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I - .  
The in-core (self-powered) flux datestoro in the GQntilly-2 and . 
point m e a u  reactors were replaced recently* with detectors of - : 

I a different design. This paper describas, the evolution of this '-3 
' -  

detector design and explains why it was chosen. !. 

: 
As can be seen from Table 1, CANDU reactors use many in-core flux 
detectors for spatial power control, flux mapping and overpower :#u -I : 
prote~?ctioa.~~~~' In-core Uetectrrrs are vital for reactor :I, ,, 
operation. d - 
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m e  d e w t o r  is a coaxial nine;ral-insulated cable, and when it is a 

in a high flux of radiation, a net current of electrons flows 
from the inner conductor to the outer one.'.'.' Referring to 1 

I 1  i 
Figure, 1, the detector behaves like a current source in whim theld' 
c m e n t  La proportima1 to .D radiation intensity, and the shunt -, :- 
reedstance io  sf the order of a gigtiohm ( l o o ~  MA) . The current. . ,I , ' -, , 
is fed through an amplifier, typically a current-to-voltage . '1 
converter with a low input impedance. e . . d 

1 

* Gentilly-2 in SepOct '91, and Point Lepreau in Apr-Hay ' 92  

i ** no installed spares 
I 



T:h& at ig- iml  .detaCtntS ttCwra dai.Qtlgd by -1k f ive r  NWk- 
&a&&at:oriaa.' 'They had an outer Xnconel .heath, 1 .6  ma ir 
d&&m@t@z, and the inner ~mnductor, the ekkttu, was made gf 
platbum or vapdi,qm. 

'The plntima d e t e a t d  has: a reeponse t h a t  is half-ssnsi-tive t o  
thermal neutronis ana half-sensitive t o  raye.. Pla,ti,mwn 
detectors -pond promptly, but sinse 1/3 of t h e  gamma radiation 
is &+.lay&, tha detactor reeponae i e  a@proxhate.l.j prampt. 
Tha rwponge of fue l  power t o  a s tep in-@ease in  aeutrsh Llux is 
-981 primpt;., tm the platinum detect& unda?rpq#dicta e+ 
e @ e i a n .  Thk dota&or si*.l needo approriiate1.y PO% o,g 
.&$yn@rtmtio c&@e+npit&on f o r  i n  =Set9 a p p l t L m .  

The vanadiwm-type dotectar is sensi t ive only t o  thew& neutrons, 
-but ifs the response depends won the  beta Pftcay ~f vanadiw--52 
(3.79 m&nuts half-lif e) . This is toe  slow d k  eQnt*l or ~g-f.e%y 

-applieatiads, so vanadium det~eetors a re  uaed t o  nap the flux and. 
a l i & t a t e  ~ ~. the- paompt detectore. 

typw of BeteCtors wbVn upw $lowly in  th* CWmu th-1 
matron t ~ u j r  of 3x11'' nm4s". the vanadiuan ri"ateqtors, a 
e+Raetian tan be applied as a fumtion of thpl  inteQr6teQ 
dek&r signa.1 (f lu%),  Wsed QII p r a b i c W  dewor  burnup. 

Tbo pttbm deumtmr is 3.0 m law and prowides a .signal of 
i rg~~:*e*by rmv laicr0~slpet-e a t  f u l l  pouar. m obteg-in a 
qr'wisraafw powlar 8llaasuIcmant, this detector i a  coiled areand a 
@.ti m a  BkF4aloy sar%-br t u b e  ovar a distMce o i  fhrw l a b t h e  
pltobss (857 mi). The vanadium deteeear is 1.2 r long and 
provides a -signal of -3 micr~ampe~ea ah fuPl pewsr. 'For a local 
$ 1 . ~  -ding, S t  is, soiled over & distmee oE em la*$re pitch 
, ( W S  mi. 
BWh i5arksAws is sp- t o  a 1.0 mat leadaafils vhoae Wgme%a$ wa;. 
qztlnr&Md pe~liqible mnsitiv2ty t o  radiation. . F t p a .  5 
@&aW8 the &eta&*, of fhe spliced jaint, and Figure 3 eb.w# @ f lux 
d e ~ ~ r  ~iilt. YM so-1. WBQ~JS! W6 l?angkh QT 
+Be aafriar tubg. T h i s  tube is suppark*, in the (ungresemire@) 
,hw.yg Watw @eate r , .  within a guide tube. The,wvUeal  guide 
k*: mxcparLegated (vet) &I@ the horiz.mta.Z arres me d r g ,  i, e. 
f - i ' lLed w i t h  helium. lasdcablur .are threaded h10Pnd the 
slridAl plug, Wouqb a cc~prchieion-type f @-through, t o  a 
m&t& An .eleotr&oal amneetor. Zhe .control#~-it.f ety ~e$a&ws have 
,,&st&f~ad 1-8, b i f i l a r  wound, tc  in=mase reX%abili.ty st@ 
awpig qmaetpr power aerating on m n d ~ ~ ~  d e t e a e r  faLluac. 

LXatectors have been fa i l ing  since they were first used i n  Ute 
ISLiQs, i n  the Douglas Pojlrrt reactor. mtaa+os faibre is 
apparent rhan .the signal  ceases t o  track the f l u  i n  a 



gsope,riti@na3 aW&neir, fP-ithin the 2 i r . d  pnn. rang.e (8.1 to 1.5 
of f u l l  pawer) and within  the r - - .ed response t ime- .  The 
insulation resistance is often a goad indicator ,of degradation or 
f azlure." b Panewation of the mm&all$c s h a a t h  intmdriees 
ao&httura. i,nto the .@aqtieiulll- xi-de inIU1ation and . proQreasi,vcly . 

reziulb . . i.n eerzittiI deter~%sr rc61.pnS.e.. 

.Befar? it i s  $ r w ~ : l l ~ ,  a detwtcri has an insailation r@istance 
in .  .ejtc$~s& pP 1 D . g  g$gaqlnao e b e , )  . -Im oper%tion, the. . . 
resbtaacs fmm.edkite.$y :heed;- ge & Q O ~  m e g u ~  artd ~ y m t u a l l y  
r a s h  in the range from l@OO Mfl t o  1 W. h e n  i t  declines 
below 1 m., the  dBtActorr 8 perf Cirmance besomee susp-. 

T h e e  are  may m&ea: of ,detector frbluse.. -me spoxy sea1 a t  the: 
end of the le'adcsble som@timea; beeomEa leaky. The Inconel-SBO 
leadchb1'e ,sheath has fai led due t.0 oariGus types of cofiiisiciit, 
meh as @tti.ng, jilite~granular c2cir.rooib.n due t-o n i t r i c  acid 
at tack,  *fiittleWit due t:G, rabistion daziaqe, and/or n i t r ide  
a,tWck, ex$. Br'azqd j,~i.nks ( a t  Uie sgli&%) ha- &I- corroded, 11 2 : ; .  .t..' and Oete~Cbr en@Cap weld. hl*. f,a.iL.d. me @*a1 fi&. been 1-t 

- due to  coie-Wire: bteska*. a t  the Lead&,ble or a t  t h e  splice. I ; .  

Ttre vqlnersbili tp QC these f k\t% iteteotors was recoprrkzmd, and a 
B-al wss: raise@ a t  AECL C&DU i n  1975. t o  wwe3.ae a d i f tarent  
d e t w o r  .conii.guration that  would a n a l e  indLvidrra1 detectbra t o  
be eas i ly  teglaced." t i t ' the  same time, the detectbis wbuld k 
ixtat&kned ' h ' a  houwlng, E:illed with an  inert qda (Ml.iifni), that 
would grQQ*t th&n fr- host.ile chQ-iB(?nw&ntr.. Em&ctqrra would 

. be provld& thd* czwld .wiWBand lorli of crroLa,nt &x st@+ Wqak 
acei .dent~.  

Replatdng :an enf-ire, flux deteator :a.seeatbly is a c.omplex operation 
involvkng sddgnIif-i.aHt &apif.l. deet, r .%~irg  1-4 time got 

.- p-mtenh, .a l~ng shutdown, a Sigin'EPcant ma-ram burden, and 
.-. . . . e e  cost ef- mankgfng high-level radioactive warts'. 

The: new mncept, shown in Figw?ez 4 ,  would uti.Lire s traight  
ttetezitora, ea-ch in a sappaate  guide tWe or  *willn. These 
d e t & c t o r , ~ i d e  tubes would tie e?tbltYWd i i i .a  &y assehbly w i t h  a 
eh;ie;ld p!lltg. .to blm aW&amihg tadistinn. A bellova wuld 
aqeom&tr d i f ~ k e n s e s  iri thW.1 -Mion btetwegh ttk raactar 
and the &ikect.or~.assmbfy. The connLctor h-iq, cauld be opened 
to  @lQvi ? ryepb-t datectk t t o  bs izk%mr- bkp 5 spare w e l l  

, . - ' ' <  r ,,. and its cennmtw jack t o  b. pL.~q$ad Snto the al;rprol)~iata 
.. ' receptqe:$.e, jn $&,ace .of ghs Failed ,&e@ie+#s jack. obe or -more 

dgtaoker.~ could .ba wimdrrwn into a i.faskk, i f  iWCebs&.Xy, without 
ttts need t o  rembve me Bn+i.re flwr: d@t@otot u n b t .  After 

w : ;  ~ r t u l i n q - c h e  h ~ y , h . g ,  tlu unit  cwlQ M ilubhect dM helium te . , :. ,..; ;:;; 
. ,.. , -.:% . wuRow. rr r and. vapmms. 



m e  w e l l  tube would be rrcserved fo r  a t ravel l ing f lux detector 
(TFD) .I1 T h i s  is a ainiature Ekssion chamber tha t  could be 
inserted the  f u l l  length of the w d l y  t o  ocan the oore and 
nwaasurs a thermal neutron flux distr ibut ion,  as &awn i n  
Fiyure 5. It could a l so  be employed t o  oal ibra te  detector 
~ a n s i t i v i t y  or measure f u e l  channel creepfsag. I 

Using detectors of the original 1.5 n diamteter would have 
resulted in a factor  of four  raduation i n  mignal which wuld have 
increased the r e l a t i ve  signal cantribution of the leadcable by 
the sane factor. A 3.0 plla diameter a e d  t o  be appropriata, but 
t ha  effect of t h i s  change an detector response was ubcertain. I t  
was recognized tha t  develapaent work would be needed t o  detarnine 
the  cansequancso of such changes, and this  was identified i n  the 
proposal raised by AECL CANDU i n  1975 April. This resulted in  a 
deoalogment progran being authorized i n  1976 Pebrtrary Mat  was 
jo in t ly  funded by AECL and Ontario ~ydro.'' 

A constraint i n  selecting the diameter of the new detectore was 
the requirement of re t ro f i t t ab i l i ty  to older QINDU reactors. If 
a 3.0 nm detector was selcetnd, then 13 w a l l  tubes could f i t  into 
a S I R  assembly (for  new reactors). For reactors  t h a t  already had 
w i l e d  detactvrs, 1 2  w e l l  tubes could be inotal led i n  a dry 
c a ~ u l e  (HESIR)* that could f i t  into any of the existing guide 
tubes. I f  Me spaue safety detectors were net inrrtallcd, then lz 
w e l l  tukts wwld provide approximataly s i x  vacant w e l l s  for 
replacement detectors. There would be no nee4 t v  ram- the 
exfating guide tubem t o  retrofit SIR detectors. 

Figure 6 shows the detector g-try select~d i n  1975. The 
splice (between the  luadeable and the detector] was rejected in 
favour of an integral  swath  design. Ttre dianeter of tlle (flux 
mapping) v&nadium eaittrrr w a s  increased by a factor  of three to 
pr-wide- s ignif icant ly  graatar s e n s i t i v i t y  (per u n i t  length). A 
ulat inur~.clad Inconel emittar vas urotxrsod i n  D l a c e  of the eolid - 
platinum mitt- in or- t o  MU& ib cost, hxpecting that the 
arur%ce would  provide #nt of the signal." In  the dewlowent 
program t h a t  follaved, the con t r ih t i an  of tEe Inoanel core was 
f w d  t o  1Se quite large," leading to the  discovery of the Inconel 
detdetar . l4 

Xhei demlo-t prcgram &artad i n  1976 and continued for se-al 
yeare. Most of the detector t es ta  ware aarritd out a t  Chalk 
River LaWraro t iu  wing a +sst SIR datrretor assembly in the HRU 
reactor. The design of thb asgeably w a s  based on the design for 
CANWt raactors  prywred a t  81 dan w k  (Pipure 7 ) .  A prototype 
of the  HEFIR detector asmanbl, .Figure 8) w a s  l a t e r  dcafgned by 

+ hybrid encapsulated S I R  assembly 



AECL CANDU and installed in Bruce NOS, Unit 4 in 1978 October for 
long-term tests. 

The sensitivities of the SIR detectars are a proximately the sme' 
as the sensitivitiee of the corresponding oo f' led detectors. With 

I 
the p9atfnum layer deleted, the resulting Inconel detector has 
half the senoitivity, but it gxadually increase@ by 501 due to 
the traasmutation of nickel-58 S i n  Inconel) into hfckel-59, a 
more neutron-sensitive nuclide. 

I 
I Tha dynasic responses of the psrmpt 8 I R  detectors w m e  determined 

by ~easwi.ing the clecay of the signala after a reactar wtripH and 
I by fitting each decay wi€h B wn of first-order exponential. 

functions mf tire." 

Figure 9 shows the response of each detactor type to a s h p  
increase in neutron flux. The platinum-dad SIR detector has a 
slightly faster response than the coiled platinum detector, 90% 
vs 87% prowt, and n%eds less campensation to matoh the fuel 
power characteristic. The lnconel detector is 105% prompt I 

because it has neqative delayed components, so its signal 
eonsrrrcratiwly ovarpradicts the thermal respome of tlle fuel. 

1 

The,pridci 1 objective of the SIR detector CJSvaloprsrant was to 
i?aprove mB i? ntainability and prsrent failure by carresion, without 
urrrsenhg detector parformanrz&. It was therefore a significant 
bonus to obtain superior performance by using SIR detectors. 

~ 8 m T m  (OOLtED) D-0- 

Xn the spring of 1976, while this development program was getting 
wrdem~~y, detectore of the original design (Figures 1 and 3) were 
installed in Bruca Unit 2. The hslium cover gas was provided 
over the 65% moderator, however, it was necessary to open the 
volume repeatedly during the commis~ioning of the many reactivity 
mrchanisl~s. It was very difficult to maintain the helium cover 
gas and prevent air fmm entering. Within two months, many of 
the vertical detector lra&eab~es Nlmodsd to failure by pitting.. 

Thf s experience caused Sheridan ,Park to design (in 1977) the 
empsulated (coilHi) detector rsst?akly because the dev&lopu\ent 
b- i  th@ BIB detectors had net ppro9f:xaa~$d sufficiently to movide 
the conffdence necassary to use the@ in me+ reactors. sa the 
cafiier tube with the coiled dotectars was enclased in a capsule 
€bat w degassed, filled with helfurm and saahd. F i v e  1.0 
shows this design, whirch included an environmentally-qualified 
conn&or housing. The capsule was small enough to fit into the 
exigting guide tubes and such assemblies ware installed in Bruce 
Units 3 amcl 1. Sin- the ~apital cmst of encapsulated assambliw 
was less than M e  cost of SIR alisaablles, the eame design uss 
later used ln the Picking ?I66 "En reactws and m e  four amu-6 
reactors: Gentilly-2, Point Leptaau, Cordolcra an& Woleamg-1. 



By 1g78 June, A E a  CANDU had suff ic ient  results from Chalk River 
to recommend a change of detector design fo r  Wuce NCS from 
coiled t o  STB detectors. Thr change w a s  a m p t a d  and Darlington 
NCS subsequently requestad SIR detectors as well. The qo4d 
performaneta of the  prototype SIR asaembly i n  Bruce Unit 4 helpad 
mnfirm t h i s  deciqion. 

A f t e r  several years of operation, (coiled) Qetectors began t o  
f a i l  sporadically i n  Bruce "An, Pickering and the CMllU-6 
s ta t ians .  In nost cases, instal led spares were ut i l izsd ,  but 
coneem grev ae more arrrl. more detect~rs failed* mentwl ly ,  We 
detectors i n  Wee U n i t s  1 and 2 and i n  Pickering NCS "4" were 
mplaced. %%6 HESIR assearbly design w a s  selected a f t e r  
conefdaring the t o t a l  cost of periodic detector rcplacernent. 
Rawntly (1988) Pickaring NGS decided t o  replace the d a t e e o r  
assemblies in  the *BU s ta t ion  w i t h  the =IR type. Gentiliy-z 
and Point Lepreau decided in  1989 t o  follow s u i t  and benefitted 
frat economies of m a l e  due t o  bulk procurenent w f t b  Pickering. 

Xn mid-2991, two SIR detectors failed i n  B r u c e  NGS "B* a f t e r  
e ight  years of service. nJo replacement flux detectors were 
ins ta l l ed  i n  spaxe w e l l  t ubes  successfully. This w a s  the first 
cam of such a maintenance operation on failed SIR detectors. 

Ussr of S I R  det-tors incre-aseo f l e x i b i l i t y  in positioning 
detest(~~8 because eaeh can be put a t  any location along m 
mammbly, WreQs it is d i f f i c u l t  t o  overlap coiled detectors. 
men a f t e r  ins ta l la t ion  and plant operatian, the detector layout 
can be changed more easily t o  hiprove tha pexfotlanca of t h e  
reactor  regulating systeaa and the safcky .hutdown systems. 

Thr d e b i o n  to  raplace the in-core f lux detectors in GetitilLy-2 
and Point Lepraau provided an opportunity t o  radesign tha 
deteotos layout, w ing  mere acivanced techniques (ROVER grrrgraa) 
mtl the increaoed f l ex ib i l i ty  afforded by the 81R assan$ly, t o  
achieve better w ~ ~ g e u  of a grartar nbmber af abnormal flux 
shapes (232 vs 137). T h i ~  Phould r e su l t  in hlghez overpwe~ t r i p  
sqtpoints  anb corrccspondingly wider margins for power manoeuvres. 

E.Ua$,mting +he need t o  coil the detectors around oarrier t u h ~  
qreatly ehorfene tlre schedules. Frocureaent an6 manufacture caf 
SzR detectors and a s a m l y  hsFdwam can p r o m  i n  paral lel  w i t h  
optimization of the evarpowsp trip design (detector layout) and 
design of the  w i r i n g .  C u t t i ~  detectpro ta lm&h and ins ta l l ing  
them t o  form camplets assarhl&es is a relat ively quick proceae, 



The introduction of SIR detectors is making a significant 
improvement to plant availability and performance. Actual and 
potential costs associated with project schedule, shutdowns, 
capital equipment, radiation dose and waste management have been 
reduced. The detectors themselves provide better performance. 
The increased flexibility in positioning detectors has allowed 
the design of the overpower trips of the safety shutdown systems 
to be improved, for higher trip setpoints and a wider operating 
margin. 
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TREAD PLATE- I I 

FIGURE 3 COILED DmCTOR ASSEMBLY (ORIQINM DESIGN) 
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FIGURE 5 R A W U  DISTRIBUTlON OF THERMAL NEUTRON FWX 
(MEASURED IN BRUCE NGS 'A' WITH TRAVEWNa FLUX -OR) 
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FIGURE O DYNAMIC RE8PONSE OF SIR DETECTORS 
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