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Irradiation, Post-Irradiation Examination, and Evaluation
of IFA-208 and 224

Kazuaki YANAGISAWA

Division of Reactor Safety, Tokai Research Establishment,
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(Received May 26, 1978)

This paper describes the analysis of IFA-208 and of IFA-224 irradiation
tests at HBWR. ~

As for IFA-208, the hollow pellet fuel with flat ends, one end dished and
both ends dished pellet were irradiated to the average burnup of b.1GWd/tU0, at
the average linear heat rating of 615W/cm. After irradiation the fuel showed
excellent dimensional stability.

As for IFA-224, both the solid and the hollow pellet fuel with flat ends
and both ends dished pellet were irradiated to the average burnup of 11.8GWd/tu0,
at the average linear heat rating of 590W/cm. No major defects were observed,
but two small sunburst blisters were found. Cladding strains were very small
and no ridge deformation occurred. The summary aof the study is as follows.

IFA - 208

(1) During the first power cycle, the pellet-cladding interaction (PCI) was
strong in the dished pellet and weak in the flat pellet. With the burnup
the initiation of PCI tend to begin at higher Tinear heat rate. Fuel
densification was observed for all of the rods.

{2) At Tow heat rated section of the rod, center hole diameter decreased by
swelling. The end faces of the dished pellet deformed plastically.

At high rated section, the center hole diameter decreased in flat peliet
and increased in one end dished / both end dished pellets. The dished
void was filled with UQ; primarily due to thevapcur deposition mechanism.

(3) Variation with the fuel centre termerature was small with the burnup.

IFA - 224

(4} Influence of the fuel paramaters on PCI are as follows: flat end and both
ends dished pellet showed little shape effect on cladding deformation, low
temperature sintered pellets was stronger in PCI compared with high tempe-
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rature sintered ones, the hollow pellet tended to decrease the PCI.

One of the rods with solid, and flat end pellets sintered at low tempe-
rature showed the extraordinary large deformation of the cladding during
the first power cycle.

Fuel center temperature variated with the burnup: it increased in the
case of Tow temperature sintered pellets and decreased in the case of
high temperature sintered one. Calculation from the FREG 3 computer

brogram showed comparatively good agreement with experimental results.

Comparison of IFA - 208 with 224

(7)

(8)

(9)

Cladding deformation was smaller and saturated quickly in Tow density
pellets than in high density ones.

Both ends dished pellet was affected largely by pellet density vartation
than flat end pellets.

Fuel center temperature was lower in low density pellets than in high
density pellets but that difference was not remarkable.

Keywords : Irradiation, Post-Irradiation Examination, Pellet Shape,

Fuel Rod, Fuel Cladding, Pellet-Cladding Interaction (PCI),
Cladding Elongation, Fuel Stock Flongation, UC, Pellet,
Fuel Center Temperature, Pellet Density, Radiation Effects.
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Table 1 Characteristics and Experimental Design of IFA-208

and -224

IFA-No.

208

224

experimental objectives

fuel type

characteristics and

experimental parameter

of fuel

shape and density of
pellets

instrumentation

power(W/cm)
attained burnups
(Mdd/ tU0,)

PIE

irradiation period

PCMI high density
high power

BWR type long size
Zry-2 cladding

pellet shape

(a1l pellets having
centre hole)

95% TD

flat
dish with one end
dish with both end

EC
EF
TF

ave.615
max. /770

ave.6300

dimensional
measurement of fuel
pin

metallograph

gas analysis

1.1971-10.1971

PCMI Tow density
high power

BWR type long size
Iry-2 cladding

pellet shape
pellet sintering

temp.{1400/1600°C)
90% TD

flat '
dish withboth end

EC
EF
TF

ave,590
ave.11 900

dimensional
measurement of fuel
pin

metallograph

3.1972-9.1973
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Table 2 Chemical Analysis of the Pellet of IFA-208

Results (U, basis except Dy203)

| Element Specification No,l(l) No,2(2) NO.3(3)
. A <C 500 ppm < 1, ppm < 14 pom -
g < 10 < 03 " < 03 " .
s B < 1 < 0.2 M < 0.2 " -
c <400 " go 0 -
Ca <200 ¥ < 20 " << 20 " -
cd < 1" < 0.3 " < 03 " -
c1 < 25 ° <110 <10 " -
Cr < 30 " < 8 n < 8 " -
Cu < 10 " < 5 h << 5 " -
F < 25 i <10 @ <10 -
Fe < 500 M | 60 O 65 -
Mg <100 " < 2 < 2 n .
Mo < 25 " < 3 U < 3 n -
N <200 " < 50 M < 50 -
~ - N < 70 ® w0 10 " -
Pb < 5" =.1 v < 1 " -
" si <200 ® 75 65 M -
Sn < 20 0 < 1 n < 1 n -
0/ Ratio 2.00 - 2,03 ; 2.009 2.01C -
Dy203(4) | 4 10,12 E - - 3,968
5 Note: (1) Sémple was chosen from 6 % U235 pellets not contain Dy,0g
(2) Sample was chosen from 7 % U235 pellats,
_(3) Sample was chosen frem 6 % U235 pellets contain Dy203
(4) U0y psllet basis.
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Table 3 Chemical Analysis of the Pellet of TFA-224

(A11 measured in ppm)

Element 7.0w/0 7.0w/o0
high temp sintered | Tow temp sintered

Al 21 23

Ag 0.7 0.7

B 0.2 0.3

C 9.1 14.6

Ca 17 16

Cd 0.08 0.17

Cl 10 12

Cr 40.0 65.0

Cu 5.2 13.1

F 10 12

Fe 260 392

Mg 19 10

Mo 1.20 0.80

N~ 71 51

Ni 37 57

Pb 0.8 1.0

St 1 12

Sn 4.6 4.0

0/U 2.00 2.00

U(%) 88.11 88.11
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Table 4 TFuel Pin Length Increase (IFA-208)

Length(in units 0.01 mm)

Rod No. Pre- Post- Increase
B(F) %o +65 465
c(D) -7 +68 +75
D(DD) +2 +89 +87

Table 5 Fuel Pin Diameter Increase {IFA-208)

Rod No. Orientation Diameter(mm) Increase

(degree) pre- post- AD ()
A(F) 0 14.480 14.480 0

90 14.485 14.485 0
B(F) 0 14.485 14.490 5

90 14.475 14.485 10
c(D) 0 14.470 14.475 5

90 14.465 14.480 15
D(DD) 0 14.480 14.490 10

90 14.475 14.485 10

Table 6 Fuel Pin Length Increase (IFA~224)

Pre-irradiation | Post-irradiation | Increase
Rod No. L {mm) - L(mm) Al {mm)
A 1671.96 1673.10 1.14
B 1672.08 1673.12 1.04
C 1667.93 1668.92 0.99
D 1667.96 1669.10 1.14

/-

I

L

iy

e/

L
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Table 7 Power Distribution in the IFA-208 Fuel Rods and Local

Form Factors of Samples Cut for Destructive PIE

Power Distribution in the IFA-208 Fuel Rods

Rod No. Krad q (W/em)
A 1.02 623
B 0.99 605
C 1.01 616
D 0.98 598

Cutting of Samples

Rod No. Position (mm) . Kloc q {W/cm}
A 731-747 - 1.28 798
747-752 1.26 785
B 186-196 1.09 660
196-212 1.12 677
494-504 1.35 816
504-520 1.35 816
895-911 1.06 640
C 165-175 1.04 640
175-191 1.06 653
513-523 1.34 825
523-539 1.34 825
892-908 1.09 672
] 175-186 1.08 645
186-202 1.10 . 658
507-517 1.35 807
517-533 1.35 807
930-946 1.06 635

Krad: linear heat rating averaged over particular pin, d1v1ded by Tinear
heat rating averaged over the boundle

Kloc: Tinear heat rating at a particular axaial position, divided by
Tinear heat rating averaged over that pin
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Table 11 Results of X-ray Photograph (All measures in mm)

Pre-irradiation Post-irradiation
Rod No. A C D , A C D AA AD
A 26.8 0.2 77.0 16.9 14.4 81.0 9.9 4.0
B 28.0 0 77.8 22.6 9.6 £1.9 5.4 4.1
€ 29.7 0 79.9 20.7 10.5 81.9 9.0 2.0

D 28.6 0.3 /8.8 22.6 9.0 81.4 6.0 2.6

~ bA represents the (upward) displacement of the movement marker, while
AD is the {downward) displacement of the upper end of the stack.

Table 12 Maximum Elongations During First Start-up (In-pile)

Rod No. EF+EC(mm) EC(mm) EF=(EF+EC)-EC
A 6.5 0.40 6.10
B 4.0 0.76 3.24
C 5.2 0.34 4.86
D 4.4 0.61 3.79
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Fig. 7 Weld and spacer regions on Rod C (one and dish), mag.x2
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Fig. 8 Upper 45°-deposite Fig. 9 Lower 43°-deposite on Rod

on Rod C, mag.x8 C in profile, mag.x8

N Fig. 10 Upper 315°—aeposite Fig. 11 Same region as in Fig. 9,
on Rod C in profile after scraping-off most
s .

of the deposit, mag.x2
mag.x8

| -31-
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Fig. 12 Spiral diameter curve over range 900-960 mm, Rod C (one end
dish), IFA-224
Sensitivity : 10 w/sc. div.
Axial scale : 1:1 (10 mm/sc. div.)
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Fig. 13 Area of sunburst blister found during dimensional
measurements, Rod No.C, IFA-224, 937 mm, 60°

Fig. 14 Area of sunburst blister found during dimensional
measurements, Rod C, IFA-224, 980 mm, 270°
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Macrophotographs and autoradiographs of Rod A (flat).
Sample M21, 731-747 mm, 798 W/cm
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Fig. 30 Macophotographs and autoradiographs of Rod B (flat),
IFA-208, upper; sample M18, 494~504 mm, 816 W/cm, middle;
sample M9, 504-520 mm, 816 W/cm and lower; sample M10, 895-
911 mm, 640 W/cm




JAERI-M 7726

Fig. 31 Macrophotographs and autoradiographs of Rod C (cne end dish),
IFA-208, upper; sample M19, 165-175 mm, 640 W/cm and lower;
sample M11, 175-191 mm, 653 W/cm
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sample M20, 518-523mm, 825 W/cm, m
523-539 mm, 825 W/cm and lower; sample M13, 892-

908 mm, 672 W/cm

208, upper;
sample M12,

IFA-
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“

Fig} 33 Macrophotographs and‘autoradiographs of Rod D (both end dish),
IFA-208, upper; sample M15, 175-186 mm, 645 W/cm and lower;
sample M5, 186-202 mm, 658 W/cm
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Fig. 34 Macrophotographs and autoradiographs of Rod D {both end dish),
IFA-208, upper; sample M16, 507-317 mm, 807 W/cm, middle;
sample M6, 517-533 mm, 807 W/cm, and lower; sample M7, 930-946

mm, 635 W/em
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g. 38 Fuel radious of Rod D (both end dish), upper; sample M16
(805 W/cm) and lower; sample M6 (805 W/cm)
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Fig. 40 Fuel radious and detail pictures of Rod A (flat, IFA-224),

sample No.51, 537 mm, 583 W/cm

Ll



JAERI-M

aly

f
e A AP AL
R R SN
LTI L) LAY Bt
URNOEUS VIR AN,

55
SN

7726

I
o
@

|

(flat), IFA-224,

1 pictures of Rod B

i

. 41 Fuel radicus and deta

Fig

sample No.54, 623 mm, 581 W/cm
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Fuel radious and detail pictures of Rod C (both end dish),

IFA-224, sample No.58, 511 mm, 589 W/cm

Fig. 42
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51 and 52

istribution and gran structure of Rod A (flat},
, sample No.50,

ide d
224
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IFA-

Fig.
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59

Fig. 45 Hydride distribution and grain structure of Rod C {both end
dish; upper) and of Rod D (both end dish; lower)
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Position L ' Position M
(520 w/cm) . (670 w/cm)

! (Cut deviated from the center)

Fig. 55 Shapes of the central hole of one end dished pellet fuel
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Fig. 56 Londitudinal section at the pellet interface

57 UO, vapour deposition on the pellet end face in the dished

space
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(cut face



JAERI-M 7726

Both ends dished .

600
400

200

One end dished

Fractional depth of dips

Flat

600

400

200

50 100
Distance from the bottom (cm)

Fig. 58
at pellet interface

Axial distribution of the depth of dips in gamma scanning

Linear heat rate ( W/cm )
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Fig. 59 Density, pellet end shape and temperature distribution of
one end dished pellet pin at the position L and M
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61 Fuel stack elongation for rod B (flat) and rod C (dish) vs
linear heat rating during first, second and third ramp cycle,

TFA-224
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63 Fuel stack elongation for rod A and rod

B vs linear heat

rating during first, second and third ramp cycle, IFA-224
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Fig. 65 Fuel stack elongation for rod C and rod I} vs linear heat
rating during first, second and third ramp cycle, IFA-224
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Fig. 68 Fuel centre temperature for rod A vs linear heat rating as a

function of burnups, 1FA-224
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Fig. 62 Fuel centre temperature for rod B vs linear heat rating as a

function of burnups, IFA-224
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Fig. 70 Calculated fuel centre temperature with FREG-3 computer model
and measuremented fuel centre temperature vs linear heat
rating, IFA-224
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Fig. 73 Fuel centre temperature for rod A of TFA-208 vs linear heat
rating as a function of burnups



JAERI-M 7726

1t R

IFA — 208 B XU IFA — 224 OMET —4 —, MESAKT 4> F B LU MEES
£ 4 Annex 1 ~Annex 6 {2785,



JAERI-M 7726

Annex 1 IFA-208 Operational Data

NETITUTT FOR ATOMENERG
CHI0 Halden Resclor Project. DATA SHEET

IFA-208

Supplier: JAERI, JAPAN

OPERATIONAL DATA

O2JiCTIVES

_The main purpose of the experiment is to study the behaviour of fuel rods

_operating_with heat ralings up to incipient melting conditions. Instrumentation

_is_included to study fuel/clad interaction behaviour for dished and flat end

_pellets with a central hole.

DESCRIPT!O'N . PREDICTED ACTUAL REMARKS

Loading Date £/71

Unfoading Date

_Burn-Up MWdHUO, E
Reactor Position

Rel. Flux Position 1.02 )1,12 B
Channal Power kw 330 [360

Avg. Lin. Heat Raling Wjem 565 {620 B
Max, Lin. Heal Rafing W/em 710 | 780 )

Peak Surk. Heat Flux Wicm? 156 | 171 10% /0 melting at peak
Peck jkdt) Wicm 44,7 ] 82.1 positio;iw

Pesk Spec. Heat Rating W/gU0; 47.1 | 51.7 B
 Max. Centre Temp, °C 2640 | 2850 B
Cooling Conditicn Natural circulation )
Infet Velocity m/sec 0.57 -
Iw_la Throtifing v2/2g 40 N
Hydraulic Diam. mm 22.- -
Flow area mm? 2940

Assembly Dwg. 07353 Parts List Dwg. 472544
 Cable Dafa Sheet 373665

Experim. Procedure 1208

INSTRUMENTATION
l: Inlet turh, D=40,/,u=32 , II Qutlet turb, D-“-55,1p=32 1| Failure detector N
2| Inlet thermocouples

__LLEle:.LtQmagn&Lic_c_alﬂquiDn valve

3 |Neutron thernometers

__zi_Ong thermocouples

3! Fuel stack elong. detectors, miniature type
4. Clad elong. detectors (DTF)

4 Fuel stack movement markers fl T/C Central oxide thermocouple

W 3% Re/W 25% Re, Mo/BeO. , @=1.6 mm

s

o
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Annex 2 IFA-208 Test Assembly Data

ISSUE NO. 1 PAGE: 2

DATA SHEET sicn: E. K pate. 7/10-70

IFA-208

TEST ASSEMBLY DATA

DESCRIPTION
Fuel Form . Sintered, hollow UQO, pellets, Ground
Pin Nn. 1) 22 Ty 3 1 Totally
Fuel Weight kg 2 1.786 1.784 1.710 1.750] 7.030°
End pellets. 1034 . 034 . 034 . 034 6.136
Fuel Density gfem3 10.41 ' (95-'-1 i 5% of T. D.) 7.166
70.02 +0. 1

Fuel Diamater mm

Hole diam.: 2~

Enrichment

7¥ /0 U-235 of active fuel

Diam. Clearanca mm 0.30
Pelier Length mm 20 End pellets : 1.5
Dishing No No 3}Yes 4)Yes
Dishing Depth mm 1.0 1.0
Land Width mm 0. 94 0.94
Cladding Zr-2 Test Data at R. T.
Cladding State Autoclaved Uts: 69 kp/cm®
Ys: 56 kp/cm2 {0.2%)
El: 29% ‘
Welding TIG
Filler Gas Helium
Clad. Int. Diam, mm 12. 681-0 : 04,
Clad. Thickiness mm 0.9
No. Pins [Cluster 4 Four stay rods of diameter : 6 mm.
Pitch Distance mm 46 {P,C.D.)

Spacers

2 end plates and 2 spacers

Fuel Length{Pin mm

Active fuel length : 1470

Plenum 80 mm - 10 (:m3

Shroud Material Al x 800! _ Rempouahle
Shroud Ink. Diam. mm 71

No. Of Clusters I

1) In each fuel pin two poissoned end pellets. (6" /oU-235 / 4% /o Gd20'3) and

two 10 mm long Z:"Oz thermal insulator pellets

2} T/C Central oxide thermocouple in fuel pin A

3) Spherical one end
4) Spherical both ends
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Annex 3 IFA-208 Test Assembly Drawing
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Annex 4 IFA-224 Operational Data

INSTITUTT FOR ATOMENERGI
QFCD Halden Reactor Project. -

Supplier:

DATA SHEET

IFA-224

JAERI, JAPAN

1SSUE NO, 1 PAGE: 1
DATE: 5/1-72

sigN: TTo

OPERATIONAL DATA

OBJECTIVES

- to study the behaviour of fuel rods operating with heat rating

up to incipient melting conditions,

_PREDICTED

DESCRIPTION . ACTUAL REMARKS
Loading Date ' 2 /72 18/ 3/ 72 (STARTUP)
| Unloading Date 2979/ 73 (SHUTDOWN)
Burn-Up MWdNUO, 11900 instrument
Reaclor Posifion “l4=5 W 2-2

Rel. Flux Position

1,02 | 0.9% 1.02

transfer at 5503 MW/t UO;

Channel Power kw

340 | 320 280 270

Avg. Lin. Heat Rating Wicm

580 550 467 450

MaxLin, Heal Rating Wiem . 750 | 700 | 605 648 [axiai P E?’éﬁﬁﬁﬁfﬁgr ' 1252
Pook Surf, Hoat Flux Wjcm? 165 152 ' ‘\*"‘CHAMELZBMM_.
Peak [kd®  W/em 55.3 | 50,8 ' '
Peak Spac. Heat Raling WigUO; 64 51
Max. Centre Temp. °C 2850 | 2850
Cooling Condition Natural Circulation
| inlet Yelocity msec 0.58
Inlet Throttling v2[2g 35
Hydraulic Diam. mm 25,6 .
Flow arca mm3 2932
Assar_nbl); Dv;rg. 07373 Parts List Dwg. 472732
Cable Dala Shee! 373914 '
Experim. Procedure EP-1224

INSTRUMENTATION

-

Talet turh, D=40, n=32 1

dutlet turh, D255 n=32

™~

Inlet thermocaouples - 2

Outlet the rmocouples’

Electr, magn.calibratian valve

1 | Failure detector

'Neut ron thermometers

: ]Lbcal neutron detectors

Cen‘tral Oxide thermocouples (W 3% Re/W 25%Re)

Fuel stack elongation detectors

.h.a-ww-—{

Cladding clongatwn detectors

: ] 1 [ ref,di f:f-{"tlrans'fe.rrﬁ:’qr_ .
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Anmex > IFA-224 Test Assembly Data

‘ I1S5UE NO: 1 PAGE, 2
DATA SHEET siohie 772 |oaw, 5/1-72
1FA-224
TEST ASSEMBLY DATA
DESCRIPTION
Fuol Form Sintered UOZ‘. pellets, ground. he)
Pin No. A B3 C D Total
Fuel Weight kg 1,740 |- 1,725 1,675 1,635 6.775
End Pellets 0.035 0.036 ¢, 035 0,035 0,141
Fuel Density glcm? 9. 88 ‘90%"" of T. D.) 6,916
Fuel Diameter mm 12, 38 * 0.02
Enrichment 7 W/o U-235 of activé fuel
Diam. Cloarance mm - 0,30
Hole Diam. mm Solid Pellet ] 2
Pellet Length mm 20 Poisoned end pellet 15
Dishing No No Yesa) Yesa)
Dishing Depth mm . ‘ 1,0 1.0
Land Width mm . 0,87 0, 87
Cladding Zr-2 . Test Data at R.T.
Cladding State UT kp/cm® [65.5 {64.3
YS kp/cm” 149.7 49,0 .
El %. 26 28
Welding TG
Filler Gas Argon pas, 99.99%
Clad. Inl. Diam. mm 12, 68— 1 0.04
Ciad. Thicknass mm -~ | 0,90
No. Pins [Cluster 4

Pilch Distance mm

40 (P.C,D.)

Spacers

2 end plates and 2 spacers

Fuel Length/Pin mm

Actwe Fuel Length = 1470 mm

Plenum ._80 mm -~ 10 ecm
Shroud Material Zr-2
Shroud lnt, Diam. mm 20

Ne. Of Clustors

1

1) In each fuel pin two poisoned end pellets (6 /o U- 235/3 99 w/o GdZOS) and two
10 mm long zirconia pellet for thermal insulation.

2) Pellets for A were sintered at high temperature (1 600 - 165006) and those for
B and C at low temperature (1350 - 1400°C}). ,

3) Spherically both sides..
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IFA-224 Test Assembly Drawing

Annex 6

JAPANESE TEST FUEL ASSEMBLY




