1
-

i6
16
L6
16
+5
16
16
ié
i6
is
16
ib
15
ih
is
!

is
16

146450

FLUENCE

2. 289¢E
O+ 258E
Ga30TE
5. 217¢
L,327E
Ja 335F
Ue 362F
Ge 349F
’}: 35“3’{:
. 35VF
Q. 260E
Je 361E
SRR E
360¢
D, 28B7E
. 354F
. 349F
0.343F
Ga336F
U329k
Gs 320F
0@ 3&15
3 E0LE
0. 292¢E
G 2046F
Ue 27 HE

0. 272E

TEMP CF CUTEFR
CLAD McAN TEMP,

PZRLENT (CLAL

Ce 1%

23
23
23
23
23
23
<3
23
23
23

LAl

CIAMETER CHANGE.

PERC V

G. 89

« GO
1,13
1a27
1.40
1e 53
i b4
1: 74
1,82
1’8?
1.9C
i»91
1469
1.85
i.81
1,74
le66
1,57
1e%8
1038
fe 28
‘1418
1.08
{, 94
G B4
0,79

SURFACS.

PERC

LG
PP
£ow ou
NN S

[
-

et
.55

0.6
(a2
Ce63
D b4
(1, 63

Exd"



PIN NC IS 32 TIME IN BAYS = 560, PEAK FLUX IS 2. 618TCE 15

POS 1 TOIY) T(OUT} DEL T T{M) FLUX FLUENCE PERC V
- CEG C neEG ¢ DEG € DEG C -
= 427, 2 392, ¢ 4. & £09. S Ce L3GE 16 D.bEUE 23 3,59
1o 435,2 299,8 38, 4 417.5 0.133E 16 J. 68CE 23 4,08
11 4"’3‘3‘5 ‘*Q?».a 3(2‘4: 425\3‘1‘ O.!B"t 16 \3:7U¢€ 23 4.55
12 452, 4 41541 37.3 423, 7 0.142E 16 G. T23E £3 5,12
i3 461,73 423.1 38,2 442, 2 C.146E 18 0. 746F 23 5.67
id 472, 2 43.a2 38. 3 450, 7 £, 15CE 16 U. TE4GF 22 6.19
i5 479.1 439, € 139, 6 459,13 0.153E 16 C.782ZF 23 £, 66
1% 4828, 0 447,65 4041 4684 C 0. 156E 16 0.T96E 23 7,06
17 496. 9 455, 4 40,5 476.6 . 1 58E 16 C.ROTE 23 T.40
i8 505,6 464,56 4G 7 485,53 Ceibuf 16 0.Bl6E 23 L T.63
19 5i4,.,2 473, 4 47,7 463, 8 C.l6le LA 0.B2LE 23 7.78
G £22.7 482.0 40,7 502. 3 C.LB2E L6 D.824F 23 . 1. 84
21 £35.9 434, 9 6.1 4R2.9 C.ib2F 16 H.524F 23 T.15
22 38,9 464,83 40, 1 £18.6 C.L861E 164 5. 821lE 23 7.68
22 544, 8 507, 2 39,7 §27.0 C.160F L6 G.8l6F 23 7.50C
24 584, 4 515, 2 39, . 534,09 N.158E 16 3.8C7F 23 7.25
25 561.7 523, 4 18,3 542. 6 Cel56F 16 GL.TGTE 25 &, 95
26 568,7 531.2 37.5 5804 ¢ (1. 15%E 16 5.7T83E 23 6. 59
27 575. 5 534, 6 36, 6 557, 2 ., 1B1E 16 0.768E 22 £,22
28 581.9 S4by2 35, £ 56441 Coa%47E 16 C.75GE 23 5.83 .. ..
23 584. 2 5513, & 34,6 70.9 (s L44E 15 3.T32€E 23 Se 6
3G S94, i 560, % 33,6 5773 Ce 123F 16 O, 711E 23 B,03
31 £95. 6 5£7,2 32.13 583, 4 G.135F 18 5. 688F 23 4,63
iz £04.9 573, 7 3i,2 589, 3 9. 131F 16 G.eBTE 23 4,26
33 6:0.3 587, 1 35,2 595, 7 Cen2TE 16 0. 647E 2 3,93
34 £15.6 58&e 3 25,3 6G0, § Cal24C 16 5.€31F 23 3. 565
35 £21.1 562,95 2%, 8 406, 6 Oe i22F 15 2.621E 23 2, 44
TUIMY = TEMP OF INNFR [LAD SURFACE. TCUT = TEMP OF CUTEF CLAD SURFACS,
DEL T = TLINY - TLOUTH T{M} = CLAD MEAN TEMP,
r

PERC V = PERCENT CLAD VOLUME CHANGE, PERC O = PERCENT CLAD DIAMETER CHANGE.

LT



O

[ IR By R R S I

0

[4)

Lo Ud W 00t DG RO M IS RS RS R B0 RO P bt e e bt Bt Bt s e B
YD Qo) O T o N e

JOF Gy N e

is 33 TIME IN DAYS = 204, PEAK FLuX I3 13 DG2E0E

Fups
AN 51

Feux FLUENCE PFRC V

o
[N o
~}
“,..{
-y,
z
o

X
o
iad}
WY
7y )
i
9]
v
r
e
“

429.7 35245 36, 8 411,3  0.127E 18 0.280F 23 04 R4
435,5 397, 37,8 416.6  0.L31F 16  0,288F 23 Co92
44,5 42,8 39,7 422.1  0.135€ 15 0,296 23 £a02
44748 LEN 39,5 428.0  0.140F ) T 206E 23 ST
W54, 4 417, 4 40, g 433.9 G, 144E 16 9. 316E 23 124
£63,7 41848 41,8 439,7  2.14BE 16  C.324F 23 1y 34
66740 42444 42, & 445,7  0,151€ 16  0.321F 23 s 66
4734 629, 53, 2 45145 Cui56F 16 G.33TE 23 153
6719, 2 435,55 43,7 £57.3 0. 56F 16  N.3428 23 1. 63
48540 a8} 43,9 463,70  0.1STE 1&  0.248F 23 1087
495, 7 44h, 6 Lh, 468.6  CuiS9E 16  0.348F 23 1.2
496, 2 457, 1 44, } 474,01  ©.159F 16 0, 349F 23 1,75
G le4 457, 4 bto. © 47604 Cei59E 48 0, 36GF 23 1o 77
504 4 4628 4347 684.6  0.USRE 16 N.348E 23 1,77
3143 “69, 0 47,3 486,56  CLi57E 16 0. 344%F 23 La76
5315, 8 473,01 42.7 494, 4 0,156 16 0. 3928 23 1.7
520, 1 678, a2t 699,1 0. 154E 16 0,737L 23 3. 70
524, 1 287§ 4tz 503.5  0.151F 16 0.33i0 23 1,65
527.9 487,73 4r. 2 5G7.8  C.148E 16 0. 3258 23 1o 5%
533, 4 53242 33,2 S11.8 0. 145E 65 0.318F 23 1.53
534, 7 43646 38, 2 515.6  0.141% 16 G.310F 23 1. 48
£27,8 505, & 37,0 516.3  0.137% 16  0.3C1F 23 1. 38
560, 5 SUb T 35, 9 522.4  0.133E 16 7, 293F 23 i4 R0
3,2 B8 34,6 525.% 0L 1Z9E 16 0. Z2BZE 73 1.23
545,9 51244 23,5 529.2  0.1258 & N.274F 23 1. 16
543, 8 51647 324 6 532.5  0,122F 16 G, 267E 23 .10
85241 52041 12,0 53601 C.i20F 16 0.263F 23 1.05

= TEMP OF INNER CLAL SURFACE. TOUT = TEMP OF CUTER CLAD SURFACS.

TEING - TIDGT) T{M} = CLAD MEAN TEMP,
= PERCENT CLAL VOLUME CHANGE, PERC L = PERCENT CLAD DIAMETER CHANGE.
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PIN NO IS 34 TIME IN DAYS = 254, PEAK FLUX IS 1.6470CE 15

POS1 TOING TQuT) DEL T T{M} FLUX FLUENCE PERC v PERC D
- CEG C CEG C DEG C pEs €
£, 429, 4 382, 4 25,6 411. 4 C.132E 16 Q. 289E 23 0.89 0«30
iC 424,93 397.9 364 9 4l6.4 . Q.Ll36E 16 0.298E 23 .. .0.98 ... 0.23
ii Laly 4 40246 37.9 421, % C.140E 16 D, 3C7E 23 1.07 0426
il 446, 4 4074 4 35.¢ 426,59 s 144E 16 G.317E 23 1,19 Je 60
i3 452,46 412.4 40,1 432.4 De149E 16 39,3278 25 1.320 0.63
14 4584 3 417, 4 40,3 437.8 2.153E 16 0.335E 22 1,41 C.47
15 by, 2 42244 41,7 443, 3 Gy 156 16 D.3428 23 1.51 U 50
1¢ 463.8 42746 42,3 443,77 D« 159E 16 D 349E 23 1.6C 0.53
17 475, 4 43246 42, 8 4«54, C 0.161E 16 3. 254F 23 1,68 D456
18 480, 8 437.7 43.1 459, 2 O« LH3E 16 0.357E 23 .75 0.58
i° 485, 9 442, 7 43,2 4€4,3 Ve L64E 16 2, 26CE 23 1.80 D.60
20 49,9 447.7 4343 469, 3 C.165E L& Gy 361E 23 1.84 0 IS 4
21 4G5,7 452. 6 43,1 474, 2 3. 165E 16 2.y 361E 23 1,86 DL.E2
22 5¢0.2 457.4 42, 8 47E. 8 Se164E 16 D.360F 23 o 1aBb . . Geb2
23 504. 6 46242 42,4 4B3. 4 L. 263E 156 0.357¢F 23 1.86 0.62
24 508.06 46647 41,9 487.7 C.l6lE 16 0.354E 23 1.83 O« 61
2% 512.4 47102 4142 491, 8 Ce1509F 15 Qe 2498 23 1.8C 0. €0
26 51549 475. 06 40, ¢ 495, 7 Qe156E 16 0, 343E 23 1«75 0.58
27 519.13 473.8 3e,5 496, 5 0. 153E 16 0.« 3236E 23 1.69 N.556
2¢€ £22.3 483.8 38. 6 503,1 C.150E 16 0.329E €3 .. 1.63 ... 0.54
29 525.2 487.7 37. 8 50645 Del146E 16 J.320F 23 1. 56 C.52
3G 527.8 314 36, 4 509, 6 C. 162E 15 0,311€ 253 1.48 -0, 49
31 535.1 494, 9 35,2 512.5 0. 137€ 16 0.3C1E 23 140 Dut?
a2 522+ 498, 4 34,0 515, 4 0. 132E 16 G.292E 23 132 Gadty
33 £34,7 501, 8 32.9 518, 2 Cs149E 16 J.284E 23 i.25 Gad2
24 537,14 5G5.1 32+ 3 5elel Gele6F 15 O+ 276E 23 119 Ue 40
35 56341 5084 6 3'. 5 524.3 C.124E 16 0.272E 23 115 .38
TUIN) = TEMP DF INNER CLAD SURFACE. TOUT TEMP OF CUTER CLAC SURFACS.

DEL T = TUIN) - T{OUTH T{M} = CLAD MEAK TEMP. : =
PERC V = PEICENT CLAD VOLUME CHANGE, PERC © = PERCENT CLALC OIAMETER CHANGE,

6%T



PIN NO IS 25  TIME IN DAYS = 5Gu. PEAK FLUX IS i=6LBTCE §i5
PaOS 1 T{ING TLEOUTY DEL T T{M}y FLUX FLUENLCE PERC V¥ PERC D
CEG C DEG C DEG C oeEG C
9 426,2 3317 34.4 408,9 Gs 130E 186 C,teCE 23 2455 1.18
e 43147 396, 2 35, 4 414, ¢C De133E 16 5.880F 23 3.92 1.3
11 4374 4 01,0 3604 419,72 C.127F 1% 2.7008 23 4432 1:44
12 G435, & 454 S 37a4 42447 D 1&2E 16 C.73E 23 g TG R B0
L3 Hhé 9, 4 4105 3R, 5 430, 2 CulabE 16 GeT46E 23 525 1475
14 455, 4 416,12 3943 435, 7 Co 15GE 16 0. 784E 23 5,469 1,90
15 “tle 3 421.2 &0, 1 463,27 ", 1538 15 0.7828 23 6.12 2.04
ad 667, 42544 40, 1 Al 7 CeiB50E 1 De T9&6E 253 by 50 o 2ad T
i 4727 431.6 4led £52,2 D.IB8E 16 L BTE 23 6w G4 2+ 28
18 &78.2 436,48 Bimte 457. 5 0, 160E 16 ve3L6E 23 7.1 26 27
i9 L83, 6 442,40 41 o & 462, 8 GalBLE 1S C.BeglE 23 Te3h 2e kS
20 4887 467, 2 4165 467,35 GCei62E 16 Do B24% 23 7,51 24 50
21 493, % 452, 2 blak 472.9 CelbdE 16 O, 826F 23 T7.60 2:53
22 438,53 45742 4lai 47747 Oe 161lE 16 D.821% 23 7ub? 2+ 5%
22 5C2.9 LL-FI {1, 9 482.5 DaiboE U5 NL.P18E E53 Ta.61 2.5%
24 5C7a1 46649 404 2 6487, 0 T, 188E 14 0.3078 23 7553 2.50
25 511.2 47166 39, & 451, 4 O 156E 16 J.7G7F 23 737 2.46
26 514.9 575, 1 38, 8 455, 5 Je 154E 16 J» TE3E 23 Ta17 2433
27 518.4 680. 6 3745 499, 5 21518 16 Us 7E8E 23 6. 9% 2+ 21
28 5217 “4E6e 8 36,5 5G3.2 C.147E 16 G, T50FE 23 He b7 2a 22
29 524, 8 4R, B 3640 506, 8 Ty iebE )6 D.TR2E 23 5438 2413
30 5277 43248 34,5 510, 2 De139E 16 G731k 23 6,76 2.G2
R 530, 2 4G4, £ 23,7 513, 4 CL.13%E 18 T.H88BF 23 5.72 1.91
32 £32, 8 500. 2 32.6 51625 G131 E 18 G 66TE 22 544l e 83
Az 535, 3 =03, 7 3ie 6 51645 D178 16 JabaTE 23 5.11 170
34 533.°0 207, 3 30.7 5224 & Pei26f 15 O-631F 23 RN 167
35 54141 510,69 3062 £26. 0 Col122E 156 D.e2E 272 by 72 .57
T{INY = TEMP OF INNEF (LAC SUFFACE. TOUT = TEMP OF ZUTER CLAD SUFRFALS
DEL T = TLIND -~ T{OUTH T{My = CLAD MEAN TEMP.
PERC ¥V = PERCENT CLAT VOLUME CHANGE, PERC O = PERCEMY CLAD CIANETER CHANGE.
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PIN NO

pPOS I

Pk i ok

[ O

"N
™~

(AN

LUV O 2R SENan VOIS s B I o ST T S U0 I8 o8 IESC v BV 4]

(RN S AR W O

RN ]

[AF I
a

3.

[SE IR

i

(S INSY)

3N b
0 W

e
LSS

SR

po~d

e N

Lo
F

i

1

W]

18

TCIND
LEG C

429.7
425, 5
441.5
4474 9
4546, 4
46D T
467,0
473,1
479, 2
485, 0
4%C. 7
456, 2
5{.—31: :9
£11.3
£i15.8
520,1
524.1
58749
531, %
524,7
537.83
540, 5
5413, 2
545,9
E48. 8
552,1

T{IMN)

FERCENT CLAD VOLUME

CHANGE .

36 TIME IN DAYS = 560.
T(OUT) DEL T TIM)
DEG C DEG C DEG C
392, 9 3G, B 411,3
367, 7 37, 8 416. 6
40Z. 8 38,7 422,
408. 1 35949 428,70
41 3,4 “it, G 433,¢
418.8 il B 43%. 7
‘12“»1’ L Ha 5, ?
‘{'2909 17302 451.5
‘!T3505 ‘%3:? (?571?
Ghial 42,5 463, C
446, 6 LI LE8, 6
45241 ¢4, 474 1
487, 4 fde ) 479, 4
46248 43,7 484, 6
468, 43,3 489,86
47341 42,7 454, 4
473847 &2, 0 429,
‘(0820 g 4’2 a2 503&5
487.7 4242 5CT.8
492, 2 35.2 511.8
495, 6 39,2 51546
530, 8 2740 519.73
504,7 3%, 8 522, 6
508, & 34,6 52%.6
512+ 4 33,8 5292
51642 3246 5324 5
522, 1 32,0 536. 3
TEMP OF INMER CLAD SUEFACFE.
T2uT)

PEAX FLUX

FLUX

0.7k
L.131E
C.135E
Ca 140CE
C. 144K
te 2@ BE
i, 181¢
0. 154E
C,155E
Je 18TE
0. 159E
C.189E
T.1B9E
C.158E
C,187€
TNLYREE
T, 154K
54181 F
. 143E
e ilBE
fyi6YE
CaL37TE
. 123K
. 129E
Cal25E
3. 122€E
G, 120E

TCUT

T{™)

Is

16
<6
16
16
15
16
15
16
16
16
15
16
i5
16
16
i6
15
8
16
ib
16
HE
16
15
15
is
16

1.5923CE 18

FLUENCE

0, 650F
s 669F
. £BYE
Q. 7T1ZE
. 733E
Cy,752E
0, TEQF
D.T783E
3.794F
iJ. BOAE
0.E¢8E
. 8B11E
C.8L1E
Q2. 8BC7E
O, BC2E
0.7G4F
2. 7B4E
G.7T0F
J.755E
S« T3BE
. T72CE
D £CIE
G BTTE
G.5REE
2. A37F
Oa 620K
D4 611E

TEMP OF CUTER

23
£3
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
&3
23
23
23
23
23
23

= CLAD SURFACS.
= CLAD MEAN TEMP. :
PERC O = PEPCENT CLACD DIAMETER CHANGE.

PERC ¥ PERC D
3, 54 1.18
3. 91 130
4.’ 31 1»»"’4
4.78 1.59 .
5.24 1.75
6,10 2.0%

B S A SRS, S ¥ SN
&, 80 2427
7.06 - 2+35
7. 27 2,42
T4} 2.67
T»49 250
T 43 2+ 50.. ..
T:46 2449
7. 34 2+.4%
Te19 2,49
6«97 232
£,.73 2.24

- bakd 2.15
6.16 2.05
5. 84 1935
5,49 1,83
£.18 1273
4, 89 1:63
4465 1,55
4. 49 1.50

TSt



PIN NO IS 37 TiIME N DAYS = S6S(C. PEAK FLUX IS5 ie5659{E 5
POSI TLING TLOHT ) DL 7 TiMs FLuX FLUENCE PERC V PERC D
LeG € pEG C DEG C Les €
S L25.4 39241 2245 408,79 Ny125E 16 . 6e39E 23 3435 1.312
ic 430.5 296. 2 24,3 413.4 Ga129E 16 O, 657F 23 3.68 1.23
il 9435, 7 «0n. 5 35. 2 41 8,1 0,123c 146 C.677E 22 4,05 1,35
id 441,73 4 B 36.3 423,1 Le137E L6 J+7C0E 23 by 47T 1kl
32 4464 G 406.6 37. 3 428, & C.14iE 16 Le721E 23 L89G 1.63
14 452,73 41443 38.4 423, 3 0« 145E 15 0. 739E 23 54 29 1.76
L5 457, 8 618, ¢ 28, 8 438, ¢ Calsgs 16 . 75¢6F 23 S, 68 1.89
i€ 456341 423473 3%, 4 443, 4 Ua253E 16 G, 7758 23 be 33 2}
+7 468,2 5284 6 23, 8 “4&8, 3 C, 1538 15 C.781E 23 6, 35 2x il
L& 473, 2 433,1 40,1 453, 2 (s 1535E 1 0.78GE 23 S bl 2020
L9 L 437, 8 wle 3 457, G Cal156FE L6 07958 23 €. 82 2.27
Ay w82, 7 L4l e b 4l 3 46245 0w 1B6E 16 S.79BE 23 by 97 2+ 37
21 4R7,1 445, 6 40,2 4671 Ge150F 16 0, 7SR5 23 7407 <. 2&
22 43243 45104 AG. 3 471.3 L.1B6E L6 L.704E 23 Te10 237
3 495, 4 4+5%, 3 28,6 75,6 TL155E 14 DL.T786E 23 7. 10 2. 27
24 469, 1 483,14 38,18 479, 6 fe153E 1% 1w T8LE 23 702 2+36
25 202.7 b4Eba g 38,4 6483, 4% Oe 151E 16 C.T74E 23 £, 91 2. 30
25 5(5.6 468,27 377 LR, C.149E 16 D.757E 23 6,73 2 2%
27 50 9.0 %72.2 6.8 430, 6 0, L45E 16 3. T743E 23 553 2+1%
B s11.8 475, 6 35. 5 453%. G Ue L&2E 16 C-726E 23 6,29 2o 10
25 rla.5 47%. 5 35.3 407, 0 T.3i3GE 16 0. 7088 23 6, G4 2,01
3t 2io.3 48245 34,0 499, G 0. 1358 16 CyveBBE 23 5.75 1.%2
3 519,14 486, 2 32, ® EL2.86 G.131% 14 G.6088 23 e nts i. 71
32 222 4RI, 4 31,7 535.3 NLig7E L6 0. HhabE 23 5.5 .72
33 £23,3 452, ¢ 0.8 £EC7T.8 Celd3E 16 C.E26F 23 4, B9 1,672
34 E75.6 4G5,7 5. G 51G.6 Ce120E 16 A-&610E 23 &, 67 156
25 523, 3 463, 9 29, 4 513.46 O.11RE 16 T.b01E 23 “4 54 1. 5%
T{INY = TEMDP QOF [INNEX {LAD SUFFACE, TOUT = TEMP COF CUTER (LAL SURFACS,
DEL T = T{ING - TLOUTH TiMy = CLAD MEaN TEMFP.
PERC ¥V = PERCENT CLAD VILUME CHANGE. PERC © = PESCENT CLAC CIAMETER CHANGE,

(A9}
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ORNL Qualilty Assurance Specifications and Procedures

MET-FCT~FQ~1 Fabrication and Quality Assurance Plan,
Series IT Pins (EBR-IT)

1. Tubing for Cladding

2. End Fittings

a. Procurement Specifications
MET-NDT-4 Tentative Methods for Liguid-Penetrant Inspection

MET-FR-4  Tentative Specifileation for the Ultrasonic
Inspection of Metal Tubing

MET-FR~3 Specification for Inconel X Springs for (U}Pu)Oz
Fuel Rod Extensometers, Purchase Requisition N-1455

b. Inspection and Testing Procedures

MET~FCT-TS~5 Procedure for Vigual Inspection of Incoming
Metallic Materials

MET-FCT-TS-9 Use of Dermitron with Chart Recorder

MET-FCT-TS~10 Procedure for Ultracsonic Wall Thickness Mea-
surement of Stainless Steel Tubing

MET-NDT-13 Inside Diameter Measurements of Tubing by
Eddy Currents

~

ORNL Inspection Fngineering Standards, Section 5 — Ultrasonic

Testing
¢. Reports

MAT-19~ Certification of Tests — The Carpenter Steel
Company (dated 12/12/68 and 2/27/69)

MAT-19~ Material Report CH-19-1 -~ Summary of ORNL Analyses

MAT-20~ Test Report -~ Crucible Steel Company of America
(dated 2/24/69)

MAT =20~ Material Report CH-20-1 — BSummary of ORNL Analyses

Photomicrographs of Tubing and Fnd Fittings (Fig. B.1)

3. Welds of End Fittings to Cladding Tube

a. Welding Procedure
MET~FCT-PP-7 General Welding Procedure for EBR-TIT, Series
MET~FCT-PP-7-1  Bottom End Plug Weld
MET-FCT-PP-7-2  Capillary to Top Plug Weld
MET-FCT-PP-7-3 Top FEnd Plug to Clad Welding
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o)

Fig. B.l. Photomicrographs of Tubing and End Fittings.
metal cladding tube; (b) base metal end plug.

(Y~103568

Ny

et
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0.018 INCHES
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0.018 INCH

20.015 in.
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{0.005 in. | i

200X |
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200X | 10.005 . T T
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3(a) Continued
MET-FCT-PP-7-4  Capillary Edge Weld
MET-FCT~PP-7-5 Top Tnd Cap to Top End Plug Weld
MBET-FCT-0P-9 Fuel Pin Welding

¢. Photomicrographs of Qualification Welds on W-1, W-2, W-3, W-4,
and W-5 (Fig. B.2)

e. Summary of Weld Repairs

4. Helium Leak Testing
b. Procedure. ORNL Inspection Engineering Standards, Section 7.
5. ZXenon Tag Insertion

MET-FCT-0P-10 Procedure for Initial Loading of Xenon and
Helium into Fuel Rods

MET~FCT-0P~10-1  Procedure for Subsequent Loading of Xenon
and Helium into Fuel Rods

MET-FCT~D~-137 Data Sheet for Measuring Fuel Pin Free
Volume (¥XE-1)

MBT-FCT~D-138 Xenon Tagging Caleulation Work Sheet No. 1

MET-FCT-D- 139 Xenon Tagging Calculation Work Sheet No. 2

MET~FCTw D= 140 Data Sheet for Loading Xenon and Helium

into Fuel Pins (XE-1)

8. Dimensional Inspections

a. Procedures
MET-FCT~T3-6 Lenzth Measurement of Finished Fuel Pins

MET~FCT-TS~7 Cutgide Diameter Measurement of Finished
Fuel Pins

MET~FCT-T8~3 Method for Measuring Total Indicated Runout
of Finished Fuel Pins

MET-FCT-TS=1 Micrometer Standardization

9. Fuel Element Weights

a. Procedures

MET-FCT~-TS-2 Procedure for Balance Standardization
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©)

Fig. B-2. Photomicrographs of Qualification Welds. (a) Weld W~1,
75%. (b} Weld w-2, 75%. (e} Weld w-3, 75%x. (d) Weld w-4, 100x.
(e) Weld W-5, 75X. Reduced 34%.
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WBELD REPATRS

Bottom End Plug to Clad Tube Weld W-1

Fuel Rod 08-2, OP-3, OP~5 — minimum weld thickness < 1 T, rewelded by
procedure MET-FCT-PP~7-1; visual, radiographic, dye-penetrant, and helium
leak check inspection. Weld met all requirements of specification.

Top End Plug to Clad Tube W-3

Fuel Rod 08-8, 0P-2, OP-4 — excessive weld buildup on diameter by visual
inspection; rewelded by procedure MET-FCT-PP-7-~3; visual, radiographic,
dye-penetrant, and helium leak check inspection. Weld met all require-
ments of specification.

Fuel Rod 08-11, OP-6 — minimum weld thickness < 1 T, rewelded by
procedure MET-FCT-PP~7-33 visual, radiographic, dye-penetrant, and
helium leak check inspection. Weld met all requirements of
gpecification.

Top End Cap Top Fnd Pluz Weld W-5

Fuel Rod OP-1, 0S-7, OP-4, 08-12 — depth of penetration < 1 T, rewelded
using procedure MET-FCT-PP-7-5; visual, radiographic, dye-penetrant,
and helium leak check inspection. Weld met requirements of specification.

Fuel Rod OP-3 — weld ammeter showed only 4-5 amperes; cold weld; weld
repassed using procedure MET-FCT-7-5 at proper current; visual, radio-
graphlec, dye-penetrant, and helium leak check inspection. Weld met
requirements of specification.

Summary of Welds Repaired on EBR-IT Fuel Rod

Fuel Rod Weld
0s~-2 W-1
Op-3 W-1, W-5
oP-5 W-1
OP-4 W-3, w-5
0oP-2 w-3
08-8 W-3
OpP-1 W-5
0s-7 W5
05-12 W-5
05-11 W-3

OP-6 W-3
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