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A B S T RA CT

T he f reon CH F tes ts of CA N F L EX - N U bundles in the thre e k inds of 0 %,

3.1 % and 5.1 % of un if orm crep t p ress ure tubes w ere p erf orm ed at M R - 3a L oop in

A E CL - CR L . T hos e CH F data w ere inv es tig ated w ith resp ect to the p ress ure tube

creep rate. T he L D P (L in ear D ry out P ow er) of CA N F L E X - N U bundles in the

crep t p ress ure tube was comp ared to that in the uncrep t p ress ure tube.

T he L D P correla t ions of CA N F L E X - N U bundle w ere d eriv ed bas ed on

inle t f low cond it ions, and then the L D P s of the bundles in 3.1 % and 5.1 % crep t

p ress ure tubes w ere comp ared w ith thos e in uncrep t p ress ure tube. T he L D P ratio

is d ef in ed by the ratio of the L D P in crep t p ress ure tube to that in uncrep t

p ress ure tube. T he L D P rat ios w ere d is cuss ed w ith resp ect to the p ress ure tube

creep rates, and the eff ect of f low cond itions on L D P ratios w ere p res ented. I t was

f ound that L D P of CA N F L E X - N U bundle d ecreas es w ith increas es of p ress ure tube

creep rate d ue to the d iff eren t by -p ass f low area in the on e s id e of p ress ure tube.

A nd the eff ects of p ress ure tube creep rate on L D P d ep end on the f low condit ions .

1 . IN T R OD U CT ION

CANDU react or s hav e a lot of pressure tubes in Calandria tube so as t o

carry out on - pow er refueling . T h e pres sure tube is 10.3 cm diam eter and it s life tim e

w a s designed about 30 y ear s . Durin g th e react or operation , it is irr adiat ed and

dev eloped to th e expan sion by therm al and irr adiat ion creep.

Now aday , CANDU react or h as been seriou sly con sidered the reactor aging

problem s su ch a s pres sure tube creep and st eam g enerat or degrading becau se th ose

problem s m ake low er pow er operat ion of th e react or and so the capacity factor of

r eactor operat ion degrade. H en ce, r e - an aly ses of ROP T (Region al Ov erpow er

P rot ect ion T rip S et - poin t ) sy stem for sev eral CA NDU react or s ag ed h av e been



perform ed[1,2]. In order t o calculate ROP trip set - poin t , the effect of pressure tub e

creep rat e or degraded st eam g enerat or on CHF or Crit ical Ch ann el P ow er (CCP )

should b e kn ow n . T h ere m ay be tw o m ethods to ov ercom e the low erin g pow er by

pressure tube creep . One thing is t o chan ge the ag ed pressure tubes w ith new ones ,

the other thing is t o chan ge the present bundle w ith high perform an ce of new fu el

bun dle. By th e econ om ics study in con siderat ion of changin g th e aged pressure tube

and u sage of n ew dev eloped fu el bun dle, that is , CANF LEX - NU bun dle, u sage of

CANF LEX - NU bundles is m ore effectiv e an d econ om ic than th e pressure tub e

replacem ent [3]. Recently , it r esult s in the dem on str at ion irr adiation of CANF LEX - NU

bun dles in P oint Lepreau react or in Canada [3].

A CA NF LEX (CA Ndu F LEXible fuelling ) 43- elem ent bun dle h as been

dev eloped for a CANDU - 6 react or as an alt ernat iv e of 37- elem ent fu el bundle .

CANF LEX bundle has t w o diam eter elem ent s t o reduce m axim um elem ent pow er

rat ing and t o enh ance th e Crit ical H eat F lux (CHF ) w ith but ton s at tached on the

surfaces of rods , compared t o the st an dard 37- elem ent bundle . U sin g the

CANF LEX - NU bun dle is v ery u seful to ov ercom e the aged problem s of react or

b ecau se th e m inimum CCP enh ancem ent is ov er 6 % compared t o reference

37- elem ent bun dle [4].

Gen erally , CHF is decrea sin g as increa sin g creep rat es of pres sure tub e. And

it is v ery import ant t o un der st and th e effect of pres sure tube creep rat e on CHF t o

k eep the effect iv e reactor operat ion or react or safety .

T h e fr eon CHF ex perim ent s w ith sim ulated CANF LEX - NU bundles hav e

b een perform ed in the three kinds of 0 % , 3.1 % and 5.1 % crept pressure tube,

loaded w ith sim ulat ed CANF LEX - NU bun dles . T he ax ial heat flux of a sim ulat ed

CANF LEX - NU bun dle is uniform an d the m odelin g flu id is fr eon - 134a . T he LDP or

CHF w ere inv est igat ed from the CHF ex perim ent al dat a of CA NF LEX - NU bun dle

accordin g t o th e pressure tub e creep rat es t o show h ow m uch CHF w ould be

det eriorat ed, com paring t o the case of un crept pressure tube. And the LDP ' s w ere

com pared in term s of v ariou s flow con dit ion s .

2 . CH F E X P E RIM E N T S

T h e freon - 134a CHF ex perim ent s for the CANF LEX - NU bun dle hav e

perform ed in MR - 3a T est Loop at AECL (Atom ic En ergy Canada Lim ited)- CRL

(Chalk - Riv er Laboratory ). T he CA NF LEX bundle has tw o sized diam et er s , 11.5 m m

for out er 35 rods and 13.5 m m for inn er 8 rods and ax ial t w o but ton planes w hich

are differ ent from 37- elem ent bun dle in order to enhance CHF . It s cros s - section al

v iew is sh ow n in F igure 1. T he h eat in g rods w ere m ade of Inconel- 718, an d hav e

uniform ax ial h eat flux profile in the bun dle str ing , but n on - uniform radial heat flux

profile of a CANF LEX - NU bundle a s show n in F igure 2.



T h e coolant is non - t ox ic fr eon - 134a as a m odeling fluid and flow s upw ard.

T he bun dle w as eccentrically m ount ed by lift spring in a v ert ical flow tube t o

sim ulat e the horizont al flow geom etry of a CA NDU react or . T he sim ulat ed fuel

bun dle h as the heating rods and appen dages su ch as fu el rods , spacer s , bearing - pads ,

but ton s and end - plates . T he sim ulat ed fuel bun dle w as in st alled in the three kinds of

0 % , 3.1 % an d 5.1 % , uniform crept pres sure tub es .

T h e in sides of all heat in g rods allow ed the special therm ocouples t o m ov e

and rotate so as to check the inn er t em peratures of h eat in g rods w hen CHF is

occurring . During th e CHF t est s , the pressure drops w ere m easured at six pressure

t ap location s as show n in F igure 3.

In order t o ev alu at e th e pressure tube creep effect on LDP an d CHF of th e

CANF LEX fuel bun dle, thr ee set s of CHF ex perim ent al dat a w ere con sidered as

follow ing s :

- LDP Dat a for un crept pressure tube w ith CA NF LEX bun dle

- LDP Dat a for 3.1 % crept pressure tube w ith CANF LEX bun dle

- LDP Dat a for 5.1 % crept pressure tube w ith CANF LEX bun dle

T h e numb er of dat a for CANF LEX - NU bundles in the 0 % , 3.1 % an d 5.1

% crept pressure tubes are 82 point s , 38 point s and 57 point s , r espect iv ely .

3 . R e s ult s an d D i s c u s s ion

3 .1 CH F of CA N F LE X - N U B u n dle w ith U n c rept an d Crept P re s s u re T u b e s

In the CHF t est s , m ost of initial CHF w ere occurr ed at the en d of fu el

channel becau se of th e uniform ax ial heat flux con dit ion . But , sev eral initial CHF

dat a w ere found at the up stream of fu el channel en d in the case of 5.1 % crept

pressure tube. Hen ce, th e repeat CHF run s w ere carr ied out at sev eral t im es t o

check an d confirm the CHF v alue an d it s ax ial locat ion .

In CANDU fuel channel, the high crept pressure tube allow s a by - pas s flow

on the larg er flow area of on e side of pressure tub e due t o th e bun dle eccentr icity .

T he larger by - pas s flow area by th e bun dle eccentr icity m akes m ore liquid or v apor

flow , especially in the high crept pressure tube. An d, it m ay result in highly enthalpy

or flow im balance un der som e flow con dit ion s du e t o w ider by - pass flow area . But it

can be ex plain ed if CHF type and pat tern of drypat ches are know n as

subchannel- w ise . In th e present ev alu ation of the LDP , in it ial CHF or m inim um CHF

dat a am on g the repeat CHF run s only w ere selected.

Gen erally , the subch ann els n ear the cont act ed area bet w een th e pres sure tube

and the bun dle h av e higher enthalpy region than the other side becau se of narrow

flow area du e to th e bun dle eccentr icity . Higher enthalpy subchann el carr ies m ore

v apor due t o v oid drift w hile th e other r egion carr ies larg er am ount liquid preferably



cling ed t o low er heat ed surface[5]. It m akes great enthalpy im balan ce am on g th e

subchannels of high crept pres sure tube. T herefore, dry out of higher crept pressure

tube finally occur s earlier th an low er crept pres sure tube.

On the m ean w hile, m ost of CHF preferably occur on rod num ber 1, 2 an d 20

faced to the sub channel cent er adjacent t o unheat ed pres sure tube as show n in

F igure 3 becau se those region s are u su ally th e hot t est am on g the subch ann els .

3 .2 Lin e ar D ry ou t P ow e r Corre lat ion s

T h e LDP of CANF LEX - NU bundle in the un crept pressure tube is u sed as

the refer en ce dat a for th e com parison w ith the LDP for CANF LEX - NU bun dle in the

3.1 % an d 5.1 % crept pressure tubes . In order t o com pare the ex perim ent al LDP s of

three kin ds of crept pres sure tubes , the corr elation s for the LDP dat a obtain ed in the

crept pressure tubes sh ould be deriv ed becau se the flow con dit ion s for each CHF t est

in the crept tub es could n ot be ex act ly the sam e as th ose in the uncrept tub e. Hence,

the LDP correlat ion s for CANF LEX - NU bundles in the crept pres sure tub es are

deriv ed u sing SYST AT v er . 8.0 applicat ion program .

T h e LDP correlat ion s based on inlet flow condition s are con sidered , and then

b asic formula for con stant in let con dit ion are present ed ,

(1)

w here , , is flow rate in k g/ s in st ead of m ass flux .

A nd a , b , c, d, e, f ar e the coefficient s for the b est fit ted equ ation (1) w ith CHF

dat a . is in let subcoolin g in kJ/ k g an d P is pressure in MP a. E specially , som e

CHF t est s w ere carr ied out at the low flow rat e an d low pressure on the purpose of

the safety point v iew . T hen m ass flow less than 9 kg/ s an d pressure less than 1.0

MP a un der fr eon - 134a flow con dit ion s w ere n ot con sidered in the present study .

T h e prediction error of th e best - fit t ed equat ion s (1) for CANF LEX - NU

bun dle are list ed in the follow in g s .

T able. Predict ion Error s of Best F itt ed Correlation s of CANF LEX - NU Bun dle

in the Un crept , 3.1 % Crept an d 5.1 % Crept Pressure T ubes

T ype of PT

Coefficient

Uncrept
PT

3.1 %
Crept PT

5.1 %
Crept PT

Av g .Error 0.000 0.000 0.000
RM S Error 0.008 0.015 0.016

N o. of CHF Dat a
U sed in Eq (1)

51(82) 37 (38) 49 (57)

N ot e : () indicat es the num ber of all CHF dat a

PT is pressure tube

F igure 4 sh ow s the predicted LDP v er su s m easured LDP for th e t est s in the



uncrept pressure tube. T he RM S error is les s th an 1 % and the av eraged error s are

am ost zeros . T h e relativ e error s under the v ariou s pressure, in let subcooling and flow

rat e are v ery sm all an d h av e n o bias for all flow condition s . F igure 5 and F igure 6

show the com parison of m easured LDP w ith predict ed v alues for the test s in th e 3.1

% an d 5.1 % crept pres sure tube, respectiv ely . T h e RM S an d relat iv e error s for t est s

in the 3.1 % and 5.1 % crept pressure tubes are v ery sm all and hav e no bias for all

flow condit ion s sim ilar t o the uncrept pres sure tube case .

3 .3 LD P R at io s A c c ordin g t o P re s s ure T u b e Cre ep R at e s

T h e effect s of pressure tube creep rates on the LDP depends on flow

con dition s . In order t o inv est ig at e the effect s of pressure tube creep rat es on LDP of

CANF LEX - NU bun dle, the LDP rat io w a s defined as follow in g :

w h ere, is for t est s in the 3.1 % and 5.1 % crept pressure tubes and

is for t est s in the un crept pressure tube as a refer en ce. T o calculate the

LDP ratio for each crept pressure tube, LDP correlat ion s deriv ed in prev iou s sect ion

w ere u sed.

T h e LDP rat ios for each flow con dit ion s and each crept pressure tub e w ere

calculated and present ed in F igure 7 t o F igure 15. A s show n in these figures , LDP ' s

are decreasin g w ith increasin g of th e creep rat e of pressure tube. T his t rend is the

sam e as w at er CHF test r esult s [6]. An d also, the LDP ratio decreases linearly w ith

increasing of the creep rat e of pressure tub e. T h e LDP rat ios of the t est s in 3.1 %

crept pressure tube is r an ged ov er 75 % t o 80 % com pared to those in the uncrept

pressure tube , w hile r an ging ov er 60 % t o 65 % in the ca se of 5.1 % crept pressure

tube.

T h e LDP rat io for the flow rate of 12 kg/ s an d the inlet subcoolin g of 12

kJ/ kg decreases as pressure increases a s sh ow n in F igure 7. T he decreasin g rat e a s

increasing pressure is n ot significant a s increasin g flow rat es from 12 k g/ s t o 18

k g/ s as sh ow n in F igure 8 to F igure 9.

On the other han d, the LDP rat ios for the in let subcooling of 12 kJ/ kg and

the pressure of 1.5 MP a in crease as flow rate increa ses as show n in F igure 10. But ,

the increasin g rate of th e LDP w ith increasin g th e inlet subcoolin g is r educed as

show n in F igure 11 an d F igure 12. E specially , LDP rat io as show n in F igure 12 is

n ot ch ang ed in th e high inlet subcooling condit ion s ev en if flow rate chan ges from 12

k g/ s t o 18 kg/ s . It m ean s th at flow rat e does n ot affect on the LDP if th e CHF

occur s at low qu ality or at high in let subcooling con dit ion .

Gen erally , the higher m a ss flux agit at es subchannel flow and enth alpy



dist ribution in a bun dle, th e m ore in ter - ch ann el m ixing occur s w hen CHF occur s in

high qu ality condit ion . But ev en the high m a ss flux can n ot affect significantly the

LDP rat ios becau se tot al liquid am ount of flow chann el in low quality con dit ion is

m u ch m ore than th at of high quality condit ion .

F igure 13 show s th at the LDP rat ios are n ot mu ch chang ed ev en though

inlet sub cooling in creases from 12 kJ/ kg to 35 kJ/ k g un der the flow rat e of 12 kg/ s .

But , the LDP ratios are significant ly in creasing w hen pressure is in creasin g from 1.77

MP a to 2.05 MP a as show n in F igure 14 an d F igure 15.

A s indicat ed previou sly , th e larg er flow area due t o the bun dle eccentricity

and th e crept pres sure tube m akes m ore liquid or v apor flow , especially in the high

crept pres sure tube. It m ay be cau sed by highly enth alpy or flow im balan ce under

som e flow condition s du e to w ider by - pass flow area . And also, CHF u su ally occur s

at low qu ality in high inlet subcooling condition s , or CHF occur s at high quality in

low inlet subcoolin g condit ion s . T herefore , in th e case of low qu ality CHF or CHF at

high in let subcoolin g , the other flow con dit ion s does not dominant ly affect on the

LDP rat ios .

4 . Con c lu s ion

T h e freon CHF t est dat a of CANF LEX - NU bun dles in the three kinds of 0

% , 3.1 % and 5.1 % crept pressure tubes w ere inv est ig ated. T he LDP v alu es of

CANF LEX - NU bun dle in the 3.1 % and 5.1 % crept pres sure tub es w ere com pared

t o those in the un crept pressure tube. F rom th e present study , it concluded as

follow ing s :

- T h e CHF of CANF LEX - NU bundle u sually occur s on the outer

subchannels becau se of the highest heat flux on the rods of out er r in g .

- T he higher creep rat e of pres sure tube giv es the low er CHF . It m ean s

th at th e higher creep rat e of pres sure tube w as allow ed by - pa ss flow on

th e larg er flow area of one side of the pressure tube due to th e bundle

eccentricity .

- T hree kin ds of LDP correlat ion s for the CHF t est s in th e 0 % , 3.1 % and

5.1 % crept pressure tubes w ere deriv ed ba sed on th e con st ant inlet

con dit ion . T he prediction s of these corr elat ion s v ery w ell agree w ith the

ex perim ent al data an d hav e the m axim um 1.6 % RM S error s . T he relativ e

error s hav e no bias for all flow condit ion s .

- T he LDP rat ios are decreasing lin early as in creasing the creep rat e of

pressure tub e. An d, those ratios are decreasin g w h en pressure increases .

But , th ese effect of pres sure on th e LDP rat ios are dim inished as in let

sub cooling in creases . E specially , in low sub cooling condit ion s , th e effect of



m a ss flux on LDP rat ios is dom in ant an d th e LDP rat ios are in creasing as

m a ss flux in creasin g . But the in creasin g rate of the LDP ratio w ith m as s

flux in crease is n ot significant under the high inlet sub cooling con dit ion s .
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