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SUMMAiY

This roport doserihos t he prol iminary reso l t < of f h, PBF/ LOFT

Lead Rod (LLR) Program Test LLR-4A conducted in the Power Burst
'

Facility Tost Reactor at tho Idaho Natinnll Enqinearina Lahoratory.

Test Lt R-4A was conducted on May 18, 1970 T he H3F /LLR inst s (Lt.R-3,
.

L LR-5, and Ll R-4) nore designod to simulate tho t ost rontitions for

l0FT loss-of-coolant oxpe,iment (LOCEs1 tests L9 1 t h r o u q h l ')- R . Test

(LR-4A was addod to tho PBF/l LR program f ollowinq rncolotion of Tost

LLR-4 to invest igate tho ef f ec ts of precondit ion ing wi a successive
LOCE transient on def ormed fuel rods. Tho tost c ondit i ons anit

pertermance sequence for this test were identical to tho LLR-4 test,

Four separately shrouded PWR-type fuel rods wero utilize'l for the

LLR-4A test. A total of seven fuel rods were tasted in the PBF
in-pilo tube (IPT) stiring the four LLR tosts. Tho LLR-4A ro is were

designated as 399-2, 31?-2, 345-1, and 345-? The fuel rods consisted

of a 0.914 m long fuel st ack of f rosn, 03% theoret ical density,

0.5 wt% UO, fuel, and mre backfilled with holium at atmospheric
c

prossure (0.10 MPa} Rod 312 ? ha.1 beon usod in Tests LLii-1, LLR 6,
and LLR-4; Rodi 345-1 and 345-? had been usod in fost s LLR-5 and

LLR-4, and Rod 399-? aas a f rosh ro'i, installed for Test LLR 4A. *

The LLR-4A tes' consisted of a pwer calibration phase, a decay

heat hJildup phis", 3 hlowdown phaso, an,1 roflnnd wi quonch cno!inq

phasos. During the tost, bloriaan was in it i a t.J at coolint conditions

of !pproximatelv 600 K IPT inlot c ool ant t<p"r tt uro, ! rnalant

flocato of 0.7F 1/s por t aw shroud, a systom pressu e of 15.5 MPa.

+ n.f rol p e @ power den si t ies of C6 kW/m. The rnfs woro sub jec t od t o a

b l ow:f oon similar to that to ho ex pec te:1 in LOFT during a 001

foublo-enled col <i log broat, followed by roflon ! In ! q u on c h r. nn l i nq.
8

Ya<imum claddinq to'rper a t uros a t t a i ne11 dur i no Test LLR-4A sere .

roi 199-f, I?60 r. rr.d 31?-p, 11E0 K an:1 * na W -1, 10/t F Rod W ''

wn nut instrumonted with claddinq thermncoupios. msod on t h e ';e

)
ii



tersperatures it is expected that rods 399-2 and 31?-2 reached the
waisting regime of mechanical deformation, while rod 345-1 reached the
collapse regime.
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1. INTRGDUCTION

Understanding the behavior of light-water roartor (LWR) fuols
under loss-of-coolant accident conditions is a major objective of the

.

Nuclear Regulatory Commission's (NRC) Reactor Safety Research

Program. The Loss of Fluid Test (LOFT) facility is the major NRC

sponsored testing facility to simulate the response of an LWR over a
wide range of loss of coolant accident conditions. As such, the LOFT

core is inte,ided to be used for sequential Loss-of-Coolant Experiment

(LOCE) tests, provided extensive fuel rod f ailures do not occur.

A series of tests has been performod in the Power Burst Facility

at the Idaho National Engineering Laboratory for the purpose of
providing , parametric evaluation of the expected mechanical response
of the LOFT fuel rods to a loss of coolant from a wide range of

:n itial power levels. These tests are called the PBF/ LOFT Lead Rod

ILLR) Tests. The specific objectives of the PBF/LLR Tests are:
(a) to experimentally evaluate the extent of cladding collapse that
would be expected to occur during the LOFT LOCA transients, ibl to
evaluate tha effocts of collapsed cladding and pellet-cladding

interaction (PCI) on the mechanical response of the fuel rods
subject ed to subsequent power increases, long term precondi ioning,'

md loss-of-coolant conditions, and (c) to provide experimental data
to henchmark tFe Fuel Rnd Analysis Program (FRAPI that will be u i

for requalification of the LOFT core. The PBF/LLR Test Program has

cnnsisted of four tests: LLR-3, LLR-5, and LLR-4, corresponding to

the planned LOFT L2-3, L2-5, and L2-4 tests, respec tively, and Test

LLR-4A, a follow-on test to the original program. Each of the LLR

tests was performed with four identical, separately shrouded LOFT
^ sign fuel rods with an acti'fe length of 0.914 m. Each test

consisted of si- phases of operation: (a) system heatup, (b) nuclear
,

o ower r al ibrat ion, (c) steady state operation to precondition the fuol

.
and to build up a fission product inventory, /d) system blowdown,
(e) system reflood, and (f) quench and cooldown.

4ED 138
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During Test LLR-4A, the power calibration phaso consisted of
operating at several power levels to provide fuol procondit ioning and

intercalibration of the test rods with the PBF core pow,r. The rods

were then further proconditionod at a test rod pen pnwor density of

56 kW/m. Preconditioning lasted for approximately 3 b ars for the
'

test and provided 82% decay helt buildup. System conditions prior to

blowdown were approx imatel y- 600 K inlet coolant torrnera ture, cool ant

flowrate through each flow shroud of 0.781/s, an 1 system pressure of
15.5 MPa. Upon completion of the preconditioning phase for the test,
blowdown was init iated by opening the high speed valves in tho cold

leg, simulating a 200% double-ended cold leg break.

Fnr Test LLR-4A, a ll of t he rn'is woro surroundod hv zircalov

shrouds. Consequently, all four rods experienced the same power

conditions.

The following sections provide brief descriptions of tho PBF/LLR
experimont design and test conduct, and preliminary tost rosults for
Test LLR-4A.

.

O

4
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2. EXPERIMENT DESIGN

The PBF/LLR Tests were performod with four identical, separately

shrouded PWR type fuel rods. The fuel rods, individual flow shrouds,
.

and instrumentation were supported by the test train. This section
briefly describes the design of the fuel rods, flow shrouds, test

t ra in, reflood system, and Loss of Coolant Accident (LOCA) Blowdown

Syston; and lists the instrumentation associated with each component.

Further information is available in the Experiment Specification

Document (ESD)(I) , the Experiment Configuration Specification

IECS)''M and the Experiment Operating Specification (EOS)(3)
/

, .

?.1 . Fuel Rods

The aeometry of the active length of the fuel rods is identical

sith a LOFT f;el rod. LOFT cladding was utilized to fabricate the

fuel rods. The plenum pressure selected corresponds to the backfill
pressure utilized for the LOFT L2 Test series fuel rods f.1034 MPa,
15 psia). The fuel rod designations for each test, and cladding

surface thernoccuple locations for each rod are shown in Table I. The

fuel rod design characteristics are listed in Table II. As shown in

Table I, Rois 312-2, 345-1, 345-?, and 399-2 were used in Test'

LLR-SA. Rod 312-2 hati also been usod in Tests LLR-3, LLR-5, and

LLR a. P ods 305-1, and 345-2 had also been used in Test LLR-5 and

LLR 4, and Rod 309-? was a fresh rod incorporated for Test LLR 4A.

2.2 F l av> Shrouds

Each fuel rod was encased within a flow shroud as part of the

fuel tr3fn, which also included the associated instrumentation

discussed in Section 2.5. Circular flow shrouds, as shown in.

Figure 1, were utilized for the entire test series. For the LLR-4A

test all the rods were encased in Zircaloy-4 flow shrouds.

480 140
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T A B L_E _I.

FUEL ROD DESIGNAlIONS AND CLADDING SURFACE THERMOCOUPLE LOCATIONS
FOR PBr / LOFT LEAD R0D TESTS

_ _ _ _ _ _ . _ _ . _ _ _ _ _ _ _ _ _ _ _ . . . _

*Thermoccuple L ncat ion (m)
'

Tests Clad T/C #1 C11 4 I/C d? Centerline
Rod Number LLR- Shroud 1800 Orientatinn 00 Ori,ntation T/C **

1 31?-l 3,4,5 Zirc 0.533 n.c?3 0.G33 ves

? 31?-2 3,4,5,4A Zirc 0.533 0.457 0.457 no

3 312-3 3 SS 0.533 0.4'l 0.El' vm

4 l!?-4 3 SS 0.F33 0.53' O.;31 no

S 345-1 4,5,4A Zirc 0. $ b u.All 0.633 vos

6 345-? 4,5,4A Zirc - - 0.457 no

7 399-1 Spare Zirc 0.533 0.457 0.467 no

3 399-? 4A Zirc 0.457 0.31? 0.457 yes

._---__.-

From bottom of active fuel.*

All rods were unpressurized (0.1034 MPa, 15 psia).

Instrumented with 3 bulk coolant thermecouples and 3 fin'. shroud**

thermocouples at fuel midplane and 120 mm abovo and holow the midplano ,

_ _ - - _ _ - -____-_- _ ---- . _ - - - - . _ - _ _ - - - _ - - - - - - _ - -

A

$L
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TABLE _II-.--

PBF/ LOFT ' EAD R00 TEST FUEL ROD DESIGN CHARACTERISTICS

-_. .-. .... . - _ _ _ - _ - . . . . . . .. . . . . - . . - - . - - - - . . .

- - - .Nnminal Value_.i i''.hr'.acter st ce- -- - . .-
_ .

k I a

'/ * cial UD,, fReferencen i & ST!

Pellot OD 0.9?l; + 0.00l?7 en
~

f 0.1659 + 0.0005 in.)
-

peliot l en 1t h 1.5? + .063; cm
~

(0.600 + 0.0?5 in.)
t oncichm.nt 9.5 + 0.;; WT%" - 1; >.

~

D " s i *. y 93.0 + 1.5% TD
r' >l st y 1ongth 0.91M m ( %.0 in. + 0.03)
End ranfiguration Dished
' 2 r n .a O MW.j/t

_

J,ntarhole ,1i r >t>r 0.185 cm (0.073 in. + 0.002)

airrr N i l e.tr
__ . _ _ . . _ - . _

"at.ei31 Alp 03 f 99% pure, ASTM D2442)
m; t h 0. c,n3 + 0.0PM cm (0.? + 0.010 i n. )

-

01 n >ter 0.~10 f .005 cm (O. 35 + 0.002 in. )

t i r o.
,

._

'/ +fri11 7ircalny-4 (Referonce 6)i

Yo 0] 1.n7 + 0.0038 cm (0.424 + 0.0015 ini
--

mo In 0.04 f+ 0.0033 cm (0.1734 + 0.0015 in.)'

s, 0.061 tm (0.0?43 in.) nominal5. i z . ,

y i o l .i s t r+> ,.; t' (Referonce 6)
. l*im3t' st =nr n / Reference 6)
"a.,~;m h e, 'Ref er enco 6)
O. ar 4 11 irngth 09.06 cm

- y

? ;,m n jo,! /n l:. > ?.% cm3 (0.13 in.3 + Sg)
_.

ci11., qu He

i iller Tis p;rity 94.nT He, ST ar, 0.lT impurities

: n i t i il a l' p ro ssu ro 0.101: "Pa f15 psia)

S i ra t e,11 gan 0.0171 cm (0.0075 in.)
O.>c311 longth 99.36')1 cm.

.. .- - - ...---. - - . . - - . _ . - . - - - - - . _ - - . - . ..

li - .I | L



Test Configuration Schematic

Internal 1.,__ _ _ C oolan t .

7f Q thermocouplepressure -

transducer p''
||i-

f| H |'!
and
thermocouple

| | ha-- Flow shroud
|!.

| !!: ,

Cladding surface |'; 61-- Fuel rod
thermocouples 7> . , - Centerl net-

i i i
i'i j

N i : ! thermocouple
\M ! 1

I

{Q t

h\ |
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|
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i
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2.3 Test Train

Fiqure 9 pr'sents an illustration of the PBF/LLR test train

installed in tho PBF IPT, During pre-blowdoan steady stato
-

conditions, the coolant enters the PBF reactor In-Pile Tube (IPT)
nhere approx i'r ately 75% of the c ool ant flons upwards through a

controlled bypass flow path from the IPT cold leg inlet to the upper
plonum, an1 the remaining coolant passes downw ar i nutside the IPT flow
shrcud to the vicinity of the catch basket. The IPT flow shroud is

stainless steel except along the region of the activo fuel rod, where
't is 7ircaloy 4

The coolant that flows downward to the catch basket then enters
e acn of the four test roj fle9 sh ro ud s . The lower fuel rod support

p i ita is losianed to ninimize bypass flow past the fuel rod shrouds to
less th in ?% of t he total evperiment core flow.

The coolant then passes inside each circular flow shroud, past
och fuel rN, and out an e<it tui to the common upper plenum
re c i cn . Th+ total TDI flow then passes through the upper particle
sc r .;pn w here it mixes with the controlled bypass flow and then exits.

To provide relativo water volumes in the test rod region and

c hu volL"s in tno system charac ter ist ic of the LOFT system, filler
p i or e s ..'e re inserted in the IPT exit volune, the upper plenum, and the

d: c rer r:gion, as shown in Fig;re ?

A central hangor rod (?8.57 m OD, 15.P8 m IDT was used in the
a hardware design to support the test train. The hanger rod is

zi-caloy tuning in the active core region. The capability for reflood

ater as provided through this tube, with a direct injection,,

cnnstart flow rate reflood system.

A controlled bypass flow path botween the IPT inlet and the upper
plenu, en provided across the IPT finw tube. The bypass consists of

a single hole sizod for approximately 75% of the total IPT flow at

7
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15.65 MPa pressure and 562.5 K inlet temperature conditions. The hole

is approx imately 31.8 mn in diameter and is drilled in the IPT flow
tube at the elevation of the IPT inlet, but 180 degrees around the

fl ow tube f rom the inlet. The bypass includes the capability of beinq
,

orificed to reduce flow area and is metered with a flow turbine.

.

?.4 PBF-LOCA Blowdown System

The PBF-LOCA blowdown loop is illustrated in Ficure 3. The

blowdown systen provides a flos path during steady state pre-blowdown
operation and provides the means to isolate the IPT from the existing
loop during blowdown so tho loop can continue to operate through the
bypass line. Blowdown through the Henry nozzles can be effected

through either the cold ley or the hot leg or both, and is initiated
and controlled by means of quick opening and closing blowdown valves.
The nominal response t ime required for the blowdown valves is 70 ms

from closed to fully open. The four Henry nozz'es provide the break

plane, break flow rate, and depressurization rate. The final throat

areas and locations utilized for these nozzles for the PBF/LLR Tests
are tabulated in Table III. By seiective sequencing of the blowdown

valves, the LOFT required depressurization was obtained for the

tests.

TABLE III

PBF/ LOFT LEAD ROD TEST BLOWDOWN LOOP HENRY N0ZZLE THROAT
DI AMETERS AND LOCATIONS

Nozzle
Designation Location Throat Diameter, mm Utilized for Test

FE-11-1-2 Hot Leg 13.56 LLR-3
.

FR-LR-C-1
(replaced
FE-11-1-3) Cold Leg 12.47 LLR-3,4.5,4A

FE-LR-C-?
(replaced
FE-11-1-4 Cold Leg 23.00 LLR-3,4,5,4A

'g>c,n ,

U 'l L! C;

9



- . - ~ _ , - + - - -
---

* * '

%

L I.

| p__ _ ._. __q.
-

,

^
,

! m_L.
"

,

au .

-

-

\ f] '

1'rs
- -_~ a- ,,vc

[ (CCC- @) - -
V

]u ] -

.^ ? i|I=
-

n.

yd,ll y|,
. e.

6| T -

hy j;t;fW
m . ( , g - ,|f _

s" '

y
m e l L

m
0

| - , h _ __ ou

.- ,__ c
.. . . _ _ . _d s

~[
' Y | c

'= %y
-

- a
'

i '. t]~

( .. .; . v
- c 2s=

| 7 u :. - rp_
. '4,. _ .n2-=9 o

," - U I, *
1

. . |
ry = . e s

* ~ #

: 1. u 3'

Q,'f:_ . _ _ _ -- _ . . - ' -- .:

d,
'

I, I e

|r -

, a-
-

|{ v L
i

L' b Izl !I-
_

to. _ _._
!

i|
.

i |

!L=,;== = - 4 %4 7 - = - = _- je y
,.

p Q~ .a w . -. .-~-J-
f/ 77 R! ]I

1L, = +4s
- */- 7., y .,,

-

7 ,k ., 3 N
.-

v y- y

! l, lI
*

n'r
-

-

( zz o<

( )'

4% m
o



,.L| [ s,. Lm , 4 h - l', y [ @VL d ! dlub tubs M l } 4L. . ,,

,; , , ,

c. m!t i;uo dacAtpes e' , u i .. t ; ; 6 ,

e .. <, ,,

; ;. ,4 ia; ;4-.&;eansa datoa 40,

ti [ ,[> pc ;a , ,,,
-

q j' 'b)uY '

a

,; i! m tua auoteuaa . ,(, ,gt> , ; - . . ~
, < -

<,toop' tup bnauagy t .u v ,., , ,

.. ,. ,, .'a. '

[ js j if iE [ au'f 3 Q )Qb,b J I ,. )' '43, y ,. t, t
i ..' t . ' '

'
-

mu, . , ,

; o 4 .r ; om
'

a' u; ]3 . laiu5lbu}', ,
+

. 4

.a.u'uL ;qo bnau3q ,.etAs<

j . .- . 4 -

;o am.:p ; sooteuq ;;ow 1ya, ,
, , , ,o >

- t , ,

u t - s.. o ',,;t;.i , ia !> duossnutzep go,. 1, . . . ,

, ,
3 .. t < , .t u ; o ; 3- <,,p .G .iduJDAt.ilC W [ tgg 3*, i '

. , , t > <t .<tSnaawaua sduoti.i
,o . - > ,t ,,; ' o *

t

a ot-. s e. c vt - iqa

4cp ;u 3 e; , 'CU ;i *c
4i

_ ;,
' '

- , :J ti b ,LUMpuvL t5 3 0 J ] a 0 [ [ ;ip.

'i' M' .v4 - ', ,ev: ' s''

. .L ! . . b Eup WUU[}OJlub42 ,.J, ,!, .t .

t. 4, ,

.- b- :! -

a, ,.

4 [,' j /lj(j i - [ J * .;)i N U 5/5}hw yS UAC([EQ[a_ , s
,

c.4 t:>

i ,

ul 2,;; i; , 2;x1 : u--'

;4
, f; lj ]oSaS 3 oust 51S OJ,:zc tU 4 ,,!JL;< r'

-
a

, 4
'

, . s e 'i a ;mL,^cs< )ub } e,Ld d s U } n Jd 5 ',

4
a ;

''ta l( n ll ' -

>
'

;ytuba ;001(-, irub 4t, .n 1 < < e0 3aJ o. - a r '

uc i; 't o ds.- c.- ,- c-;a t a nso' puustgA' eup<- - , , a ,,uu r< '

. r:. .o ; t ) ! ou n}ii;iap ;oa qqa; [: ., - .;e c; < .t . 'n4, - c :a
.

.

> -

4o ,;.iu .utej ;u u , . , u; eu; y t ompcmu ctvEsnaawau 4,
-

,
,a- ;3- ' '

.

,

, L y /s - k4 I't
. .

y30 !79c.



TABLE IV

INSTRUVENTATION UTILI?ED FOR THE LLR FUEL TR AINS FOR TEST LLR-4A

'Aeasurerent
~~

DTsTg~riit iFn
-

^ ~ Mis bir __]]]} jnmonts ~~~' ~ [ ~Ro
_

,

LOFT 1aser weldod technique:
CLAD 309?bb-1400003 8 0.3!4 m olevation O') azimuthal .

^ladding CLAD 399?bb-0018008 8 0.497 m elevation 1800 az i,,a t ha l.

Surf ace CLAD 31??bb+081800? ? 0.R33 m elevation 1800 azimuthal
Tomporature CLAD 31??bb+0000002 ? 0.457 m olovation 00 azimuthal
(thermocouple) CL A D3451 bb +0818005 5 0.633 m elovation 1800 azimuthal

CLAD 3451bb+0800005 5 0.533 m elevation 00 azimuthal

Fuel TFCL399?bh+.00TC08 8 0.467 m elevation
Centerline TF C L 31 ? ? bb + .00TC09 ? 0.457 m olovation tungsten-rhenium
Trrper a t u ro TFCL3461bb+.0STC05 5 0.533 m elevation
' thermocouple 1 TFCL345?bb+.00TC06 6 0.457 m olovation

Cl 0 1ing LVDTbRODbb31?-lb01 1,8
Elongaticn LVDTbRODbb317-?bO? ? Linear variablo differential
(L VDTl L VDTbRODbb 31?-3 bO3 3,5 transformers of EG&G Idaho,

LVDTbRODbb312-4h04 4,6 Inc. design and ranuf acature.

Planum ROD PR E SSbb399-PR 08 8
Pres,ure RODPRESSbb31?-?RO? ? Kaman eddy curront type
I teansducer) RODPRESSbb345-1R05 5

RODPRESSbb345-?R06 6

Plonu, PLNMTEMPbb399-?R08 8
Torporature PLNMTEM P bb 31 ? -PR 0'' ? .

(thermocouple) PLNMTEMPbh345-1R05 5

PLhMTEMPbb34R-?R06 6

rnol 3nt INLTTEMPbb309-?ROS 8
Bulk INLTTEMPbb317-?RO? ? Inlet of each flow shroud
Tro er a t u re INLTTEMPbb345-1R05 5 Groundel thorn vouples
(the mocouple) INLTTEMPbb345-?R06 6

00TbTEMPbb399-2RCS 8

OU Tb7EM P bb 31 ? - ?R O ? ? Outlor nf nach flow shroud
O'J T b TEMP b b 345 -lR 05 5

0UTbTEMPbb34;-?R06 6

MIDT399?bb+.000R09 8
.

MIDT399?bb .l?0R08 8

MIDT199?bb+.l?0 ROB 8

MIDT3451bb+.000R05 5
MIL, 'clbb l?OR0; 5

M I D T M 51 bb + . l ?OR 05 5

kb) ld)
j[



TABLE IV (montinued)

t 6ic u -]o n~t[^~ ~ ~~~[fo~s'i}g n it i on Rod Number _ _ _ . ~-~ ] _]Tmmo~nh [ _ _ _ _ ._

i
_

Coolant DELT3172bb225bbROP 2 Yield temperature incroase
,

Dif f erent i 31 DELT3072bb225bbR08 8 across each flow shroud for
Temper 3ture DELT3451bb2?5bbR05 5 power calibration purposes

' thermocouple) DELT3452bb225bbR06 6 Ungrounded thermocouples
R2DTCVSPRn2 ?

low Shroud TSRD3451bb+.000R05 5 At midplane and 120 mm
mrofrature TSRD3451bb .120R05 5 above and below the midplane7

' thermocouple) TSRD3151bb+.l?0R05 5 Grounded thermocouples
TSRD3992bb+.000R09 8

TSRD3992b5 .120R03 8

TSRD390?bb+.120R03 8

'" alan Volumetric TURB3121bbuP000N01 8 Flow Technology bi-directional flow
r 1cw R ate TURB31??bbUPIBON02 ? meters at inlet of each flow shroud~

ft n'b ne vters'. TURB3193bbuP090NO3 5

TURB31?4bbUP270N04 6

TURB31?lbbL0000N01 8

TURB31?? bbl 0lSON0? 2

TURB31?' bbl 0090NO3 5 Outlet of each flow shroud
Turb3124bbLO?70N04 6

1 T- 1 FLUXHRODbb-46315TT TT Aluminum-colhalt alloy f'ux wires
) .s , P r a f i ', s FLUX 3122bb-4609002 ? located on the outside of each*

iflux wires) FLUX 3451bb-4609005 5 shroud and one on the hanger
rLUX305?bb-4609006 6 rod. These devices will give

.

FLUX 399?bb A609008 8 the time integrated axial power
distribution in the rod.

Ib denotes blank 1
- - .-- - - -

4
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IN STRi3"EN T AT ION U T IL I ? ED FOR THE DRF /LLR TEST iR AIN FOR TEST utR-G

- _ - - . - . . - . - _ . _ - _ - - __ .. - --_ -_-_.__..___ . _ _ _ _ _ _ . _ _ - - _ - . - - - - . _ _ _ _ _ _ _ _ -

Measurements Designatinn rnmnonts

C oc l .3n t B u l; BU U:TEMPbh L ATCHB TT Coolant temperature in catch haskot in lower plenum.

Temo er 3t u re BULKTEMnhbLOWSPTTT Enolant temperature at lower support plate in 1 % er plenum

( t Fe rm oc o up l o '' BULKTEMPtbVOLBYPTT Coolant temperaturo in volu-otric bypass in lc,wer plenum

BULK TEMP hb SR DOU T T T C ool a nt temperature at the outlet of the four #1nw shrouds.

BULKTEMPbblPTEXTTT Coolant te~'pera t ure at the IPT outlet nozzle.

BULKTEMPbbCONTBYTT Cnol ant temperature in the controlled bypass.

Coolant Pressure PR ESSUR Ebb EC AT CHTT EG&G Idaho, Inc. strain post transducer in catch baskot in Icwer plenuT.

( tr an s tic er) PR E SSUR E bb ETO P SP TT EGLG Idaho, Inc. strain post transducer at top support plate in upper pior r
PR ES SUR EbbK TOPS P TT Kaman eddy ct.rrent transducor at top support plate in upper plenum
PRESS-HIbbECATCHTT EG9.G Idaho, Inc. strain post transucer for overprossure in catch haskot % inser

plonumn.

Neutron Flux N E U TF L U X bb + . 34 2 bTT Reuter-Stokes cobalt dotectors. Spaced along the length of the
'self pow ed NEUTFLUXhh+.??SoTT active core region at 1350 from north. Will he utilized to

Noutron Detectors': NEUTFLUXbb+.142bTT correlate reactor power to calibrated fuel roj power and det ormine
N E U TF L UX bb + .000 bTT the axial power shape with power lev 1

~

NEUTFLUXbb .114bTT
NEUTFLUXhb .?28bTT
NEUTFLUXbh .342bTT

&lativo GaTa G ABWE L X bb + 2 ?S bh TT Reuter-Stokes platinum detoctors at ccro centerline w m r
Flex ' aama C AM*> AFL X bb + 000 bb TT ahnvo and below the midalane.
do 3ctors' GAMM AF L X hb-22 Rbb TT

t ia u: i Lc el LI OLE VE L bb 312 -lR01 Two bolew tho lowor support u ate :nd oro i n o ! c h ' i m. she d

Do++ -+ ors L IQ L EVEL bb 31 ?-?R n? h e l cre *ho nd. EG'.'3 I 13 h e , ac. he 3+ o ' design.

L I C L E VE L hh 31')- 3R 03

LIQLEVELbb319-4R04
L IQLE VEL bbl 05U PTTl
L IQLEVElbbL05U PTT ?

m

] Cortrolled Bypass TURBINEMbbCONTBYTT In controlled bypass piping. Flow Technoloav turbine meter.
Volumetric Flow
Rate (turbine-
meteri- - -

Ll
~

-

- _ . _
_ . _ - - _--

. . O



TABLE VI

INSTRlNENTATION UTILI7ED FOR THE PBF/LLR HOT LEG, COLD LEG, AND
INITI AL CONDITIONS SPOOL PIECES

*
- - -

Moasurements Dosignation Comments

Coolant Volumetric ICSVFLOWhbFE05 SPIC Full ' low turbine meters from Flow
Flon Rate (Turbine CL5VFLOWbbFE06SPCL Technology, Inc.

mters) HLSVFLOWbbFE095PHL

"onlant Momentum CLMOMFLXbbFE075PCL Rampo, Inc., transducer.
F'ux TDraq disk) HLM0MFLXbbFEOSSPHL

itea+/-Stato ICSSTEMPbbTE20 SPIC Rosenount resistance temperature

lonlant Bulk CLSSTEMPbbiEP2SPCL irotoctors.

Twporature (RID) HLSSTEMPbbTEP3SPHL

Trans ent Cool 3nt I:TCTEMPbhiE?l5PIC Rosemount Tyne X ribbon 'herne-

Juli Temperature CLTCTEMPbbTE?4SPCL < ,uoles.
_

i hhan T/C) hLTCTEMPhbiE?5SPHu

'orcoaltd Ecolant ICPRESSFbbPEOSSPIC Precise Sensors transducers.
Pressure F lush CLPRESSFbbPE10SPCL

''ounted (tr3nsticer) HLPRESSFbbpE12SPHL

Seuratel Coolant ICPRESSWbbPE095PIC Precise Sensors trans'ucers.
D ouuro (water C L PR ESSWebPEll SPC L

rcolod transducer) HLPRESSWbbPE13SPHL

rma l :nt Precsure DELPCLHLbbDPE-05HL This device from BLH measures the
Diff -ential (hnt pressure dif fer are across the test

; !a cold leg train.|-

m on 1 itransduwr'

"ro l in + Density CLDENSUPbbDENS1UCL EG&G fdaho, Inc. design and
IG m 1 Densitcnoter) CLDENSCEbbOENS1CCL manuf acutre.

CLDENSL0bbDENS1LCL
HLDENSUPbbDENS2UHL
HLDENSCEbbDENS2CHL
HLDENSL0bbDENS?LHL

- _ _ - - - -

.
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3. EXPERIMENT DESCRIP TION AW FUNDIK T

3.1 Description of PBF/LLR Test Program

'

A sucmary of the PBF/LLR test program and f uol hohavior results

is prosentod in this saction. The proqran w1s dosion."1 to simulato

tho LCFT LP Power Ascension Test Series for Tests L'-3 through LP-5

durino the protest steady state proconditinning oporat ion, the L0rE

transient, and reflood. Test LLR-4A was a f ollow-on t est to the

or iginal program. Tho LLR tests sequent ially testod sel"ctod fool

rods to determine the ef f ec t of success i ve I OCE t rans ient s on the LOFT
renter (high power) and periphora' ( low posor) assenblv f uel rods.
The structuring of the program srovides a paramotric evaluat ion of

LOFT fuel rod behavior over a wide range of power donsit ios
(14.2-52.5 kW/m, 12.0-16.0 kW/ft).

Test LLR-3 initiated the PBF/LLR program at tho ro i powers

desiqnited for the LOFT L?-3 test. For Test LLR-3, Rods 312-1 and

312-? were surrounded by zircaloy shrouds to be representative of tho

LOFT high power rods, and Rods 31?-3 and 312-4 were surrounded by -

stainless steel shrouds to be representat ive of the LOFT low power

(peripheral) rods. The desired linear peak powors for the high power

ani low power f uel ro fs were approx imitely 29.77 kW/m T 17 kW/f t) and
34.55 kW/m (10.43 kW/f t ) repec t ively. The measured high power test

roi roak powers were calculatod to ho slightly hiqhor (40 kW/m peabl

than these desirod poak pow.'rs. Rod 31?-3, which was a low power rod,

f ailed during the test dae to attaining a waterloqqod condition prior

to tho blowdown. Veasured claofing temporaturos attained during the

transient were: rod 31?-1, 050 "- i od ll ?-2, 9'; K , rod 11?-3,

1006 K, and rod 31 ?-4, 870 K . No nochanical doformat ion occurred to

the fuel rods at these temperature lovels. ,

Following the LLR-3 Test, the two low powor fuel ro s wereo

replaced with froc' (zircaloy shrouded) fuel rods dm ignatod

Rods 345-1 and 3/ 5-?. In keeping with tho plannod te;t soquenco for

LOFT, Test LLR- > thon preceded Test LLR-4, a n.1 involved a second test

) ' ja y e

j i .)
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cycle at approximately 46 kW/m for rods 312-1 and 312-2 previously
used in Test LLR-3, anc the first cycle for the fresh rods (345-1 and
345-2) at approximately the same high powe condition. Test LLR-5

ut ilized a delayed PBF driver core scram of 2.0 seconds into th?
,

blowdown in an attempt to reach higher cladding surface temperatures.

Measured cladding temperatures attained du ing the transient were:
rod 312-1, 995 K; rod 312-2, 1015 K; ara rod 345-1, 1005 K. Rod 345-?

was not instrumented with cladding thermocouples. No mechanical

deformation occurred to the fuel rods at these temperature levels.

Test LLR-4 then involved a third test cycle for the zircaloy

shrouded Rods 312-1 and 312-2, and a second test cycle for the fresh

zircaloy shrouded rods of test LLR-5 (Rods 345-1 and 345-2) at a
desired m3ximum linear peak power of 52.5 kW/m (16 kW/ft). The actual

test ro.1 powers were calculated to be slightly higher (66 kW/mi than
this desired peak power. This test corresponds to the high power

cnn lition for the LOFT tests. Utilizing a 7.6 second delayed scram on

the driver core to attain higher cladding temperatures, measured
cl 3diing temperatures attained for tFe rods were: rod 312-1, 1130 K;

rod 112-?, 1170 K, and rod 345-1, 1060 K At these cladding-

temperatures, rods 312-1 and 312-2 are ext acted to have reached the

waisting regime of mechanical determation whlie rod 345-1 is expected'

'o h3ve reached the bucklino regime.

The primary purpose of the PBF/Lt.s tests was to achieve the
maximum mechanical deformation that could possibly occur to t'a LOFT

fuel during the Power Ascension tests, and then investigate the effect
of power ramping and additional blowdowns on the deformod rods. Since

fuel rod mec lanical deformatirn was not achieved until the LLR-4 test,

the LLR 4A test was conducted to meet this objective. Test LLR-4A was

conducted at the same test conditions as Test LLR-4. It involved the.

fourth test cycle for rod 312 9, the third test cycle for rods 345-1

and 345-2, and the first test cycle for rod 399-2 at a desired maximum

linear pcdk power of 59.5 kW/m (16 kW/ft). The actual test rod powers

were calculsted to be slightly higher (56 kW/mi than this desired peak
power. Utilizinq a 2.85 second delayed scram on the driver core,

kbb sb
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:"ea s u red c l adli ng terner a t ure s at t a i n+1 f or the en is - re rod 100-?,

1260 K, rod 31?-P, llE0 K, and rol 345-1, Irr5 K At t y se cladiinq

torperatures, rods 399-? and ll?-? are exported to h e/ o ro ac hed t ho

waisting rogime of mechanical def orm at i nn wh ile rod W -1 is ><pertoi
.

to have reached tho collapse regiTe. It should he not"d that tho po !'.

temper 3 tore on RoJ 399-P was moasured at tho lla m locition. The

remainlay temperatures in this tost ni in the previouc LOFT lead rod

tests were measured at (or slightly abovo) the p. po , r location.

(0.457 m),

3.? Experiment Conduct

The LLR-4A test consisted of si< phas-!s: fl) helt up; f9) power

calibration; (3) deciv hoit buil fuo; (4) blow 5.%n; (61 ro f i na i;
(6) quench and cooldown.

Experiment operation began with tho nonnuclear heatup of the IPT

loop coalant system by coolant circulation wit h t he l oop pump.

Following the heatup phase, nuclear operat ion c orw n c o d . Pomr

c31ibritions at sever al intermodiato power le/ols wero performad inJ *

nucloer operation w3s continuel until tho init i al condit ions

'
identified in T3ble VII fer the test wero att linH. At this point,

the blowdown portion of tho transient was initiated, follown ! by the

reflood and cuench phisos at tho test.

The fo llowing sec t ions descr ibe tho test r<n:uct furina each
phase in rnore det a il,

3 2,1 Heatuo Phase. During the neatop chas", syst em condit ions

and e xper iment al ro asu remen ts were mo"i t aro d to ovalu1*o instrumont

per f orm ance . -

3.'.2 Power Calibrat inn Phase Tho p cv. m 11ibratinn phaso of

tho te st c ons i st od of se.'eral s l ow power r e p3 +n le pnaors to,

succe%ively higher powers During tho slow powor r cv , anti at

spec i f ic ste !dy sta te pr-ser lovols, test ro.1 pc , orc "etermined by.soro

. ('
.}

,. ,
I' / , , -
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. .

TTGLE VII

INITI AL r0NDITIONS FOR THE PBF/LLR 4A TEST PRIOR TO BLOWDOWN

_ - . _ . . - - - - _ . . _ - _ - - . - _ _ _ _ _ - - _ _ _ _ _ - - _ . - _ _ . _ _ _ _ - - _ . _ . __ - --

Average
t7re Differpntial

Test Reactor Power (a) MLHCR(b) System Pressure (cl IPT Inlet Temperature (d) Temperaturele) Shroud Flow fll

@iW) (kW/m) @ ipa) II/sl

LLR-4A 19.3 55.6 15.6 600.0 11.5 0.78
_ _ _ _ _ _ _

(a) Reactor Power based on NMS-3 ior chamber (console reading)
(b) Maximum Linear Helt Generation : tate (zircaloy shrouded rods calculated averagel
(c) Recorded at the Heise gauge in the primary coolant system
(d) Recorded with the initial conditions spool piece RTD

(e) Zircaloy shrouded rods average
(f) Flow per flow shroud

_

. .s
03
C _)
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thermal-hydrau li c ca Icu latior,3 based on fls , dit t erent i 3 i

temperature, inlet temperature, and pressure These tost ral podem

were then intercalibrated with reactor power (rNS-3; to dotormino tho

l'igure-of-merit (FOM) for the test ro1s in tho PBF IPl.
.

A ramp rate similar to that LCFT will use during the L? Tests was
utilized for the LLR 4A test. Figure 4 shons t ho re ac tor operat ional

sequence followed during the test. Power calibratinn= sre conducted

it steady state driver core pnwer levels of 4.S, 4.R, l ?. and,

19.3 MW for Test LLR 4A. Results from theso puxer calibrations are

given in Table VIII. An axial peaking f actor of 1.M '.ns utilized in

the calculations of rod peak powers.

The peak test rod calculated figure of merits (F00 (peak rod
p owe r 'ivided by PBF core power) are also listed in T3hle VIII. These

salues are useful f rom a reactor operation viewpoint, but ar" mediocro
indicators of test rod power because of nonline araties and IPT coolant

temper atu re ef f ec ts. Therefore, the power calibration is designed to

provide only an approximate envelope for reactor power

3.2.3 Decay Heat Buildup Phase. After complotion of tho power

c3libration phase, the test fuel rod peak power was mainta ined at a
steady state level of 55.6 kW/m for an additinn11 3 hours. This

length of time was neces<;ary to build up approxim ately B?'i of the
m3ximum possible decay ho3t in the rods.

3.?.4 Blowdown, Reflood, and Quench and Conldoxn Pt aso for Test

LLR-4A. At 3:05 p.m May 18,1979, tho bln#< n was initi1*cd for Tost
LLR 4A. At time zero the blowdown was initiated by oponing both cold

leg blowdown valves. A delayod scram of ?P s end .n utilizod for

this test to attain cladding temperatures comp arable to those att a ined -

in Test LLR 4 Dr iver c ore power turing this t & p .w i cu t w 1 s

controlled with the transient rod servo-controllor TW system /ilves

a

''
1 f~_ ~,If fi ;
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TABLE VIII

SUMMARY OF POWER CALIBR ATION FOR TEST L! R-4A

_--- ---___. - _ -___--_..- .--

*
NMS-3 Inlet Coolent Coolant Tost Rod Powor

Rod (a) Reactor Pow'r Temp (b,c)
~~ K 1/s -

IU K ~~~~ Average - FOM(diT Flow
~

(W)~~~~- - K IkW/mi (laffrhT~ TkW/m/MW)

8 4.8 587.4 1.53 0.775 16.67 17.5? 1.44
? 48 587.4 3.51 0.800 17. ? ] l '' . 9 4 3.56
5 4.8 587.4 1.45 0 . "> 1 5 17.M l? RS 1.56
8 9.8 587.0 6.69 0.769 11.84 'l.76 3.?S
2 9.8 587.0 6.40 0./97 11.54 '' 1. 5 4 3.??
5 9.8 587.0 6.40 n.800 11.08 '3.87 1.'5
8 14.5 537.4 9.06 0.774 47.88 3?.74 1.0'
2 14.5 587.4 8.57 0.801 4P.9/ ??.07 ?.06
5 14.5 587.4 8.68 0.815 47.70 19.61 1.01
8 19.3 601.3 9.98 0.758 61.15 10.67 ?.75
2 19.3 601.3 9.74 0.783 50.55 37.72 2.6?
D 19.3 601.3 9.57 0.795 51 '6 39.75 P.76

__

(a) Rod 8 = Rod 399-2, Rod 2 = Rod 312-2, Rod 5 = Rod 315-1. Rod 6 (Rod 345-71
did not have an operable differential thermot.ouple during the test.

(b) Inlet conditions spool piece RTD.

(c) Coolant inlet pressure (Heise Gauge, 1.6 MPa.

(d) Based on NMS-3 digital power readout on display console.
______.________ _ _ _ _ _ _ _ _ _ _ _

9

e

1 1 . I
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sequenced as shown in Table IX through the refic,d portion of the
transient. Qtmnch injortion for inng term cooli:.q was initiatod at

239 seconds into the 'ransient, and was i sliosea by cont inued flow

f ecm the hot water and storage tanks.
.
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4. PRELIMINARY RESULTS AND COMPARISON WITH PREDICTIONS

FOR PBF/LLR TEST LLR-4A
.

The following sections describe the loop coolant and fuel rod
,

behavior for the PBF/LLR Test LLR-4A and provide preliminary

comparisons of these measured results with calculations made with the

R EL AP4 /M006( 8) ( a) and the FRAP-T5(9)(b) codes.The RELAP4

pretest pret ictions were perf ormed usino 3 special versinn of the code

which is dest-ibed in Reference 10. RELAP4 was used to calculate the

loop thermal-hydraulic behavior and to generate a coolant mass flux,
pressure, and enthalpy boundary condition for the FRAP code. Both

RELAP1 and FRAP consistently predicted shorter times to CHF than the
measured data, as exemplified in Figure 18 for rod 312-1, and this
resulted in maximun predicted cladding temperatures 200 to 350 K

higher than the measured d3ta for all cases. Theref ore, complete

remparisons of predicted cladding temperature versus measured cladding
temperature are not presented in this report.

It should be noted that the experimental d3ta presented in this
report are preliminary and have not been qualified. In some cases

off sets have been applied to the data.

4.1 LonD Coolant Behavior for Test LLR-4A

Test LLR-4A was conducted at the initial system conditions
^' scribed in Table VII, with a peak linear heat generation rate just
prior to blowdown of 56 kW/m, and with the valve sequencing described

in Table IX. The pretest RELAP4 predictions were made assuming a fuel

rod peak linear heat generation rate of 52.5 kW/m for the four
zircaioy shrouded rods, an IPT inlet temperature of 595 K, an IPT

( a) R EL AP4/ MOD 6. Idaho National Engineering Laboratory Configuration
Control Number H0044611B.

(b) FRAP-T5. Idaho National Engineering Laboratory Configuration
Control Number H007441IB.

'4 r 1 7'
(,u m
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inlet pressure of 15.5 MPa, and fuel ro i shroud f lows of 0.78 1/s por
shroud. For all practic3l purposes tho initial conditions and

sequencing of the test relative to the RELAP4 pretost predictions were
the same.

.

Figure 5 shows the RELAP4 calculated systom depressurization
compared with experimental data f rom tho init ial condit ions spool
piece pressure transducer. With a 0.5 MPa of f set appliod, the data
indicate a subcooled depressurization to approx imtely 11.75 MPa.
This corresponds to a satur3 tion temperature of 59f K The inlot

conditions RT[) was maintained at 600 K prior to blowdown in an effort
to keep the dead legs to the hot and cold leg blowdown valvos at
595 K. As shown, measured system depressurizat ion durinq tho b l ow f own

matched tl.e predicted response extremely well.

Figure 6 compares the predicted and measured conlant temperatures
at the cold leg spool piece. As shown, the measured conlant

terperature follows the depressurization saturation line trends sot
f orth by RELAP4 for the entire transient.

F igure 7 presents the predicted pressure dif ferent ial botwoon t ho
hot and cold leg blowdown spools. Measured pressuro differences
between the hot and cold leg blowdown spool are not availablo becauso
the instrument failed just prior to the blowdown. Howover the actual
values should be similar to data presentod in Referonce 11 for Tests
LLR-3 and LLR-5. At steady state, the cold leg spool pioce pressure
w1s approximately 0.2 MPa higher than the hot leg spool pioco
pressure. When blowdown was initiated, the prossuro differential
reversed, resulting in a 0.55 MPa differential from tho upper plenum
to the lower plenum. This pressure differential rapidly closed the
check valves on the top of each flow shrouri, resultinq in rapid
coolant voiding and a saturated steam environment for each fuol ro .a

At apprcximately 4 seconds into the transiont, th" pressure difference
decreased sharply to 0.04 MPa and remained constant for the remainder
of the blowdown transient.

1 7pr.]
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Figure 8 shows a comparison of tho predictm! and ' t s u re d

volumetric flrw rato it t he c o l d l eg b l ow d n.s n spnni p i, o. Upon

completion of the test, it was discovorod t h tt tho turbine blados w re
s ev er l y d lmag ed on t h i s f l owm < er . Tho moasu ro i flow ratos aro loss

than the RELAP4 predictions f or the ont ire blowdown t r ans iont . In the *

three prior tests, the measured vo iemotr ic f!ru .to follo.wd the

predicted flow rate extremely well . Tho predictod flow, therofore,

presents a closer representation of tho t hern11 -hy f rau l ics t hat

occured in the IPT. At initiation of blowdown, the emisured initial

flow spike indicates 60 1/s. With tho completinn of tho sub oolei

portion of the blowdown, the Henry nonles cauce choked flnw to result
almost in st ant aneous ly. Wit h chok od fl ow est ab l isho f, the moasured

volumetric flow decreased to approximately 40 l /s within about 1.0

s ec o nd. The volunetric flcw t hen i nc roas e i to 9.5 1/n at shout
4 seconds after blowdown. The increase in flow was duo to the
continually doci eising cool ant density as tho system Sprossurized,
resulting in high void fraction steam mixtures.

Figure 9 shows the predicted .nd melsered c ool ant density as a
function of time at the cold leg spool piece. The experimental curvo

,

is based on dita obtained f rom all thren boams of the three-boam gamma

densitameter. The RELAP4 prediction compares well with tne

experimental dat1. Beyond approx imitely 5.0 ser on is, t he dita

exhibits a slightly hiqher measured density.

F iqJre 10 comparos the predic t e<l and measu red m iss finw rato it

the cold leg spool piece. The measured mass flow rate un derived
f rom a a t"rla densi tametor/turbino trot er (cold log) cnrhinat ion. As

shown, with the damaced turbine meter indicatinq a h , Jo r volumotric
flow tnan expec ted, the R ELAPS predic t ions ovorpredic t s t h" maasurod

mass flow rate from initiation of blowdown until 5 ser.onds. Bovond

this point the predic ted mass flew rate is ,1:qhtly h iqhor than tho
7easured value. Compar ison of th is paramotor for prinr tests

indicated excellent comparison between moasuroi and proriirtrd m m

flow.

30
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The controlled bypass turbine meter failed prior to tho LLR-4A
b l owdown. It is assumod that the flow response of this instrument
follows the trends seen in Test LLR-4 As shown in f iquro 7, the
thange in dif f erent ial pressure f orces t he shroutf choc's valves closed
for the entire transient. This valve closure forces the two-phase '

mixture in the upper plenum out the controllo.1 hvpass flow path to the
cold leg. As shown in Figure 11, REL AP4 significant ly un ierpredicted

o

the amount of flow leaving the upper plonum fnr Tost !!R-4 Thus,

since the dif ferential pressure across the spool pieces was matched
relatively well and the measured volumetric flows wore much higher
than predicted, the code did not predict the correct phase separation
in the upper plenum. A higher quality ex istod than was predicteri.

Comparisons of the RELAP4 predictions with the corresponding
volumetric flow rates measured by tho fuel rori shroud upper and lower
turbine meters for Rod 312-2 are shown in Fiqures IP and 13. For tho
most part, both the data and predictions for the other test rods
follow the trends shown for rod 31?-2. With the initiation of
blowdown, the check valves shut instantaneously with t ho differential
pressure reversal. Thus, as shown in Figure 12, the upper turbine
meter indicates a small, initial negative flow spike following the
cold leg blowdown, and then stagnant conditions exist for the '

rem 3inder of the transient in the upper portion of the flow shrouds.
The RELAP4 predictions follow the measured data very closely.
Fiqure 13 compares the measured and predicted lower turhino flow
rates. With the initi al negative flow spike, the turbine meter
saturates at -1.5 1/s. Beyond this point, the data indicate
significant volumetric flow for the next ?.5 seconds, md then flow
stagnation for the duration of the transient.

Figures 14 and 15 show the long-term hohavior of the four uppor
anf lower finw turbines. Fiqure 14 indicates stagnant flow at the
upper turbines until 123 seconds, when steam formation from the
reflood water that was injectod at I?O socnnds, genera +es the
volumetric flows shown. At approximately ?37 seconds into tho
transient, the quench system was activatof and gonorato'f tho

volumetric flows shown from quonch front s t orn f orm t ion.

N
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Figure 15 shows the comparable timo responso for the four lower
t u rb i ne s . At 2? seconds, the ef f ect of reopen ing t he large cold leg
blowdown valve results in a sizeablo flow spike on all the rnds.
Similar behavior as observed on the upper turbines at l'3 and

239 seconds was thserved on the lower turhinos. '

4.2 Fuel Rod Behavior for Test LLR-4A '

Figures 16 through 76 present the thermal and mechanical behavior

for the LLR 4A test fuel rods. F i ou re 16 p res en t e tho cladding

temperature and clac.ing elongation ;esponso for rod 199-? for a
35 second durat i on. The cladding surface thormocouple data at the

0.314 m 0 azimuthal location indicate the rod achievoi DNB at
approx imately .5 seconds. At 1.6 secomis t he rod went into stable
film boiling at .314 m. It reached a ma<imum surface temperature of
12f 0 K at 8 seconds. The cladJing surf ace thermocouple d3ta at the

0
0.457 m 180 azimuthal location indicate the rod achieved DNB at the
peak power location at 1.8 seconds and a maximum surf ace temperaturo

of 1205 K at 13 seconds. The centerline thermocouple for this rod

failed prior to bl owdown. The LVDT first indicatod CHF at about
0.25 second and then again at 1.6 secona>. Apparently, CHF began at a
relatively lcw axial position and propagated up the rod furing the
first P seconds of the transient. Figure 17 presents a plot of the

rod 399-2 maximum cladding surf ace temporature versus system pressure
and, therefore, the expec ted mechanical deforn3t ion. As shown, based

O2)on Olsen's data , the cladd ing was subjec tod to candit ions which
would cause cladJing waisting. F iou re IR preson ts tho cladding
temperature and elongation response f or ro ! 3n9-? for a '50 second
dJ r it i on. As shown, gon t ag reement is indicatoi h o tw~n the cladding
thermocouples and LVDT during the ref lood portion of tho transient,
with quench indicated at approx imatelv '"O sornnds into tho

.

transient.

The cladding temperature response predictM by REL AP4 is also
shown on Figure 16. R ELAP4 prodic ted DNB lt about ' s m nnis at 'n
and at about 0.5 second at tho 0.457 n ele /3 tion, slightly after the

, , . 3 -eW ! l7 v -/,
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first indication by tN LVDT at n.pc seconos and all wfuro tho

thermnrouple indication .) t 40 motors. Tho p o li t ."rp o r a t u ro

ca lcul ated by RELAP4 Lac 1435 K t the .457 metor olovation,

3pproximately P'S K <bove the measurnd v31ues. RELAPa prodictions aro
a

not presented in the remaining temporati.re plot s , hoao'or, the

discrepancy between moasurement and pred ic t i nn is ahnut the ;ame f or
,

th 3 remaining rods as it is for rod 399-?

Figures 19 through 91 present the cl 3d fina tempor ituro and
mec han ical response f or rod 312-? - The cladding temperature data in

Figure 19 indic3te t hat the rod achieved DNB 3t the high ;mwer roqion
3t approximately 1.8 seconds and reached a maximum hot pot
tomperature of 1150 K at 6 seconds. As sho<sn in Fiquro ''O , b a s e d o n

Olsen's data, the c adding temperatures reached values required for
waisting. The LVi for th is rui f 3 iled pr ior to tho transient.

Figure i represents the long term behavior for tho rod cladding

temper 3ture. As shown, quench is indicated at Toproximatelv

240 seconds into the transient.

Ficures 22 through 24 presont the thern31 and morhanical responso

for rod 345-1. The clad ';nc surf 3ce t hormoccuplo data at tho 0.53? n

*0 azimuthal location show that the rod achieved DNB at 1.R soconds
and a maximum surfao t emp er 3 t u ro o# 1075 K a t '' s oc on9. Tno LVDT

first indicated CHF at about 0.2 secnn is, thon at n.4 c.ocon1s, and

then ao3in 3 t 1. 8 s ec onds a ben a pp 3 rent l y the high power (center)

region o' the rod went into CHF lhis rod o < h ih 1'N nmewhat

anonalous behavior in Tes ts LLR-; and LLR 4, re;ottir. it parly timo-

before drying out and attainin: m3<imum cl M1ino t-ooratares. Thi<

beh avi or was a ttriM toi to a s !icht lonage through tM Rod 345-1
check valve during tho first 4 seconds of tho transiont in thesE

tests. This check valve ;3s repl aced pri or to Tent LLR aA, 3ni tho .

new chock valve apoarent ly eliminated the rewet condition. The upper

and lo.ver turbi ne meters f or this ro i exhib i ted s imilar ' I nt, responsos

3s the other flow shroud turbines during this tim > prr ad for this

test.
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The Rod 345-1 fuel centerline thermocouple and midplane shroud
coolant thermocouple data is also presonted in Fiqure 2? The

Rod 345-1 centerline thermocouple indicated a value of approximately
1920 K at steady state conditions just prior to the transient. The

'
FRAP pretest predictions indicated that the steady state centerline

temperature f or th is zircaloy shrouded rod should be about 1770 K at a
,

slightly lower power. The centerline temperature dropped to a value

approximately 100 K above the cladding surface temperature within
approximately 12 seconds, as expec ted. The midplane shroud coolant

thermocouple response f or this rod followed the saturation temperature

wh ich corresponded to the system pressure until 5.5 seconds, when
superheated coolant conditions within the shroud were indicated for

the remainder of the blowdown. Figure 23 presents the nochanical
def ormation plot f or rod 345-1. Based on Olsen's data, uniform

circumf erential collapse of the zircaloy cladding probably occurred.

However, the lower portions of the rod may h ave been at higher

temperatures (as measured on Rod 399-2) and cladding waisting may have

occurred below the peak power elevation. As shown in F igure 24,

quench occurred at approximately 240 seconds into the transient. The

centerline thermocouple lagged the cladding quench time, as indicated
by the LVDT, by approximately 5 seconds.

.

Figures 25 and 26 present the therm 31 and mochanical response for

rod 345-2. The LVDT data show that the rod achieved DNB at about

0.25 seconds. The centerline thermocouple indicated a value of

approximately 1865 K at steady state conditions at the 0.457 m
location. The LVDT indicated quench at ?45 seconds into the

transient. The centerline thermocouple response again lagged this

quench time by approximately 5 seconds.

4.3 Conclusions for Test LLR-4A

The following conclusions are made on the basis of evaluation of ,

the available inf ormation.

480 iLi
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(1) The test was conducted essentially as planned. An excellent

power calibration was achievod during the test. The lonp

isolation and blowdown valves sequenced properly ar.d the

system followed the LOFT required depressurizat ion extremely

well. <

(2) Each of the four test rods experienced similar >

thermal-hydraulic boundary conditions thrcughout the
transient. The maximum measured cladding surface

temperatures during the transient were: rod 399-2, 1260 K,

rod 312-2, 1150 K; rod 345-1, 1075 K. Rod 345-? was not

instrumented with cladding thermocouples. Based on

01sen's(12) data, rods 399-2 and 312 2 experienced

cladding waisting. Rod 345-1 experienced uniform

circumferential cladding collapse at the peak power location
and may have experienced waisting at a slightly lower
elevation (based on the thermocouple readings from

Rod 399-2 ) .

(3) Higher cladding temperatures were measured (Rod 399-2) at
elevations (0.314 m) lower than the hot spot (0.457 m).

Time to CHF (1.6 seconds) was f aster at this location than ,

at the hot spot (1.8 seconds) as predicted by RELAP4

(41 Tho RELAP4 and ;UP pretest predictions of maximum cladding
temperatu re dir not agree with the measured values. The

RELAP4 pretest predictions of time to CHF at the .3 m
elevation were close to the data but the predictions at the

peak power elevation did not agree with the data.

(5) The reflood portion of the transient was not successful.
'Reflood was initiated at 120 seconds; but, the low flow

valve did not open at 125 seconds, preventing reflood of the
,

active fuel length.
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