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DEW POINT MONTTORING 
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The dynamic operation of the AGS 2n a CANnrJ nuclear reactor has been 
modelled I n  terms of the qas chemlsLry and particularly dew poin t  which 
is used to monitor a potenttal D20 leak from the Primary M ( : i ~ t .  Transport 
(PHT) System. The computerixed mo(lsl,ln an early stage of development, 
fs being used to study the performance oE the AGS In the Eeedlbleed mode 
of operation. Continuous feed and blecd oparaticm refers to deliberately 
removing gas Prom the AGS downstream of dew point detection and adding 
fresh dry gas upstream. This mode is being examined as an i~i~tomated 
means of redi~l:.Ing the system purge frequency while maintaining its 
sensitivity lo delectinq pressure tube (PT) l eaks .  
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It has been decided te  deslgn and install oxygen addition syskems to the 
Annulus Gas System (AGS) of a1 1 Ontar io Hydro reactors. This is intended 
t o  better protect CANDU pressure tubes (PT) Irom deuterium ingress via 
the AGS. Oxygen addition helps to maintain the oxide layer on the PT's 
but converts any deuterium/hydroqen present to moisture vapour. This 
moisture is generatd throughout the calandria section of t.he RCS ~ n d  I f  
allowecl lo l-ic~r*umulate tends to dampen the response of the dew po in t  
monftots to a real PT leak In its early stages. The progressive 
accumulation of moisture also causes the systrual clew point  to  rise to  the 
present target alarm dew point a t  which the system is purged dry more 
frequently. This makes more demands on the station who cequirec? ~3 less 
labour 1 n t.er~s i vr? monitoring arrangement. 

An oxygen addition te:it. has already been carried out on a Bruce B unit 
AGS to measure the amount of moisture generated. 11 was round that the 
dew point trending sate was three time:; thiit. without oxygen addition. It 
has been suggested that a feed and bleed arrangement !be adopted Eor AGS 
operation as an alternative to frequent system purges. A controlled 
bleed of moist gas from the system downstream of the dew point monftors 
would be balanced by a feed of dry gas into the system prior t o  t t ~ + -  
calandrja section of  t h e  ACS. By adjustinq the bleed ra te  the steady 
state dew p l n t  of the system I n  the absence of a rti'r I320 leak would be 
control led. The Int.rcn111t:t. ion of a bleed stream simp11 f ies system 
operation but inLroduces the potential disadvanlage of desensitizing the 
JIGS leak detection capability. There is also the added complication of 
ensuring thaL the "Imposed" gas leak (bleed) f a i l s  safe in practice I . e .  
does not give rise to n greater gas leak than allowable. 

The chemistry specification for the AGS has been revised with llrnjts on 
dew point, oxygen and deuterium concentration. In order t o  co-ordinate 
the operation o f  the AGS to meet leak detection and chemistry 
requirements for  the postulated feedJbleed scenario I t  was decided to 
model the system for both pre and post oxygen addjtion. IL was intended 
to assess the suitability of the fecdlbleed concept as well as 
alternatives and ldenllFy optimum operatinq parameters prior to any 
decision to use I t  for design purposes. 

2.0 DEWELOWEM' OF FEED/ELEED AGS MOLIEL 

2.1 Description of a Tvpical RGS 

The AGS I s  a unique feature of the CANDU reastnrns. The fuel channel 
assembly has an annular gap between the PT and calandria tube. These 
annular gaps i n  conjunction with the external piping and equipment 
constitute the AGS. Its primary purpose originally was to minimize the 
heat transfer from the  PTs to the moderator, to maintain a dry and 
non-corrosive environment for the fuel channel cnmpont!~lti; and to provide 
drainage In the case of a PT leak. This has been extended t o  include the 
vital role of detecting moisture leaks, particul ar ly from t.ht! Primary 
Heat Transprt .  System. Recently a further requirement has been added to 
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provide an oxidizing atmosphere for the outside d iawte r  of the pTs to  
ensure an oxide layer giving PT integrity. The flow sheet Tor Bruce A ,  
Units 3 and 4 AGS (see f igure  11 is typical of that for Rruce R, 
Pickerlng B and Darllngton. 

It is basically a recirculating system employing 3 compressors ( 1  cln 
standby) and carbon dioxide gas. Gas make up is Erom bottles or mare 
often, a bulk gas system. There are typically 48 parallel Flow paths 
(vary Erom 44 t o  52) wlth 3 to 12 channels in  series. Two hygrometers In 
parallel monilor dew point and syslem pressure; temperature I s  also 
measured. Liquid moisture in the AGS is detected by means of a molsture 
"beetle" at the lnlel and outlet of the calandcia section. The l i q u i d  
collection rate can be monitored and a cold finger sample taken at an 
early stage In a D20 leak scenario t o  determine the source (PHT, 
moderator or end shield coolinq). 

Development of Dew P 0 l n t  Model 

To better understand the system operation and responsr! t o  moisture 
ingress to  the RGS an in-depth study was undertaken, The moisture 
transfer rnechanlsm, hydraulics and equipment response were included I n  
these studies. This  was carried out orlylnally for R r ~ ~ c e  A because of 
the initial PT leaks there; the dew polnL mcdel developed is reported in 
Reference 1. This model was developed as a generic crde provided wlth 
Bruce A parameters. Provision for gas leaks was made for Pickering A 
where significant gas leaks occur I n  Units  3 and 4 .  Initially this wd? 
achieved using an analyt. ical version of the  model suitable only for 
Pickering A .  See Reference 2 .  Subsequently the numerical version of the 
dew point model was developed to provide For gas leaks from both channel 
strings and Ihe ancillary piplng, headers and equipment, 

Verification of the model has been carried out wlth actual stat ion lests 
as follows: 

(a). Injection of argon as a tracer gas a t  Bruce A ,  Unit 1 I n  1982 
showed the core flow distribution was adequat.ely predicted from 
hydraulic analyses. 

Ib) Injection of carbon dioxide as a tracer gas I n  the niLrogen 
annulus of Pickerlng A ,  Unit 1 In 1983 confirmed the residence 
time in the AGS circuit. 

( c )  Injection of methane as a tracer gas in the carbon dioxide 
annulus of Bruce B ,  Unit 8 in 1984 fo r  strings Erom 4 t o  
12 channels conrlrmed the moisture transfer pattern through the 
annuli. 
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(d 1 Actual moisture tests with D20 injection in the carbon dioxide 
annulus of Pickerinq A .  Unit 1 (after retubing] In 1987 vexiPied 
the overall dew point model with modification far hygrometer 
calibration (see reference 3 ) .  

(el Actual moisture tests with D20 injection in the carbon dioxide 
annulus of Darlington, Unit 2 during commissioning In 1989 have 
further verifltxd the dew point model. 

Development. of a FeedlBleed Model for AGS Operation 

The existing dew point model has been significantly upgraded t.o include 
the Lollwing features whlch are  Illustrated diagcammatlcally in 
Figure 2. The AGS 3s modelled generically as several "lumped" strings of 
nodes in parallel representing the internal or calandcia section. 'The 
external circuit of pipework, headers and equipment has only 2 percent of 
to ta l  system volume and is represented by lInks whlch do not contain any 
volume. Ninety-eight percent of the system volume is in the internal 
circuit. Each channel is represented by a nlumber 05 nodes, the total 
volume of which corresponds t o  the  actual annulus volume of the channel. 

2 .3 .1  Main Features 

(a) Up to 10 dIffesent channel strings can be modelled. This node 
volume of each is "lumped" t o  include a l l  channel strings of 
that length. The existing dew p o i n t  model handles only 
2 channel strings one of which is "lumped"'. 

(b) There is provision for a gas leak upstream of each node so that 
bellows gas leaks can be mtxlelled. This  is in common with the 
existing den point model. 

(c) There is provlslan for gas leaks in the external circuit both 
upstream and downstream of the compressors. This is In common 
with the existing dew point model. 

(d 1 The gas make up (nitcogell or carbon dioxide) for the A 6 5  may be 
Introduced downstream or upstream 01 the compressors. This is 
in common with the existing dew p o i n t  n ~ m l c r l .  

(el Oxygen is introduced as make up downstream of the dew point 
monitors and upstream of the gas make up,  

( f  1 The bleed stream is located downstream of the dew point monitors 
and upstream of the gas make up. 

(9) The programme will accommodate both purge and recircrlldtion 
modes of AGS operation. This is in common with the existing dew 
point model. 
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2.3.2 Source Terms 

(a) Provision I s  made far 1 ny ress of D20 a t  a specf F i c  rolled 
joint in the event of a PT leak. 

(b) Provision is made for diffusion of D20 from the PHT system 
into the AGS a t  each end fitting. 

(C Provision is made for diffusion eE D2 Prom the PHT system into 
the AGS a t  each end Eitt lng. 

2.3.3 Component Balances 

l a )  Oxygen I s  removed at  each gas leak. 

(b) Oxygen is remawed by reaction w i t h  D2 as follows: 

(cE Oxygen is removed by renewal of t.he zirconium oxide layer as 
f o l l m :  

Ileu t er ium 

(a Deuterium I s  introduced a t  each end fitting node by diffusion. 

(b) Deuterium is removed a t  each gas leak. 

C C >  Deuterium i s  removed by reaction with oxygen per equation (1) 
during oxygen addition. 

Cd) Deuterium I s  removed by reaction w i t 1 1  (:arbon dioxide without 
oxygen addition as follows: 

Deuterium Oxide 

(a) There is provlslon for 020 to be added a t  the end f i t t ir ly  
nodes. 

(b) There is provision for a moisture leak at any rolled joint node, 

( c )  Moisture is removed at each gas leak. 
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(d 1 Moisture is generated a t  the end fitting nodes from 02 
oxjdntion according to  Equation (1) during oxygen addition and 
from C02 oxidation according to  equatjon (3)  without oxycjt.~: 
addl tlon . 

The nodal component balance terms are shown in figure 3 .  

The rate equations for the oxygen, deuterium and deuterium oxide balances 
for a typical node, 1, in a given string are as follows: 

(a) Oxygen Rate Equation 

( 2 )  Deuterium Rate Equation 

E 3 ) Deuterium Oxide Rate Equation 

If there I s  no oxygen present then equation (41 I s  removed and rl in t . h ~  
remaining equations Is that for reaction equatlon 13).  

2 .3 .4  Inlet Distr lbutionofGasFlows 

The gas Elm distribution to each string is modelled in terms of the 
ratio of the node volume of that string to the total i.e.: 

This is the  default value. If the hydraulic analysis shows a distinctly 
different distribution then individuat values of f are input. 

2.3.5 HassandComponentBalances for theExtetnalCircuft 

The Individual flows for each string are  combined with the f i n a l  node 
concentration for each component: to  obtain a combined cor~centratfon at  
the outlet of the jnternal clrcuit. The appropriate equations are given 
in the Appendix. 
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2.3.6 Mass and Component Balances for the Internal Circuit 

With reference to the subroutine, DVERK, described in Appendix 7.2, the 
optimal values of DELT and TOL were found by first selecting very small 
values i . e .  LIEI:~ = .001, 'POL = .0001 involving significant run times. 
Reducing these parameters still further did  not change Lhe dew point 
cutput data even at the fourth declmal place. The above parameters were 
then Increased until the dew polnt oulput data changed a t  the second 
decjmal place, The largest values of DELT and Tor. which did not alter 
the  secortd decimal place wcre selected as optimal. These values ace UELT 
= .01 and TOL = ,005. These values were also t h e  limiting or1t.f; For 
pcediclinq oxygen and dtwterium concentratior~s because dew polnt is more 
sensitive than concentration, 

2.3 .7  Conversionof HumiditvteDewPoint 

Low maisture concentration i n  a gas stream is c m o n l y  measured as dew 
point. Consequently the  mass concentration of 020 i n  the gas stream, 
namely humidity, is converted to dew point as follows: 

'Fhe part ia l  pressure of moisture in the gas stream is given by: 

from the law of partial pressures. 

The Clausius-Clapeyron equation for D20 is: 

There is a similar relatlon Tor frost point (T 5 273 K) 

3.0 DATA SETS 

It I s  f i r s t  decided whether purge or cecirculation n~>de operation is 
required. The foblowing input data is required For both modes as follows: 

{a) I n i t i a l  oxygen concentraL-lon a t  a l l  nodes, 
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Inltfal deuterium concentration a t  a l l  nodes, 

Znftial dew point a t  a l l  nodes, 

Number of lumped strlngs, 

Flow weighting for each s t r i n g ,  

Nodal volume for each string. 

Nodal conversion efficiencies: 

Bleed  Rate, 

Gas leak Scenario: 

Distrtb~~t.fon between internal and external circuits 
Distribution wlthin internal circuit 

Oxygen addition rate ,  

Oxide renewal rat.e, 

Distribution matrix of source terms, 

Deuterium ingress rale(s) at end fittings 
Deuterium oxide ingress cate(s1 at  end fittings 
Deuterium oxide leak rate(s) a t  end fittings 

System pressure, dru.1 

System flow rate.  

Output File 

Echo of input file. 

Predicted values of deuterium concentration (!?/WE, oxygen 
concentration (v/v) and dew point ("C) at three node locatlons 
and a t  the dew point monitor (external circuit). The selected 
node locatlons ate the f i r s t ,  middle and f inal  rtcdes oC the 
longest strlng. 
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3 . 3  Establishme-nt of Input Data 

The geometric terms for input data are easily obtained from system 
drawings e ,g . ,  nodal volume etc .  Operational process parameters 
e.g., pressure, flow tate,  gas leakage and oxygen additlon ra1.r are  also 
straight forward. However, certain term were more difficult to quantify 
and these are as follows: 

3.3.1 Oxide-Layer Renewal 

Data from a Rritish source (Reference 4 )  indfcates that an oxygen uptake 
tate of 1.05 * 10-3 g/h.channel should be used in the absence of othtlr- 
dala sources. 

3.3.2 Deuterium Diffusion Rate 

A range of deuterium ingress rates is available from measurements at the 
statkons. The range is 230-470 10-3 L/min.(STP1. 

3 . 3 . 3  Deuterium Oxide Diffusion Rate 

Dew polnL data from successive purge cycles indicate a wide range of 
possible ingress rates depending on the slation and the unit* 

3.3.4 Conversion Efficiencv 

3.3.4.1 Deuterium Oxidation with Carbon Dioxide 

Station AGS chemistry data show there 1s typically a 33 percent overall 
steady state conversion of deuterium in the presence of carbon dioxide 
for Bruce and Fickering B type AGS. 

The nodal conversion efficfency, q1. Is calculated as follows: 

The number of recirculatlan cycles by the gas before a gas molecule w i l l  
escape from the AGS is: 

Number of cycles = Recirculation rate/leak rate = R/I .  

Total number of nodes traversed by a gas molecule before exiting from the 
system is given by: 

Average number of nodes/strinq (N) * R/L 

Therefore the overall conuetsion efficiency, E, I s  given by: 

A typical example I s  Pickecirlg B AGS which is given In Appendilx 7.3.  



Third Inter~t iwral  Cwerence on Sirsurlmion Methods in Nuclear Engineering April 18-20, 1990 Monrreai. Qrrebec 

3.3.4.2 Deuterium Oxidation with  W q e n  

A t  present there are no measured data for nodal sor~version efficiency but 
i t  has been estimated that 95 percent conversion may be adopted for each 
flow cycle of the AGS. This figure I s  probably consecvat.ivt! based on 
oxyqen addition tests aL the stations. It corresponds to a typical nodal 
conversion efficiency of: 

4 .0  PRELIMINARY RESULTS 

4.1 The feed/bleed prgramme has been checked €or consistency by 
runnlng i t  Pot a standard moisture leak case as a specjric 
rolled jo int  with no oxygen addition or deuterium/moisture 
ingress. The dew point response t o  a single moisture leak was 
identical to that for the dew polnt prcqrame which had been 
previously verified. 

4.2 Station data for Pfckeclny R RGS t o  date indicate that the 
presently adopted deuterium ingress rate and nodal conversfon 
efficlency without oxygen addition predict dew point  trending 
which matches measured dew point trends. See Figure 4.  This 
suggests that moisture Ingress is negliqfble in keeping w i l h  the 
fact that the larger D20 molecules are less likely to diSfuse 
into the AGS. 

4 .3  A £&/bleed analysis for Bruce B RGS shows the <;ready state dew 
p i n t  as a function oP Lhe feed/bleed rate. See Figure 6. This 
shows that a slgnf ficant feed/bleed rate is requirsrl klr ensure 
the steady state dew point is low enough for sensitive leak 
detection e.g . ,  t o  achieve -20°C dew point the feed/bleed rate 
I s  43 L/rnin. (STPI. 

4.4 Initial studies of the effect of oxygen addition on leak 
detection rnonltoring have I m n  carried out For the Bruce B AGS 
arrangement. The dew point responses Lor PHT moisture leaks of 
1 gJh and 10 gi'h for  no oxygen addit.iori and no bleed compared 
with oxygen addition and a hlqh bleed rate are shown in 
Figure 5. The results indicate t h a t  the initial dew polnt 
response is marginally increased by oxygen addiEion with no 
bleed compared with no oxygen addition and no bleed. Wen a 
super~mposed bleed rate as high as 161 L/min. (STP) does not 
significantly reduce the i n i t i a l  dew p i n t  rise as dry feed gas 
does not enter the AGS unt$l  the system recycles. Cons~?qur~r~r:Iy 
the high bleed rate does not significantly affect the leak 
detectlon performance. 
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The previously established generic dew point model programme whjch 
predlcts the dew point response of the AGS to a moisture leak has been 
signlflcantly extended to include the dynamics of the  fu l l  chernjstsy of 
the AGS. A preliminary study 01 the impact of feedlbleed operatllon on 
the chemistry of the AGS and in particular dew point shows t h e  following 
main points: 

5 .1  Dew point trends during normal operation have been modelled 
allowing for deuterium diffusion a t  the end Fittings and 
oxidation in the presence of carbon dioxide and show good 
agreement wiLh measured stat ion data, 

5.2 Preliminary results show shaL operating with Eeed/bleed does not 
desensitize the dew point response during an actual moisture 
leak a t  a rolled joint.  This is true for  Ihe Iisst cycle but 
there is a reduction in tespotrsu d l ~ r l n g  succesalve cycles, 
However the dew point response durlng the f i r s t  cycle is the 
most important and consequentIy feed/bleed operation appellrs -:to 
be satisfactory at this stage of the analysis. 
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7.0 APPENDIX 

7.1 Mass and Component Balances for the External Circuit 

The indfvldual flows for each string are combined with the  f inal  node 
concentrations far each component t o  obtain a combinc?rl r:or~centration in 
each case a t  the outlet of the internal circuit as Eollows: 

In the external circuit, flows and concenttations are modiEied 
successively by bleed stream, gas leaks and make up flow as Fnllows: 
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7 .2  Mass and Component BaJances for the Interval Circuit 

The rate equations for the nodes of the internal cfrcuit and the 
componentJmass balance equations of the external circuit form a solution 
matrix. This matrix I s  solved by a subroutine, DVERK, from the LMSt 
library. This is essentially a Runqe-Kulta-Verner f i f t h  or ~ i x t . h  order 
routine. The  entire set of equations I s  solved simultaneously for 
successive time increments. 

DVEHK has four adjusldble parameters to set the time steps and tune the 
final solution, There is a t l m e  s t ep ,  DELT, which controls the f requ~r lcy  
of solving t h e  oaLr l x  of differential equations. The print  time. PRTIME, 
I s  a multiple of DELT a t  which a record oh the output data set Is 
required. The total t l m e  frame, TEND, I s  also defined. The accuracy of 



Third fnterr~arional Conference on Simulation M e t W  in Nuclear Engkering April 18-20,1990 Monhcal.  Quebec 

prediction is controlled by the tolerance, TOL, which sets the l imi t  of  
agreement between fiuc:c:c::;:; lve Iterations. 

7 -3  Converslgr~ Efficiency for Pickerinq 8 AGS (Without 07 Addition) 

8.0 NOHENCLATURE 

1 Fractfon of total gas €Law through an individual string 

C Oxldatjan rate 

H~ Humidity outlet the calandzla sectlon 

m Mass of gas I n  each node 

H Mass flow rake of gas {Internal circuit)  

%as Molecular weight of gas 

w Mass Elm rate of gas {external clscuj t ) 

h 2 0  Molecular weight of D20 

dl Mass rate of deuterium entering any node 

Mi Mass rate of molsturo cr\tecing any node 

t Time 

T Absolute temperature 

PD20 Partial pressure of 020 i n  gas stream 

~ l l  Nodal conoecsion efficiency wit.h COz 

112 Nodal convetsion elficiency with 02 

E Overall steady state  conversion 

ID21 Deuterium concentration 
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1021 Oxygen concentration 

r system4 pressure 

I Node i 
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FIGURE 6 ANALYSIS OF DEW POINT VARIATION WITH TIME 
FOR DIFFERENT BRUCE B AGS SCENARIOS 
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