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Abstract 

CANDU reactors are of t he heavy water moderated, pressure t ube type. The core 

consists of several hundred horizontal fuel channels surrounded by a heavy water 

moderator . Fuel cha.nnels consist of a Zircaloy-2.5%Nb pressure t ube enclosed within 

a Zircaloy-2 ca landria t ube. There is an annulus gas gap between the pressure t ube 

and t he calandria t ube. Under extreme accident conditions such as a crit ical break 

Loss Of Coolant Accident (LOCA), the pressure t ube may deform. If t he fuel channel 

remains pressurized , t he hot pressure tube can balloon into contact wit h t he calandria 

t ube. 

Thermal contact conductance between t he pressure t ube and calandria t ube must 

be understood as it is a key factor in studying fuel channel integrity. Once PT-CT 

contact occurs, heat is t ransferred from the hot pressure t ube to t he relatively cool 

calandria t ube. The heat flux to the calandria t ube is a function of t he temperatures of 

t he two t ubes as well as t he thermal contact conducta.nce between them. For high heat 

flux levels t he calandria t ube temperature can increase enough for film boiling to occur 

on t he outer surface. Film boiling will severely limit heat t ransfer to the moderator 

and cause overheat ing of t he ca landria t ube \\"hich could lead to fuel channel failure. 

It is t herefore important to understand the mechanisms involyed in t hermal contact 

conductance and to study t he t ransient behaviour of contact conductance during a 
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PT-CT contact event. 

This paper presents a new approach to calculat ing t he contact conductance t ran­

sient during the initial contact and post-contact phases of a postulated crit ical break 

loss of coolant accident . The contact pressure at t he interface between the t ubes is 

a crit ical parameter in determining t he t hermal contact conductance. An iterative 

method is used to solve for creep strain in t he pressure t ube and calandria t ube which 

determines t he interfacial pressure. A modern correlation for contact conductance is 

t hen applied. The resul ts show high contact conductance at first contact in t he init ial 

contact phase . This is followed by a rapid decrease in conductance across t he inter­

face . These results are due to t he interfacial pressure being high at ini t ial contact . 

In t he post contact phase, as t he pressure tube t ransfers heat to t he calandria t ube 

and cools down, thermal expansion of calandria t ube and thermal contraction of the 

pressure t ube cause t he conductance to rapidly decrease. 
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Notation and Abbreviations 

A 
Cppt , Cpct 

Dct , Dpt 
E 
J-I 

h, hc, hg 

h~ff 
h~onv 
ks, kg 

1n, 1nl , m2 
I I 

mpt> 1nct 
P. Pg , Ppt . Pext 

I 
qpt 

R, Rc , Rg 

Tpt , T ct 

~)t . T CI 

W 
Y 

Area 
Specific heat of PT and CT 
Inner diameter of PT and CT 
Young's modulus 
Material hardness of t he softer material (i\tIPa) 
T hermal contact conductance; Total, solid contact, gas gap regions 
Effective contact conductance per unit length 
Boiling convective heat transfer coefficient per unit length 
Thermal conductivity of solid material and annulus gas 
R~ IS meA n asperity slope, asperity slope of each surface 
~ lass of PT and CT per unit length 
Pressure: contact , annulus gas, internal PT, external CT 
PT incident heat flux per unit length 
T hermal contact resistance; Total. solid contact , gas ga p regions 
(R = l / h) 
Radius of PT and CT 
Temperature of PT and CT 
Sensit ivity function 
~ lean plane separation 
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O'a,0 ] ,2 

6 
Cpi , Eci 

Ed , Egb 

Cj , c2 

I 
A, Ao 

J-L 
e 
a 

Tpi, Tci 

CANDU 
CHF 

CHTC 
CT 

HTC 
LOCA 

PT 
TCC 

Greek 

Accomodation parameter , coefficients for each surface 
Fluid parameter 
Creep strain rate of PT and CT 
Creep strain rate for dislocation creep and grain boundary regions 
Emissivity of PT and CT surfaces 
Ratio of specific heats for annulus gas 
i\ Iean free path and reference mean free path 
Ratio of molecular weights of two contacting gas/solid 
i\ Iean asperity a.ngle (m = Itan el) 
i\Iean surface roughness 
Azimuthal stress in PT and CT 
Surface roughness of surface 1 and 2 
Stefan-Boltzmann constant 
Thickness of PT and CT 

Abbreviations 

CANada Deuterium Uranium 
Critical Heat Flux 
Contact Heat Transfer Coefficient 
Calandria Tube 
Heat Transfer Coefficient 
Loss Of Coolant Accident 
Pressure Tube 
Thermal Contact Conductance 
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Chapter 1 

Introduction and Problem 

Statement 

T he CANada Deuterium Uranium (CAN DU) nuclear reactor is a pressure t ube-type 

pressurized heavy water reactor. Diagrams of t he heat t ransport system and core 

layout are shown in figures l.1 and l. 2. T he core consists of several hundred horizon­

ta lly oriented fuel channels surrounded by a heavy water moderator and contained in 

a cylindrical calandria vessel. Each fuel channel has a pressure t ube (PT) designed to 

hold both the fuel bundles as well as pressurized heavy water coolant. Pressure tubes 

are made of Zr-2.5 wt% Nb and are enclosed wit hin a Zr-2 calandria t ube (CT) . T here 

is a gap between t he PT and CT which is fi lled wit h a carbon dioxide annulus gas . 

Fuel channel design is mea nt to insulate t he fuel and coolant within t he PT from t he 

CT in order to prevent high heat losses to the moderator during normal operation. 

A fue l channel diagram can be seen in figure l.3 . 

Cnder certa in types of accident condit ions . the moderator may act as a large heat 

sink \yhich enhances passive safety. In t hese sit uations it is desirable to have an 
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Figure 1.1: Generalized CANDU heat t ransport system layout [Source: OPG (2001 )] 
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Figure 1.2: Cut away diagram of CANDU core [Source: Luxat (2009) ] 
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established heat t ransfer pathway from t he fuel to t he moderator in order to limit 

fuel channel temperatures and ult imately preserve fuel channel integrity. One such 

scenario is a Loss Of Coolant Accident (LOCA) where a pipe break in the primary 

side coolant system leads to loss of coolant inventory and possible loss of normal 

cooling of t he fuel. T he worst case is know as a 'crit ical break' LOCA, where the 

postulated break is t he right size as to cause very low coolant flow in some of t he 

channels in t he affected pass . Very low coolant flow leads to rapid overheating of t he 

fuel and pressure t ube assembly . 

1 CtlAHtH. l CLOSURE 
l '£lOfA cou,ur.:G 
) lUn A rUIU 
" E .... O f l TTiNG BOOY 
5 Ct1~Ntl AI'OtlULUS Htllon'S 
6 rU[LLING ld ACHlN ( ·sm£ TU8(Sll[(T 
1 lNO 941ft D SHIHOUlQ BAllS 

.. ' HltlOlNG SLUV( 
, $HIHO "LUG 

10 OUTijOMm [NO Fl l lINGSUEVE 
SEARING AND K>URNAl 

11 SP4ClR SLt[V[ 
II Sf'l!TIINBOAROln.OFI1YING SLEt V(: 

OEMUOOANO.K)URNAl 

D 
J~ 

CHJ\NNt L '~lO"l ING'SIOf 

1) l UO( Sl'AC(R 1, LATC " ASSlM(ll'r 
" PRfSSUA f tvnr XI St liflOf'lUG 
l b Fun BUHDa " lI~j[n TUBC 
1(' CALA.NOR IA TV8( U SHlllDtHG SLEEV[ 
IJ CALANORIA-Sl[)£ lUIlESH Hl 2l POSITIOWNCA SSrMOl.'{ "'O([S 
18 £N09t1LlOLA'"C[ TUur .. 4 PO$1l10N IN(;A SS(MtIL V SIUU 

Figure 1.3: CANDU fuel channel schematic [Source: OPG (2001 )] 

\Vhen PT temperatures rise high enough. t he P T \yill start to deform. If the fue l 

channel is not pressurized. t he PT ,,-i ll sag due to gravity and contact t he bottom of 
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the calandria t ube. If t he fuel channel is still pressurized when it starts to deform , it 

will 'balloon' into contact wit h the CT result ing in a circumferent ial contact around 

the ent ire PT JCT interface. T he latter is the type of deformation studied in this 

report. A diagram of t he two different deformation modes can be seen in figure 1.4. 

It is desirable to have a limited value of Thermal Contact Conductance (TCC) 

between PT and CT. Alt hough an established heat t ransfer pathway is needed to 

ut ilize t he moderator as a heat sink , a large heat flux could cause film boiling, or 

dryout , to occur on t he outside surface of the calandria tube. Dryout occurs when 

the heat flux at a solid-liquid interface exceeds t he Crit ical Heat Flux (CHF). Vapour 

is formed on t he CT outer surface at such a rapid rate t hat t he surrounding liquid 

cannot wet t he surface , causing a degradation of heat transfer. Dryout condit ions 

would severely limit the heat transfer pathway to t he moderator and cause further 

overheating of the fuel channel assembly possibly leading to fuel channel fai lure. 

TCC between pressure t ube and calandria t ube must be understood as it is a key 

factor in studying fuel channel integrity. Common practice when performing accident 

analysis in the past has been to use a constant value of PT-CT TCC as an approxi­

mation. In reality. values change quickly wit h t ime. The purpose of t his investigation 

is to develop a mechanistic model for represent ing t he TCC t ransient between pres­

sure t ube and calandria t ube during a PT ballooning event. The mechanistic model 

,,,as developed and implemented in a ~ IATLAB code utilizing proven equations and 

correlations. 

A t ransient PT-CT contact event has several distinct phases as out lined in table 

1.1. In the pre-contact phase t he pressure t ube heats up and deforms with limited 

heat t ransfer to the calandria tube. Thus. CT temperatures remain close to t he 

5 
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Figure 1.4: Fuel channels \\"i t h normal. sagging and ballooning PTs [Source: Luxat 
(2009)] 
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bulk fluid temperature of t he moderator. T he init ial contact phase includes t he 

instant of contact and ends when the CT starts to deform result ing in decreased 

interfacial pressure. During this phase contact pressure increases very rapidly to a 

value approximately equal to t he PT internal pressure. In t he post-contact phase CT 

thermal expansion begins due to a high initial heat flux to the CT. As CT temperature 

rises causing t hermal creep and expansion in t he CT, t he PT temperat ure drops, 

causing thermal contract ion of the PT. This leads to a drop in contact pressure 

result ing in TCC leveling off to a constant value lower t han t he maximum value in 

t he init ial contact phase . 

Table 1.1: Event sequence and characterist ics 
Phase Characterist ics 

Pre-Contact • PT heatup 
• PT creep stra in/ ballooning 
• Small amount of conduct ion/ radiation t hrough annulus gas 

Ini t ial Contact • Hard contact pressure 
• High TCC/ heat flux 
• PT temp drops rapidly 
• CT temp increases rapidly 
• Boiling heat transfer/ possible dryout on CT external surface 

Post-Contact • PT temp. decreases & levels off 
• CT temp deCl'eases & levels off 
• Contact pressure decreases & levels off 
• TCC decreases & levels off 

\ i\Then two surfaces of differing temperatures come into contact with one another. 

analyzing the heat transfer between them is not as straightfon Yard as it may seem. 

All real surfaces . no matter how they are manufactured. have a microscopically rough 

surface. Surface roughness prevents perfect contact from occulTing \yhen t\yO surfaces 

touch each other. As a result. microscopic contact and gap area. as formed as een 

7 
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in figure 1.5. Heat t ransfer modes are different for solid contact areas and gap areas 

where an interstitial gas may be present . Key parameters that influence conductance 

va.lues include surface roughness and contact pressure. lVlany different models and 

correlations have been developed for both specific and general cases . Chapter two 

contains a review of some of t hese models. 

Figure 1.5: Ud.G. Cooper. 1969) Example diagram of microscopic regions of solid 
contact and gaps in two contacting surfaces 

This report includes a li terature review of relevant material. a chapter on mech-

anist ic model development and an analysis of code results including comparison to 

several sets of data from contact boiling experiments. It is shown t hat t he method 

out lined in t his report is effective in predicting PT-CT contact conductance t ransient 

characteristics for a PT ballooning event. 
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Chapter 2 

Literature Review 

2.1 Existing Thermal Contact Conductance 

Models 

A number of different models for t hermal contact conductance are available in liter­

ature. These models are critically reviewed in the following section. 

2.1.1 Ross and Stoute 

The Ross-Stoute model (Ross and Stoute , 1962) was developed for contact con­

ductance between fuel pellet and sheath. It is one of t he most widely used models 

in nuclear fuel computer codes. T he total conductance is given as t he sum of t he 

conductance across contact point s. he. and t he conductance across t he gas gap. h9 . 

(2.1) 

9 



1I.A.Sc. Thesis - Adam Cziraky J'd cJ\ Iaster - Engineering Physics 

The conductances of t he contact and gap areas are given by t he following relation-

ships: 

\X"l " ') ? 1,1 lere , CJ ' = CJi' + CJ2 

(2 .2) 

(2.3) 

T he solid conductance term is a function of conductivity, surface roughness, surface 

hardness, contact pressure and an empirical constant. In most solid conductance 

equations, the most important factor is t he ratio of t he contact pressure to t he hard-

ness of t he material. T his is because this ratio gives a good indication of the total 

solid contact area. Due to a fairly simple gas ga p conductance term , t he Ross-Stoute 

model is accurate only for high contact pressures such as would occur in a fuel-sheath 

environment, where t he contact pressure is approximately 10 J\ IPa. T he gas gap 

conductance term consists of the interstitial gas thermal conductivity divided by t he 

sum of the effect ive roughness of each material. In this case. the effective roughness 

is used as a measure of t he mean plane separation between the two surfaces. 

2.1.2 Shlykov and Ganin 

The Shlykov-Ganin model (Shlykov and Ganin. 1964) is developed under t he as-

sumption that t he t hermal resistance. bet\yeen t he contact areas and gas gap areas 

can be summed like parallel resistors : 

1 1 1 
-=-+-. 
R Re Rg 

10 
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Note that t hermal conductivity is the inverse of t hermal resistance. This equation 

is t he t he same as equation 2.1. Thermal resistance across the gas ga p is t reated in 

a similar way to t he Ross-Stoute model. It is assumed t hat there is no convection, 

t herefore the conductance t hrough the gap is modeled using the gas conductivity and 

a gas gap thickness estimate based on t he material roughness. 

The contact resistance is developed assllming t hat each contact point has t he same 

area . Increasing t he contact pressure only increases the number of contact points and 

not t he individual contact area . Resistances of each contact site are summed as 

parallel resistances . This gives the relationship: 

(2 .5) 

\iVhere; 

ab, is t he ult imate material strength 

Am. is t he t hermal cond uctance of t he material 

N. is t he normal surface loading 

S, is the nominal contact area 

2.1.3 Cooper et al. 

Cooper. i\ Iikic and Yovanovich perform an analysis of heat t ransfer on t he basis of one 

contact location between two thick materials in a vacuum. The idea is then expanded 

to include the scenario of multiple contact locations which is more applicable to rea l 

"wld problems. Figure 2.1. from :'I.G. Cooper (1969). shows a visualization of the 

one contact point model wit h a corresponding plot of t he temperature profile across 

11 
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the gap . For the 'appropriately' distributed model of multiple contacts outlined, it 

Body I 

T 

FIG 1 Elemenl al flo w channel; derln it lOn of t> ~ 

Figure 2. 1: One contact point in a vacuum 

is assumed that for each contact point t he heat flow takes t he shape of a straight 

cylindrical flow channel. It is also assumed that the temperatures at each contact 

point are the same which is reminiscent of an electrical analogy using parallel resistors. 

The height of t he surface asperities were assumed to have a Gaussian distribution 

\\"hich led to t he following expression: 

I 
[ P] 

0.985 
I e (J 

ks II tan el = H 
(2.6) 

Cooper et al. published a plot of this equation with experimental data as seen III 

figure 2.2 for known values of he and (J determined by a profilometer trace. The 
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predicted values fall approximately 50% above t hat in experimental data. This is an 

acceptable range for most contact conductance models. 

Olr---------------------------__ ~ 
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DI 

Figure 2.2: Contact conductance as a function of pressure in a vacuum 

2.1.4 Mikic 

i\ likic performed an extensive revIew of contact conductance models developed up 

to 1974 wit h a fo cus on surface behavior. Two main modes of interac tion between 

nominally fl at surfaces are presented : plastic deformation and elastic deformat ion. In 

plastic deformation. three models are reviewed: t he geometric model. a model which 

considers plastic flo,," of material and a model ,,"it h correction for elastic displacement . 

The geometric model uses t he simplifying idea of one rough surface interacting ,,"ith 

a flat surface . It is assumed that bringing t he two surfaces together ""it hin a distance 

Y is equivalent to slicing off the top of the asperities at a height Y above t he mean 

plane of interaction . The fraction of area in contact compared to tota l are is given 

13 
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as: 

A = 0.5eT Ie (~) == Q(rJ) (2 .7) 

(2.8) 

,,,There a is the standard deviation of profile height for the rough surface. This leads 

to an approximation for contact conductance due to plastic deformation: 

_ _ k tan e (P) 0.94 
h]1-1. 13 { 

a 1: 
(2 .9) 

This expression does not take into account plastic flow of material. It is noted t hat 

for large contact pressure where t he maximum fraction of contact area that can be 

reached is one half of the total area. This cannot be true as plastic deformation will 

cause a uniform rise over t he entire surface. A modified version of t he above equation 

takes into account plastic relocation of material: 

_} _ k tan e ( P ) 0.9~ 
1p -1. 13 a J-I + P (2.10) 

This modification ,,"ill tend to reduce the contact conductance at large loads while 

approximating the non-plastic flow model. Another correction can be made if we 

take into account elastic displacement of the substrate under the contact points. A 

diagram illustrating this is shO\m in figure 2.3. T his modification has the effect of 

red ucing the contact area as can be seen in figure 2.4. Ao is the contact area from 

plastic deformation alone and A is the contact area using the elastic deformation of 

substra te model. For the case of elastic deformation. contact area can be related to 

the displacement using Hertzian t heory. J\ likic has shown t hat for t he same separation 

1-l 
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FIG. A I . An aspellty in plast;c deformation with eia,tic 
deformation of the subst rate . 

F igure 2.3: Diagram from I\Iikic (1974) illustrating elastic and plastic deformation 

Therm al co ntact conductance 
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FIG. 3 Effect of elastic deformation of sllbstrate 0 11 co ntact parameters. 

F igure 2.<-1 : Diagram from :--likic (1974) illustrating effect of elas tic deformation 

15 



'!\ I. A.Sc. Thesis - Adam Cziraky l\ Icl\ Iaster - Engineering Physics 

between contacting surfaces, the contact area for t he plast ic deformation model will 

equal twice t he contact area of the elastic deformation model. The equation for 

contact conductance using the elastic deformat ion model is: 

-, _ __ktanB pJ2 
l e - 1.00---

( ) 

O.9~ 

a EtanB 
(2 .11 ) 

li'l hen plastic contact pressure and elastic contact pressure are equal it does not imply 

that t he interface pressures are the same, as both are uniquely defined ; 

2.1.5 Ainscough 

P
e 

= V2P 
Etan B 

P 
Pp= -

H 

(2 .12) 

(2 .13) 

T he Ainscough report was prepared under the auspices of t he OECD Nuclear Energy 

Agency and is a review of current fuel cladding gap conductance methods used for 

light water reactors up to 1982 . T he governing equations for heat t ransfer from fuel 

to cladding are given wit h common assumptions used in modeling codes . T he gap 

conductance is broken down in a similar fashion to t hat employed by Ross and Stoute 

except wit h an addit ional term for radiative heat transfer . However , in most cases 

heat transfer by radiation is negligible and only has an effect at high temperatures . 

Ainscough explains t hat most codes make an incorrect assumption in treating the 

gas portion of t he gap as open. Since most L\YR fuel-cladding gaps are very small. a 
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different form of t he equation is required: 

k 
I - g 
19 -

el + elmin + 9 1 + gc 

Where; 

kg , is the thermal conductivity of the gas in the gas gap 

el , is t he open gap width 

elm in , is a term related to the roughness of the surfaces 

(2 .14) 

gl and gc· are temperature jump distance extrapolations which account for dis-

continuit ies in energy exchange between gas and surface 

The solid conductance model presented is of a common form described by Ross 

and Stoute, where the surface roughness parameter is defined by t he root mean square 

roughness of bot h surfaces. An alternate definition by Hobbs, defines the roughness 

parameter as t he square root of t he sum of both roughness values. Figure 2.5 , above , 

illustrates the effect of conduction t hrough t he solid contact point and through the 

gas gap as opposed to just solid conduction alone. The lines in t he diagram are 

isothermal planes emanating from t he contact point. T his emphasizes the fact t hat 

\\'e must understand conduction through the gas gap in conjunction \yi t h solid contact 

cond uctance . 

2.1. 6 Y ovanovich 

By furt her development of the equations by Cooper and i\ Iikic. Yovanovich produces 

the following equations for solid and gas gap conductance (Yovanovich. 1981). One 

of the key aspects of this mo leI is the introduction of a new equation for calculating 
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Figure 2.5: F igure from Ainscough (1982) illustrating effect of gas gap conduction 
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t he heat transfer coefficient t hrough t he gas gap. In Equation 2.16 the gas gap 

conductance is inversely proportional to t he mean plane separation plus other factors 

including accommodation parameter , mean free pat h, and a fluid parameter. 

k m (P) 0.95 
he = 1.25~ H 

[ (
3.13,2P )] 0.547 

Y = 1.184a -In H 

(2 .15 ) 

(2 .1 6) 

(2 .17) 

Equation 2.1 7 for mean plane separation is an a.pproximation for t he inverse error 

function. This is a result of the statistical nature of t he surface asperit ies . As in 

}' I. G. Cooper (1969) it is assumed t hat surface feature values form a Gaussian distri-

but ion. }' Iean plane separation is dependent on P j H ratio as well as surface roughness. 

Equation 2.18 for the mean free path is calculated using a reference mean free path. 

temperature and pressure in conjunction wit h t he pressure and temperature of the 

gas gap. Equation 2.1 9 is t he fluid parameter , which is dependent on the gas gap 

specific heat ratio and Prandtl number. 

( 
2, ) 1 

.'3 = ,+ 1 Pr 

2 - 0'] 2 - 0 '2 
0(1 = --- + ---

0 ] 0'2 
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T he accommodation parameter eta is used to correct for interaction between the 

gas and solid by determining t he kinetic energy exchanges in a collision of a gas 

molecule with t he solid wall. Accommodation coefficients etl and 0:2 are determined 

empirically for different gas/ solid combinations and is sensit ive to the condition of 

the solid surface. In a paper by Bahrami and Yovanovich (1'- 1. Bahrami, 2004a), a 

correlation for the accommodation coefficients is given. 

[ (Ts - To)] ( 1II; ) 2.4J.L { [ (Ts - To )]} 
Q = exp -0.57 To 6.8 + 1II; + (1 + J.L f 1 - exp - 0.57 To 

(2 .21 ) 

'Where To = 273J(, 1II; = lIIg for monatomic gao es and 1II; = 1.411Ig for diatomic and 

polyatomic gases . 

Lemczyk and Yovanovich (1987) compared the preceding methods against data 

and developed an iterative algorithm for contact conductance in compound tubes 

using the above equations. The algorithm involves iterating with a guessed contact 

pressure to calculate contact conductance. The calculated conductance is used to 

determine radial stress in the inner and outer sections of t he compound cylinder. A 

new contact pressure is determined and the procedure is repeated until convergence. 

This work shows t hat the Yovanovich correlations for gap conductance are an im-

provement over older correlations and are va lid for the case of compound cylinders 

such as in pressure tube-calandria tube contact conductance. 
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2.1.7 Bahrami 

J\ 1. Bahrami (2004b) use a scale analysis met hod to predict thermal contact resistance. 

A non-dimensional parameter is introduced to help classify three types of contact re­

sistance. The new parameter is defined as t he ratio of macrothermal to microthermal 

resist ance. The three types of contact resistance are defined as ; conforming rough, 

elastoconstrict ion and t ransit ion region. In the conforming rough region , t he two sur­

faces have relat ively low curvat ure and microthennal resistance is the dominant effect. 

J\ Iicro contacts are treated as pa.rallel resistors. In the elastoconst riction regime, t he 

surfaces are relatively smooth and have a small radius of curvature. T his causes 

macrothennal resistance to be t he dominant effect. 

2.2 Strain in Pressure Tubes and Calandria Tubes 

From t he contact conductance models described in t he previous section, it is a.pparent 

t hat contact pressure is one of t he key variables in determining contact conductance 

between two surfaces . Contact pressure may be determined if we can understand how 

PT and CT \yi ll react to both t he forces act ing on them and high temperature levels. 

2.2.1 Shewfelt Creep Strain Model 

u nderstanding creep strain in zircaloy materials such as pressure t ubes and calandria 

t ubes used in CANDU reactors is difficult at higher temperatures . This is because 

of the phase change which occurs in t he zircaloy lattice . She\delt et a1. developed a 

creep model for the cold-worked Zr-2.5 wt % Nb material used in CANDU pressure 

tubes (R.S." ". Shewfelt. 1984). This ,,·as accomplished by t aking both transverse 
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and longitudinal samples from actual CANDU pressure t ubes and testing them in a 

uniaxial creep apparatus. 

- 9 5.7 X 107 a7;i8ex]) (-29200/~)t) 
E~t = 1. 3 X 1O-() apt ex]) ( - 36600 /~)t) + -[ ------"t '-'-------'-'------c] O;C-.4=2 

1 + 2 X 1010 I tl ex]) (-29200/Tpt ) elt 

(2 .22) 

Equation 2.22 is va lid for a temperature range of 450°C to 850°C. It provides the 

t ransverse creep strain rate as a function of temperature and stress . The fi rst term 

represents power law creep in t he a -phase, which is t he dominant mode up to 500°C . 

The second t erm is due to grain boundary sliding which is t he dominant mode after 

500°C. Above 850°C, different mechanisms of deformation exist due to a mostly (3-

phase structure. T his results in t he need for different a different equation for t he 

higher temperature range. 

In another paper , Shewfelt developed creep strain rate equations for the Zr-2 

material used in calandria t ubes (R.S .' J\T . Shewfelt . 1988) . Equation 2.24 and 2.26 

are t he dislocation and grain boundary sliding creep for Zr-2 calandria t ubes. T he 

total calanclria t ube creep strain rate is t he sum of t hese two creep mechanisms. 

(2 .23) 

(2 .24) 

(2.25) 

(2 .26) 

Luxat (2002) defines an expression for interfacial pressure bet\yeen PT and CT. 
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Contact pressure is a function of PT internal pressure, CT external pressure and a 

pressure redistribut ion factor. The redistribut ion factor , ape , is calculated assuming 

t hat creep rates of t he contacting PT and CT are equal. T herefore it depends on 

t he parameters in the Shewfelt equations, na mely temperature and stress, and is 

evaluated iteratively to obtain equality of t he two strain rates . 

(2 .27) 

2.2.2 Fong and Chow 

Fong and Chow (2002) conducted work wit h t he intent to address t he issue of variabil­

ity in CAN DU pressure t ubes . T his variabili ty in creep can occur because of differ­

ences in chemical composit ion, manufacturing techniques, or microstructure changes 

due to irradiation in the reactor core. In t he paper , creep strain tests similar to 

t hose carried out by Shewfelt , are performed on different pressure t ube specimens. 

T he specimens range from unirradiated 'offcut" samples taken from t he pressure t ube 

ends, to irradiated samples taken from t he in-core port ions of t he same t ubes. Vari­

ations are seen between specimens taken from the 'front-end' and 'back-end' of the 

t ubes . T he contact temperature (temperature at which strain of 18% is reached) 

was observed to be higher in offcut samples taken from t he front-end. T here " 'as 

no observable trend for the difference between irradiated specimens and unirradiated 

specimens, hO" 'ever t he amount of data was limited. 
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2.3 Previous work in PT-CT Contact Conductance 

2.3.1 Mochizuki and Quaiyulll 

I\ Iochizuki and Quaiyum (1994) conducted experiments to determine contact conduc­

tance pressure t ube and calandria t ube materials . Experiments were done for varying 

contact pressure, interstit ial gas pressure, and different type. of art ificial waviness 

machined into t he materials. Result. for clean plates as well as plates covered with 

Fe20 3 'simulated crud ' were compared . It was found t hat t he presence of crud on 

PT walls serves to decrease contact conductance. 

2.3.2 Fan et al. 

I\ Iany contact boiling experiments have been conducted in order to determine fuel 

channel behaviour during a pressure Lube uefonna t ion event. In t hese experiments 

only the heater power and PT and CT temperatures are recorded. Since t he PT-CT 

contact conductance is not directly measured , it must be ext racted from the available 

data . H.Z. Fan (2002) presents a methodology to calculate t he t ransient behaviour 

of PT-CT contact conductance for t hese contact boiling experiments . An empirical 

correlation for contact heat transfer coefficient is given in t he form: 

(2 .28) 

' \There C is a material constant . J( p is a dimensionless pressure facto r and 170 is a 

lumped heat t ransfer coefficient for gas gap and radiation conductance. A model is 

deriyed for use \\'it h a thennalhydraulic computer code. using t he incident heat flux on 
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the inner surface of t he pressure t ube and t he measured calandria tube temperature 

as boundary condit ions. 
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Chapter 3 

Developing a Mechanistic Model 

This chapter will take an III depth look into t he three basic modules required for 

development of a PT / CT thermal contact conductance model. Key parameters and 

behavior of each module will be investigated and assimilated into t he code. 

The three modules are: 

Thermal Contact Conductance 

Creep Strain 

Temperature/ Heat Equations 

Each module has an input and an output directly related to t he other modules. Figure 

3.1 illustrates t he relationship between each module. TCC is dependent on contact 

pressure which is determined from creep strain equations in both t ubes . Creep strain 

is in t urn dependent on the t mperature of each t ube and TCC plays a major role in 

tube temperat ures. 
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Creep Strain 

Figure 3.1: The PT JCT contact conductance circle of dependency 

The main assumptions made are: 

1. Radial creep is uniform in the azimuthal direction 

2. T here is no st.rain in the axial direction 

3. Once initial contact is made PT and CT creep rates are equal 

4. At initial contact, contact pressure increases to its maximum rapidly 

5. Radiation heat transfer between PT and CT is negligible 

3.1 Thermal Contact Conductance Module 

The main function of the TCC module is to receive input from the other modules 

and calculate the contact conductance. The main input is contact pressure obtained 

from the creep strain module although some parameters require temperature input. 

The TCC model developed by Yovanovich (1981) for conforming rough surfaces was 
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selected for the Tee module. It can be seen in section 2.1.6 along with t he equations 

used in the computer code. Selection was based on findings in li terature which demon­

st rate t hat the Yovanovich correlations give accurate results for t he case of concent ric 

cylinders; a similar geometry to PT-CT contact (Lemczyk and Yovanovich, 1987) . 

Also, it was chosen over other models, such as t he Ross-Stoute model because of its 

ability to calculate mean plane separation. This is important because for t he contact 

pressure range in PT-CT contact , solid and gas gap conductivity are of comparable 

magnitude. Models such as Ross-Stoute, which was developed for the fuel-cladding 

interface, only provide an estimate using surface roughness values for gap widt h. This 

is acceptable for some scenarios where t he gas gap conductance is significant ly smaller 

than t he solid conductance. Vl hen the two are comparable however , a more accurate 

value for mean plane separation is needed . 

There are many key parameters which influence t he Yovanovich model for TeC. 

i\ Iost of t hem are relevant to all contact conductance correlations and are discussed 

below. 

The ratio of contact pressure to surface material hardness, P / H , is a key parameter 

for determining solid contact area . This is because t he total solid conductance is 

proport ional to the total area of t he solid contact regions. As inter facial pressure is 

increased , the contacting surfaces get pressed together wit h greater force result ing in 

a higher area of solid contact. 

Surface roughness . (J . is also a key parameter. Finer surface fi nishes (smaller 

surface asperi t ies) . result in higher values of conductance. This is due to roughness 

effects on mean plane separation. \\' hich increases gas gap conductance for a finer 

surface fi nish. Also . . maller roughness values result in t he presence of more contact 
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points which yield a greater solid contact area. 

i\ Iean plane separation , Y , is t he main parameter influencing conduction through 

the gas ga p regions. i\ Iost TCe models assume that the gas gap area is too small for 

convective hea t transfer ; t herefore the gas gap conductance is inversely proportional 

to t he mean plane separation of the two surfaces. 

Acceptable ranges of parameters for the Tee model as given in Lemczyk and 

Yovanovich (1987) are presented in table 3.1. 

Table 3.1: Acceptable Ranges of Parameters 
10- 5 < PI H < 10- 2 

2.34 < Y I (J < 4.26 
0.14p,m < (J < 14J-lm 
9.33/.l.m < (J Im < 40p,m 
0.015 < rn < 0.35 
2 < aa < 420 
1 < (3 < 2 
0.04p,m < Ao < 0.19 p,m 

Figure 3.2 is a plot of Yovanovich correlations for solid conductance and gas gap 

conductance as a function of contact pressure. The gas gap (Equation 2.16) t erm 

applied does not include the fluid , mean free path. and accommodation parameters 

as t hey have dependency on the surface temperatures which will be calculated later . 

As shown in t he plot . t he solid contact conductance has an almost linear relationship 

with respect to contact pressure. The gas gap conductance also increases with contact 

pressure. This is due to a smaller value of mean plane separation at higher contact 

pressures . 
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Figure 3.2: Solid and gas ga p conductance values from Yo\'anovich model as a function 
of contact pressure 
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3.1.1 The Correction Term 

The calculation for mean free path is done using a reference value at a given temper-

ature and pressure. From Equation 2.18 it is seen t hat mean free path is proportional 

to temperature and inversely proportional to pressure. In t he mechanistic model, it 

is assumed t hat the annulus gas pressure remains constant. This is based on t he 

assumption that the gas gap areas formed are not isolated from one another and the 

annulus gas is allowed to expand as temperature rises . The temperature of t he gas in 

t he gas gap will be calculated as t he average of PT and CT temperatures. The new 

equation for mean free path is: 

A = Ao (TPT + TeT ) 
2Tmo 

(3 .1 ) 

For t he carbon dioxide used as the annulus gas t he mean free path is 90nm at a 

reference temperature of 500]( and atmospheric pressure. j\Iean free path is in units 

of length and gives t he (Xa ,e A correction term units of length as well because both 

fluid and accommodation parameters are dimensionless . j\ Iean free path is significant 

in gap conductance because of t he microscopic nature of the problem. \i\Then the 

Knudsen number (ratio of molecular mean free path to some characteristic length) 

approaches unity, it can no longer be assumed that t he annulus gas functions as a 

continuous medium. :\Iolecular interactions \yith t he solid wall are just as likely to 

occur than collisions between molecules . As the mean free pat h gets smaller. t he (Xc/ ) A 

correction term gets smaller as well \\-hich approximates t he macroscopic/ microscopic 

behaviour of the system. 

Because the Knudsen number is small. the accommodation parameter (Equation 
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2.20) is important . The correlation for accommodation coefficient shown in Equation 

2.21 is plotted as a function of surface temperature for t he zircaloy-C0 2 interface 

in Figure 3.3. Values for accomodation coefficient are approximated at 0.85 in SC-

DAP j RELAP5 (1997) . The results presented here give a value of 0.85 at approxi-

mat ely 350 K for t he zircaloy-C0 2 interface . Figure 3.4 shows how t he accommo-

dation parameter acts wit h given accommodation coefficient input by assuming a 

constant ca landria t ube temperature. 

0.95,-----,-----,-----,-----,----,------,------, 

0.9 

0.B5 

O.B 

0.75 

0.7 

0.65 

300 400 500 600 700 BOO 900 1000 
Surface Temperature (K) 

Figure 3.3: Accommodation coefficient for zirca loy-C02 interface as a function of 
surface temperature 

T he fluid pa rameter (Equation 2. 19) conta ins t he Prandt l number. T he P randtl 
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Figure 3.4: Accommodation parameter as a function of PT temperat ure with constant 
CT temperature 
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number gives an indication of which type of heat t ransfer mode is dominant in a fluid. 

The fluid parameter increases as the rat io of t hermal diffusion to viscou. diffusion 

increases . Figure 3.5 shows t he total behaviour of t he correction term as a function of 

pressure t ube temperature assuming a constant calandria tube temperature of 350](. 

The correct ion term is roughly two orders of magnit ude smaller t han the mean plane 

separation, Y , during t he post contact phase. 
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Figure 3.5: Correction term as a function of PT temperature \\'it h constant CT 
temperature 
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3.1. 2 Surface Hardness 

Surface hardness is one component of one of the key parameters ident ified on page 28. 

The surface hardness of materials usually decreases wit h temperature. A correlation 

for t he i\ Ieyer hardness of zircaloy (SCDAP / RELAP5, 1997) is used to approximate 

t he hardness of t he softer surface. 

Hm = exp[26. 034 + T [-2 .6394 x 10- 2 + T(4 .3504 X 10- 5 
- T2 .562 1 x 10-8

)]] (3 .2) 

Where T is in uni ts of Kelvin and i\ Ieyer hardness is in Po, . T he value for i\ Ieyer hard-

ness of t he soft er of t he two contacting materials is used in most contact conductance 

correIa t ions. 

T he Yovanovich model uses contact microhardness for t he P / H parameter. Con-

tact microhardness can be calculated if bulk hardness values , such as i\ Ieyer hRrrln p,ss, 

as well as surface roughness and mean asperity slope are known. An iterative model 

for calculation of contact microhardness is presented in Yovanovich (2006) . Studies 

on t he iterative model by Song and Yovanovich (1988) concluded that t he results 

could be expressed by t he fo llowing equation: 

(3 .3) 

\ iVhere He is t he contact microhardness and c] and C2 are the Vickers correlation 

coefficient and Vickers size index respectively. The Vickers correlation coeffi cient 

can be determined from t he following correlation (Yovanovich. 2006) if C2 and bulk 
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hardness (lVIeyer hardness) values are known: 

0.442Hb 
Cl = ----

C2 + 0.370 
(3.4) 

The Vickers size index, C2 , is given in (Yovanovich , 2006) as -0.267 for Zr- -b. T he 

bulk hardness value, Hb is taken as the i\ Ieyer hardness for t his case. 

3.1.3 Annulus Gas Thermal Conductivity 

Carbon dioxide annulus gas fi lls the gas gap region between t he contacting surfaces. 

Thermal conductivity of t his gas is highly dependent on temperature. A correlation 

shown below for carbon dioxide (SCDAP I RELAP5 , 1997) is applied to calculate 

t hermal conductivity of t he gas . 

(3 .5) 

\ iVhere temperatur is in units of Kelvin and t hermal conductivity is in kW 1m· /( . T he 

temperature of t he gas is approximated as t he average of PT and CT temperatures 

and updated every t ime step . 

3.1.4 Radiation Heat Transfer 

During the development of t he model it was assumed t hat radiation hea.t t ransfer 

between t he two surfaces is negligible. T his assumpt ion was based on a rough cal-

culation for radiation heat transfer. An equation from Incropera and De\Vitt (2002) 
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for long concent ric cylinders was used (Equat ion 3. 6). 

(3.6) 

Assuming that t he radii of t he two t ubes are equal at contact (;; = 1) and solving 

for radiat ive heat t ransfer coefficient per unit area; 

Ql' 
hl' = ------

A(TPT- TcT ) 

a b (T~T + TtT) (TPT + TCT ) 

-.l + 1 -E2 
f 1 E2 

(3.7) 

Assuming surface emissivit ies of 0. 8 and 0.3 for PT and CT respect ively, t he radiative 

heat t ransfer coefficient is 28 HI /m2 
/ J( which is t hree orders of magnitude less t han 

t he expected contact conduct ance. 

Before PT-CT contact is made, t here is st ill a small amount of heat t ransfer to 

t he calandria t ube due to conduction t hrough the carbon dioxide annulus gas . This 

is approximated by t he following equat ion: 

(3.8) 

\ iVhere, r] IS t he separation d istance between t he PT outer surface and CT ll1ner 

surface. 

3.2 Temperature Module 

The t emperat ure/ heat equations module serves to iterat ively compute PT and CT 

temperat ures using a syst em of lumped parameter heat t ransfer equations. T he main 
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input into the temperature module is t he contact conductance which was calculated 

in t he TCC module. In order to understand the heat transfer characteristics of 

the system Figure 3.6 shows t he boundary condi t ions and other variables present . 

Boundary condit ions are the incident heat flux on t he inside of t he pressure t ube as 

Moderator 
(Tm) 

PT -CT Thermal Contact Conductance 
(he) 

~------- Incident Heat Flux on Pressure Tube 
(q 'pt) 

CT-tvloderator HTC 

Figure 3.6 : Heat t ransfer variables for CT in contact \yit h PT 

\yell as t he heat flux to the moderator from t he outside of the calandria t ube. All 

of the parameters seen in F igure 3.6 are included in the following b\-o simultaneo us 
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lumped parameter equations (Luxat , 2002) ; 

(3 .9) 

(3 .10) 

Where; 

(3.11 ) 

3.2.1 NUlnerical Solution for the Temperature Equations 

In order to numerically solve the heat equations in t he temperature module , they 

need to be discret ized . -sing a fully explicit scheme (Patankar, 1980), equations 3.9 

and 3.10 become; 

(3 .12) 

T i T i - 1 

, cL - cl }' (Ti T i ) } , (Ti T) 
m cL cpcL 6 t = 7eJJ pI - cl - LCOIlV cl - 111 (3 .13) 

\i\There the superscripts i and i- I represent t he present and past t imesteps respec-

tively. 

Solving for PT and CT temperatures at t he present t ime step gives: 

(3 .14) 

(3 .15) 
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These equations are solved simultaneously using an it erative method. The solut ion 

is determined to be converged when the difference between t he new calculated value 

and t he previous calculated value is below a certa in limit. The fu lly explicit scheme 

used will generat e reliable results provided t hat t he time step is sufficiently small. A 

timestep size analysis can be found in t he appendix. 

3.3 Creep Strain Module 

The creep strain module calculates PT-CT inter facial pressure from t he Shewfelt 

creep strain equations given in Chapter two . This is accomplished by means of several 

assumpt ions; 

PT radial creep is uniform in the azimuthal direction 

T here is no strain in t he axial direction 

At init ial contact , inter facial pressure increases to a maximum rapidly 

After init ial contact , both PT and CT creep strain rates are equal 

Inputs for the creep strain rate equations are t he t ube temperatures and hoop strain 

va lues . Therefore, to make use of t he Shewfelt equations, values for hoop stress in t he 

t ubes mu, t be known. Hoop stress can be calculated from t he radius and t hickness 

of t he t ube as well as t he forces (pressure) acting on the t ube. 

(3 .1 6) 

(P - Pext)rc/ 
a c/ = ------'-- (3 .17) 
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\~There F pt is t he pressure internal to t he PT and F ext is the pressure external to t he 

CT. 

In t he code, t he force exerted by the fuel bundles on t he PT will not be taken 

into account . Because ballooning deformation is cause by large internal pressures 

when t he fuel channel is highly pressurized, t he weight of the bundles is assumed 

to be significant ly less important t han the internal pressure. In t he case where t he 

PT is depressurized, t he weight of t he fuel bundles will be t he dominant force in PT 

sagging. 

Not every term of t he Shewfelt PT creep equation (Equation 2.22) is significant for 

t his scenario. The a-phase power law term is only significant for lower temperatures 

and higher stresses . \~T ith t he temperatures and stresses encountered for t his specific 

problem, the a -phase term is two to t hree orders of magnit ude smaller t han t he grain 

boundary sliding term. Also , the integral term on t he denominator is not dependent 

on stress and tends to unity for this specific case. i\ Iaking t hese assumptions, the 

expression for PT creep strain rate is just the numerator of the grain boundary sliding 

term; 

(3. 18) 

Assuming an internal pressure of 4 i\ IPa, t he hoop stress on the PT is approximately 

50 i\ IPa using Equation 3.16. For t his value of PT hoop stress t he plot seen in Figure 

3.7 ,,"as generated to shO\y the behaviour of Equation 3.18 . At a temperature of 770 °C 

the grain boundary creep strain rate is 4.6 %/ s while t he alpha creep rate is much 

100\"er at 0.00125 %/ s. 

It should be noted that the pressure tube must undergo a total strain of approx­

imately 16 % before it contacts the calandria tube . As the PT expands its radius is 
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Figure 3.7: PT creep strain rate as a function of temperature \yith internal pressure 
of 4 i\ IPa 
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increasing, but due to conservation of total volume of material, t he thickness of t he 

PT must decrease . T his will cause P T st ress to increase as can be seen from Equation 

3.16 and will have an effect on the tota l creep strain t ransient of t he pressure t ube. 

T herefore we must be able to calculate P T t hickness and radius as a function of hoop 

strain (EO) . If t he t ube has an outer radius, a. and an inner radius, b. t hen; 

7r a- - b- = Canst . (
? ?) (3. 19) 

If wa ll t hickness is T = a - b and mid radius is r = a~b t hen; 

2r + T 2r - T 
a = -2- and, b = -2- (3 .20) 

Substit ut ing back into Equation 3.19; 

( 
2r + T) 2 ( 2r - T) 2 _ C' --- - --- - anst . 

2 2 
(3 .21) 

Expand and simplify to get; 

(3.22) 

sing t he fo llowing equation for a changing radius: 

(3 .23) 
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'vVe can obta in a similar expression for t hickness; 

To 
TL=--

1 + EO 
(3 .24) 

Equations 3.23 and 3.24 are used in the creep strain module to calculate new values 

for radius and t hickness as t he PT experiences ballooning deformation. 

Once PT-CT contact is made, t he calandria t ube creep strain equations from 

Chapter two need to be solved as well. CT stress is calculated based on Equation 

3.1 7. Since CT temperature depends on the heat t ransfer from CT to t he moderator , 

the amount of strain the calandria t ube experiences can vary greatly. F igure 3.8 

shows the dislocation, grain boundary and total creep strain rates for a stress of 

approximately 180 }' IPa which corresponds to a 4 }'IPa contact pressure. For t he 

temperature range shown both modes of deformation are significant . but for higher 

temperatures t he grain boundary term becomes negligible. 

The center of t his mechanistic model relies on solving t his simultaneous system of 

creep strain equations. In order to find a solut ion, it is required to develop some way 

of relating the two sets of creep strain relations for PT and CT. During t he init ial 

contact and post-contact phases , t he two t ubes move together. Therefore we can 

impose t he condit ion: 

(3 .25) 

By applying t his boundary condit ion, we can solve fo r the stress in each t ube and 

consequent ly t he interfacial pressure in bet\\"een t he t ubes . T he structure of t he 

creep strain module is designed to use iterative methods to solve five simultaneous 

equations. A fl O\\" chart is ShO\\"ll in F igure 3.9. In the pre-contact phase. only t he 
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Figure 3.8: CT dislocation, grain boundary and total creep strain rates as a function 
of temperature with inter facial pressure of 4 IvIPa 

45 



l'- I. A.Sc . T hesis - Adam Cziraky l'- Icl'- Iaster - Engineering Physics 

pressure t ube creep strain equation is used to calculate PT ballooning under its own 

internal pressure. Once contact occurs, a contact pressure value, P , as well as a (Ji 

value is guessed. Dislocation creep strain rate. E'(/, is iteratively solved for using t he 

two dependent equations 2.24 and 2.25. The second iterative loop uses t he condition 

imposed in Equation 3.25 and uses it to calculate a new va lue of contact pressure 

from Equation 2.22. Once the difference between t he new calculated contact pressure 

and the previous value of contact pressure is below the convergence criteria, b, t he 

contact pressure solut ion is obtained. 

It should be noted t hat the condit ion imposed in Equation 3.25 is a direct result 

of t he third and fourth assumptions made in the creep strain module. If these two 

assumpt ions are relaxed , in particular t he fourth assumption, just following initial 

contact a t hin layer of the CT inner surface would heat up to a much higher tem­

perature t han t he rest of t he t ube. which could be approximated by ut ilizing a one 

dimensional radial conduct ion model in the temperature module. Since t he majority 

of the CT is at a lower temperature it will not expand immediately. Even further , t he 

surface asperit ies on t he hot inside region of t he CT will defo rm. T hese effects are 

expected to lead to a large but very brief spike in TCC immediately fo llowing initial 

contact. The t ime scale of this t ransient feature is much smaller t han t he time step 

used in the computer model t herefore t he init ial contact assumpt ions are enforced . 

Immediately aft er PT-CT contact is made , t he code solves both She\\-felt creep 

strain rate equations simultaneously. T his results in contact pressure increasing to 

its maximum va lue instantaneously after PT-CT ini t ial contact . An analysis was 

completed to ca lculate an estimate for contact pressure ramp up t ime and t he result ing 

plot can be seen in Figure 3.10. Pressure values \\'ere normalized for t he plot and 
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Figure 3.9: Flow chart illustrating structure of the creep strain module 
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the PT internal pressure was 4 ?\ IPa for the calculation. Just prior to contact, the 

creep strain rate of t he pressure tube is very high (approximately 5 %/ s) . Assuming 

elastic deformation of the calandria tube for t he t ime immediately following PT-CT 

contact , it was determined t hat contact pressure will reach its maximum value within 

a common value of t ime step used in t he code (0.1 s) . By comparing this time to t he 

length of t he entire event , an instantaneous pressure ramp up can be justified as a 

valid assumpt ion. 
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Figure 3. 10: Normalized contact pressure vs t ime for estimated contact pressure 
ramp-up 
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3.4 Code Assembly 

The t hree modules are assembled as shown in the flow chart Figure 3.ll. The con­

ductance module comes first and only calculates TCC if PT-CT contact has OCCUlTed. 

The temperature module comes second and iteratively solves both PT and CT heat 

equations. T he creep strain module comes last and uses the temperatures determined 

in t he t emperature module to solve t he creep strain equations if PT-CT contact has 

OCCUlTed . Otherwise it just determines PT ballooning. Figure 3.9 shows the creep 

strain module in more detail. \i\Then a new value for contact pressure is solved for , t he 

t ime step is incremented and the loop is repeated for the next t ime step . This method 

allows t he prediction of TCC values for t he entire PT-CT contact transient. At t he 

beginning is the input fi le which holds all of t he init ial conditions, and paramters 

which may be changed by t he user. These include surface characteristic values , PT 

internal pressure, PT incident heat flux, CT-moderator heat t ransfer characteristics, 

init ial temperatures. length of transient , and size of t ime step. 
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Figure 3.11: Flow chart illustrat ing overall code structure 
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Chapter 4 

Results and Analysis 

In t his chapter some general results and character istics of code out put is presented . 

Various aspects of t he model out put is interpreted and explained including t he be­

haviour of: T eC, temperature, and creep strain t ransients . A sensit ivity analysis is 

done to determine t he effect of various parameters on TeC t ransient results . Contact 

conductance t ransient dat a is extracted using results from several graphite heater 

contact boiling experiments . Results from t he mechanistic model is t hen compared 

to experimental data . 

4.1 General Code Results and Behaviour 

Two sets of general results from t he m chanistic model using different boundary 

condit ions for CT-moderator heat transfer coefficient are shown in Figures 4.1 and 

4.2. The first case illustrates temperatures and Tee t ransient values for a high yalue 

of h COll t" represent ing no fi lm boiling on t he CT outer surface. T he second case shO\\"s 

results for a low value of h COllt' representing the heat t ransfer that would occur if film 
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boiling did occur on t he CT outer surface. 

Figure 4. 1 represents a case where no film boiling is observed . This is established 

by fixing the pool boiling convective heat t ransfer coefficient between t he calandria 

t ube and the moderator at 50 kW/ m2 ;oC . This fall s within t he expected range for 

natural convection heat t ransfer (Luxat , 2002). The PT incident heat flux boundary 

condition was 25 kW / m . During the heatup phase, t he pressure t ube heats up ap­

proximately linearly. \i\Then contact is made. there is a sharp decrease in temperature 

as heat is t ransferred from PT to moderator via t he calandria tube. CT temperature 

does not rise significant ly because no nucleate boiling or dryout occurs on t he CT 

surface (high h convl t his results in no CT creep strain deformation. PT-CT contact 

conductance is high at init ial contact , (approximately 11 kW/ m2 ;oC) when contact 

pressure is at its highest . T his value quickly decreases as the pressure t ube t em­

perature decreases . T he steady state value settles to approximately 5 kvV/ m2 ;oC . 

\ i\Then CT-moderator heat t ransfer is limited by a small heat t ransfer coefficient, 

as would be t he case in ca landria t ube dryout , CT temperature at contact rises 

to a higher level. Figure 4.2 shO\\'s t he results in which the convective heat transfer 

coefficient was fixed at 1 kW/ m2 ;oC . Incident heat load on t he pressure t ube remains 

at 25 kW / m. The peak and steady state values of contact conductance remain t he 

same as the case \\'ith no fi lm boiling in figure 4.1. but the time to reach steady 

values in t he post-contact phase is considerably longer. Since t he CT experiences 

higher temperatures . it undergoes a small amount of creep at init ial contact. T he 

calandria tube creep results in an ini t ial rapid drop in contact pressure and therefore 

a decrease in conductance followed by a slight recovery as the pressure t ube expands 
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Cont act Conductance and Temperature Transient 
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Figure 4.1: TCC and t emperature transients for high CT-moderator heat flux 

further. 

Figures 4.3 and 4.4 are plots of the transient stress and strain in t he two tubes . 

respectively. These plots are for the case where t he hcollv boundary condition has a 

small value. In the stress plot. PT stress is constant during the majority of t he heat 

up phase . This is because the internal pressure of t he PT remains constant in t he 

model simulat ion. As the PT heats up it starts to creep. A positive creep in t he 

azimuthal direction results in negative radial creep stra in and thinning of the tube 

" 'all \yhich explains the increase in PT stra in just prior to PT-CT contact (Equation 
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Contact Conductance and Temperature Transienl for Reduced CT·Modelalol Convecti on CoefficIent 
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F igure 4.2: TCC and t emperature t ransients for low CT-moderator heat flux 

3.16). Calandria tube stress is zero until PT-CT contact is made. Immediately after 

contact CT stress jumps to a high value because of high init ial contact pressure. 

CT stress t hen decreases with contact pressure. A mirroring effect can be seen in 

PT stress after init ial contact as the contact pressure between PT and CT serve to 

decrease stress in the pressure tube. 

T he creep strain rate of the PT increases fairly rapidly once a certain threshold 

temperature is reached as can be seen in Figure 3.7 and is consistent with the t ransient 

results shown in Figure 4.4 . High PT creep strain rate means rapid ballooning of 
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Transverse Shess of PT and CT During PT Deformation Transient 
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F igure 4.3 : Calculated stress transient for CT and PT 

t he pressure tube into contact with the ca landria tube. Shortly after contact. CT 

temperature increases . High tempera t ure and stress in t he calandria t ube leads to a 

sma ll amount of CT creep. Note t hat the transient stress and strain plots represent 

t he case ,,·here CT-moderator heat t ransfer is limited . For high CT-modera tor heat 

t ransfer. CT creep is negligibly small due to CT temperature remaining low. 

In general. t he shape of the TCC transient is very similar to the inter facial 

pressure t ransient. This is because contact pressure is one of the key parameters 

influencing contact conductance. The main solid conductance equation (Equation 
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Transverse Strain of PT and CT During Contact Transient 
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Figure 4.4: Calculated creep st rain transient for CT and PT 

2. 15) shows an almost linear relationship between contact pressure and solid contact 

heat transfer coefficient. Contact pressure is also t he most important parameter 

\yhich changes dramatically over the course of t he PT-CT contact event . A plot of 

contact pressure wit h respect to t ime would look t he same as a TCC plot but wit h a 

maximum contact pressure peak at approximately t he value PT internal pressure. 
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4 .2 Sensitivity Analysis of Key Parameters 

There are many key parameters which influence the PT-CT thermal contact conduc-

tance transient. Understanding which variables have a significant effect as well as 

t heir overall effect on t he system is important. Some of t he key parameters \-vere 

briefly discussed in section 3.1 and includes surface charact eristics such as roughness 

as well as the ratio of contact pressure to surface hardness. T he goal of this thesis 

is to model a TCe transient , therefore in t his section , a sensitivity analysis will be 

performed for t he parameters of key importance to t he Yovanovich model. 

Sensit ivity analysis is used to propagate uncerta int ies through complex systems, 

where manually doing so could be excessively cumbersome. By using t hese techniques 

a large amount of data can be recovered without performing large amounts of code 

simulations. An example equation used in dynamic sensitivity analysis is: 

x = Xo + ax,6.Y ay (4. 1 ) 

Vlhere the X parameter is a function of some parameter , Y. and Xo is t he value of 

X without any perturbation. If Y is changed by some amount. OY , t hen X is an 

approximation of the resulting output. 

Dynamic sensitivity analysis is a met hod which allows the study of key parameters 

and their effect over an event t ransient . Dynamic sensitivity functions are analytical 

partial derivat ives of t he equations used in modeling t he system. They are eval-

uated using t ransient reference t rajectories for the other variables \yhich have been 

calculated from simulations using the mechanist ic model (Luxat , 2008) . Dynamic sen-

sitiyity functions are derived for surface roughness and the ra t io of contact pressure 
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to surface hardness as seen below. 
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W2 = ahg = ahg ay 
au ayau 

( 4.2) 

W4 = ahg = ahg~ 
a? / H aYa?/ H 

(4 .3) 

T he effect of each variable can easily be seen by plott ing t he sensit ivity functions for 

the variable in question. Figure 4.5 shows the sensit ivity of solid and gas gap con-

ductance to PT-CT mean surface roughness . Init ial contact occurs at 86 s and it can 

be seen t hat roughness holds t he greatest importance to solid contact conductance at 

t he instant of contact and just afterwards . In t he post-contact phase, 1;111 becomes 

less important because a lowering of contact pressure causes the gas gap conductance 

to be t he more dominant effect . The effect of roughness on gas gap conductivity is 

somewhat more significant in the post-contact phase. This is because mean surface 

roughness va lues playa different role in the behaviour of gas ga p conductivity. In-

stead of being used to give an approximation of t he amount of solid contact area, 

roughness is used to give an approximation for mean plane separation so t hat con-

duction t hrough t he gas gap can be estimated. The maximum magnitude of lV2 is 

seen approximately 6 s after initia l contact . This is due to the effect of the mean free 

path and accommodation parameters in t he gas gap conductivity equations. 

Perhaps t he most importa nt term in all of the TCC correlations is the ratio of 

inter facial contact pressure to surface hardness . T he sensit ivity functions TV3 and 

\ II 4 represent t he sensit iYity he and hg to this ratio . In Figure .J .6 they are evaluated 

about reference response trajectories for contact pres. ure as well as the correction 

term 0(/311. in t he case of {{ ' 4. 
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Figm e 4.5: Dynamic sensitivity of solid cont act and gas gap conductancE' . Funct ions 
\VI and \\'2. to mean smface roughness 

T he sensit ivi ty funct ion 1 r 4 is low in the initial cont act phase and increases as 

cont act pressm e decreases in the post-contact phase. The solid contact sensitivitv 

funct ion exhibi ts similar bellc1viom but varies by less overall d ming t he transient. 

T he behaviour of these two terms leads to the inference that t he PI H rat io is lllore 

import ant in the post-cont act phase especiallv for gas gap conductance. It is kno\\'n 

t hat gas gap conductance is the dominant mode of heat transfer fo r the lower contact 

pressm es " 'hich are present in the post-cont act phase. T herefore. the long term heat 

transfer chc1l'acteristics of t he system aftcr cOlltact arc heavily dcpendent on contact 
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Figure 4.6: Dynamic sensitivity of solid contact and gas gap conductance, Functions 
Vl3 and VV 4, to the ratio of contact pressure and surface hardness 

pressure. 

There are many variables which affect the post-cont.act PT-CT interstit.i al pressure 

but. for t.he most part it is determined by the strain of the two tubes in this phase . 

The strain behaviour is in turn influenced by the boundary conditions of PT incident 

heat flux and CT-moderator heat flux. For example, if the incident heat flux on 

the pressure tube from the fuel is high , and CT-moderator heat flux is also high, 

harder contact between PT and CT will result . This is because the calandria tube 

will not significantly deform and since the creep strain rates of the two tubes are 
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equal, contact pressure must be large . If for the high PT incident heat flux condi t ion, 

CT film boiling occurs contact pressure between t he two t ubes will be lower du to 

higher CT creep. Under low PT incident heat flux condit ions, contact pressure will 

tend to stay low in t he post-contact phase and also CT-moderator heat transfer is 

less important . 

4.2.1 Sensitivity of TCC to CT-Moderator HTC 

The CT-moderator heat transfer coefficient plays a major role as a boundary condi-

tion in t he mechanistic model. The effect of CT-moderator heat t ransfer determines 

how much the CT will deform and is t herefore importan t to t he value of PT-CT 

contact pressure and ult imately, fuel channel integrity. Studying the sensit ivity of 

t hermal contact conductance to CT-moderator HTC is a complicated issue because 

Lhe Variables in question span all t hree modules of t he developed mechanistic model. 

The dynamic sensit ivity methodology will be used to propagate this value t hrough 

t he t hree modules . 

In order to propagate uncerta inty in t he convective heat transfer between calandria 

tube and moderator. sensit ivity parameters must be developed spanning all three 

modules of the code. T he sensit ivity parameters are: 

lV6 = ap 1 I" = ah = [ ah
9 ay ahe] 

aT
pt 

7 a p ay a p + a p 

The three sensit ivity parameters are combined to give : 

~ = 11 "5- 11"6·11" 7 
ah~Olll' 
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Figure 4.7: Dynamic sensit ivity of PT-CT thermal contact conductance to CT­
moderator heat transfer coefficient 

By plotting the final sensit ivity parameter (Equation 4.5) about t he reference 

t rajectories for all t he variables present in each module. F igure 4.7 is created. As 

with t he previous sensitivity plots PT-CT contact occurs at approximately 85 s . The 

plot shows a somewhat small dependency of TCC on CT-moderator heat transfer with 

the exception of a large spike from 90 s to 100 s . This peak comes a few seconds after 

the maximum PT-CT heat flux value. which are at init ial contact . CT-moderator 

heat transfer has an large effect in t his specific time range beca use t he ca lanclria 
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t ube has just received a significant amount of t hermal energy. In t his phase , CT 

deformation will depend on how much of t his t hermal energy it is able to t ransfer to 

t he moderator. As discussed on page 60 t he thermal contact conductance transient 

is greatly affected by t he amount of CT deformation in t he init ial contact phase . 

Since it is known t hat t he PT-CT TCC transient is dependent on CT-moderator 

heat t ransfer , a way to model t his port ion of the system must be used . T he correlation 

for pool boiling heat transfer developed by Rohsenow (Carey. 2008) can give an 

approximation for CT-moderator heat transfer: 

q" 

f-i'l h lv 
(4 .6) 

\iVhere, Cs! = 0.013, 5 = 1.0 and r = 0.33 for t he water-zircaloy interface in question. 

T he Rohsenow equation relates heat flux to t he temperature difference between 

liquid and . olid surface . This means that if eit her heat flux or temperature difference 

is known, t he pool boiling convective heat t ransfer coefficient can be calculated as; 

" hi = q ct-mod 

COIlV Tet - Tsat (Pmod ) 
(4 .7) 

utilizing t his method. reasonable values for CT-moderator HTC can be obtained and 

implemented in the model. 
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4.3 The Effect of Surface Roughness and Asperity 

Slope 

In t he Yovanovich T CC equations t here are terms for mean smface roughness and 

mean smface asperity slope. T he surface roughness term is present in both t he solid 

contact and gas gap equations. The asperity slope term is only present in t he solid 

contact equation. If t he ml a ratio changes it can vary t he relative magnit udes of 

the solid and gas gap terms. An analysis was done for several TCC transients using 

different inl a ratios while keeping the peak contact conductance values t he sa.me. For 

a higher value of m i a , conduction t hrough t he gas ga p is lower relative t he t he solid 

contact conductance. This results in a lower value of TCC in t he post-contact phase 

because it is in this region t hat gas ga.p conductance tends to be t he dominant mode 

of TCC. The result ing plot from this analysis can be seen in figm e 4.8. PT internal 

pressure was 3.6 i\ IPa . A new parameter used in evaluating T CC t ransients can be 

defined as t he rat io of peak TCC values to post-contact equi librium values of T CC. 

This will be referred to as t he PI L ratio. Table 4.1 shows t he values of P I L ratio 

wit h varying ml a ratio in t his analysis. This information can prove to be valuable for 

Table 4.1: m) a vs . PI L ratios 
m l a(mm- 1

) PI L 
4.753 1.399 
14.29 1.533 
25 .32 1.720 
33.86 1.904 
40.82 2.083 
46 .73 2.259 
51.72 2.431 
55 .73 2.600 
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Figure 4.8: T CC transient for varymg surface asperity slope to surface roughness 
ra tio 

calibrat ion of the computer model where surface characteristic values are not known. 

This is done by selecting a value of m/ (J which gives a good P / L rat io for one set. of 

experimental data . The same values can then be used for valida tion with another , 

independent data set . 
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4.4 Contact Pressure Results 

In Luxat (2002) an expression for inter facial pressure between PT and CT is given 

(equation 2.27) . T his expression is a function of PT internal pressure, CT exter-

nal pressure and a pressure redistribut ion factor. In figure 4.9 t he results from t he 

equation are plotted against results obtained from a model simulation for a contact 

boiling test. The solid black line represents perfect agreement and t he dotted black 

lines represent an error of ±5 %. T he results show good agreement between predicted 
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Figure 4.9: i\ Iodel prediction for pressure redistribution factor as a function of red is­
tribut ion factor from LtL-xat (2002) 
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values and values given by t he equation , especially in t he region of high pressure re­

distribution factor. For t his example there is a slight over prediction of approximately 

5 % as t he redistribution factor reaches lower values . 

4.5 Treatment of Experimental Data 

A comparison of experimental data to t he mechanistic model presented in t his report 

should be conducted for validation purposes . 1\lany contact boiling experiments have 

been performed by various organizations with the intent of studying fuel channel 

behaviour for a PT-CT contact event . Typically these experiments involve a . ection 

of a CANDU fuel channel submersed in a pool of water . A graphite heater is used 

to provide t he incident hea.t fllDc on t he inside of the pressure t ube. l\1a.ny sets of 

thermocouples are arranged in rings at several axial posit ions along both t he pressure 

tube and the calandria tube . PT thermocouples are welded into place through holes 

drilled in the pressure t ube. Their location is at the middle of t he PT thickness . CT 

t hermocouples are spot welded to the outside of the calandria tube. Various values 

of heater power , moderator subcooling as well as PT internal pressure are used in 

different tests. 

One challenge faced \\'hen studying contact boiling experiments is the extraction 

of PT-CT TCC values . Since only PT and CT temperatures can be recorded. a 

valid method of determining t he contact conductance transient must be developed. 

One type of approach used in t he past \\'as to estimate PT-CT contact heat flux by 

using da ta for heater power in conj unction with hea t removal from the water tank 

(H. Z. Fan. 2002) . This approach just gives an average value of TCC and is not 

sufficient for studying the TCC t ransient at and follO\\'ing the instant of contact. A 
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Figure 4.10: Example cross sect ion of contact boiling experiment apparatus (N eal 
and Fraser , 2003a) 

possible method of TCC extraction involves using the general heat transfer equations 

for PT and CT. Then, the equations can be solved for TCC using t.he transient 

temperatures. 

Equat.ions 3.9 and 3. 10 are rearranged and solved for h~ff to give: 

(4.8) 

Since the PT thermocouples are in the middle of the tube thickness and CT thermo-

couples are positioned on the outside of the t.ube, the effective cont.act conductance 

between the two tubes is: 

I Tpt 1 Tet 

( )

- 1 

h e!! = 7rDet 2kpt + h + k
et 

(4.9) 
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Figure 4.11: Depiction ofthennocouple locations for contact boiling experiment (Neal 
and Fraser , 2003a) 

\I\There h~OIlV is obtained for each experiment using t he Rohsenow correlation shown 

in Equation 4.6 . 

4.5.1 PT Incident Heat Flux Boundary Condition 

Incident heat flux on the inside of t he pressure tube is one of t he boundary condit ions 

used when modeling PT-CT contact. Experiments specify t he linear heater power 

used for each test but t his number is not equivalent to the heat given directly to 

the pressure tube. In order to determine the proper PT incident heat flu x boundary 

condit ion , t he PT heatup rate from the pre-contact phase is used in conjunction 

\\'ith the mass and specific heat of t he pressure tube . PT heatup rates are measured 

and specified for all contact boiling tests . The follO\\'ing equation illustrates t he 

69 



:-LA.Sc. Thesis - Adam Cziraky r..Icf.. Iaster - Engineering Physics 

relationship and can be derived from equation 3.9 by setting the h~ff to zero which 

is a good approximation for t he pre-contact phase. 

(4 .10) 

4.6 Comparison to Contact Boiling Tests 

In this section, a comparison between t he developed model and data from two graphite 

heater contact boiling experiments are made. The first set of contact heat t ransfer 

coefficient data was extracted from temperature data using the method outlined in 

section 4.5 . The temperature data was recorded during the test by thermocouples 

mounted on PT and CT. T he second set of data was taken from a report by H.Z. Fan 

(2004) . CHTC was estimated for several sets of thermocouples. Test condit ions 

are given in table 4.0. Dryout maps for the CT outer surface are shown for each 

test in figures C.2 and C.3. The shaded areas of each map represent areas of oxide 

discolouration which is indicative of dryout. 

Table 4.2 : Experimental condit ions for two contact boiling tests 
Test Name PT Pressure PT Heatup Rate Subcooling Percent CT Dryout 

SUBC5 3.6 JU P a 25 °C 36 °C 6 % 
Q6 4.4 JU Pa 24.6 °C 22 .7 °C 27 % 

4.6.1 Con1parison to Extracted Data 

Experiment SGBC5 features high moderator sub cooling and high PT incident heat 

flux condit ions. T his test \\'as classified as "immediate quench" because film boiling on 

t he CT surface \"as not susta ined for more than 5 seconds and t here \"as no noticeable 
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deformation of t he ca landria tube. T hree sets of CHTC transient data were extracted 

from t hree t hermocouple pairs in one ring of the test apparatus . T hermocouple 

pairs were located on t he top (T C8-T C38) , bottom (TC10-TC42), and side (TC9-

T C40) of t he test section. Table 4.3 shows experimental temperatures and predicted 

temperatures for P T and CT along wit h calculated b oundary condit ion values used 

for CHTC extraction and code simulation. 

The la rge discrepancy between pred icted and experimenta l CT maximum surface 

temperatures can be attributed to local dryout in some regions (approx . 6% of CT 

surface) . No dryout condition was imposed on t he CT outer surface in t he S BC5 

analysis, t herefore t he CT outer temperature remained low . 

Table 4 .3: Experimental data and model predictions for SUBC5 

Experimental Data 
}.Iodel Predictions 

q;Jt hconv PT Contact Temp Max CT Temp 
885-903 °G 351 °G 

80.2 kWlm 797 °G 127 °G 

F igure 4.12 shows t he t hree CHTC data sets along wit h t he model predictions for 

t he test . The t ime. cale is set so t hat init ial contact occurs at t ime zero . It can be seen 

t hat t he top of t he test section experiences contact first . This results in t hermocouple 

pair T C8-T C38 experiencing t he highest va lue of t hermal contact conductance in t he 

init ia l contact phase . Complete circumferent ia l contact of PT and CT is achieved 

wit hin 3 seconds of fi rst contact. ~ Iodel predictions give a peak CHTC value of 

6.2 kWl m2 . °G and an equilibrium value of approximately 1.8 k lV/ m 2 . oG. T his 

shm\"s good agreement \\" it h t he extracted experimenta l data which sho\\-s peak and 

equilibrium values of approximately 6.5 kW 1m2 . °G and 1.5 kW 1m2 . °G respectively. 

F igure 4.13 is a heat flux plot for t he contact t ransient . T he results shm\" a 

t he expected large spike in PT-CT heat fl ux as well at t he CT-l11oderator heat flux 
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Figure 4. 12: Comparison of model predictions to extracted CHTC data from ring 4 
of experiment SUBC5 

transient. Incident heat flux on the inner PT wall remains relat ively constant for 

t he transient duration. This figure illustrates the system reaching equilibrium as all 

t hree heat fluxed reach similar values in the post-contact phase. PT-CT heat flux 

is the amount of heat that is transferred to the calandria t ube during the contact 

event and is the main factor in determining whether fuel channel integri ty will be 

compromised. Although this parameter can spike to a high value at ini t ial contact , it 

is limit.ed in t.he post-contact phase. Although it. is limited by the PT-CT CHTC , it 

is also limited by the temperature difference between PT and CT. This temperat ure 
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difference rapidly decreases after contact is made. 
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Figure 4.13: Calculated heat fluxes for PT -CT contact t ransient test SUBC5 

4.6.2 Comparison to Data from Fan et al. 

The test examined by Fan et al. was classified as experiencing "patchy fi lm boiling" 

on the CT outer surface. The definition for this classification is that 16-50 % of the 

CT surface experiences periods of film boiling. This test features a moderate level of 

subcooling as well as high PT incident heat flux condi tions. It was determined that 

sections of the CT outei' surface were in film boiling for approximately 13 seconds 
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before quench. CHTC data from eight t hermocouple pairs arranged in two rings on 

t he test section are shown in a plot (H. Z. Fan, 2004) . Table 4.4 shown experimen-

ta l temperatures and predicted temperatures for PT and CT along wit h calculated 

boundary condit ion values used in the code simulation. It can be seen in the table 

that CT maximum outer surface temperature predictions are in better agreement for 

t he Q6 case. T his is because of the CT dryout condit ion imposed following init ial 

contact in the model. 

Table 4.4: Experimenta l data and model predictions for Q6 

Experimenta l Data 
i\ Iodel Predictions 

q;Ji hcoilV PT Contact Temp 
815-862 °C 

78 .9 kTV/m 16 kW/ m?· °C 784 °C 

i\ Iax CT Temp 
62 1 °C 
5H oC 

Figure 4.14 shows t he CHTC data along wit h model predictions for the t est (shown 

by t he solid blue line). T he t ime scale is set so t hat init ial contact occurs at t ime zero. 

Init ial contact is defined as t he t ime when PT temperature reaches a maximum and 

begins to decrease as it loses heat to t he calandria t ube. In t he model simulation, a 

dryout condit ion was imposed from init ial contact to 13 seconds after init ial contact . 

T his was achieved by adjusting t he CT-moderator heat t ransfer coefficient for t he 

dryout period. T he value was decreased to one consistent wit h film boiling heat 

transfer. The t hermocouple pair most affected by dryout was at location 2-90 as 

seen in the plot . i\ Iodel predictions give a peak CHTC value of 7.6 kW/ m2 . °C and 

an equilibrium va lue of 2. 1 lJ V/ m 2 . oC. Experimental values are approximately 7.5 

lJ V/ m2 
. °C and 1.2 kll "jm 2 

. °C respectively. T he equilibrium prediction value is 

approximately t\yice that of experimental results . 
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There are several regions of interest in figure 4. 14 which are labeled in the plot 

and will be discussed here: 

Region A shows the peak TCC values observed in both in t he experiment and 

model. This is t he port ion of the PT which made fir. t contact with t he CT (location 

2-90) . The model prediction reaches a maximum approximately one second before the 

experimental results . This can be attributed to both the assumpt ion of rapid interfa­

cial pressure increase as well as t he lumped parameter model used in t he temperature 

module. Because in t he experimental scenario the interfacial pressure does not reach 

a maximum instantaneously as in the computer model, peak T CC values are slightly 

delayed. Also, if the temperature module included a radial conduction term, it would 

better account for t he temperature distribut ion in the CT. This would result in the 

bulk CT temperature remaining lower for a slight ly longer period of time. 

T he two regions denoted by t he letter B show discontinuit ies in t he model predic­

tions. This is a result of a dryout condit ion being imposed on the outer CT surface 

in t he model. This is accomplished by reducing t he CT-moderator HTC which comes 

into affect when t he CT outer surface exceeds a t hreshold temperature. In order 

to agree wit h t he experimental results from Q6 . dryout ends after approximately 13 

seconds, which accounts for t he second discontinuity in model predictions. Before the 

dryout condit ion is imposed. the model prediction appears to start to reach an equi­

librium value at 6.5 kW/ m2 .0C' . ' Vhen dryout occurs. the CT temperature increases 

significant ly and results in high CT creep. T his serve to decrease the value of TCC. 

Region C shows one thermocouple location (2-180) \\"hich appears to have an os­

cillating Tee value. This location reaches a maximum Tee value at initial contact 

similar to all other locations but exhibi t. several other local maxima in t he plot . One 

76 



iVI. A.Sc. Thesis - Adam Cziraky i\ IcMaster - Engineering Physics 

possible explanation for t he oscillations is t hat t his region might be experiencing in­

termittent dryout. During periods of CT dryout t he contact pressure (and likewise 

HTC) will decrease as t he CT temperature increases . After quenching, CT tempera­

t ure will drop and contact pressure will increase . T his type of intermittent dryout is 

expected to produce results similar to t hat in region C. 

The main reason t hat peak CHTC va lues are higher for experiment Q6 is t hat t his 

test features a higher PT internal pressure. Since harder contact pressure produces a 

higher value of t hermal contact conductance , it is t he primary limiting fact or for peak 

CHTC values. It should also be noted t hat at high P T internal pressures, t he PT will 

balloon into contact more rapidly. T his provides less t ime for PT heatup and results 

in tests with a higher PT internal pressure having lower P T contact temperatures. 

Lower P T contact temperatures lead to a lower PT-CT temperature difference at 

init ial contact and a low contact heat flux . 

4.6.3 Discussion of Results 

For both of t he experiments presented in the previous sections t he predictions of t he 

mechanistic model are in good agreement and genera lly reproduce similar va lues for 

t he CHTC maximum and equilibrium states . It can be seen that t he model predic­

t ions align wit h t he highest value for TCC when data from mult iple t hermocouple 

pairs is shown. T his is because in experimental results the port ion of t he test section 

t hat undergoes P T-CT contact first generally experiences t he highest value of t hermal 

contact conductance . In t he mechanistic model developed here, it is assumed t hat 

creep strain is uniform in t he radial direction. T herefore contact occurs simultane­

ously t hroughout t he circumference of t he P T-CT interface which produces CHTC 
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values generally higher t han at the majority of locations in a real life PT-CT contact 

event. 

It is also observed that PT contact temperature and CT maximum temperature 

are under predicted by the model. l\ Iaximum CT temperature va lues are taken from 

thermocouple data for a specific, localized area on t he outside of t he calandria t ube. 

This means that recorded values are subj ect to variation from t he average CT temper­

ature because of local conditions that may be present such as CT dryout. Since the 

computer model is a uniform approximation, it was calibrated to align with the point 

on t he t est sect ion exhibi t ing the highest value of contact HTC. T his corresponds to 

the portion of t he PT which makes contact with t he CT first. 

Incident heat flux on the pressure tube plays an important role in t he CHTC 

transient. The P / L ratio (discussed in section 4.3) will decrease for increasing PT 

incident heat flux. As t he system attempts to reach an equilibrium state in t he post­

contact phase . higher PT incident heat flux causes harder contact pressure between 

PT and CT. This raises t he t hermal contact conductance equilibrium value. A sen­

sit ivity analysis of incident heat flux was not conducted because it is not one of t he 

key parameters for TCC identified on page 28. 

Calandria t ube-moderator heat transfer for the two experiments shown was deter­

mined by using the Rohsenow correlation (equation 4.6) for pool boiling. The result ­

ing CT-l110clerator heat transfer coefficient for test Q6 is lower t han test SUBC5 . This 

is due to a 10\yer subcooling in Q6 and is most likely t he reason t his test experienced 

significantly higher levels of CT dryout . 
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Table 4.5: Property values used for model predictions 
Property Value 

RMS surface roughness ((J") 11 J.bm 
R1IS surface asperity slope (m) 0.12 
PT t hermal conductivity (kpt ) 18 HI/ m ·l( 
CT thermal conductivity (kct ) 13.7W/m· l( 

PT specific heat (Cppt ) 350 J / kg·f{ 
CT specific heat (Cpct ) 290 J / kg·!( 
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Chapter 5 

Conclusions and Recommendations 

A computer model has been developed which simulates the event of a pressure tube 

heating up and ballooning into contact wit h t he calandria t ube in a CANDU reac­

tor. The mechanistic model was developed using proven equations and correlations 

to describe the three distinct phases in such a postulated event. Results demonstrate 

transient contact conductance values t hat a.re consistent with data taken from contact 

boiling experiments. During such a transient , high va lues of PT-CT contact conduc­

tance are not sustained for extended periods of t ime. T his is due to fa ctors such as 

contact pressure, which may be high during t he initial contact phase but limits t he 

equilibrium value of TCC in t he post-contact phase. 

Predicted values from t he model bound experimental da ta in both test. This 

demonstrates a significant level of conservatism which is often required in safety 

analysis. Peak CHTC values differ by a maximum of 5% and equilibrium values 

by a maximum factor of 2. Therefore , t he model predicts maximum CHTC va lues 

fairly accurately and exhibi ts a certain degree of conservatism as t he system reaches 

equi librium. 
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The sensit ivity analysis conducted demonstrates t hat t he effect of surface rough­

ness on solid and gas gap conductivity is at a maximum in the init ial contact phase . 

Roughness sensitivity rapidly decreases for solid contact in t he post contact phase 

but still remains significant for gas gap conductivity. Sensitivity to contact pressure 

however , has a larger magnitude in t he post contact phase especially wit h respect to 

gas gap conductivity. This is most likely because gas gap conduction is t h dominant 

mode in t he post contact phase . These results illustrate the importance of under­

standing surface characteristics especially after contact has been made. Sensit ivity 

of TCC to t he CT-moderator HTC is seen to have a maximum in t he init ial contact 

phase and then decr ases significantly in t he post contact phase. This most likely 

occurs due to much lower heat flux incident on the CT in t he post contact phase . 

This work may be extended by a more detailed study of PT and CT surface 

characteristics and t heir specific behaviour during a contact event. Propert ies such 

as surface roughness and hardness should be examined for varying temperature and 

contact pressure. This CAN DU specific information would greatly help contact con­

ductance predictions. Specifically, in future contact boiling experiments profilometer 

traces of PT inner and CT outer surfaces should be performed both before and after 

testing. 

Also. t he development of a full one dimensional model would be beneficial for 

prediction of various effects \\-hich arise from the case where PT-CT contact occurs at 

one location prior to full circumferential contact. The first location to make contact 

creates a rapid heat redistribut ion and has a . ignificant effect on subsequent contact 

occurring at different locations . Such a mod I could also account for the effects of 

gravity and ho\\· they influence forces on the pressure t ube. Incorporating radial 
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t emperat ure equations into t he one dimensional model would allow the prediction 

of t emperature distributions in both t he pressure and calandria t ube which would 

greatly improve model results . 
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Appendix A 

Time Step Analysis 

\ i\Then using an explicit discretization scheme, it is important to use a small enough 

t ime step. Time steps which are too large can yield unrealistic results (Patankar , 

1980). The following presents an analysis t hat justifies t he time step of 0.1 seconds 

used in computer simulations. F igure A.1 shows several CHTC t ransients obtained 

by simulations with different t ime step values . It can be seen t hat at larger time 

steps t he t ransient curve is shifted due to t he inaccuracy in t he explicit discretization 

scheme. There is a large difference in t he calculated transient between time steps of 5 

seconds and 0.1 seconds. The difference however , is notably small between t ime steps 

0.1 seconds and 0.01 seconds. This leads to t he conclusion that a t ime step smaller 

than 0.1 seconds is unnecessary and results in a needless increase in computational 

intensity. Another observation t hat can be made is that t he code results are generally 

very stable. Even though inaccuracies arise from too large a time step , t he CHTC 

t ransient retains its general characteristics. 
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Figure A. l: Comparison of CHTC transients obtained from model using different 
time steps 

88 



Appendix B 

TCC Model Development 

B.1 Solid Conductance 

This section presents more det ailed information about the derivation of t he Yovanovich 

thermal contact conductance model. The model is developed by assuming a Gaus-

sian distribut ion for surface asperity height . The fraction of t he surface actually in 

contact, A, .. over the total apparent contact area of t he two surfaces . Aa , can be 

estimated by t he compliment ary error function: 

eT'fc(x) = 1 - er f (x) = - e- t- elt 2 j'oo ? 

fix 
(B.1) 

If x = );a ' t hen the complimentary error function represents t he probabili ty t hat a 

measurement lies outside ± Y in a Gaussian distribut ion wit h standard deyiation a . 

This can be applied to determine actual contact area where Y represents mean plane 

separation of the two surfaces and a represents surface roughness . From (Yovanovich. 
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1981); 

P A,. ? 1 ( Y ) 
H = Aa = C = 2er j c V2a (B. 2) 

T he contact pressure to hardness ratio is considered to be a direct representation of 

t he rat io of actual to apparent contact area . Equat ion B.2 gives a needed relat ionship 

between x and P / H . T he t hermal resistance due to const riction at a single contact 

spot , i, is; 

(B.3) 

\ iVhere o, i is t he cont act spot radius and 'lj;ci is t he contact spot constriction paramet er . 

For mult iple contact spots in parallel; 

N N 
~ = ~_1 = 2k ~~ 
R ~ R · s ~ ol'i 

c i= 1 Cl i=1 'Pc 

(B.4) 

Convert ing to cont act conductance; 

N 

I 
_ 2ks ~ o,i 

1, - -~-

C Aa i= 1 'lj;ci 
(B.5) 

Yovanovich (1981) defines a contact conductance parameter derived from a geometric 

analysis; 
N 
~ 0, ; 1 m .) 
~ - = ---exp( -x-) 
;=1 Aa 4v'27T a 

Equations B.2, B.5 and B.6 can be combined to yield ; 

m exp( -x2 ) 

2v'27T (1 - E)15 

90 

(B.6) 

(B. 7) 
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\ iVhere x = erfc- 1 (2P/ H) and E = JP/ H. The fina l expression for solid contact 

conductance shown in equation 2. 15 is given as a correlational approximation to 

equation B.7. It should be noted t hat t his result is very close to equation 2.6 developed 

by I\ I. G. Cooper (1969) . T his equation was obtained by developing a dimensionless 

form of contact conductance and comparing it to experimental data as a function of 

contact pressure to hardness ratio (figure 2.2) . 

B.2 Gas Gap Conductance 

T he Yovanovich gas gap term, like most TeC models is based on conduction t hrough 

t he gas. Thermal conductivity of t he gas is the most important parameter. The 

Yovanovich model makes innovations in t he correction term as well as t he expression 

for mean plane separation. T he correction term is developed as a way to approxi­

ma te t he j um p distances normally used for gap conductance (Ainscough, 1982). The 

expression for mean plane separation (equation 2. 17) comes from a correlat ion which 

approximates equation B.2. 
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Appendix C 

Contact Boiling Test Dryout Maps 

The following are dryout maps of the CT outer surface from each of the two contact 

boiling tests used in section 4.6. The coloured areas represent areas locations where 

fi lm boiling occured during t he test. Thermocouple locations are marked and t he 

t hermocouples used for comparison purposes are indicat ed. 
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Appendix D 

MATLAB code 

The following is t he main MATLAB code used to simulate t he PT-CT contact t ran­

sient. The main script is where t he code is run from and calls all other scripts. 

%%%Main Program%%% 

clear 

%reads input values 

i npu t 

%main loop 

for t=6T:6T : ttrans 

for i=1 : 3 

%calculate contact conductance 

Conductance 

if contactflag==O 

marker=step; 

end 

%introduces dryout at initial concacc 

%by changine CT~od HTC 
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if contactflag==l 

%hconv=lOOO ; 

hconvl=2*pi *rct *hconv ; 

end 

%determines how many timesteps dryout occurs for 

if step- marker 2130 

end 

hconv=26000; 

hconvl=2 *pi *rct *hconv ; 

if step> l 

end 

%iteratively solve for PT and CT temperatures 

TempSolve 

%gas conductivity correlation 

kg=(9 . 460*lOA-6)*((PTtemp (step)+CTtemp(step))/2) A1 . 312 ; 

%hardness correlation 

Hard=[exp(26 . 03 4+PTtemp(step)*( - O.026394+PTtemp(step) 

* (O . 000043504-PTtemp(step)*(O . 000000025621))) ) ] /(lOA 6 ) ; 

%tracking variables for gas conductivity and hardness 

kgtrack(step)=kg ; 

Hardtrack (s tep)=Hard ; 

%iteratively solve for contact pressure 

Strain 

%determines contact microhardness 

if contactflag== l 

contacthard2 

e nd 

%calculate heat fluxes 

%CT mod heat flux 
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qmod(step)=hconv*(CTtemp(step)-Tl) ; 

%CT PT heat flux 

l\Ic~Iaster - Engineering Physics 

qjoint(step)=HTC(step)*(PTtemp(step) - CTtemp(step)) ; 

%PTincident heat flux 

qptinc(step)=qpt/(2*pi*(rpt- O. 5*tpt)) ; 

end 

%change the thickness and radius of tubes as they deform 

rpt=rpto*(l+PTstrain(step)) ; 

tpt=tpto / (l+PTstrain(step)) ; 

rct=rcto*(l+CTstrain(step)) ; 

tct=tcto/(l+CTstrain(step)) ; 

%increment scep counter 

step=step+l 

end 

%plot results 

subplot(2 , 2,1) 

plot (time , Pitrans) 

subplot(2 , 2 , 2) 

plot(time,HTC) 

subplot(2 , 2 , 3) 

plot (t i me , PTtemp ,time,CTtemp) 

T he input file contains initial conditions and variable values necessary at t he start of 

the simulation. 

%%%input file/initial conditions%%% 

%Cl111e of l ransient [sl 
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ttrans=lOO ; 

%timestep si::e [s] 

l'>T=O.l ; 

%number of timesteps 

n=ttrans/l'>T ; 

%calculate timescale 

for i=l:n+l 

time (i) =i*l'>T-l'>T; 

end 

%pressure tube internal pressure [MPa) 

Ppt=4 ; 

%calandria tube external pressure [MPa] 

Pext=O.l ; 

%PT and CT thicknesses [m) 

tpto=0 . 00424 ; 

tpt=tpto; 

tcto=0.0014 ; 

tct=tcto ; 

%PT and CT radius [m] 

rpto=0 . 05169+0.5*tpt; 

rpt=rpto ; 

rcto=0 . 064345; 

rct=rcto; 

%heat flux to PT [W/m) 

%qpt=25000; 

%for heatup rate of 10 . 5 

%qpt=33800; 

%for heatup rate of 14 

%qpt=46000; 
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%for heatup rate of 24 . 6 

qp t =78900 ; 

%for heatup rate of 23 . 4 

%qpt=75200 ; 

%for heatuprate of 25 

%qpt=80185 ; 

%for heatuprate of 26 

%qpt=83392 ; 

%mass of PT and CT per unit length [kg/m] 

mpt=9 . 164 ; 

mc =2 ; 

%specific heat of PT and CT [J/kg/K] 

Cppt= 350 ; 

Cp c=290 ; 

%thermal conductivity of PT and CT [W/m/K] 

kp=l8 ; 

kC =13 . 7 ; 

%thermal conductivity of co2 gas [W/m/K] 

kg =O. 03 ; 

:\Ic:\Iaster - Engineering Physics 

%effective surface roughness of zircaloy PT/CT [m] 

rough= lh lO~ - 6 ; 

%mean surface asperity slope 

m=O . 12 ; 

%meyer hardness of =ircaloy [MPa] 

Hard =lOOO ; 

%heat transfer coefficient between CT and moderator [W/m-2 K] 

hconv=26000 ; 
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%calculate linear heat cransfer coefficient between CT and moderator 

hconvl =2 *pi*rct*hconv ; 

%temperature of moderator [K] 

Tl=350 ; 

%shewfelt correlation constants 

A=5 . 7*1 0 A 7 ; 

B=-29200 ; 

C=140 ; 

0=-19000 ; 

E=22000 ; 

F= - 34500 ; 

G=llO ; 

H=-3 . 5 * 10~10 ; 

%initial PT and CT temperatures [K] 

Tpo=350 ; 

Tco=350 ; 

%initial HTC 

HTC=zeros(1 , n+1) ; 

%create PT anc CT tempelature array 

PTtemp=zeros (1,n+1 ) ; 

CTtemp=zeros(1 , n+1 ) ; 

%input inicial temperatures 

PTtemp(l)=Tpo ; 

99 



i\ I.A.Sc. Thesis - Adam Cziraky 

CTtemp (1) =Tco; 

%initialize creep integral for CT 

1(1:n)=O ; 

%start at step 1 

step=l ; 

%initialize contact pressure as 0 

Pi=O ; 

Pitrans=zeros(l,n+l) ; 

%initial PT strain is 0 

PTcreep=O; 

%initial CT strain is 0 

CTstra i n=zeros(n+l,l) ; 

i\ Ici\ Iaster - Engineering Physics 

%initialize contact flag (no contact initially) 

contactflag=zeros(l , n+l) ; 

%initialize film boiling flag 

FBflag=O; 

%molecular mass of C02 and zirc 

Mg=44 ; 

Ms=92 ; 

mu=Mg/Ms ; 

To=273 ; % [K] 

[kg/kmol] 
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The conductance script is called from t he main file and solves for contact conductance 

using correlations. 

%%%Yovanovich Contact Conductance calculation 

%approximation for prandtl number 

Pr=0 . 03612/kg ; 

%fluid parameter 

beta=l . l/Pr; 

%calculate mean free path 

mfp= (O .09*10~-6 ) * ( (PTtemp(step )+CTtemp (step ) )/2)/500 ; 

%calculate thermal accomodation coefficients 

alphal=exp (-0 . 57*( (PTtemp (step)-To) / To )) * ( l.4*Mg/(6 . 8+1.4 *Mg )) ... 

+(2 . 4*mu /( l+mu ) ~2 ) * ( l - exp (-0 . 57 * (( PTtemp ( step ) -To )/ To ))) ; 

alpha2=exp(-O .5 7*( (CTtemp (step)-To )/To) ) *(l.4*Mg/(6 . 8+1 . 4 *Mg )) ... 

+(2 . 4*mu /( l+mu ) ~2 ) * ( l -exp (-0 .57* (( CTtemp ( step) -To )/To ))) ; 

accom= (( 2- alphal )/alphal )+(( 2- alpha2 )/alpha2) ; 

%combine PT and CT thermal conductivities 

ks =2*kp*kc/(kp+kc) ; 

%calculate solid contact portion of contact conductance 

hc (step )=1 .25*[ks*m/rough]*[Pi /Hard]~ 0.95 ; 

%calculate gap width if contact has not been made yet 

if contactflag== O 

gap=rct-(rpt+0 . 5*tpt) ; 

Y=abs (gap) ; 

%calculate mean plane separation after first contact using Yovanovich 

elseif contactflag==l 

Y=1 . 184 *rough*[ - log(3 . 132*Pi /Ha rd )] ~0 . 547 ; 
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end 

%sets flag for PT/CT contact if contact has been made 

if gap s O 

end 

if contactflag==O ; 

epsiloncrit=PTcreep ; 

end 

contactflag=l ; 

%save mean plane separation values 

Yhist(step)=Y ; 

%calculate gas gap portion of contact conductance if contact has been rna e 

if contactflag==l 

hg(step) =kg/(Y+beta*mfp*accom) ; 

%calculate gas gap portion of contact conductance 

%if contact has not been made 

else 

hg (step) =kg / Y; 

end 

%calculate total gap conductance as sum of solid and gas gap conductance 

HTC(step+l)=hc(step ) +hg(step ) ; 

%calculate effective linear contact conductance 

heffl(step ) =2*pi *rct*[[tpt /( 2*kp)+1 / HTC(step+l)+tct / kcJA - 1J ; 

T he temperat ure solving script solves the lumped parameter heat equat ions for PT 

and CT to determine t he temperatures in each t ube. 

%%%Solver for Temperature in PT anc CT%%% 

%set loop councer to zero 

counter= O; 
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%TempSolve loop 

while 1==1 

end 

%increment counter 

counter=counter+1; 

%equations for temperature 

PTtemp(step) = [6T * [qpt+heffl(step)*CTtemp(step)) 

+mpt*Cppt *PTtemp(step-1))/[mpt*Cppt+6T*heffl(step)) ; 

CTtemp(step) = [mc*Cpc *CTtemp(step-1)+6T*heffl (step) *PTt emp(step) ... 

+6T*hconvl*Tl)/[mc *Cpc+6T*heffl(step)+6T*hconvl) ; 

%save results 

PThist (counter ) =PTtemp(step) ; 

CThist(counter)=CTtemp(step ) ; 

%check for convergence 

if counter>l 

end 

if [PThist(counter)-PThist(counter-1))<O . OOl 

end 

if [CThist(counter) - CThist(counter-1) ) <O.OO l 

%clear PThist CThist 

break 

end 

The strain script solves t he Shewfelt equations for PT and CT simultaneously in order 

to determine contact pressure. 

%%%This script uses Shewfelt correlations to determine PT/CT contact%%% 

%%%pressure%%% 

%if contact has not yet been escablished calculate PT creep to determine 
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%when contact is made 

i f contactflag< l 

PTstress (step ) =Ppt *rpt/tpt ; 

%calcualte PT creep strain rate 

PTcsr(step)=(5.7*10~7 ) *(PTstress(step)~1 . 8 ) *exp (- 29200/PTtemp(step) ) ; 

%calculte total PT strain 

if step :s 1 

PTstrain(step)=~T* PTcsr(step) ; 

e l seiE step> l 

PTstrain(step)=PTstrain(step-1)+ (~T * ( PTcsr(step- 1) . 

+PTcsr(step)) / 2 ) ; 

e nd 

PTcreep=PTstrain(step ) ; 

%if contact has been established calculate contact pressure 

e l seif contactflag==l 

%initialize contact pressure guess 

Pi =l ; 

%initialize istress guess for CT 

istress(step ) =l ; 

%main contact pressure loop 

whi l e 1==1 

i E CTtemp(step) :sTI 

CTstress(step)=O; 

else 

%calculate CT stress from guessed Pi 

CTstress (step ) =abs ( (Pi- Pext) *rct/tc t ) ; 

end 

%internal alpha phase stress in CT loop 

while 1==1 

104 



~ I.A . Sc. Thesis - Adam Cziraky ~ Id laster - Engineering Physics 

end 

%calculate CT dislocation creep 

dcreep(step)=E * ((CTstress(step)-istress(step))-S.l) . .. 

*exp(F/CTtemp(step)) ; 

%calculate integral function 

f (step)=G*dcreep(step)+H*(istress(step)-1.8) ... 

*exp(F/CTtemp(step)) ; 

if steps; l 

else 

end 

%set integral to zero for first timestep 

I(step)=O ; 

%calculate integral value for remaining timesteps 

I(step )=I(step- 1 )+(~T/2) * (f(step )+ f(step- 1 )) ; 

%calculate new alpha phase stress 

newistress(step )= 1 . 4+I(step) ; 

isresidual=abs(newistress(step)-istress(step)) ; 

if isresidual<O . OOl 

break 

e nd 

%calculate new value for alpha stress 

istress(step)=O . 99*istress(step)+O . Ol *newistress (step) ; 

% calculate grain boundary creep in CT 

gbcreep(step)=C*(CTstress(step)-1.3)*exp(D/CTtemp(step)) ; 

% calculate PT stress from guessed values of gbcreep etc . . . 

PTstress(step)=abs( [(gbcreep(step)+dcreep(step)) 

/(A*exp (B/ PTtemp (step ) )) ] -(1 /1 . 8)) ; 

% calculate new Pi 

Pinew=-(PTstress(step) *tpt / rpt ) +Ppt ; 
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end 

end 

%calculate residuals 

residual=Pinew-Pi ; 

%exit if residual is less than ... 

if abs(residual) ~ O.OOOOl 

end 

Pitrans(step)=Pi ; 

%calculate total creep strain of PT 

PTcsr(step)=(5.7*lO~7)*( (Ppt-Pi)*rpt/tpt~1.8) ... 

*exp(-29200/PTtemp(step)) ; 

PTstrain(step)=PTstrain(step- l)+(~T. 

* (PTcsr (step-l)+PTcsr(step) )/2) ; 

CTstrain(step)=CTstrain(step-l)+~T . . . 

* (gbcreep(step)+dcreep(step)) ; 

break 

%calculate new interfacial pressure with extreme relaxation 

Pi=O . 999*Pi+O . 001*Pinew ; 
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