
Atomic Energy of Canada Limited 

MASieP 

LONG TERM IRRADIATION OF 
SAP-CLAD, UO2 FUELLED, TREFOIL BUNDLES 

IN THE X-7 ORGANIC COOLED LOOP 

Exp-NRX-709 r 

by 

R.F.S. ROBERTSON, H.E. THEXTON, D.E. LEW, 
R.D. MacDONALD and K.G. HEAL 

Chalk River, On ta r io 

May , 1963 

A E C L - 1 7 8 2 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



LONG TERM IRRADIATION OF SAP-CLAD, UO2 FUELLED, 

TREFOIL BUNDLES IN THE X-7 ORGANIC COOLED LOOP 

Exp-NRX-70911 

by 

R. F . S . Rober tson, H. E . Thexton, D, E . Lew,* 
R, D. MacDonald and K. G. Heal 

SYNOPSIS 

An i r rad ia t ion of exper imenta l fuel bundles of UO2 clad in 
Sintered Aluminium Product (SAP) sheaths was per formed in the X-7 
loop in the NRX Reactor from August to November I96I. The twofold 
objective of this i r rad ia t ion was to gain confidence in the use of such 
a fuel in an organic coolant and to a s s e s s the fouling problem 
associa ted with a coolant which was as "clean" as the existing technology 
could produce . 

The trefoil bundles successfully underwent an i r rad ia t ion of 
2400 MWD/Tonne U (max . ) . The maximum sheath t e m p e r a t u r e was 
460° C in a coolant t empera tu re of about 310° C. Surface heat fluxes were 
roughly 100 w/cm^ . 

After i r rad ia t ion a film of about 80 |am thickness was found 
covering the sheath over fuelled sec t ions . The film was by weight 40% 
polymer ized orgajiic and 60% Fe304 , The net effect of the film was to 
i nc rease the p r e s s u r e drop a c r o s s the fuel by 50% and inc rease the 
sheath t empe ra tu r e by 60°C. 

The SAP sheath showed no effects of i r rad ia t ion except for smal l 
apparent i nc r ea se s in d iameter at two out of eighteen planes measu red . 
The appearance of the UO2 was s imi la r to that of UO2 i r rad ia ted in 
p r e s s u r i z e d water loops at s imi la r heat ra t ings . 

ALCL-I7S2 



The stabili ty of the fuel and the thinness of the fouling laye 
were encouraging indications that a successful fuel and coolant for 
an organic cooled r e a c t o r could be developed. 

* Attached to AECL from Atomics Internat ional 
Canoga P a r k , California 

Chalk River , Ontario 
June, 1963 
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LONG TERM IRRADIATION OF TREFOIL BUNDLES 

IN X-7 LOOP 

INTRODUCTION 

The tes t desc r ibed in this r epor t i s one in a s e r i e s planned 
to a s s e s s the feasibil i ty of SAP* c lad-U02 as a fuel for organic cooled, 
D2O modera ted power r e a c t o r s . 

This tes t was conducted in cooperat ion with the Canadian 
Genera l E lec t r i c Company, Pe te rborough , Ontario and with the USAEC. 
The fuel bundles were of AECL and CGE design and were manufactured by 
CGE in Pe te rborough . An Attapulgus clay column for maintaining coolajtit 
puri ty was provided by Atomics Internat ional , Canoga P a r k , California, 
who together with CGE also provided man-pov/er a s s i s t ance throughout the 
i r rad ia t ion . The i r rad ia t ion was per formed by AECL forces in the X-7 
loop in the NRX r e a c t o r . 

OBJECTIVES 

The main objective of this t es t was to pe r fo rm a long t e r m 
i r rad ia t ion to demons t ra te the feasibil i ty of SAP clad, UO2 fuel for future 
organic cooled pow^er r e a c t o r s . It -was hoped to operate at conditions 
approximating those in a future power r eac to r . P roposed naaximum 
conditions w^ere: 

2 
Surface heat flux 113 w / c m 

Coolant t e m p e r a t u r e s 

Fuel Inlet 304° C 

Fuel Outlet 359 °C 

Sheath T e m p e r a t u r e 450°C 

/ k d 0 * * 44 w / c m 

Average velocity of 
coolant past fuel 7,1 m / sec. 

* SAP, Sintered Aluminum Produc t , i s a mixture of Al and AI2O3 

produced by power metal lurgy techniques. 

See Section 8.2 
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As a resu l t of the tes t it was hoped to obtain information on two 
important aspec ts of fuel and coolant technology (1) 

1, The fuel under i r rad ia t ion w^ould approximate one segment of a 
fu ture ; la rger , power r eac to r fuel bundle and such design fea tures 
as c i rcumferent ia l var ia t ions in sheath t e m p e r a t u r e s , 
t empe ra tu r e var ia t ions in na r row coolant channels , and the 
t he rma l and mechanica l stabili ty of the fuel bundle would be 
studied, 

2. The deposition of fouling f i lms on i n - r e a c t o r heat t r ans fe r su r ­
faces i s a p rob lem in the organic cooled r eac to r concept. During 
this tes t it was intended to keep the coolant at as high a state 
of puri ty as was compatible with the technology at that t ime and 
to study the build-up of deposi ts on fuel surfaces under these 
conditions. 

Subsidiary objectives were : -

(a) To de te rmine whether Z i rca loy-2 clad in s ta in less 
s teel o r aluminum picked up significant amounts of 
hydrogen on exposure to the high t empe ra tu r e 
organic coolant, 

(b) To i r r ad ia t e an inter-bundle fuel latching mechan i sm 
to a s s e s s the behaviour of this type of mechan i sm 
in organic liquid at high t e m p e r a t u r e . 

The r e su l t s of these two p a r t s of the exper iment will not be 
d i scussed in this r epor t , but may be found in re fe rences (5) and (6). 

PREPARATION OF FUEL BUNDLES 

Fuel bundles were p repa red by CGE at Pe te rborough , Ontar io . 

Two trefoil bundles , each containing three SAP clad fuel e lements 
approximately 6l cm long were p r epa red . A dummy trefoil bundle containing 
a prototype inter-bundle latch and cor ros ion specimens was also fabr icated. 
An outline of the construct ion of the bundles i s given below, full detai ls 
including all m e a s u r e m e n t s , e tc , , can be found in r e fe rences (2) and (3). 
In this r epor t each rod 6l cm long containing the UO2 fuel will be r e f e r r e d 
to as an element and the combination of th ree e lements will be r e f e r r e d to 
as a bundle. The assembly of bundles forms a fuel s t r ing. 
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3,1 The Fuel Element 

3,1,1 The UO2 Pe l l e t s 

UO2 powder with an enr ichment of 4. 411 wt % U-235 in total 
uranium was p r e s s e d into pel le ts and s in tered by conventional techniques. 
Average dimensions of pe l le ts a re given below; full d imensions may be 
found in (2), 

Average UO2 Pe l le t Data 

Enr ichment 4. 411 w/o U-235 in total U, 

Length 1. 98 cm 

Diamete r 1, 415 t 0. 0025 cm 

•2 

Density 10.50 g / c m 

P e l l e t s were dished at one end to a depth of 0, 5 m m and were 
stacked in groups of 30 in lengths of 57.7 cm. Cutting of pe l le t s was 
per formed -where n e c e s s a r y . Circumferent ia l grooves (0. 76 m m wide x 
1, 3 mm deep) for flux moni to r s were cut in the cen t ra l pel let of each 
stack. Flux moni tors w^ere wi res of 0, 71 m m d iamete r made from 
Cu - 0, 568 wt % Co alloy, 

3 ,1 , 2 SAP Sheaths* 

Sheaths were made from SAP M583 extruded finned tubing. The 
SAP M583 bil let which contained nominally 7 wt % AI2O3 was obtained from 
AIAG, Switzerland and the tubes were made by Genera l Impact Ext rus ions 
Limi ted , Toronto, Ontar io . Extrus ion t e m p e r a t u r e was 427° C. 

The six fins which were each 1 mm high were spaced equidistantly 
around the c i rcumference of the tube and spira l led down the tube such that 
they made onerevolution each 91 cm (36 inches). Tubes with left and r ight 
hand sp i ra l s were made . Each bundle contained one element with a left 
hand sp i ra l , one with a r ight hand sp i ra l and one with the fins machined 

* The designations and or igins of the var ious SAP m a t e r i a l s a re d i scussed 

by Boxall in re ference 4. 
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off from 130° of pe r iphe ra l surface (See F igure 1). The reason for r e - ^ ^ 
moving some fins w^as that the e lements were to be assembled into a 
bundle with f in-on-sheath geometry and to provide th is , p a r t s of some fins 
had to be removed from one e lement in each bundle. 

The tubes were nominally 1. 57 cm OD and 0. 7 m m wall thick­
n e s s . The overal l length, including end plugs was 6l cm. End plugs 
were made from M257 SAP. 

Slots were mil led in specified fins to c a r r y the rmocouples . 
These slots were 0. 5 mm wide by about 0, 8 m m deep. At the end of each 
slot a hole 0. 5 mm in d iamete r was dr i l led a further 4 m m into the r ib 
to house the end of the thermocouple . 

F ins on all tubes were also machined off to a dis tance of 4 cm 
from each end; this was n e c e s s a r y to allow the swaging and hot bonding 
of end c lo su re s . 

3 ,1 , 3 Assembly of the Element 

One end c losure was made by a swaging technique, the fuel was 
loaded into the tubes , the annular gap was evacuated and refil led with He 
and the other end plug was swaged on. The seals were hot bonded by 
immers ing them for 20 minutes in a lead bath at 600° C. The e lements 
were then machined to s ize . Typical e lements a r e shown in F igu re L 

3 .1 . 4 Inspection and Testing of Element 

Each seal was radiographed and then the e lements w^ere he l ium 
leak tes ted by holding them in a g lass tube evacuated to a p r e s s u r e of one 
to two mic rons Hg for 10 minu tes . The He leak detec tor was ca l ibra ted 
to detect a leak of 8 x 10" ' a t m - c c / s e c . No indications of any leak were 
found. 

Elemients were then cycled in a He a tmosphere f rom rooin 
t empera tu re to 480°C for one hour and then to room temiperature. Three 
such cycles were per formed followed by a further He leak tes t which also 
gave negative r e s u l t s . 

Final ly , complete dimensional m e a s u r e m e n t s were made on each 
element . The table below shows typical nominal dimensional data. Full 
data for each element a r e given in re ference 2. 

• 
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Typical Element Measu remen t s 

Fuel Stack length 57 ,7 cm 

Stack weight 950 g. 

Sheath OD 1. 57 cm 

ID 1. 43 cm 

Thickness 0. 07 cm 

Clearance Axial 0, 74 cm 

Diamet ra l 0.10 - 0.15 mm 

3. 2 The Fuel Bundle 

3 .2 ,1 Thermocouples 

Twelve thermocouples were located in the fins of the six e l emen t s . 
These thermocouples were of the sheathed var ie ty with the ch romel -a lume l 
conductors embedded in MgO insulant and sheathed in s ta in less steel 
sheaths 0, 51 m m in d i ame te r . The measur ing junction was embedded in 
the fin and the wire ran the length of the fin embedded in the groove. About 
1 m e t r e from the hot junction a t rans i t ion was made from 0. 51 mm to 
s turd ier 1. 0 mm d iamete r thermocouple wi re . Detai ls of how the t h e r m o ­
couple were attached and of the t rans i t ion junctions a re given in re fe rence 3. 

3. 2, 2 Assembly and Designation 

Three e lements were assembled into a fuel bundle. They were 
joined at each end by special p la tes made from type 304 s ta in less s teel . 

Specially shaped filler p i eces , made of 65 S alunainium and sized 
to dec rea se the amount of coolant associa ted with the bundle and hence to 
give the des i r ed coolant flow ra te were added to the bundle. Grooves ran 
along the outer , curved, surface of the fil ler p ieces to act as channels 
for thermocouple wi res and for the "b i rd cage" wi res which held the bundles 
together to form the fuel s t r ing. 

The e lements were mounted such that separat ion between sheaths 
was maintained by f in-on-sheath geometry . The c loses t approach of any 
two e lements was 1 m m . F i g u r e s 1-3 show different s tages in the assembly 
of a bundle. 
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Two bundles were i r r ad ia t ed . Bundle DEA contained e lements 
DEB, DEC and DED while bundle DEE contained e lements DEF , DEH and 
DEJ, This is i l lus t ra ted in F igure 4 which also shows the location of the 
var ious sheath thermocouples , 

A finished bundle was 6l. 8 cm long and weighed 3.5 kg. The 
outside d iamete r of the bundle was such that a 3, 7656 cm d iamete r ring 
gauge could p a s s over it without undue force being exer ted . 

3,3 The Fuel String 

3 .3 .1 Addition of Thermocouples 

Thermocouples to m e a s u r e bulk coolant t empe ra tu r e were next 
added to the bundles. These thermocouples were s imi la r to those on the 
sheath except that they were made fromi 1, 0 m m d iamete r sheath through­
out. They were attached to the bundles by dri l l ing 1. 02 mnn d iamete r 
holes through the end pla tes and fi l ler p ieces in the appropr ia te pos i t ions , 
force fitting the thermocouples through the holes and peening the edges of 
the holes to lock the thernaocouples in place. The ends of the t h e r m o ­
couples were bent to locate the hot junctions in the des i r ed posi t ions , 
that i s , 1. 25 to 2, 50 mm from any par t of the fuel assembly . The 
thermocouple leads were laid into the slots in the f i l ler p ieces and fixed 
into place by laying a l a r g e r d iamete r wire over them and peening the edges 
of the slot to hold that wire in p lace . 

3 . 3 . 2 Assembly 

The two bundles were now mounted one above the other with DEA 
on top. The dummy fuel bundle containing the prototype latching mechan i sm 
and the cor ros ion specimens (1) was mounted above DEA. All th ree bundles 
were held together by the "b i rd cage" type of c a r r i age which has been used 
for other i r rad ia t ions at AECL. Essent ia l ly the bundles were held t o ­
gether by wi res in tension which ran down the grooves in the f i l ler p i eces . 
These wi res were fixed by ca r r i age p ieces above and below^ the fuel s t r ing. 
The wi res were kept in tension by a latch and a spring in the upper ca r r i age 
and tension could be inc reased by tightening nuts at the top of the assembly . 
The spring was sized such that even when the bundle was at operat ing t e m ­
p e r a t u r e , the ca r r i age w i r e s would sti l l be in tension. Sufficient tension 
was applied initially to prevent excess ive movement of the bundles one 
re la t ive to the other . The filler p ieces of adjacent bundles inter locked 
to give some further rigidity to the assembly and to prevent re la t ive 
rotation of the bundles. 

Manufacture of the fuel s t r ing to this s tage, which was c a r r i e d 
out by CGE at Pe te rborough, Ontar io , also included addition of the hanger ba r . 



- 7 -

The fuel str ing was now carefully c ra ted and shipped to Chalk River . 

On a r r i va l at Chalk River the fuel str ing was uncrated, hung in 
a ve r t i ca l posit ion in NRX and was visually examined thoroughly. The 
tension on the individual ca r r i age w i re s was adjusted to make the assembly 
hang t rue and the nuts were locked to prevent thei r being loosened by 
vibrat ion. The Unibolt cap, which would close off the tes t section of the 
X-7 loop, was connected to the hanger b a r . 

The thermocouple leads were then sealed through the " Con ax" 
type gland seal on the Unibolt cap and the extension leads were connected 
to the thermocouple cables by the usual "pott ing" type of connection (7). 

Jus t p r io r to instal la t ion the assembly was washed off with 
acetone and allowed to dry . 

THE X-7 LOOP 

Genera l Descr ipt ion 

The X-7 loop (8) is a facility in which an organic liquid can be 
rec i rcu la ted at t e m p e r a t u r e s up to 427°C and p r e s s u r e s up to 21 k g / c m ^ 
pas t an exper imenta l fuel assembly held in the core of the NRX r e a c t o r . 
The flow ra te of coolant may be as high as 130 i / m i n . 

Immers ion or induction h e a t e r s provide 80 kw of heat in addition 
to the nuc lear heat f rom the fuel. The loop coo le r s , in a pa ra l l e l c i rcui t 
to the main c i rcui t , can remove 200 kw of heat . A second pa ra l l e l 
c i rcui t contains the loop f i l t e rs and adsorption column which will be 
d i scussed m o r e fully in Section 4. 4, 2, In a th i rd c i rcui t , a flow of 
coolant from the lowest t empe ra tu r e point in the sys tem, just after the 
loop coo le r s , i s maintained to the vapour phase of the surge tank to act 
as a degassing c i rcui t . 

The Tes t Section 

The tes t section of the loop cons is t s of a s ta in less steel p r e s s u r e 
tube of 3, 57 cmi ID and 0,125 cm thick. This tube, which is inse r t ed in a 
fuel rod posit ion of the NRX r e a c t o r , contains the fuel bundles under 
i r rad ia t ion . The coolant is c i rculated upwards through the s ta in less 
steel tube f rom the bottom; F igure 5 shows a schemat ic represen ta t ion . 
The coolant ent rance and exit a re connected to the organic circulat ing 
sys tem by welded carbon steel piping. The top c losure of the tube is 
made by a "Unibolt" c losure adapted so that thermocouple leads can be 
taken out through a modified Conax seal . 
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Heat l o s se s f rom the s ta in less steel tube a r e minimized by 
l a r g e r d iamete r Al tubes around the steel tube making annuli -which contain 
stagnant Argon or flowing a i r . 

4. 3 The Coolant 

4 ,3 .1 Chemical Composition 

The coolant used in the X-7 loop was a mix ture consist ing of 
pr incipal ly o r tho- and me ta - terphenyl with the addition of high boiling 
t a r s (HB), obtained from the OMRE reac to r , NRTS, Idaho. At the 
s t a r t of the i r rad ia t ion , a typical composition was : -

o- terphenyl 

m - terphenyl 

p - terphenyl 

biphenyl 

HB 

Unaccounted 

38 wt % 

22 wt % 

2 wt % 

5 wt % 

30 wt % 

3 wt % 

This mixture was sufficiently fluid that it could be pumped 
through the loop at room t e m p e r a t u r e . The only t r a c e heating on the 
loop was on stagnant l ines leading to p r e s s u r e or flow measur ing 
ins t rumentat ion or in l ines in which a vapour phase would be p r e sen t . 

4. 3 . 2 Pur i ty Specification 

Work by Al on OMRE* had shown that to minimize fouling on 
fuel sur faces , the ash content of the coolant and the P C F T number should 
be low. 

The P C F T (Pyrolyt ic Capsule Fouling Test) i s a r a the r 
a r b i t r a r y tes t which involves heating 240 g of the coolant for 24 h o u r s in 
a s ta in less s teel capsule under ni t rogen at 700 ps i (49 kg/cm'^) at a bulk 
t empera tu re of 3l6°C, (9). The capsule contains an e lec t r ica l ly heated 

* OMRE is the Organic Moderated Reactor Exper iment operated at the 
National Reactor Testing Station, Idaho by Atomics Internat ional for the 
USAEC. 
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tube which is kept at 566°C, as m e a s u r e d by a thermocouple inside the 
tube. At the end of 24 hours heating the deposit on the tube is weighed 
and the weight of this deposit , in mi l l igranas , is the P C F T number . 

During this t es t it was hoped to mainta in the following 
conditions: -

Ash < 10 ppm 

P C F T < 15 mg. 

Previous tes t s had indicated that in the X-7 loop the ash specification 
could be adequately met by the use of s in tered s ta in less f i l ters of 5 |jim 
nominal pore size in a by pass c i rcui t . P C F T numbers however had been 
as high as 100 mg . Consequently some means of reducing the PCFT 
number was requ i red . Al had had some success using columns filled 
with Attapulgus clay as adsorbent beds and i t was decided to t ry this 
method for the p resen t tes t , A column was designed and fabricated oy 
Al and was shipped to AECL. 

4, 4 The Coolant Purif icat ion Circui t 

4. 4. 1 The Clay Bed 

The clay, Attapulgus clay of 30-60 mesh , was held in a s ta in­
less s teel can 53 cm in diameter and 61 cm high, which was open at the top 
and closed at the bottom except for a central ly located inlet tube. This 
can held about 80 kg of clay. The bottom of the can was f i r s t lined with 
a pad of Py rex glass wool, the clay was then poured in until the can was 
a lmost full and then another pad of Pyrex glass wool covered the top 
above which was placed a sc reen of woven s ta in less s teel w i r e . This 
assembly was held inside a la rge vesse l roughly 75 cm in d iameter and 
1 m e t r e high. The entrance tube for the organic coolant was welded 
through the dome shaped bottom of the v e s s e l and ended in a cone shaped 
recep tac le , A spigot, with the lower end rounded, was welded on the tube 
leading into the bottom of the can holding the clay. The spigot fitted into 
the cone shaped receptac le and was held as a p r e s s fit by the weight of the 
can plus clay. This is sketched diagramat ical ly in Figure 6. 

The top of the ves se l was closed by a la rge blind flange. A soft 
i ron gasket was used. 

The coolant exit tube left the vesse l near the top. There was 
also a central ly located thermocouple to m e a s u r e the t empera tu re of the 
clay bed. 
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Design Conditions for Clay Bed 

A clay bed of this type opera tes most efficiently at an elevated 
t empera tu re , above 300° C if possible (10), Since the designed flow ra te 
of coolant up through the bed was only about 340 m l / m i n , even though it 
en tered at high t e m p e r a t u r e , heat l o s s e s would be l a rge and ex t r a heating 
would be n e c e s s a r y to maintain the bed at high t e m p e r a t u r e . Hence 
piping was wound around the outside of the v e s s e l through which a flow of 
3-1/2 i / m i n of loop coolant could p a s s . It was hoped that this would keep 
the vesse l at a sufficiently high t empera tu re but experience soon proved 
that ex t ra heat had to be added. 

The Clean-up Circui t 

F igu re 6 shows a schemat ic represen ta t ion of the c lean-up 
c i rcui t . The pump, a Milton-Roy diaphragm meter ing pump maintained 
a flow of 340 m l / m i n of loop coolant through the clay bed. Another flow 
of 3. 5 i /min , provided the ext ra heat to the clay bed. This la rge flow 
left and r e - e n t e r e d the main circulat ing sys tem such that the main loop 
circulat ing pump head provided the driving force for coolant flow. This 
flow also lead to the loop f i l t e r s . Hereaf ter the flow of 340 m l / m i n to the 
bed will be r e f e r r e d as the feed flow and the flow of 3-1/2 i / m i n which 
heated the column will be r e f e r r e d to as the heating flow. 

Initially, s t rap on h e a t e r s were used to provide heat to the feed 
and heating flow, 2-1/2 kw being provided for the feed and 12 kw for the 
heating flow. This type of heating gave continual t rouble in that 
t empera tu re control was difficult and overheating occur red leading to coking 
and polymerizat ion of the coolant in the smal l d iamete r piping. Conse­
quently a 15 kw immers ion hea te r was finally put in the heating flow. The 
feed flow piping was wound around the outside of the hea te r ve s se l unaer 
the lagging to i nc rease the t empera tu re of the feed flow. This a r r angemen t 
per formed with no further difficulty. 

The f i l ters were those used in previous t e s t s and were of s in tered 
s ta in less s teel . Two f i l t e r s , one of which was in operat ion, were mounted 
in para l le l . F i l t e r pore size could be var ied from a nominal 40 \xm to a 
nominal 5 jam. 

The sampling sys tem was in this c i rcui t and was a r ranged such 
that samples of the coolant could be taken before it entered and after it left 
the column. 

LOG OF EVENTS 

This section gives in brief na r ra t ive form a descr ipt ion of the 
more important events involved in the i n - r eac to r i r rad ia t ion , and the sub-
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sequent fuel removal and examination. 

Loop Operation P r i o r to Installation of Fuel (June 26 -Aug, 15 ) 

The tes t p r i o r to this one, the "Fouling Test"( l l ) , was completed 
on June 26th, 1961, F r o m then until August 14th, the tes t section of the 
loop remained i n - r e a c t o r with coolant r ec i rcu la ted through it but with no 
fuel p re sen t . It was during this period that the new clay column was added 
to the loop and circulat ion through it commenced. 

During the Fouling Tes t , and during previous t e s t s , the Fe con­
tent of the coolant var ied between 3 and 8 ppm, averaging about 4 ppm, while 
the P C F T values were high, in the range 60-124 mg with an average about 
90 mg. 

The clay column was s tar ted on s t r e a m on July 14th, Flow 
through it was 20 i / h r and the maximum bed t empera tu re was 230° C. 
Operat ion was e r r a t i c in that during some per iods flow was shut off to r epa i r 
p r e - h e a t e r s and during o thers the colunnn operated with no p re -hea t and a 
bed t empe ra tu r e of below 200° C. Never the les s by August 1st, P C F T 
values had fallen to 15-30 mg and the Fe content of the coolant was at the 
2-4 ppm level . 

An a r b i t r a r y decision was made to renew the clay bed and on 
August 7th a f resh bed of clay was charged to the column and operat ion s ta r ted 
again. The new bed was also subject to e r r a t i c operat ion and did not show 
any further significant reduction in P C F T values which remained in the range 
15-40 mg. These values were higher than hoped for (Section 4. 3. 2) but, 
since it was not know^n at that t ime whether P C F T values and fouling were 
definitely i n t e r - r e l a t ed , an a r b i t r a r y decision was made to s t a r t the fuel 
tes t . 

Star t of Fue l Tes t 

On August 14th, 1961 the r eac to r was shutdown, the loop was cooled 
and the fuel s t r inger was lo-wered into the tes t section. The top c losure 
was sealed and thermocouple leads attached to the recording ins t rumentat ion. 
During the inser t ion of the fuel s t r ing normal precaut ions of exclusion of 
oxygen and thorough flushing with N2 were observed. The loop coolant was 
then brought to a t empe ra tu r e of about 200°C and at 0258 hours on August 
15th, the NRX reac to r was brought to 20 MW power. The fuel power out­
put was calculated from a knowledge of the flow ra te of the coolant, the 
t empera tu re at the inlet to the fuel and the t e m p e r a t u r e r i s e a c r o s s the fuel. 
The r eac to r power was then r a i s ed in success ive 5 MW stages , the above 
calculation being repea ted at each s tage. It was apparent that the fuel s t r ing 
would produce over 220 KW at full r eac to r power, significantly above the 



design figure of 175 KW. During a r eac to r t r ip ea r ly on August 15th, the 
fuel in NRX -was reshuffled and on a subsequent s ta r t -up the power output 
f rom the fuel s t r ing was found to be 170 KW at 40 MW reac to r power . 

5. 3 Pe r iod August 15th - 23rd 

During this per iod operat ion was r a the r e r r a t i c . The coolant 
t empera tu re at the fuel inlet was about 230°C for mos t of the per iod except 
for a per iod of about 57 hours when it was about 280° C. The t empe ra tu r e 
r i s e a c r o s s the fuel was 50-53°C, Sheath t e m p e r a t u r e s during this per iod 
were not known because of ins t rumentat ion difficulties. 

Flow was not s ta r ted to the clay column until August 18th and 
throughout the per iod the re was no p r e - h e a t to the column feed. At the 
s ta r t of the per iod of elevated coolant inlet t e m p e r a t u r e the bed t e m p e r a t u r e 
was about 250°C but it fell steadily over a few days to a steady level of 
about 170° C. P C F T values in the coolant were 20-30 mg with one high 
value of 50 mg (See F igu re 7). 

On August 21st, NRX shutdown for the regu la r monthly maintenance 
per iod. During this t ime the loop coolant was reduced to a t empe ra tu r e of 
about 200°C until the r eac to r s ta r ted up again on August 23rd. During this 
shutdown the ins t rumentat ion associa ted with the sheath thermocouples was 
brought into working o rde r . 

5. 4 Pe r iod August 24th - September 13th 

On r eac to r s t a r t -up the coolant inlet t empe ra tu r e was kept at 240° C 
for a few days . All sheath thermocouples showed t e m p e r a t u r e s r a the r 
higher than calculated but thermocouple No. 4 showed the l a rge s t d i sc repancy . 
It indicated a t e m p e r a t u r e of 385°C, some 40°C higher than anticipated. On 
September 1st, the coolant t empe ra tu r e was inc reased . At an inlet t e m p e r a ­
tu re of 310°C thermocouple No. 4 showed a t empe ra tu r e of 435°C, only about 
25° C higher than expected. How^ever on September 4th, the reading of 
thermocouple No. 4 abruptly inc reased to 446°C for no change in coolant 
t e m p e r a t u r e . Thermocouples Nos . 10 and 11 showed s i rai lar abrupt changes 
while the o the rs did not. This phenomenon is dealt with more fully in 
Section 7. 2. 4. In genera l throughout the tes t , thermocouple No. 4 showed 
the highest t e m p e r a t u r e , usually 10 to 20° C above the other thermocouples . 

To ensure that the maximum sheath t empera tu re did not r i s e above 
the design figure of 450° C, the coolant inlet t empera tu re was gradually 
lowered from 310° C to 288° C. 

On August 29th, the s t rap on h e a t e r s to the heating and feed flows 
to the clay column -were replaced by an immers ion hea t e r . F r o m this t ime 
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on no difficulties were observed with the operat ion of the column. The bed 
t e m p e r a t u r e was st i l l not as high as des i r ed but genera l ly opera ted at a 
t empe ra tu r e of 250-280° C. Concurrent Avith the be t te r operat ion of the 
column, the P C F T values of the coolant fell to general ly l e s s than 10 mg. 

Operat ion of the loop was in ter rupted by one incident on August 25th 
when the r eac to r had to be shutdown, the loop cooled and the main control 
valve in the loop replaced . This necess i t a ted draining pa r t of the loop 
piping and cutting and rev/elding opera t ions . During this per iod ca re -was 
taken to flush as thoroughly as poss ible with N2 before refilling the 
affected p a r t of the c i rcui t with coolant. The total operat ion took about 
10 hou r s . 

During this per iod the f i r s t indications appeared that the p r e s s u r e 
drop a c r o s s the fuel bundle -was inc reas ing . 

On September 13th the r eac to r was shutdown to se rv ice another 
loop. During the shutdo-wn some fuel shuffling took place in the r eac to r 
core . 

P e r i o d September 13th - September 22nd 

Late on September 13th the r eac to r -was s ta r ted up and during the 
s t a r t up, exper iments desc r ibed more fully in Section 6. 2, 6, -were per formed 
to de te rmine whether the high t empe ra tu r e observed on thermocouple No. 4 
was caused by bowing of the fuel bundle with consequent s tarvat ion of coolant 
in the region of the thermocouple . Resul t s indicated that bowing was negligible. 

During the r emainder of this per iod when the coolant t e m p e r a t u r e 
at the fuel inlet was 288° C, thermocouple No, 4 showed a t e m p e r a t u r e of 
about 446° C, 

The P C F T values in the coolant showed an inc rease f rom around 
10 mg to 20-40 mg. This i nc rease may be assoc ia ted with a leak of a 
fluid kno-wn as HB-40 into the loop coolant. This i s d i scussed more fully 
in the next section. 

On September 18th the r eac to r was shutdo-wn for the regu la r monthly 
maintenance per iod. 

Pe r iod September 22nd - October 27th 

P r i o r to s t a r t up it was decided to l imit the t empe ra tu r e of the 
coolant at the inlet to the fuel such that the maximum sheath t e m p e r a ­
tu re indicated by any thermocouple should not be g rea t e r than 465 °C, 
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There was actually an est imated 10° C t empera tu re difference between that 
of the sheath and that at the fin. Hence the actual maximum t e m p e r a t u r e 
of the sheath was l imited to '^475° C. 

This per iod s ta r ted off with a coolant inlet t e m p e r a t u r e of 304°C. 
This was subsequently lowered to 288° C to keep the indication from 
thermocouple No, 4 within p r e s c r i b e d l imi t s . The maximum tennperature 
read by this thermocouple was 452° C, indicating a maximum sheath 
t empera tu re of 460°C, 

On September 27th the flow to the clay columns was stopped to 
r epa i r a cracked diaphragm in the meter ing pump. This d iaphragm is 
actuated by a piston forcing HB-40* liquid against it . Actually this 
d iaphragm may have been cracked as ear ly as August 28th and HB-40 may 
have been forced into the loop from that t ime on. However up to about 
September 25th the loss ra te of HB-40 from the pump averaged about 1 
l i t re per day. However by September 25 th the loss r a t e had inc reased to 
200 m l / h r and on September 26th when it was r epa i r ed , the loss ra te was 
400 m l / h r . It is es t imated that a maximum of 50 kg of HB-40 was injected 
into the loop ( See Section 6,3 .1) . 

The P C F T values for the loop coolant dec reased during this 
per iod to values general ly below 5 mg. 

The p r e s s u r e drop a c r o s s the fuel str ing showed a very significant 
inc rease between September 22nd and October 7th. 

On October 23rd the scheduled monthly shutdown of NRX took p lace . 

Pe r iod October 27th - November 20th 

Operat ion during this period proceeded rela t ively smoothly. 
Coolant inlet t e m p e r a t u r e was gradually lowered from 287° C to 283° C and 
the t empera tu re indicated by thermocouple No. 4 fell f rom 463°C to 456°C as 
the coolant t empera tu re was lowered. 

P C F T values were general ly 5 mg or l e s s with a few values 
around 10 mg. 

The p r e s s u r e drop a c r o s s the fuel showed a slight i n c r e a s e . 

On November 20th NRX shutdown for the scheduled monthly 
shutdown. 

* HB-40 is the t rade name of a fluid marke ted by the Monsanto Chemical 
Company. It i s a mixture of par t ia l ly hydrogenated o- , m - and p -
terphenyl . 
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Fuel Removal and Examination 

After r e a c t o r shutdown, the coolant t empera tu re was lo-wered to 
below 200°C but was kept circulat ing for 41 3/4 h o u r s . Coolant flow was 
then stopped, the loop was dep res su r i zed , the tes t section c losure was 
opened and the fuel s t r ing -was withdrawn into the la rge shielded flask. 
During this t ime the fuel was cooled in a s t r e a m of ni trogen which flowed 
pas t it at a r a t e of 11-23 m-^/hr. With the cooling flow of N2 st i l l on, the 
fuel s t r inger was t r anspor ted by the flask to the ver t i ca l s torage block in 
the NRX building and was lowered into a long aluminium tube full of HB-40. 
During all this period the sheath thermocouples were connected to i n s t ru ­
mentat ion and during the ent i re t r ans fe r p rocedure the fuel sheath 
t empe ra tu r e did not exceed 182°C. 

The s t r inger was left standing in the HB-40 until January 15, 1962, 
a per iod of 54 days . It was then removed, in a i r , to the examination cell 
in a 25 ton t r ans fe r flask. In the examination cell the sheath tem.perature 
was found to be not over 60°C and was actually 10-20° C lower in t e m p e r a ­
ture than had been es t imated (1), 

In the cell the fuel was washed and a complete visual and d imen­
sional examination took place, A fouling film of maximum thickness 80 [xm 
was found. The bundles were d i s - a s s e m b l e d and examiination of therm.o-
couples and dimensional checks were made. 

Individual e lements were t r anspor t ed to the Metallurgy examina­
tion cel ls where puncture t e s t s to m e a s u r e build up of fission product gases 
inside the sheaths were made . Then selected e lements were c r o s s -
sectioned and polished and the fuel and the fouling film were examined in 
some detai l . 

RESULTS 

Loop Operat ing Data 

The var ious flows, veloci t ies etc . , per t inent to the operat ion of 
the X-7 loop a re sho-wn below. In all cases the var iable specified was held 
as closely as poss ib le to the value indicated - usually -within two or th ree 
pe rcen t of the value. Where a range is given, most of the operat ion was 
at the upper l imit but for one reason o r another , somet imes opera ted 
within the range sho-wn. 
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LOOP OPERATING DATA 

Flow ra te to t es t section 96 i / m i n . 

Average velocity in t es t section 7.1 m / s e c . 

Absolute p r e s s u r e at inlet to fuel 21.1 k g / c m 

Flow to Surge Tank 2. 3 i /min . 

Flow to F i l t e r s 2 - 4 i /m in . 

Flow to Clay Columns 0. 34 i /m in . 

6. 2 Fue l Operating Data 

6, 2,1 Summary 

Table 1 shows maximum conditions in each of the per iods out­
lined. The proposed conditions a re also given for compar ison. The 
var ious p a r a m e t e r s outlined a re dealt with in m o r e detai l in the sections 
below, 

6. 2. 2 NRX Power 

F igure 7 shows a plot of NRX power as a function of t ime . 

Reactor megawatt days for the var ious per iods of operat ion were: 

August 15th - September 13th 928, 0 

September 13th - September 18th 173. 9 

September 22nd - October 23rd 1092. 8 

October 27th - November 20th 892.8 

3087. 5 Mwd 

6 .2 ,3 Fuel Power 

During each period the power output was calculated knowing the 
coolant flow ra te , the coolant t empera tu re at the fuel inlet and the t e m p e r a t u r e 
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r i s e a c r o s s the fuel. A cor rec t ion was applied for heat l o s se s in the tes t 
section. The overa l l accuracy of the power as m e a s u r e d by this means is 
no be t te r than _ 10%. Within these l imi ts the fuel power stayed constant 
during any one given per iod as shown in Table 1. This table indicates 
that the fuel power dec rea sed as the i r rad ia t ion continued. This effect is 
fortuitous and is due to the varying fuel load in NRX during each cycle 
and not to any burn-up effect. To i l lus t ra te this the "f - f ac to r s" for the 
X-7 posit ion during the var ious pe r iods a r e l i s ted belo-w. An "f - factor" 
i s defined as the fract ion of r eac to r power which would be produced by a 
no rma l u ran ium fuel rod in the posit ion occupied by the X-7 loop tes t 
section. It rea l ly r e p r e s e n t s the extent to which surrounding neighbours 
affect the pow^er output of a given posit ion, 

f - factor 

August 15th - September 13th 0.0070 

September 13th - Septem.ber 18th 0. 0065 

September 22nd - October 23rd 0. OO6I5 

October 27th - November 20th 0. OO635 

The fuel s t r ing powers and total burn-up l is ted in Table 1 a re 
those de te rmined by ca lo r ime t ry . The ca lo r ime t r i c r e su l t s agreed well 
with burn-up calculated f rom chemical analysis of the fuel for Cs 137 and 
Pu 239 + Pu 240 after the i r rad ia t ion . This is more fully d i scussed in 
Section 6. 4. 6. 

The data for surface heat flux, J KdO and burn-up shown in 
Table 1 may be calculated d i rec t ly f rom the values of fuel power which a re 
shown. The overa l l accuracy in any of these f igures is no be t te r than t 10%. 

6. 2. 4 T e m p e r a t u r e s 

F igure 7 shows t empe ra tu r e data. 

The represen ta t ion is somewhat formal ized in that short t e r m 
fluctuations a r e not shown and long pe r iods during the r eac to r shut-dow^n 
are omit ted. 

The t e m p e r a t u r e s plotted a r e : -

- Coolant t e m p e r a t u r e at inlet to fuel 

- Therm.ocouple No. 4 
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- The average of the readings of thermocouples 1, 2. 3 and 6. 

- The average of the readings of thermocouples 10 and 11. 

The averaged readings r a the r than the readings of the individual 
couples a re shown for c lar i ty . In nei ther group did the reading of an 
individual thermocouple differ from the average by more than 10° C. 
Complete readings of all thermocouples will be kept on file by Fuel 
Development Branch, AECL. Other thermocouples l is ted in F igure 4 
a r e not shown in this plot because for one reason or another they failed 
during i r rad ia t ion . 

The readings of thermocouple No. 4 a re plotted since they 
consistently indicated the highest t empera tu re during the i r rad ia t ion . In 
addition, this thermocouple was the only one which indicated the sheath 
t empera tu re in a sub-channel between an element of bundle DEA and the 
wall of the p r e s s u r e tube (Figure 4). The averaged readings of t h e r m o ­
couples 10 and 11 indicate sheath t empera tu re conditions for s imi la r channels 
on the lower element DEE. Thermiocouples 1, 2, 3 and 6 were all on 
sheaths facing inner channels on the top bundle DEA while DEE had no such 
sheath thermocouples . 

Qualitative examination shows that the coolant t empe ra tu r e at 
the inlet to the fuel had to be dropped throughout the i r rad ia t ion f rom 310° C 
to 283°C in o rde r that the highest recorded sheath temperature should not 
exceed 460°C, The major effect occur red before October 6th and subse­
quent to that date inlet or sheath t e m p e r a t u r e s did not vary great ly . This 
will be d i scussed more fully in Section 7 .1 . 

6. 2. 5 P r e s s u r e Drop Across Fuel 

The change in the p r e s s u r e drop ac ros s the fuel as the i r rad ia t ion 
proceeded is recorded in Figure 7. The data were taken from the char t 
of the differential p r e s s u r e r e c o r d e r which measu red the differential between 
the inlet and outlet p r e s s u r e s to the fuel. There was a sca t te r in daily 
readings of J 0,15 kg/cnn^. The data points plotted r ep re sen t an average 
reading for that day. Only per iods during which the inlet t empera tu re was 
240°C or higher have been included. No t empera tu re cor rec t ion has been 
attennpted since any cor rec t ion is smal l and will lie within the exper imenta l 
sca t t e r . 

The initial 4p (< 3 kg/cm^) was significantly lower than the 
expected value of 5.5 k g / c m 2 . The reason for this d iscrepancy is d i scussed 
in Section 7. 1, 

There were two main per iods during which the A p increased 
steeply, August 26-30 and Sept, 22 - Oct, 6. It i s in teres t ing that both these 
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per iods occur after scheduled r e a c t o r shut-down pe r iods , during which t ime 
the loop coolant was reduced in t empe ra tu r e to below 200° C. During the 
second, longer , per iod of Ap r i s e the re were also two r a the r lengthy 
r eac to r shut-downs and many shor te r pe r iods . During the r ema inde r of 
the i r rad ia t ion the Ap did not change or only rose very slowly. Through­
out the i r rad ia t ion the •^p inc reased froin '~'2. 8 k g / c m to 4,1 kg/cm'^, i. e. , 
a 50% i n c r e a s e , most of which o c c u r r e d before October 6th, 1961. 

6 .2 . 6 Special Exper iment to A s s e s s Bowing 

This exper iment , which was per formed during the r eac to r 
s t a r t -up of September 13th (Section 5.5) , was designed to indicate whether 
the abnormally high sheath t e m p e r a t u r e s (especial ly that of thermocouple 
No. 4) could be at tr ibuted to bowing of the e lements at full r eac to r power. 
It was reasoned that if bowing did occur , the sub-channel between the fuel 
sheath and the p r e s s u r e tube wall would narrow^; hence the coolant velocity 
in that sab-channel would d e c r e a s e . The net r e su l t would be a higher 
sheath t e m p e r a t u r e than normal because of the inc reased coolant t e m p e r a ­
tu re in the sub-channel and because of the lower heat t r ans fe r coefficient 
caused by the lower coolant flow r a t e . F u r t h e r m o r e , bowing would 
probably occur only when the fuel power output w^as high and uneven 
t empe ra tu r e dis t r ibut ions and s t r e s s e s occur red . 

If A Tf is the difference between the coolant t e m p e r a t u r e (T^) 
and the sheath t e m p e r a t u r e , then ATf = q" /h where q" is the surface heat 
flux and h is the sheath to coolant heat t r ans fe r coefficient. If no bowing 
o c c u r s , as the r eac to r power i n c r e a s e s a plot of AT£ vs q" should be l inear , 
whereas if bowing does occur , ATf should inc rease at a g r ea t e r than l inear 
ra te as q" i n c r e a s e s . 

During the s t a r t -up of September 13th, the r eac to r power was 
inc reased by roughly 10 MW inc remen t s and was held at each inc rement for 
a sufficient length of t ime for t empera tu res to come to equi l ibr ium. At 
each power level the coolant flow was m e a s u r e d as were coolant inlet and 
outlet t e m p e r a t u r e s and sheath t e m p e r a t u r e s . Thermocouple No. 4 was 
taken as the re fe rence thermocouple and i ts output v/as m e a s u r e d with a 
potent imeter using an ice bath as re ference junction. The outputs of the 
thermocouples measur ing inlet and outlet t empe ra tu r e were also m e a s u r e d 
in this way. 

At each power level the value of q", at the elevation of t / c No. 4 
was calculated from the ca lo r ime t r i c data , together with the t he rma l neutron 
flux pa t te rn given in re ference 12. 

TQ was calculated at the elevation of thermocouple No. 4 by 
assuming that the coolant t empera tu re at that elevation was the inlet 
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t empera tu re plus the proport ion of the t empera tu re r i s e a c r o s s the fuel 
corresponding to the rat io of the distance of t / c No. 4 froin the bottom of 
the fuel to the total length of the fuel. 

During the exper iment , the inlet t e m p e r a t u r e was dec rea sed 
as power increased such that T should stay reasonably constant and hence^ 
assuming no bowing, h should also be constant. Table 2 shows that the 
calculated value of T^. did not vary by m o r e than + 3°C. 

Tsh was not co r rec ted for any fin effect. The re su l t s a r e 
tabulated in Table 2 and plotted in Figure 8. Except for the two points at 
highest power, ^ Tf shows a l inear dependence on q". The straight line 
shown is a leas t squares fit of the f i r s t five points . The 95% confidence 
l imi ts calculated from this a re also shown. 

The r e su l t s thus indicate that there i s a g r ea t e r than 95% 
probabil i ty that bowing of the element to which t / c No. 4 was attached did 
not occur during this pa r t i cu la r exper iment . This does not mean that 
bow^ing could not have occu r r ed during other per iods of operat ion. E r r a t i c 
t empera tu re indications of the sheath thermocouples will be d i scussed more 
fully in Section 7. 2. 

Chemical Data 

I somer ic Composition 

Table 3 shows the i somer i c composit ion of the coolant at var ious 
s tages in the i r rad ia t ion . Analyses for biphenyl and o- , m - and p - terphenyl 
were per formed by conventional gas phase chromatography (13). On a 
given date the r e su l t s shown a re the average of at l eas t two ana lyses . These 
r e su l t s a r e believed accura te to _ 5% of the weight percentage shown. 

The column headed "HB" r e p r e s e n t s the weight of High Boiling 
Residue as de termined by the micro dist i l lat ion technique (28). This i s 
represen ta t ive of all compoxinds with a boiling point higher than that of p -
terphenyl . 

The column headed " 100 - H " r e p r e s e n t s the difference between 
100% and the sum of biphenyl and the three terphenyl weight pe rcen tages . It 
r e p r e s e n t s the HB fraction and any other low or in te rmedia te boiling fraction. 

The re la t ive amounts of biphenyl and the th ree terphenyls did not 
vary significantly through the i r rad ia t ion . This i s to be expected in view 
of the very smal l amount of coolant under i r radia t ion at one t ime re la t ive 
to the total amount in the loop (a ra t io of roughly 1 : 400), It i s in teres t ing 
to note however that after 5 Sept. the amounts of terphenyls dec reased and 



-21-

the " 100 - X." figure became significantly l a r g e r than the "HB" figure. 
This is probably due to the in leakage of the fluid in HB-40 from the d iaphragm 
pump (Section 5.6) . HB-40 would dis t i l l over before the HB and hence the 
HB figure would remain re la t ively constant, as it did. The "100 - SI " 
figure should i nc r ea se since HB-40 would be presen t in the sample for 
analysis but w^ould not contribute to the biphenyl or terphenyl peaks on the 
gas chromatograph. Through the i r rad ia t ion the HB averaged 30 weight % 
while after 5 Sept. the " 100 - I . " rose to a steady value of about 40 weight 
%. Assuming that the 10 weight % discrepancy was due to HB-40 and that 
the loop held a total of 500 kg of coolant it can be seen that roughly 50 kg 
HB-40 leaked in through the defective pump diaphragm. 

6. 3 . 2 Density, Viscosi ty , Vapour P r e s s u r e 

Table 4 shows r e su l t s of densi ty, viscosi ty and vapour p r e s s u r e 
nneasurements made on coolant samples . All m e a s u r e m e n t s -were made by 
conventional techniques (29) (30). 

Resul t s indicate that none of these p a r a m e t e r s var ied signifi­
cantly through the i r rad ia t ion and were not very different from s imi la r 
r e s u l t s obtained previous ly . 

6. 3. 3Pyro ly t i c Capsule Fouling Test (PCFT) 

P C F T n u m b e r s were obtained regular ly on the loop coolant. 
The method and appara tus used were p rec i se ly s imi la r to the AI method (9). 

The r e s u l t s a r e plotted in F igure 7 and r eco rded in Table 5. 

At the beginning of the i r rad ia t ion P C F T number s were high, 
although a significant lowering had been achieved by the use of the clay 
column. It was not until the clay column could be operated at a reasonably 
high bed t empera tu re that P C F T values fell regular ly at 10 mg or below. 
The r eason for the h igher levels between Sept. 14 - 27 is not known but may 
be due to the in- leakage of HB-40 to the loop coolant. 

6 . 3 . 4 Ash and Fe Concentrat ions 

The Fe concentrat ion in the coolant was de termined routinely 
by X- ray f luorescence analyses (32). Resul ts a re l is ted in Table 5. 

The lower l imit of detection of Fe by this method was ^ 2 ppm 
during this per iod. (Note : This method has now been refined to the extent 
that the lower l imit of detection of Fe is 0. 5 ppm). 

Ash analyses were not per formed during this per iod. Other 
t e s t s (31) have shown that the main constituent of the ash was y-Fe^O^ 
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(or Fe^O^) and that ash determinat ions agreed well with Fe de te rmina t ions . 

6 . 3 . 5 Water and Chlorine 

Water ana lyses were per formed by the modified K a r l - F i s c h e r 
method. Since r e su l t s obtained during this period a re now suspected of 
being consistently high, no detailed r e su l t s a re given. Analyses indicated 
'^200 ppm H2O presen t up to the beginning of September and from then the 

H2O concentrat ion gradually fell to an indicated 100 ppm by the end of the 
i r radia t ion . 

At th is per iod the p r e sence of chlor ine w^as not suspected as 
being a possible contr ibutor to fouling mechanisnas and unfortunately no 
analyses of the coolant were made for chlor ine. 

6 . 3 .6 Dissolved Gases 

Analyses for dissolved gases were per formed by conventional 
methods. Table 6 shows some r e s u l t s . Only those analyses a r e r eco rded 
for which the r eac to r and the loop had been operating under constant con­
ditions for 24 hou r s or m o r e . 

Dissolved O2 concentrat ions were normal ly < 0. 2 cc (STP) /kg . 

The column headed "HC" denotes hydrocarbon gases which a r e 
condensed at liquid ni t rogen t e m p e r a t u r e s but a r e not condensed by dry ice 
at a p r e s s u r e of 10"^ mnm Hg. This fraction probably cons is t s of the C2 
gases and perhaps some Co. 

There was a steady flow of about 2, 3 i /m in . from the effluent 
of the loop heat exchanger (the lowest t empera tu re point in the loop) to the 
surge tank. The N2 used as p re s su r i z ing gas rapidly equil ibrated through­
out the loop, hence the high N2 concentra t ions . It is not known how fast 
the other gases came to equi l ibr ium w îth the surge tank vapour, but it i s 
possible that there was continued stripping to the vapour phase of the surge 
tank and because of the l a rge vapour volume and because of small l o s se s 
by leakage of N2 from the surge tank, the par t ia l p r e s s u r e of any gas , except 
N2, was very smal l . If th is was so, then steady state concentrat ions of 
gases would occur in the coolant in re la t ively short per iods of t ime . 

The t rend is apparent he re which has been noticed before, that 
at higher coolant t e m p e r a t u r e s the amounts of H2, CH^ and "HC" a r e higher , 
indicating that a smal l amount of decomposit ion is taking place . 

6 . 3 . 7 Radioactivi t ies 

Radioact ivi t ies in the loop coolant were general ly low through-
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out the t e s t . T a b l e 7 shows count ing r a t e s of s a m p l e s counted on a (3-pro-
p o r t i o n a l c o u n t e r one h o u r a f t e r s a m p l i n g . The r e s u l t s i n d i c a t e a g r a d u a l 
d e c r e a s e in the r a d i o a c t i v i t y of the coo lan t a s the i r r a d i a t i o n p r o c e e d e d . 

•y-ray s p e c t r a w e r e t a k e n on s a m p l e s of coo lan t f r o m t i m e to 
t i m e on a 100 c h a n n e l p u l s e h e i g h t a n a l y z e r . The m a i n l o n g e r l ived 
n u c l i d e s found p r e s e n t w e r e M n - 5 6 (t-j^/2 2 . 5 8 h) and B r - 8 2 (t-ii^ 3 5 . 9 h ) . 
O t h e r long l ived n u c l i d e s c o n t r i b u t e d only a few p e r c e n t to the t o t a l count ing 
r a t e . F i s s i o n p r o d u c t g a s e s w e r e u n d e t e c t a b l e . 

6. 4 F u e l E x a m i n a t i o n 

6 , 4 . 1 F o u l i n g F i l m 

When the fuel s t r i n g e r f i r s t a r r i v e d at t he U n i v e r s a l C e l l s , the 
fuel b u n d l e s w e r e s e p a r a t e d and the f i l l e r p i e c e s w e r e r e m o v e d to p e r m i t 
o b s e r v a t i o n of the c h a n n e l s b e t w e e n the t h r e e e l e m e n t s . No o b s t r u c t i o n 
w^as o b s e r v e d . The b u n d l e s and f i l l e r p i e c e s w^ere then w a s h e d in C C l ^ 
to r e m o v e t h e th in f i lm of H B - 4 0 and the a s s e m b l i e s w e r e e x a m i n e d 
v i s u a l l y . E a c h bund le w a s f ina l ly s e p a r a t e d into i nd iv idua l c o m p o n e n t s 
for s u b s e q u e n t m e a s u r e m e n t s . 

6. 4 . 1 . 1 A p p e a r a n c e of F i l m 

F i g u r e 9 shows a v i e w of the p a r t i a l l y d i s a s s e m b l e d s t r i n g e r 
w^hile F i g u r e 10 shows bund le D E E wi th the f i l l e r p i e c e r e m o v e d . 
The fol lowing o b s e r v a t i o n s w e r e m a d e : 

(1) A th in , a p p a r e n t l y u n i f o r m , f i lm c o v e r e d the s u r f a c e of a l l e l e m e n t s in 
a r e a s wh ich c o v e r e d the fuel . 

(2) T h e end c a p s of the e l e m e n t s , i . e . t h e unfue l led p o r t i o n s , showed n o , 
o r m u c h l e s s f i lm . F o r i n s t a n c e the end c a p s of a l l e l e m e n t s at t he 
in l e t end of t h e fuel s t r i n g ( the b o t t o m end of bundle DEE) showed no 
f i l m and a f a i r l y s h a r p d e m a r c a t i o n w h e r e the f i lm b e g a n . A s f a r a s 
cou ld be d e t e r m i n e d t h i s l ine of d e m a r c a t i o n co inc ided with t h e beg inn ing 
of the fue l . The top end c a p s of t h e e l e m e n t s of bundle D E E showed 
a s l igh t a m o u n t of f i l m but m u c h l e s s t han c o v e r e d t h e b o d i e s of the 
e l e m e n t ( s e e F i g u r e 11). The end c a p s of t h e e l e m e n t s of bundle DEA 
show^ed no d i s t i n c t i v e l ine of d e m a r c a t i o n -where the f i lm b e g a n o r ended . 

(3) The s u r f a c e s of the d u m m y bundle and of the f i l l e r p i e c e s w e r e c o v e r e d 
by e x t r e m e l y th in f i l m which -was l i t t l e m o r e t han s u r f a c e d i s c o l o r a t i o n . 
Mach in ing m a r k s e t c . w e r e c l e a r l y v i s i b l e . No at tennpt w a s m a d e to 
m e a s u r e f i l m t h i c k n e s s e s on the d u m m y bundle o r on the f i l l e r p i e c e s . 

(4) C i r c u m f e r e n t i a l r i d g i n g could be s e e n on t h e s h e a t h s , e s p e c i a l l y on the 
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e lements of bundle DEE. These r idges , which are apparent in F igure 9, 
apparently mark in ter faces between fuel pe l le t s . Subsequent inves t i ­
gations showed that these r idges were not prominent enough for any 
m e a s u r e m e n t of ridge height to be made -with apparatus available at 
that t ime. 

(5) On the e lements , the film appeared thinner on the fins than on the r e s t 
of the e lement . There was a tendency for the film to be c racked at 
the edge or base of a fin (See F igure 12), Also when the e lements 
were separated, discontinuit ies could be seen where the fin of one 
element had been in contact with the body of another (See F igure 13). 

F igure 14 shows, under higher magnification, the typical r ippled 
appearance of the surface of the film. This appearance is r e m i n i s ­
cent of the appearance of the sandy bottom of a fast flowing s t r e a m . 
Again the height of these r ipples could not be de te rmined but m i c r o ­
scopic examination of a c r o s s section of the film (See Section 6, 4 . 1 . 2 
(c)) showed i r r e g u l a r i t i e s in the film th ickness . If these i r r e g u l a r i t i e s 
cor respond to the r ipp les , then the r ipples were in the o rde r of 20 
|j,m high (Figure 15). 

(7) During subsequent scraping opera t ions it appeared that the film consisted 
of a lightly adhering top layer which could be scraped easi ly and a 
tightly adherent lower layer which was very difficult to remove . 
Microscopic examination of c r o s s sections of film did not show^ tw ô 
l aye r s p resen t normal ly and probably there was a gradual t rans i t ion 
from one to the other r a the r than a sharp demarca t ion . 

6. 4 . 1 . 2 F i lm Thickness 

Several methods of measur ing film th ickness were at tempted. 
Resul ts a re recorded in Table 8. 

(a) In the Universa l cel l , the d iameter of an element was me a s u re d . Then 
the film was scraped from a smal l a r ea on one side and the d i ame te r 
was again measu red . Finally an a r e a 180° from the f i r s t one was 
scraped and the d iameter r e m e a s u r e d . Since the film was very ad­
heren t and was ha rd to scrape off, some gouging of the meta l of the 
sheath occur red and hence the prec is ion of this method -was only about 
t 0. 05 m m . 

(b) During the scraping severa l flakes of film could be removed. The 
th ickness of these flakes were measu red under a binocular mic roscope 
at 120 magnificat ions. The prec i s ion of this method is about t 0. 005 mm, 

(c) At a l a t e r stage in the investigation t r a n s v e r s e samples cut from each 
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element were coated with Hysol r e s in , mounted, polished and examined 
microscopica l ly in the metal lurgy Dry Box Line. A typical c r o s s -
section of the fouling film is shown in F igure 15. In all spec imens 
examined, the film showed light grey pa r t i c l e s embedded in a grey 
brown mat r ix . The film thickness appeared to vary randomly, being 
mainly around the value quoted in Table 8 but varying between the 
l imi t s shown. F igure 15 is typical of the var ia t ion in film th ickness , 
which is probably assoc ia ted with the rippled appearance of the film 
(see Section 6. 4.1.1 (5)). 

It is not possible to ex t rac t quantitative information from 
Table 8 but the following genera l iza t ions may be miade, 

(i) The film on the lower third of the element of the bottom 
(inlet) bundle was thinner than on the r ema inde r of the e l ements . 
The film averaged 40 \xm in th ickness h e r e but was about 70-80 
fjLm over the r ema inde r of the fuel s t r ing . 

(ii) Careful exanaination of all e lements c ros s - sec t ioned 
and subnaitted for meta l lographic examination indicated that 
although there was considerable non-uniformity of film thick­
n e s s , t he re was no preferent ia l build up on any of the e lements . 
This is i l lus t ra ted by F igure l6 which shows th icknesses as 
m e a s u r e d around the circunnference of an element from the 
lower bundle and one from the upper bundle. Typical examples 
of unevenness and discont inui t ies of the film a re shown. 

6 ,4 .1 .3 Chemical Composition of F i lm 

Samples of film which had been scraped from the surfaces of 
the e lements were submitted for the follow^ing chemical ana lyses . 

(a) X- ray Diffraction - The r e s u l t s , outlined in Table 9, indicate that 
F e 3 0 ^ or y - F e 2 0 2 were the main consti tuents of the film. Only t r a c e s 
of a Fe or FeC could be observed. 

(b) Samples of the film were ignited by standard ashing techniques. In 
Table 9 the percentage ash is given which is defined as (100) (wt ash 
after ignition)/(wt or iginal sample) . 

(c) The res idue from the above ashing was analyzed spect roscopical ly . 
Fe was by far the major constituent of the ash. Table 9 shows the 
significant cations found: the remainder total l e s s than 1 w t̂%. 

(d) The carbon and hydrogen content of the film was de te rmined on some 
f i lms by the s tandard P r e g l technique. Resul t s a r e l is ted in Table 9. 
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(e) y - r a y spec t ra were taken on severa l samples of film. In all ins tances 
the miajor long lived act ivi t ies p re sen t were Fe 59, Co 60 and Co 58 
with l e s s e r amounts of Cr 51 and Mn 54. No quantitative data were 
taken. 

6. 4. 2 Dimensional Changes 

Length and diametral m e a s u r e m e n t s made on the bundles and 
e lements are l is ted in Table 10. 

The i r rad ia t ion had produced no detectable change in the d i a m e t e r s 
of the e lements . Actually, due to the scraping to remove film, a dimunition 
ra the r than an inc rease in d iameter was recorded . Lengths of the bundles 
or e lements had not changed by more than 0, 4 rmn in an overa l l length of 
over 600 mm. 

6. 4. 3 SAP Examination 

No detailed examination of the SAP sheaths was made, A 
longitudinal c r o s s section of the bottom end cap of element DEC was made . 
The sample was p repa red for metal lographic examination by abrading on 
silicon carbide p a p e r s , followed by fine polishing on diamond impregnated 
cloths and subsequent etching in a solution of 0. 5% H F . 

Small discontinuit ies (< 0. 02 m m long) were observed along 
the p r e s s u r e bond but o therwise F igure 17 shows the bond to be in good 
condition. 

6. 4. 4 F i s s ion Gas Release 

P r i o r to cutting the e lements open they were punctured and the 
fission product gases were pumped from each e lement using the method 
descr ibed by Morgan (14). The composition and amounts of fission gas 
r e l eased a re shown in Table 15, 

6. 4, 5 UO7 Examination 

In the metal lurgy examination cell each element was coated in 
epoxy res in to prevent fouling film flaking off -when the element was 
sectioned. The sheaths were cut with a high-speed milling cutter that did 
not damage ei ther the fouling film or fuel, A descr ip t ion of the UO2 and 
m e a s u r e m e n t s of the a r e a of d iscernible grain growth are included in 
Table 11. All gra in growth a r e a s and voids were displaced towards the 
outside of the bundle from the axis of the e lements because of the flux 
dis tor t ion a c r o s s the bundles. The extent of grain growth measu red on 
pellet faces was l a r g e r than that m e a s u r e d in the i n t e r i o r s of pe l le ts (see 
Section 8.1). 
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The cobal t -copper moni tors were badly p i t t ed especial ly on the 
surface n e a r e s t the SAP sheathing (Figure 18). However, the inside 
surface of the sheath at the monitor position showed no signs of reac t ion 
(Figure 19). 

Typical c r o s s sect ions d i scussed in Table U a re shown in 
F igu re s 20, 21 and 22. 

6. 4. 6 Burn-up Analyses 

Samples taken from the fuel at the centre of each element 
were analysed for U-235, Pu-239 + Pu-240 and Cs-13 7 by methods d e s ­
cr ibed by Har t (15), F r o m these ana lyses the total i r r ad ia t ion in mega ­
wat t -days pe r tonne of U was calculated by conventional methods assuming 
that 182 Mev/f iss ion was absorbed as heat in the fuel. Table 12 shows 
the r e s u l t s obtained. 

Because of the in teract ion between the Co moni to r s and the 
sheath any r e s u l t s obtained from them were unre l iable and a r e not repor ted . 

7. DISCUSSION OF FOULING 

7,1 Inc rease in P r e s s u r e Drop A c r o s s Fue l 

7,1.1 Initial Data 

At the s tar t of the i r rad ia t ion the p r e s s u r e drop a c r o s s the fuel 
( AP) was m e a s u r e d to be approximately 2.8 k g / c m ^ . The p r e - i r r a d i a t i o n 
predict ion (1) was 5. 5 k g / c m ^ but th i s figure included the ^ P in the tes t 
section itself which amounted to about 0.5 kg/cm*^. In addition this ca l ­
culation was made from data in re fe rence (l6). Subsequent exper imen t s 
(17) have shown that the turbulence lo s s fac tors included in that r e po r t a re 
high and that the value of fT is '^'l . 0 r a t h e r than the quoted value of 2. 3 . 

Using this value, and for the overa l l fuel s t r ing (2 bundles plus 
one dummy) using a value of the equivalent d i ame te r De = 2 x 10~3m, the 
A p may be calculated to be 4. 27 k g / c m ^ . Other data for this calculation 

came f rom Lane (16) and the Moody (18) plot was used . This i s st i l l high 
and to bring the calculation into line with the measu red ^ P a value of De = 
4 X 10"3m would have to be used. 

The shape of the fuel bundles and fi l ler p ieces i s very i r r e g u l a r 
however and a be t te r es t imat ion would be to look at only the cent re channel. 
The AP for this channel of course will be the same as the overa l l A P . The 
measu red value of De (4 x a rea /we t t ed pe r ime te r ) for th is channel i s 
4 X lO'-^rn. If the following p a r a m e t e r s a r e used a value of 3. 5 kg/cm*^ may 
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be calculated. 

Equivalent Diameter De = 4 x lO'-^m 

Reynolds Number N-o_ = 6. 6 x 10 

Flow velocity in channel V = 10. 2 m sec~^ (Ref. 16) 

Roughness S. = 2 x 10" m 

Fr ic t ion Fac to r f = 0. 019 

t>. P Turbulence = 0. 5 k g / c m 

^ P Fr ic t ion = 3. 0 k g / c m 

Total A P = 3. 5 k g / c m ^ 

2 Final A P 

By the end of the i r rad ia t ion the A P had r i s en to 4. 2 k g / c m . 
The fuel was found covered with a film which was about 80 |j.m thick. 
Since the spacing between the e lements was about 1 mm, this film would 
not have made a significant contribution to any p r e s s u r e l o s s e s due to 
turbulence which are l e s s than 15% of the total-A P anyway. 

Subtracting the turbulence l o s se s and assuming that the dummy 
bundle did not contribute to the i n c r e a s e in overa l l A P , then the A P a c r o s s 
the fuel only due to frict ion l o s se s was about 3. 2 k g / c m ^ . Fo r the unfouled 
string the frict ion l o s se s for the two fuel bundles only were 1. 85 k g / c m ^ . 

Now the A P (friction) is given by 

A P = f L V ^ / ? 
2 g De 

where the l e t t e r s have conventional meanings . 

Thus if subscr ipt 1 r e p r e s e n t s the unfouled state and 2 r e p r e s e n t s 
the fouled state 

APz = iz (JA\ ^£1 
A P i fi (Vi) De2 

If attention is confined to the cent ra l channel only, a 80 jjim 
film will i nc rease V^ by about 10% auid d e c r e a s e De by the same amount. 
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then iy = 1 X APp = 1 x 3. 2 = 1. 33 
fj 1.3 &Pi 1.3 1.85 

Noting that N^^^ will be unchanged and using f̂  = 0, 019, then 
f 2 = 0. 025. If De = 3. 6 x 10""* m, then f rom the Moody plot a value of 
the sheath roughness G = 7 x 10" m = 7 ^ m can be obtained. 

This calculation was done on the assumiption that initial and 
final t e m p e r a t u r e s and t e m p e r a t u r e d is t r ibut ions were the same. This 
is not s t r ic t ly so because inlet t e m p e r a t u r e s were lowered to compensate 
for increased sheath t e m p e r a t u r e s . The above calculation contains many 
approximations and assumpt ions , but it was not felt that a more p r e c i s e 
calculation was war ran ted . 

Considering the approximate na ture of this calculation the 
agreement of the calculated roughness w^ith the observed value (Section 
6.4.1.1) of 20 |j.m is reasonable . Fo r instance in F igure 15, one photograph 
shows a var ia t ion of '~' + 10 [xm in the surface while the other shows an 
essent ia l ly smooth surface . 

A P Inc rease During I r rad ia t ion 

The A P data of F igure 7 a re reproduced in F igure 23 along with 
sheath t empe ra tu r e data. These data indicate that t he re were two main 
per iods during which the A P showed a significant ra te of r i s e . These 
were f rom Aug. 26 - Sept. 3 and Sept. 23 - Oct. 7. These two per iods 
occur red after the r eac to r had been s tar ted up after a prolonged shut-down. 
During both these per iods both r eac to r and loop operat ion were r a t h e r 
e r r a t i c . During the r emainder of the i r rad ia t ion the <flP stayed steady 
or showed only slow r a t e s of r i s e . 

In the prev ious sect ions it was shown that the i nc rease in AP 
was due mainly to roughening of the surface, and although it is probable 
that the main deposition occur red during per iods of rapid A P r i s e , 
evidence to support this must come from sheath t empe ra tu r e data r a the r 
than A P data. 

Sheath T e m p e r a t u r e Data 

Nornnalization of Data 

In F igure 7 both the inlet t e m p e r a t u r e and the sheath t e m p e r a t u r e s 
a re varying and only qualitative infornnation can be obtained. To obtain 
m o r e quantitative data the following procedure was adopted: -
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(a) P e r i o d s were chosen during which both r eac to r power and 
loop conditions such as flow, t e m p e r a t u r e s , e tc . , were steady for a 
period of at leas t 24 hou r s . 

(b) During these pe r iods , sheath t e m p e r a t u r e s were calculated, 
assuming that no fouling film was p re sen t . The surface heat flux in the 
vicinity of a given thermocouple was calculated f rom the c a lo r ime t r i c heat 
output from the fuel str ing and a knowledge of the thermocouple height 
and the t he rma l neutron flux cosine distr ibution in the NRX reac to r . 
Surface heat fluxes were normal ized to a given r eac to r power and heavy 
water height. F r o m this surface heat flux and from the inlet t e m p e r a t u r e 
and an es t imate of the bulk coolant t empera tu re at the location of the 
thermocouple calculated as in Section 6. 2. 6s the t e m p e r a t u r e of the sheath 
surface was calculated using film heat t r ans fe r coefficients given in 
re fe rence 16. Final ly a smal l cor rec t ion was made for the fact that the 
t empera tu re in a fin will be slightly lower ( '^10°C) than the sheath 
t e m p e r a t u r e . The sheath t e m p e r a t u r e s calculated in this way assume 
that no fouling film was p resen t but should all be normal ized one to 
another and effects of heavy water height, fuel str ing power e tc . , removed. 

(c) The difference between this calculated t e m p e r a t u r e and the 
t empera tu re as actually read by the thermocouples was noted. Detai ls of 
calculat ions a r e not shown h e r e but va lues of T^aeas - T calc for var ious 
sheath thermocouples a r e l is ted in Table 13 and plotted as a function of 
t ime in Figure 23. 

7. 2. 2 Effect of Fouling F i lm on Sheath T e m p e r a t u r e 

The r e su l t s indicate that ea r ly in the i r rad ia t ion the m e a s u r e d 
sheath tennperatures agreed reasonably well with those calculated for 
thermocouples No, 1 while the r e s t showed t e m p e r a t u r e s 10 - 40° C higher 
than calculated. Unfortunately, r e su l t s were not obtained for the init ial 
period of operat ion (Aug, 14-23) when no deposit would be p re sen t on the 
fuel. Thus by Aug, 29 a film may al ready have been p re sen t on the fuel. 
Thermocouple No. 1 does not indicate this but i t s readings were signifi­
cantly lower than the o the rs throughout the i r rad ia t ion . 

Whether or not a film had formied by Aug. 29, during the per iod 
Sept. 1 - 8 al l thermocouple read ings were re la t ively constant for t / c ' s 
Nos. 1, 2 and 6. Thermocouples 4, 10 and 11 showed sharp discontinuit ies 
in thei r output, but this is thought to be due to re la t ive movenaent of the 
fuel e lements (See Section 7. 2. 4) r a the r than to formation or remova l of 
any fouling film. Thus the indication is that no significant fouling occu r r ed 
during this period although some may have occu r r ed before . This i s 
borne out by the A P data. 

F r o m Sept. 8 to Sept. 30 r e a c t o r and loop operat ion were so 
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e r r a t i c that no meaningful r e su l t s could be obtained. However by 
Sept. 30 the value Tj-neas ~ T calc ^^^ inc reased significantly for all 
thermocouples except No, 11, (which did not show a l a rge i nc rease until 
Oct. 21), By Oct. 6 this i n c r e a s e had become even m o r e pronounced. 

F igure 23 shows that this period of la rge i nc r ea se in T jj^gg-s -
"̂  calc occurs during the same per iod that the significant AP inc r ea se 
occur red . Thus it can be inferred that the fouling film was being 
deposited at i ts highest ra te during this per iod. 

During the r ema inde r of the i r rad ia t ion , t e m p e r a t u r e s (except 
for thermocouple No. 11) did not change great ly and it can be assumed 
that fouling was occur r ing at a great ly reduced r a t e . 

The most s tr iking observat ion in that during per iods of steady 
r eac to r and loop operat ion nei ther the A P nor the sheath t e m p e r a t u r e s 
showed much change. The two per iods Oct. 7 - 2 0 and Nov. 6 - 2 0 
i l lus t ra te this most c lear ly . 

Thus it appears that fouling occur red during per iods of e r r a t i c 
r eac to r or loop operat ion. 

7. 2. 3 Fouling F i lm Heat Trans fe r Coefficient 

F r o m the s t a r t to the finish of the i r rad ia t ion . Table 13 shows 
that the values of T j^ga,s - T^a lc increased by a maximum of '~'55 - 60°C. 
That i s , assuming constant inlet t e m p e r a t u r e , heat flux etc . , the sheath 
t e m p e r a t u r e s at the end of the i r rad ia t ion were about 60°C higher than 
they were at the s t a r t . Assuming a surface heat flux of 100 w a t t s / c m 
this would indicate that the heat t r ans fe r coefficient of the 80 (Jim thick 
film that was formed was about 1. 7 wa t t / cm^ - ° C. Thus the t he rma l 
conductivity of the film in the region 350 - 400° C was very roughly 0. 014 
wa t t / cm - °C. This is a maximum value since no allowance has been made 
for any inc rease in heat t ransfe r coefficient due to roughness . 

7. 2. 4 E r r a t i c Sheath T e m p e r a t u r e 

F igure 23 shows that for thermocouples 4, 10 and 11 there were 
often sharp changes in sheath t e m p e r a t u r e . These changes occur red 
quite suddenly for no apparent reason . It will be noted that these 
thermocouples a re all located in "outer" channels between the fuel e l e ­
ments and the p r e s s u r e tube. 

It is believed that these sharp changes a r e a r esu l t of move­
ment of the e lements in the bundle re la t ive to one another . P e r h a p s 
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bowing occur red but the exper iment descr ibed in Section 6. 2. 6 indicated 
that bowing did not occur at that pa r t i cu la r t ime . Any change in 
orientat ion of an e lement would have a more significant effect on the outer 
thermocouples than it would on the inner because channels a re sma l l e r 
and more easi ly blocked. 

This behaviour has nothing to do with a fouling film since very 
s imi la r behaviour has been observed during subsequent i r rad ia t ions with 
s imi la r fuel bundles where a fouling film did not occur (19). 

P C F T Data 

F igure 7 shows that at the s t a r t of the exper iment P C F T number s 
for the loop coolant were high, but by ear ly September , operat ion of the 
clay column had reduced them general ly to < 10 mg , However by this 
t ime the AP resu l t s indicate that the fouling film had s ta r ted forming. 
During Sept. 1 - 1 3 , while the P C F T was at or below 10 mg, both AP 
m e a s u r e m e n t s and sheath t e m p e r a t u r e s indicated that no significant 
amount of fouling occur red . 

The reason for the marked i nc r ea se in P C F T from Sept, 14-18 
is not c lea r . The clay column was operating and as far as is known there 
were no untoward events in the loop beyond the leakage of HB-40 from the 
meter ing pump in the clay column ci rcui t (Section 5, 6) which reached i t s 
maximum on Sept. 27. Subsequent t e s t s have shown that HB-40 itself 
should not contribute to a high P C F T value (20) but impur i t ies may well 
have been injected along with it. 

Whatever the reason for the increased P C F T n u m b e r s , during 
the period when they were high (Sept, 14 - 24) the A P did not i nc rease 
significantly. (Sheath t empera tu re data a re not available for this per iod) . 
The AP inc rease s tar ted after the r eac to r shut-down of Sept. 18 - 22 and 
by this t ime the P C F T number s were falling again to the 10 mg level . Thus 
the re is no d i rec t evidence to at tr ibute the i nc reased fouling r a t e to the 
increased P C F T of the coolant during this per iod. 

F r o m October 1 to the end of the i r rad ia t ion the P C F T was gen­
era l ly below 10 mg and during this per iod the AP rose from 3. 7 to 4, 2 
kg / cm^ . The values of T m e a s - T calc ^°^ ^^^ thermocouples also all 
inc reased by 15 to 20° C, 

Subsequent i r rad ia t ions using sma l l e r clay columns but with a 
flow ra te 100 k g / h r - d m ^ r a the r than that of 0, 25 k g / h r - d m ^ used in this 
tes t and operating at a t empera tu re of at l eas t 300° C, kept the P C F T of the 
loop coolant below 5 mg, and a fuel tes t using fuel very s imi la r to that 
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used in this tes t and operat ing at the same ra t ings showed negligible 
fouling over a two month per iod (19). Hence the main conclusion that 
can be reached h e r e is that P C F T values in the region of 10 mg, do not 
neces sa r i l y guarantee low fouling r a t e s . 

7, 4 Composition of Fouling F i l m 

The data in Table 8 show that the average th ickness of the 
fouling film was 80 fim except on the lower end of the lower bundle where 
it was 40 jj,m. 

Table 9 shows that the film was par t ia l ly organic in na ture and 
par t ia l ly inorganic . The organic consti tuent i s at p resen t unknown. The 
only clue to i ts composit ion is the carbon hydrogen rat io which was 
reasonably constant over all p a r t s of the film. The data of Table 9 show 
the atomic C/H rat io to be 2, 0 j^ 0. 1. Actually this figure is probably 
a lower l imit since the re is a possibi l i ty that some of the hydrogen d e t e r ­
mined by the P r e g l analysis may have been due to adsorbed H2O. 

The C/H ra t io for terphenyl (C 18^^14) is 1. 28 and for hexaphenyl 
i s 1. 38, Hence the organic phase was undoubtedly a highly polymerized 
and high molecular weight phase , but i t s insolubility made a molecular 
weight determinat ion i inprac t ica l . 

Table 9 shows that carbon and hydrogen made up 35 j " 2 weight 
percent of the film. 

The inorganic phase was mainly F e 3 0 4 or y - F e 2 0 3 . (Fe304 
i s m o r e probable because of the reducing conditions p resen t ) . The Al 
found p re sen t undoubtedly resu l ted from the scraping p r o c e s s which had 
to be used to remiove the adherent l aye r . The source of the other minor 
impur i t i e s is not known but they may have been picked up as impur i t i e s 
during handling in the h o t - c e l l s . 

F r o m the F e content of the ash and the ash content of the film, 
it can be calculated from the data of Table 9, that the Fe content of the 
film was 38 I 4 weight pe rcen t . This would cor respond to 53 j " 6 weight 
percen t of F e 3 0 4 in the film. 

Thus , if the p r e s e n c e of Al is assumed to come from scraping 
the sheath itself, the composition of the fi lm was roughly 60 weight % 
•^®3^4 ^^^ "̂ ^ weight pe rcen t polymer ized organic . Assuming a ra t io of 
4 between the dens i t ies of F e 3 0 4 and the organic phase , then the film 
would be , by volume, roughly 25% F e 3 0 4 and 75% organic . 
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Examination of the magnified c r o s s sections of the film (Figure 
15) shows that if the white pa r t i c l e s are F e o 0 4 and the greyish mat te is 
organic m a t e r i a l the appearance is not inconsistent with the above ca l ­
culat ions. The size of the white pa r t i c l e s i s general ly g rea t e r than 5 
jj,m. This size is surpr i s ingly la rge considering that the nominal po re 
size of the f i l ters was 5 jxm but it is quite possible that the pa r t i c l e s 
visible r e p r e s e n t a growth phenoinenon in the film itself whereby sma l l e r , 
pe rhaps colloidal pa r t i c l e s or F e 3 0 4 or F e complexed with organic 
molecules , a re t r a n s f e r r e d to the film from the coolant and the re grow to 
the l a r g e r sized pa r t i c l e s observed. 

7, 5 Method of Format ion of Fouling F i lm 

This experiment provided no d i rec t evidence of the means by 
which the film was deposited and hence any d iscuss ion mus t be r a the r 
speculat ive. There is some indirect evidence however which is not 
inconsistent with p r e sen t theor ies (21). 

The average film th ickness was 80 \xm and the a r e a of sheath 
over the fuel was 2, 08 x 10^ cm^. Hence the volume of the film was 
roughly 17 cm^ and the volume of polymerized organic was 13 cm3 
(Considering that some 500 l i t r e s of coolant were circulat ing in the loop, 
a negligible fraction was polymer ized to form the organic p a r t of the fi lm). 

Assuming that the film was 25% by volume F e 3 0 4 then the weight 
of Fe p re sen t was '^22 g r a m s . Table 5 shows that the coolant contained 
usually ^̂ 3̂ ppm F e , or a total of 1. 2 g F e . There were higher concen­
t ra t ions for short per iods but the p r e s s u r e drop and sheath t empera tu re 
data indicate that the film was formed over a period of t ime . Hence the 
conclusion may be reached that the figure of 3 ppm rep resen ted a steady 
state concentrat ion of Fe in the coolant and that Fe a r r ived at the fuel 
surface by a m a s s t ransfe r p r o c e s s , probably from piping wal ls . The re 
is no evidence to indicate whether this t ransfer occur red by a t r ans fe r of 
pa r t i c l e s , colloidal p a r t i c l e s or by t rue solution or complexing of Fe a toms 

The other point of in te res t i s that the film was not deposited 
continuously. Apparently while conditions were steady the film growth 
ra t e was negligible, but during per iods of e r r a t i c operat ion ei ther of the 
r eac to r or of the loop, deposition r a t e s were significant. The reason 
for this i s not c lear but may be associa ted with ea s i e r r emova l of oxide 
from surfaces by t he rma l shock, etc . 
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8. U02 BEHAVIOUR 

8.1 Grain Growth 

The UO2 s t ruc tu re , descr ibed in Table 11, i s s imi la r to that 
found in UO2 i r r ad ia t ed in the p r e s s u r i z e d water loops (22) if the higher 
surface t empe ra tu r e of the fuel in the organic loop is taken into cons ide ra ­
tion. The d iscrepancy between grain growth a r e a s measu red on pellet 
faces and those in pellet i n t e r io r s was probably a reflection of the or iginal 
gra in size dis t r ibut ion in the a s - s i n t e r e d pe l l e t s . Metallography of 
un i r rad ia ted pel le ts showed that the d iameter of g ra ins var ied from an 
average of 3 2 |j.m at the center to 15 [xm nea r the edges . The extent of 
grain growth can be readi ly m e a s u r e d when the initial grain size is 20 jj,m 
or l e s s , but for m a t e r i a l of l a r g e r gra in dianaeter the change in size is 
very difficult to detect . For this reason the grain growth m e a s u r e m e n t s 
taken on pellet faces where the init ial gra in size was 15 p,m or smal le r a re 
considered more re l iable and have been used in subsequent calculat ions . 

8.2 ! Kde 

The derivat ion and use of the p a r a m e t e r J rr,f K{6)d6 where 
K{6) i s the the rma l conductivity of the oxide at t empera tu re 6, and T^ 
and T2 a r e the l imi ts of integrat ion have been descr ibed by Rober tson 
et al (23, 24). Subscr ipts s, g, m and o a re applied to T to exp re s s 
t e m p e r a t u r e s of the surface , of just d iscernable gra in growth, of the 
oxide melt ing point and of the oxide axis respec t ive ly . 

The heat ra t ings of individual e lements given in Table 14 were 
calculated from the data of Table 12 and 14. Maximum and minimum 
values for / T o /cd0 and j .&^„ ^ KdO were calculated with r e spec t 

400°C 4D0°C ^ 
to two e s t ima te s for the heat t r ans fe r coefficient a c r o s s the fuel-sheath 
in te r faces . These e s t ima te s of 0. 4 and 1.1 w / c m °C, were made on the 
bas i s of exper ience from other t e s t s (25) and should roughly cor respond 
to contact at zero p r e s s u r e and at sheath-deforming p r e s s u r e respec t ive ly . 
The values of iJ^Qo^KdO for e lements , DEC, DEF and DEH calculated 

-J 

with a fuel-sheath t rans fe r coefficient of 1.1 w / c m C a re in much be t te r 
agreement with previous AECL t e s t s (26) where jAnnof^ KdO w^as found to 
be 30 _ 3 w / c m than those calculated for 0. 4 w / c m ^ C. We have ca lcul -
lated UO2 volume average t e m p e r a t u r e s and UO2 the rma l expansions for 
both values of the fuel-sheath t ransfe r coefficient. The average oxide 
t e m p e r a t u r e , assuming a heat t r ans fe r coefficient of 0 .4 w/cm'^°C, 
was 1180°C -while that, assuming a heat t ransfe r coefficient of 1,1 w^/cm °C, 
was 1010° C. The corresponding oxide dianaetral expansions, assuming 
no r e s t r a in t , were 0, 0073 cm and 0. OO62 cm. If we consider the cold 
d iamet ra l c lea rance , 0. 010 - 0. 015 cm, and the SAP d iame t ra l expansion 



-36 -

at operating t e m p e r a t u r e , 0. 0065 cm, we see that the fuel should not 
have s t r e s s e d the sheath by simple expansion. This i s consis tent with 
the bulk of the observat ions in Table 10. A mechan i sm other than simple 
expansion is requi red to explain the sheath expansion at the centre of 
e lement DEB. 

8. 3 F i ss ion Gas Release 

The amounts of fission gas r e l ea sed from each e lement a re 
compared in Table 15 with amounts predicted fromi a simple diffusion 
model (27). The diffusion values were calculated for two exper imenta l 
values of D ' , the composite diffusion coefficient. F o r each element 
the percentage of xenon actually r e l eased is g r e a t e r than that predic ted 
from the diffusion model . This difference is probably owing to the 
changes in the UO2 m i c r o s t r u c t u r e caused by the high fuel t e m p e r a t u r e 
(> 1500°C). 

9. CONCLUSIONS 

1. An exper imenta l trefoil a ssembly of p r e s s e d and s intered UO2 sheathed 
in SAP successfully underwent an i r rad ia t ion of 2400 MWD/Tonne U (max) 
while cooled by organic coolant at an average t e m p e r a t u r e of roughly 
310° C in the X-7 loop in NRX. Surface t empe ra tu r e s were as high as 460° C. 
Per t inen t operat ing conditions may be found in Tables 1 and 14 and in 
F igure 7. 

2. During the i r rad ia t ion a film of approximately 80 [im th ickness built 
up on the surfaces of the sheath which covered fuel. Negligible film was 
found on surfaces not covering fuel. 

3. This film was roughly, by weight, 60% F e o 0 4 and 40% polymer ized 
organic coolant. Its net effect was to inc rease the p r e s s u r e drop a c r o s s the 
fuel by 50% and to i nc rease surface t e m p e r a t u r e s of the sheath by about 
60°C. 

4. The inc rease in AP could be roughly co r re l a t ed with an i nc r ea se in 
surface roughness and the i nc rease in sheath t empera tu re cor responded 
very roughly to a fouling film heat t r ans fe r coefficient with a maxixnum value 
of 1.7 w / c m ^ - °C. 

5. The fouling film did not form continuously. Differential p r e s s u r e and 
t empera tu re m e a s u r e m e n t s indicated that during per iods of steady operat ing 
conditions the deposition ra te was very small and only seemed to i nc r ea se 
during per iods of e r r a t i c r eac to r or loop operat ion. There was no c lear 
cor re la t ion between the film deposition and such va r i ab le s as the ash content 
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and the P C F T number of the loop coolant. Ash contents were general ly 
l e s s than 3 ppm and except for the initial period and one other per iod during 
operat ion the P C F T was general ly below 10 mg. 

6. The SAP sheath showed no effects of i r rad ia t ion . 

7. Except for smal l apparent d iamete r i n c r e a s e s at two out of eighteen 
planes measu red the fuel e lements and bundles showed negligible dimensional 
changes. The significance of these two m e a s u r e m e n t s is not known. 

8. The appearance of the uran ium oxide from this exper iment was s imi la r 
to that of uran ium oxide i r rad ia ted in p r e s s u r i z e d water loops at a lmost the 
same heat ra t ings . 

9. When calculated for a fuel to sheath heat t r ans fe r coefficient of 1.1 
T 

w / c m ^ - °C, values of / § K:d0 were in good ag reemen t with values 
obtained from previous t e s t s . 

10. F i ss ion gas r e l e a s e from the e lements var ied from 5.6% Xe re l eased 
for a heat rat ing of 36 w / c m to 1. 9% Xe r e l eased for 33. 5 w / c m . 

EPILOGUE 

Subsequent t e s t s to this have been ca r r i ed out with s imi la r fuel 
bundles at s imi la r ra t ings and t e m p e r a t u r e s . The main difference has been 
that smal l clay columns operat ing at a t empe ra tu r e (300°C) and with a high 
through-put (100 kg/dm.2-hr) have been used in place of the l a rge column 
with a slow through-put used in this tes t . The P C F T number was kept 
at 5 ing or l e s s and the ash content of the coolant was normal ly 1 ppm o r 
l e s s . I r rad ia t ions over th ree month per iods have shown negligibly smal l 
fouling f i lms which did not affect ei ther the p r e s s u r e drop a c r o s s the fuel 
or the sheath t e m p e r a t u r e , 
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T A B L E 1 

F U E L O P E R A T I N G DATA - MAXIMUM CONDITIONS AT 42 MW NRX P O W E R 

P E R I O D 
in 

1961 

T E M P E R A T U R E S °C 
COOLANT 

F u e l In le t F u e l Out l e t 
SHEATH 

(a) 

S U R F A C E 
HEAT F L U X 

! Kde 
w/cm 

F U E L 
STRINGER 

P O W E R 
kw 

B U R N - U P 
M W D / T g U 

15 Aug. - 13 Sept . 

13 Sept , -18 Sept . 

22 Sep t , - 23 Oc t . 

27 Oc t . - 20 Nov, 

p r o p o s e d 
c o n d i t i o n s 

313 

288 

304 

287 

304 

368 

341 

350 

334 

359 

446 

453 

452 

463 

450 

106 

102 

93 

94 

113 

3 7 . 8 

36, 2 

3 3 . 2 

3 3 . 2 

44 

170 

163 

149 

149 

T O T A L 

181 

796 

143 

824 

676 

2439 

1 

4^ 
t—' 
1 

(a) T e m p e r a t u r e a s m e a s u r e d in fin. Shea th t e m p e r a t u r e i s e s t i m a t e d to be #«10°C h i g h e r . 



T A B L E 2 

BOWING T E S T 

T^ at t / c 4 R E A C T O R 
P O W E R 

(MW) 

M O D E R A T O R 
L E V E L 
(cm) 

F U E L 
P O W E R 

(KW) 

q" a t t / c 4 
( w / c m ^ ) 

M E A S U R E D T E M ­
P E R A T U R E S "C 

Coo lan t 
In le t 

Shea th at * 

t / c 4 ( T s h ) 

CO 
ATf {T3h-T^) 

10 .0 

19 .9 

30, 0 

37. 3 

41,1 

4 2 . 0 

283 

268 

282 

271 

263 

285 

3 5 . 9 

7 5 . 1 

110.5 

1 4 L 4 

163 ,6 

168 ,9 

20. 2 

4 L 3 

62. 2 

7 8 . 1 

8 8 , 8 

9 5 . 0 

286 

278 

269 

259 

258 

260 

321 

353 

381 

403 

428 

436 

294 

294 

292 

290 

294 

296 

27 

59 

89 

113 

134 

140 

I 
* > 
ESJ 
I 

* U n c o r r e c t e d for fin effect 



DATE 

16 Aug. 61 

22 Aug. 61 

28 Aug. 61 

5 Sept. 61 

11 Sept. 61 

18 Sept. 61 

25 Sept. 61 

2 Oct. 61 

10 Oct. 61 

14 Oct. 61 

16 Oct. 61 

30 Oct. 61 

6 Nov. 61 

15 Nov. 

21 Nov. 

BIPHENYL 

5 . 1 

5 . 0 

5 . 6 

5 . 0 

4 . 7 

5 . 8 

4 , 6 

4 . 8 

5 . 1 

4 . 9 

5 . 1 

4 . 8 

4 . 5 

4. 7 

X 

TABLE 3 

-7 COOLANT COMPOSITION 
(weight percent) 

TERPHENYL 
Ortho 

3 8 . 4 

37. 0 

37 .2 

36 .8 

35.1 

37 .6 

34 .0 

33 .9 

33 .6 

33 .6 

34 .6 

33 .9 

33.1 

33 .0 

Meta 

22.1 

21.3 

21.3 

21.6 

20,6 

22.6 

19.9 

19.9 

20. 2 

20 .4 

21.1 

19.8 

19.3 

19.7 

P a r a 

2 . 0 

2 . 0 

2 . 0 

2 . 2 

2 .1 

2 . 3 

2 , 0 

2 . 0 

2 . 0 

2 . 0 

2 , 0 

1.8 

1.7 

2 . 0 

100 - £ ( a ) 

32 .5 

34 .7 

33 .9 

34 ,4 

37 .5 

31.8 

39 .5 

39 .5 

39.1 

39.1 

37 .2 

39 .7 

41.4 

40 .6 

O/M RATIO 

1.74 

1.74 

1.75 

1.70 

1.70 

1.66 

1.70 

1.70 

1.66 

1,65 

1.64 

1.71 

1.72 

1.68 

HB 

2 9 . 4 

3 0 . 4 

30 .3 

28 .0 

28 .9 

31.4 

28.1 

30.1 

28 .7 

31.1 

33 .0 

31.8 

(a) Represents difference between 100% and sum of biphenyl and three terphenyl weight percentages. 



TABLE 4 

DENSITY, VISCOSITY AND VAPOUR PRESSURE OF COOLANT 

TEMPERATURE" C DENSITY (g/ml) 

5 Sept. 6 N ov. 

VISCOSITY (c poise) 

5 Sept. 6 N ov. 

VAPOUR PRESSURE 
(kg/cm2) 
5 Sept. 

250 

275 

300 

325 

350 

375 

400 

0.930 

0.918 

0,887 

0,865 

0.843 

0.822 

0.800 

0.935 

0.912 

0.890 

0.868 

0.845 

0.824 

0,800 

0.85 

0,70 

0.56 

0.48 

0.41 

0.35 

0.31 

0.85 

0.68 

0.56 

0.49 

0.41 

0.36 

0.31 

0.35 

0.51 

0.75 

1.09 

1.59 

2.35 

3.30 

I 
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TABLE 5 

IMPURITIES IN X-7 COOLANT 

DATE 

14 Aug. 
15 Aug. 
16 Aug. 
17 Aug. 
18 Aug. 
21 Aug. 
22 Aug. 
23 Aug. 
24 Aug. 
25 Aug. 
28 Aug. 
29 Aug. 
30 Aug. 
31 Aug. 
1 Sept. 
5 Sept. 
6 Sept. 
7 Sept. 
8 Sept. 

11 Sept. 
13 Sept. 
14 Sept. 
15 Sept. 
18 Sept. 
20 Sept. 
21 Sept. 
22 Sept. 
25 Sept. 
27 Sept. 
28 Sept. 
29 Sept. 
2 Oct. 
4 Oct. 
5 Oct. 
6 Oct. 

10 Oct. 
11 Oct. 
12 Oct, 
13 Oct. 
16 Oct, 
19 Oct. 
20 Oct. 
30 Oct. 
2 Nov. 
3 Nov. 
6 Nov. 
8 Nov. 
9 Nov. 

10 Nov. 
15 Nov. 
16 Nov. 
21 Nov. 

61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 
61 

F e ppm 

23 

3 

3 

2 . 5 

2 . 5 

2 

7 

12 

3 

3 

< 3 

< 3 

< 3 

4 

3 

< 3 
2 

10 
3 

3 

< 2 

2 

2 

P C F T 

7 
13 
28 
51 
28 
22 
33 
29 
8 

13 
17 
5 
8 

14 
0. 
9 
0 . 
4 

10 
4 

10 
25 
15 
36 
16 

14 
19 
12 

7 
4 
7 

9 

9 

7 
4 
7 
4 
8 
5 
6 

11 
5 

7 
4 
3 
4 



DATE 

30 Aug. 61 

6 Sept . 61 

10 Oct . 61 

18 Oct . 61 

17 Nov. 61 

T A B L E 6 

DISSOLVED GAS C O N C E N T R A T I O N S 

T E M P E R A T U R E S (° 

F u e l In le t 

240 

— 310 

288 

288 

285 

S u r g e 

170 

182 

182 

182 

183 

C) 
T a n k Hz 

12 

33 

26 

27 

64 

GAS CONCENTRATIONS (cc 

Nz 

307 

445 

399 

383 

405 

CH4 

1.1 

18 

6 . 9 

9 . 7 

10 

CO 

0, 2 

2 .0 

1.3 

1.4 

0 . 5 

( S T P ) / k g ) 

"HC"(a ) 

13 

50 

28 

79 

55 

T O T A L 

334 

548 

461 

500 

535 

! 

I 

(a) Those gases condensed at liquid N2 t e m p e r a t u r e but not at d ry ice t empera tu re 
at 10" mm Hg p r e s s u r e 
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TABLE 7 

RADIOACTIVITIES OF COOLANT 

S A M P L E D A T E 

15 A u g . 

24 Aug, 

25 Aug . 

28 Aug, 

31 A u g . 

5 S e p t . 

7 S e p t . 

11 S e p t . 

13 Sept , 

25 S e p t 

29 Sep t 

2 O c t . 

6 O c t . 

10 O c t . 

12 O c t . 

16 O c t . 

19 O c t . 

2 N o v . 

6 N o v . 

9 N o v . 

15 N o v . 

61 

, 61 

, 61 

, 61 

61 

61 

61 

61 

, 61 

. 61 

. 61 

61 

61 

61 

61 

61 

61 

61 

61 

61 

61 

T I M E 

0513 

0848 

0850 

0918 

0855 

0926 

1315 

0903 

0915 

0856 

0845 

0900 

0900 

1325 

0900 

0918 

0920 

0900 

1014 

13 22 

1345 

GROSS |3 Y 
( c o u n t s / m i n - g ) 

4 . 9 7 x l O ' * 

2 . 26 X 10^ 

1.16 xlO"* 

1.90 x l 0 4 

1.30 X 104 

1.57 x l O ^ 

1, 01 X 104 

8 . 8 3 x l 0 3 

2 . 0 7 x l 0 4 

1.57 x l O ^ 

1. 09 X 104 

9 . 5 2 x l 0 3 

8 . 6 1 x l O ^ 

9 . 6 3 x l O ^ 

1.09 x l 0 4 

2 .18 x l 0 3 

8. 47 X 10^ 

5 . 8 9 X 10^ 

4 .17 X 1 0 3 

6. 68 X 103 

7 . 6 1 x l 0 3 



TABLE 8 

FOULING FILM THICKNESS 

BUNDLE ELEMENT SCRAPING 
PRECISION t 50 (j,m 

FILM THICKNESS (\xm 
MEASUREMENT OF CHIPS 

PRECISION t 5 |jLm 
Range Average 

METALLOGRAPHIC SECTION 
PRECISION t 1 fxm 

Range Average 

DEA DEB 
Upper 

DEA 
Middle 

DEA 
Lower 

DEE 
Upper 

DEE 
Middle 

DEE 
Lower 

1/3 

1/3 

1/3 

1/3 

DEC 
DED 
DEB 
DEC 
DED 

DEB 
DEC 
DED 

DEF 
DEH 
DEJ 

DEF 
DEH 
DEJ 

DEF 
DEH 
DEJ 

55 
85 
75 

35 
75 
80 

65 
60 
75 

40 
50 
50 

25 
70 
40 

70 
35 
35 

+ 5 
+ 5 
+ 5 

+ 5 
t 8 
+ 18 

50 
85 
70 

50 
50 
45 

40-100 

40-120 
50-120 
40-160 

50-100 

60-120 

30-100 
50-120 

25-70 

20 -80 

75 

80 
75 
80 

75 

75 

60 
65 

40 

40 

I 

00 
I 



TABLE 9 

ANALYSES OF FOULING FILM 

FUEL 
ELEMENl 

DEB 

DEC 

DED 

DEF 

DEH 

D E J 

LOCATION 

G e n e r a l Scraping 

Gene ra l Scraping 
Top (outer l ayer ) 
T o p 

Genera l Scraping 
Top 1/3 
Middle 1/3 
Bot tom 1/3 

G e n e r a l Scraping 
Top 1/3 
Middle 1/3 

Top (outer layer ) 
Gene ra l Scraping 
T o p 

Genera l Scraping 

FILM COMPOSITION 
{ 

A s h 

71.6 

66 .0 
62 .8 
79.0 

73 .4 
70 .5 
68 .0 
66 .8 

72 .5 
6 8 . 4 
69. 2 

58 .0 
67 .0 
68 .5 

72. 2 

wt %) 
H 

1.3 
1.5 
1.4 

1.4 
1.4 

C 

32 ,8 
34.1 
35 .6 

34. 6 
32 .5 

X-RAY DIFFRACTION 
DATA (a) 

F e 3 0 4 or 
\ F e j O s 

P 

P 
P 
P 

P 

P 

P 
P 
P 

P 

a-Fe 

T 

-

T 
-

T 

T 

„ 

-
T 

T 

F e C 

-

T 
-
T 

„ 

™ 

T 
T 
-

-

F e 

52 .0 

53 .0 
74 .0 
51.0 

53 .0 
50 .0 
60 .0 
57 ,0 

52 .0 
56 ,0 
59 .0 

53 .0 
52 .0 
58 .0 

43 .0 

ASH COMPOSITION 
(wt % of ASH), (b) 

A l 

2 . 5 

4 . 5 
0 . 5 
0 , 8 

2 . 0 
-
-

-

3 . 0 
-
-

1.5 
2 . 5 
1.5 

1.0 

C a 

_ 

0 . 8 
0.06 
0 . 4 

_ 

0.02 
0 .03 
0 ,03 

~ 
0,03 
0 .03 

1.0 
0 . 6 
-

-

Cu 

0 . 3 

0 . 4 
-
0 . 8 

0 . 3 
0.02 
0 ,03 
-

0 . 2 
0.03 
0 .02 

0 . 4 
0 . 3 
0.09 

0,07 

[ N i 

-

0 . 4 
-
0 . 4 

0 .04 
0 .06 
0 .03 

„ 

0.06 
0 .05 

0 .07 
-
-

-

Si 

-

„ 

0 . 3 
0 . 1 

„ 

0 .02 
0 . 1 
0 .02 

-

0.06 
0 .07 

0 . 6 
0 . 2 
-

-

(a) P des igna tes p r inc ipa l component 
T des igna tes t r a c e component 
- des igna tes not detected 

(b) des igna tes not detected 



TABLE 10 

DIMENSIONAL CHANGES IN ELEMENTS 

BUNDLE DEA 

Element DEB 

Element DEC 

Element DED 

BUNDLE DEE 

Element DEi 

Element DEH 

Element DEJ 

BUNDLE LENGTH (cm) j 
P r e -

I r rad . 

61. 613 

61. 631 

Post 
I r rad. * 

61. 625-
61. 659 

61.646-
6L 666 

Change 

0. 012-
0.046 

0.015-
0.035 

ELEMENT LENGTH (cm) 
P r e -

I r rad . 

60.960 

60.957 

60.960 

60.965 

60.965 

60.965 

Pos t 
I r r a d . * • 

60.988 

60.973 

60.968 

60.993 

60.993 

60.975 

Change 

0.028 

0.016 

0.008 

0.028 

0.028 

0.010 

ELEMENT DIAMI 
TOP (cm) 

P r e -
I r rad . 

1. 5710-
1.5728 
1.5631-
1. 5682 
1.5651-
1.5677 

1.5692-
1.5733 
1.5677-
1.5697 
1.5634-
1. 5651 

Pos t -
I r r a d . * 

1.5712 

1.5638 

1.5622 

1.5675-
1.5711 
1.5679 

1.5648 

:TER -

Change 

N . C . 

N. C. 

N . C . 

N. C. 

N. C. 

N . C . 

ELEMENT DIAMETER -
MIDDLE (cm) 

P r e -
I r rad . 

1.5692-
1. 5715 
1.5662-
1.5712 
1.5636-
1.5662 

1.5707-
1.5738 
1.5667-
1.5697 
1.5636-
1.5667 

Pos t -
I r r a d . * 

1.5747 

1.5666 

1.5622 

1.5696-
1.5716 
1.5660 

1.5666 

Change 

0 .003-
0.005 
N. C. 

N . C . 

N . C . 

N. C. 

N. C. 

ELEMENT DIAMETER-
BOTTOM (cm 

P r e -
I r rad . 

1.5679-
1.5730 
1.5677-
1.5692 
1.5646-
1.5667 

1.5733-
1. 5743 
1.5667-
1.5679 
1.5646-
1.5667 

Pos t -
I r r a d . * 

1.5699 

1.5691 

1.5648 

1.5762-
1.5774 
1. 5648*=! 

1.5640 

) 
Change 

N . C . 

N. C. 

N . C . 

0.003 

N . C . 

N . C . 

NOTE; In the diameter measurements the sheath surface was often gouged when scraping the film from 
the sheath, therefore most post - i r radia t ion values a r e smal ler than pre - i r rad ia t ion . 

* Corrected for t empera ture of sheath while in the Universal Cell. 

** Difficult to get readings. 

I 
Ul 
O 
1 

N. C. No change in dimension. 



TABLE 11 

DISPOSITION O F URANIUM OXIDE IN ELEMENTS 

Bundle and 
E l emen t s 

(1) 

G r a i n Growth 
(2) 

Equiaxed gra in growth obse rved in 
Bundle the top pe l l e t s and in the bot tom 
DEA half of the e l e m e n t s . Short co lum­

na r g r a in s su r rounded the voids . 
Adjacent pel le t faces had coa lesced 
in the g ra in growth reg ion of DEC. 
Dark concent r ic r i ngs were found 
on pel le t faces and in the i n t e r i o r s 
of pe l l e t s . 

Av. Dia. of gra in 
growth at m id -
point (cm) 

DEB 
0.333 

DEC 
0.348 
0. 6l2 pel let face 
DED 
0. 272 

Centra l Void (2) 

Small cen t ra l voids 
were found at the top 
and bottom of e l emen t s 
DEB and DEC. The 
bottom void in DEC 
was approximately 25 
cmi long. E lement 
DED has a sma l l 
void only at the 
bot tom. 

UO^ Cracking 

The UO2 was 
c racked both 
radia l ly and 
c i rcumferen t i a l ly . 

I 
Ul 

Bundle 
DEE 

E lemen t s 
D E F 
DEH 
DEJ 

Equiaxed gra in growth obse rved 
in the top half of the e l emen t s . 
Short co lumnar g ra in s sur rounded 
the voids . Dark concent r ic r i ngs 
were found on pel le t faces and in 
the i n t e r i o r s of pe l l e t s . F igu re 
20. 

DEF 
0. 361 pel le t face 

DEH 
0.358 

DEJ 
0. 485 pel le t face 

Small cen t ra l voids 
were found at the tops 
of e lements only. 
F igure 21. 

P e l l e t s with g ra in 
growth c racked 
radia l ly and 
circumferent iadly; 
pe l l e t s without g ra in 
growth were randomly 
c racked . F i g u r e 22, 

(1) C e n t r e l i n e of r e a c t o r f lux w a s b e t w e e n b u n d l e s D E A and D E E . 

(2) Areas of g r a in growth and voids displaced f rom the e lement ax i s , see Section 6 .4 . 5, 
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TABLE 12 

CHEMICAL MEASUREMENT OF BURN-UP 

Burn-up (MWd/tonne U)* 

Element 

DEB 

DEC 

DED 

Pel le t 

14 & 15 

16 & 15 

16 & 15 

F r o m 
Cs-137 

2480 

2380 

2430 

F r o m 
Pu 

2430 

2300 

2370 

Average of Bundle DEA 2400 

DEF 

DEH 

DEJ 

14 & 15 

13 & 15 

16 & 15 

2310 

2410 

2240 

2l60 

2250 

2190 

Average of Bundle DEE 2260 

* Based on 182 MeV/fission and reduced by 2% to compensate 
for end effects. 



LOCATION 

Inner channels 
Bundle DEA 

THERMO COUP 
N O , 

1 

2 

3 

6 

TABLE 13 

SHEATH TEMPERATURE INCREASES 

L E Aug, 
29-31 

1 

20 

-

T s h e 
Sept, 
1-3 

1 

21 

-

19 

ath(measured) - T sheath ( 
Sept. 
6 - 8 

3 

23 

-

19 

Sept 30 
-Oct. 1 

39 

57 

-

51 

Oct. 
7-20 

52 

66 

57 

60 

calc) 
Oct. 
29 

56 

75 

55 

67 

(°C) 
Nov. 

2-3 

58 

74 

60 

66 

Nov. 
6-20 

62 

76 

57 

„ 

Tf 

-̂  

- Ti 

' 6 0 

56 
1 

1 

Outer channels 
Bundle DEA 

45 31 47 65 86 84 91 88 60 or 45 

Outer channels 10 

Bundle DEE 11 

17 

31 

7 

7 

9 

32 

30 

33 

34 

39 

37 

55 

55 

60 

45 

66 

— 40 or 30 

57 or 30 



TABLE 14 

HEAT RATINGS OF FUEL ELEMENTS 

Bundle 

DEA 

(1) 

DEE 

Element 

D E B 

DEC 

DED 

D E F 

DEH 

D E J 

Average Burnup 
at Center 

MWd/tonne U 

2462 

2345 

2408 

2241 

2336 

2223 

Average P o w e r 
Output 

KW 

28.0 

26 ,5 

27 .3 

25 .5 

26.6 

25.1 

L i n e a r Heat 
Output 

W / c m 

485 

459 

473 

441 

460 

435 

Surface Heat 
F lux (Fuel to 
Sheath) W / c m ^ 

109 

103 

106 

99 

103.5 

98 

W / c m 

35. 2 

33 .3 

34 .4 

32 .0 

33 .4 

31.6 

J ^° Kde 
400° C 
W / c m 

(2) 
43 .7 

41.3 

42 .4 

38 .5 

40.9 

38.1 

(3) 
37 .7 

35 .8 

36 .9 

33 .5 

34 .9 

33.1 

400° C 

W / c m 
(2) (3) 

1 
34 (4) 30 

1 
36 (4) 32 

1 

34 (4 30 

(1) Center line of reactor flux located between bundles DEA and DEE. 

(2) Calculated for a gap coefficient (Fuel to sheath) of 0. 4 W/cm °G 

(3) Calculated for a gap coefficient (Fuel to sheath) of. 1.1 W/cm2 °C. 

(4) Grain growth diameters measured for Pellet Faces at the mid-point of the elements. 

< , » 



TABLE 15 

FISSION GAS RELEASE DATA 

Bundle 

DEA 

DEE 

E lemen t 

DEB 

DEC 

DED 

D E F 

DEH 

DEJ 

Gas Re leased (ml at 
STP) 

He 

1. 535 

0.488 

1.682 

1. 244 

0. 818 

0.9785 

^r + Kr 

0.379 

0. 784 

0 .2628 

0.1696 

0. 203 

0 .232 

Xe 

2.683 

3.100 

1.397 

1.038 

1.335 

1.127 

Xe 136/ 
Xe 134 

1.347 

1. 339 

1,338 

1.340 

1.342 

1,339 

F iss ion Xê -̂ ^ 
Produced 
ml at STP 

59,1 

55. 6 

57. 4 

53. 5 

55.8 

52 .8 

P e r c e n t Xe 
Released 

% 

4 .5 

5.6 

2 .4 

1.9 

2 .4 

2,1 

T 
/ ° Kde ^2) 

400°C 
W / c m 

37 ,7 

35 .8 

36 ,9 

33 .5 

34 .9 

33,1 

P r e d i c t e d P e r c e n t 
Xe R e l e a s e f rom 

Diffusion 
% 

(4) (5) 
0.58 - 1.1 

0 .4 - 0 .78 

0,5 - 0 ,94 

0,23 - 0. 44 

0.32 - 0 .64 

0. 20 - 0, 40 

(1) Calculated using Average Burnup in Table 14. 

(2) Values a r e f rom Table 14. 

(3) Based on an activation energy for diffusion of Xe in UO2 of 90 k c a l / m o l e . 

(4) Calculated for a D' of 0. 824 x lO-H. 

(5) Calculated for a D' of 1. 83 x 10"^^ 



FIGURE 1 

Bundle DEA disassembled, showing filler pieces at top and 
fuel elements below. End plates are at either side. 
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FIGURE 2 
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W i f h o i j t Fi l lers 

BUNDLE DEA WITHOUT FILLER PIECES 



FIGURE 3 

DED 

'••L-\ .-xSriEMoL.cL 

BUNDLE DEA ASSEMBLED 



BUNDLE DEA BUNDLE DEE 

TOP FUEL BUNDLE IN STRING BOTTOM FUEL BUNDLE IN STRING 

• LOCATION OF MEASURING JUNCTION 

T / C 

1 

2 

3 

4 

5 

6 

7 

9 

10 

11 

F IN 

a 
b 
c 
e 
f 
a 
b 
a 
a 
a 

DEPTH 
FROM 

END-CM 

2 5 - 4 

33 

2 4 

33 

30 

22 

32 

3 0 . 5 

3 0 . 5 

3 0 . 5 

BUNDLE 

DEA 

DEA 

DEA 

DEA 

DEA 

DEA 

DEA 

OEA 

DEE 

DEE 

ELEMENT 

DEB 

DEB 

0 E 8 

DES 

DEC 

DEC 

DEC 

DED 

DEH 

DEJ 

NOTE : GROOVES IN FILLER PIECES 
ARE FOR CARRIAGE WIRES 
AND THERMOCOUPLES. 
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X 

THERMOCOUPLE LOCATION 
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FIG. 5 E X P - NRX -70911 

THERMOCOUPLE LEADS 

MODIFIED CONAX FITTING 

UNIBOLT CLOSURE 

COOLANT OUT 

PRESSURE TUBE 

HANGER TUBE 

CARRIAGE WIRES 

DUMMY BUNDLE 

THERMOCOUPLE 

FUEL BUNDLES 

COOLANT IN 

SCHEMATIC REPRESENTATION OF X - 7 LOOP TEST 
SECTION a X - 7 0 9 EXPERIMENTAL ASSEMBLY. 



ADSORPTION COLUMN AND FILTER CIRCUIT 

TO LOOP 

FROM LOOP 

t 

3.5 l/tnin 
FILTERS 

3 4 0 ml /min 

STRAP-ON HEATER 
2.5 KW 

— • 1 ^ ^ 

3.2 1/min 

CLAY 

COLUMN 

SAMPLING 
STATION 

STRAP-ON 
HEATER 

12 KW 

01 

IMMERSION 
^ HEATER 

!5 KW 

X 
TJ 
I 

X 
I 
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FIGURE 9 

Composite photograph of partially disassembled fuel string after irradiation 

Top Non-fueled bundle. Upper carriage spider and carriage spring 

Centre Bundle DEA - Element DEC is visible 

Bottom Bundle DEE - Element DEH is visible 

Plow was from left to right over all components 

• . . • 



Figure 10 

Composite photograph of bundle DEA with filler pieces removed 
Plow from left to right 
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FIGURE 12 Cracked layer of fouling film next to fins on 
Element DEH. (s te reopai r ) 
Magnification 4X. Reference No, 6215 

i.k-t^ 

FIGURE 13 Stereopair showing line where fin of another 
element came in contact with the sheath of element 
DEH. 
Magnification 4X. Reference No. 6216 



r.V/.--AJa 

FIGURE 14 Wrinkled surface of the fouling film, Element DEB, 
Magnification 12X. Reference No. 6228 



FIGURE 15 

Mount 

X500 

Bundle DEE, Element DEJ 

X500 

Bundle DEA, Element DEC 

White Granular 
Particles 

-« Fouling film 

Sheath 

- Mount 

•Fouling film 

Sheath 

Typical Cross Sections of Fouling 
Film 



FIG. 16 
ELEMENT DED - 29 cm FROM TOP 

EXP-NRX- 70911 

ELEMENT DEJ - 11 cm FROM BOTTOM 

CSRCUftSFERENTIAL VARIATION IN FOULINS 
(NUMBERS REPRESENT FILM THICKNESS 

IN MICRONS) 
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I 
*! •» i • • '*̂ * "•** * • . ^ >»». . . • • <•• Alcan 65 S 
* ' • • . , • » ' •«•.*"-•< •••,"•• •- Interface material 
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FIGURE 17 

PHOTO MICROGRAPH SHOWING SMALL 
AMOUNT OF POROSITY AND DISCONTINUITIES 
AT SAP - 65 S interface 



FIGURE 18 Cobalt-copper monitor from Element DEJ showing the 
extent of damage. 
Magnifications 4X and 12X. Reference Nos. 6283, 6284. 

FIGURE 19 Inside surface of sheath. Element DEJ, showing the 
ver t ica l line which is the location of the monitor in 
F igure 18. 
Magnifications 4X and 12X. Reference Nos. 6280, 6281 
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N' 
FIGURE 20 A pellet face, Element DEJ, showing equiaxed 

gra in growth and dark concentr ic r ings in the UO2. 
( s t e reopa i r ) . 
Magnification 4X. Reference No, 6271 
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FIGURE 21 Central void surrounded by smal l columnar g ra ins 
and dark r ings in outer oxide (arrow) of Element DEH, 
( s t e reopa i r ) . 
Magnification 4X, Reference No. 6261 
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FIGURE 22 Typical UO2 section which had not undergone gra in 
growth. Note randonn cracking. Element DEF . 
( s t e reopa i r ) . 
Magnification 4X. Reference No. 6341, 
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