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Abstract

CANDU reactors are of the heavy water moderated, pressure tube type. The core
consists of several hundred horizontal fuel channels surrounded by a heavy water
moderator. Fuel channels consist of a Zircaloy-2.5%Nb pressure tube enclosed within
a Zircaloy-2 calandria tube. There is an annulus gas gap between the pressure tube
and the calandria tube. Under extreme accident conditions such as a critical break
Loss Of Coolant Accident (LOCA), the pressure tube may deform. If the fuel channel
remains pressurized. the hot pressure tube can balloon into contact with the calandria
tube.

Thermal contact conductance between the pressure tube and calandria tube must
be understood as it is a key factor in studying fuel channel integrity. Once PT-CT
contact occurs, heat is transferred from the hot pressure tube to the relatively cool
calandria tube. The heat flux to the calandria tube is a function of the temperatures of
the two tubes as well as the thermal contact conductance between them. For high heat
flux levels the calandria tube temperature can increase enough for film boiling to occur
on the outer surface. Film boiling will severely limit heat transfer to the moderator
and cause overheating of the calandria tube which could lead to fuel channel failure.
It is therefore important to understand the mechanisms involved in thermal contact

conductance and to study the transient behaviour of contact conductance during a

v



PT-CT contact event.

This paper presents a new approach to calculating the contact conductance tran-
sient during the initial contact and post-contact phases of a postulated critical break
loss of coolant accident. The contact pressure at the interface between the tubes is
a critical parameter in determining the thermal contact conductance. An iterative
method is used to solve for creep strain in the pressure tube and calandria tube which
determines the interfacial pressure. A modern correlation for contact conductance is
then applied. The results show high contact conductance at first contact in the initial
contact phase. This is followed by a rapid decrease in conductance across the inter-
face. These results are due to the interfacial pressure being high at initial contact.
In the post contact phase, as the pressure tube transfers heat to the calandria tube
and cools down, thermal expansion of calandria tube and thermal contraction of the

pressure tube cause the conductance to rapidly decrease.
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Notation and Abbreviations

A Area
Chpty Cpet Specific heat of PT and CT
Dty Dy Inner diameter of PT and CT
E Young's modulus
H Material hardness of the softer material (MPa)
h; hey By Thermal contact conductance; Total, solid contact, gas gap regions
hesy Effective contact conductance per unit length
J— Boiling convective heat transfer coefficient per unit length
kess Koy Thermal conductivity of solid material and annulus gas
m, my, Ma RMIS mean asperity slope, asperity slope of each surface
My My Mass of PT and CT per unit length
P. P,, Py. Peyy  Pressure; contact, annulus gas, internal PT, external CT
Qe PT incident heat flux per unit length
R, R. Ry Thermal contact resistance; Total, solid contact. gas gap regions
(R=1/h)
oty Tt Radius of PT and CT
Tots Tet Temperature of PT and CT
W Sensitivity function
Y Mean plane separation



Greek

4. 1, 9 Accomodation parameter, coefficients for each surface
5] Fluid parameter
ept € Creep strain rate of PT and CT
€d, €y Creep strain rate for dislocation creep and grain boundary regions
€1. €2 Emissivity of PT and CT surfaces
vy Ratio of specific heats for annulus gas
A. Ag  Mean free path and reference mean free path
Ratio of molecular weights of two contacting gas/solid
Mean asperity angle (m = |tan 6|)
Mean surface roughness
Opt. 0 Azimuthal stress in PT and CT
o1, 0o Surface roughness of surface 1 and 2
oy Stefan-Boltzmann constant
Tpts Tt Thickness of PT and CT

T

Abbreviations

CANDU CANada Deuterium Uranium
CHF Critical Heat Flux

CHTC  Contact Heat Transfer Coefficient
CcT Calandria Tube
HTC Heat Transfer Coefficient

LOCA  Loss Of Coolant Accident
PT Pressure Tube
TCC Thermal Contact Conductance
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Chapter 1

Introduction and Problem

Statement

The CANada Deuterium Uranium (CANDU) nuclear reactor is a pressure tube-type
pressurized heavy water reactor. Diagrams of the heat transport system and core
layout are shown in figures 1.1 and 1.2. The core consists of several hundred horizon-
tally oriented fuel channels surrounded by a heavy water moderator and contained in
a cylindrical calandria vessel. Each fuel channel has a pressure tube (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 within a Zr-2 calandria tube (CT). There
is a gap between the PT and CT which is filled with a carbon dioxide annulus gas.
Fuel channel design is meant to insulate the fuel and coolant within the PT from the
CT in order to prevent high heat losses to the moderator during normal operation.
A fuel channel diagram can be seen in figure 1.3.

Under certain types of accident conditions. the moderator may act as a large heat

sink which enhances passive safety. In these situations it is desirable to have an
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Figure 1.1: Generalized CANDU heat transport system layout [Source: OPG (2001)]
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established heat transfer pathway from the fuel to the moderator in order to limit
fuel channel temperatures and ultimately 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 the fuel. The worst case is know as a ‘critical break” LOCA, where the
postulated break is the right size as to cause very low coolant flow in some of the
channels in the affected pass. Very low coolant flow leads to rapid overheating of the
fuel and pressure tube assembly.

1 CHANNEL CLOSURE

SHIELOING SLEEVE

2 FEEDER COUPLING SHIELD FLUG

3 LINER TUBE 10 OUTBOARD ENOD FITTING SLEEVE
4 END FITTING BODY BEARING AND JOURNAL

5 CHANNEL ANNULUS BELLOWS 1) SPACER SLEEVE

6 FUELLING MACHINE-SIDE TUBESHEET 12 SPLIT (INBOARD) END FITTING SLEEVE
7 END SMIELD SHIELDING BALLS BEAHING AND JOURNAL

CHANNEL FIXED SiDE

CHANNEL "FLOATING' SIDE

13 TUBE SPACER 1 LATCH ASSEMBLY

14 PRISSUAE TUBE 20 SHELDPLUG

16 FUEL BUNOLE 21 UNER TUBE

16 CALANDRIA TUBE 22 SHIELDING SLEEVE

17 CALANDRIA-SIDE TUBESHEET 23 POSITIONING ASSEMELY YOXES
15 END SHIELD LATTICE TUBE 74 POSITIONING ASSEMBLY STUD

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

When PT temperatures rise high enough. the PT will start to deform. If the fuel

channel is not pressurized, the PT will sag due to gravity and contact the bottom of
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the calandria tube. If the fuel channel is still pressurized when it starts to deform, it
will “balloon” into contact with the CT resulting in a circumferential contact around
the entire PT/CT interface. The latter is the type of deformation studied in this
report. A diagram of the 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. Although an established heat transfer pathway is needed to
utilize the moderator as a heat sink, a large heat flux could cause film boiling, or
dryout, to occur on the outside surface of the calandria tube. Dryout occurs when
the heat flux at a solid-liquid interface exceeds the Critical Heat Flux (CHF). Vapour
is formed on the CT outer surface at such a rapid rate that the surrounding liquid
cannot wet the surface, causing a degradation of heat transfer. Dryout conditions
would severely limit the heat transfer pathway to the moderator and cause further
overheating of the fuel channel assembly possibly leading to fuel channel failure.

TCC between pressure tube and calandria tube 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 with time. The purpose of this investigation
is to develop a mechanistic model for representing the TCC transient between pres-
sure tube and calandria tube during a PT ballooning event. The mechanistic model
was developed and implemented in a NMATLAB code utilizing proven equations and
correlations.

A transient PT-CT contact event has several distinct phases as outlined in table
1.1. In the pre-contact phase the pressure tube heats up and deforms with limited

heat transfer to the calandria tube. Thus. CT temperatures remain close to the
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bulk fluid temperature of the moderator. The initial contact phase includes the
instant of contact and ends when the CT starts to deform resulting in decreased
interfacial pressure. During this phase contact pressure increases very rapidly to a
value approximately equal to the PT internal pressure. In the post-contact phase CT
thermal expansion begins due to a high initial heat flux to the CT. As CT temperature
rises causing thermal creep and expansion in the CT, the PT temperature drops,
causing thermal contraction of the PT. This leads to a drop in contact pressure
resulting in TCC leveling off to a constant value lower than the maximum value in

the initial contact phase.

Table 1.1: Event sequence and characteristics

Phase Characteristics
Pre-Contact e PT heatup
PT creep strain/ballooning
e Small amount of conduction/radiation through annulus gas

Initial Contact e Hard contact pressure

e High TCC/heat flux

o PT temp drops rapidly

e (T temp increases rapidly
®

Boiling heat transfer/possible dryout on CT external surface

Post-Contact e PT temp. decreases & levels off

e (T temp decreases & levels off

e Contact pressure decreases & levels off
L]

TCC decreases & levels off

When two surfaces of differing temperatures come into contact with one another,
analyzing the heat transfer between them is not as straightforward as it may seem.
All real surfaces, no matter how they are manufactured, have a microscopically rough
surface. Surface roughness prevents perfect contact from occurring when two surfaces

touch each other. As a result. microscopic contact and gap areas as formed as seen
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in figure 1.5. Heat transfer modes are different for solid contact areas and gap areas
where an interstitial gas may be present. Key parameters that influence conductance
values include surface roughness and contact pressure. Many different models and
correlations have been developed for both specific and general cases. Chapter two

contains a review of some of these models.

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

This report includes a literature review of relevant material, a chapter on mech-
anistic model development and an analysis of code results including comparison to
several sets of data from contact boiling experiments. It is shown that the method
outlined in this report is effective in predicting PT-CT contact conductance transient

characteristics for a PT ballooning event.

co



Chapter 2

Literature Review

2.1 Existing Thermal Contact Conductance

Models

A number of different models for thermal 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 the most widely used models
in nuclear fuel computer codes. The total conductance is given as the sum of the

conductance across contact points. h.. and the conductance across the gas gap. hy.

h = h.+ hy (2.1)

9



M.A.Sc. Thesis - Adam Cziraky McMaster - Engineering Physics

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

ships:
kP,
Be = e 2.2
NG 22)
Where, 0* = 0% + 03
2k
hy = —2— 2.3
K o1 + 02 \25)

The 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 the ratio of the contact pressure to the hard-
ness of the material. This is because this ratio gives a good indication of the total
solid contact area. Due to a fairly simple gas gap conductance term, the Ross-Stoute
model is accurate only for high contact pressures such as would occur in a fuel-sheath
environment, where the contact pressure is approximately 10 MPa. The gas gap
conductance term consists of the interstitial gas thermal conductivity divided by the
sum of the effective roughness of each material. In this case, the effective roughness

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

2.1.2 Shlykov and Ganin

The Shlykov-Ganin model (Shlykov and Ganin. 1964) is developed under the as-
sumption that the thermal resistances between the contact areas and gas gap areas

can be summed like parallel resistors:

% (2.4)

|~
Q
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Note that thermal conductivity is the inverse of thermal resistance. This equation
is the the same as equation 2.1. Thermal resistance across the gas gap is treated in
a similar way to the Ross-Stoute model. It is assumed that there is no convection,
therefore the conductance through the gap is modeled using the gas conductivity and
a gas gap thickness estimate based on the material roughness.

The contact resistance is developed assuming that each contact point has the same
area. Increasing the contact pressure only increases the number of contact points and
not the individual contact area. Resistances of each contact site are summed as

parallel resistances. This gives the relationship:

30,8

Be= 5T

x 1074 (2.5)

Where;
oy, is the ultimate material strength
A 1s the thermal conductance of the material
N. is the normal surface loading

S, is the nominal contact area

2.1.3 Cooper et al.

Cooper, Mikic and Yovanovich perform an analysis of heat transfer on the 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 real
world problems. Figure 2.1, from M.G. Cooper (1969), shows a visualization of the

one contact point model with a corresponding plot of the temperature profile across

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

FiG. 1. Elemental flow channel: definition of AT,

Figure 2.1: One contact point in a vacuum

is assumed that for each contact point the heat flow takes the 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 the surface asperities were assumed to have a Gaussian distribution

which led to the following expression:

] 0.985
e @ [P} (2.6)

ks || tan 6| ~\H

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

figure 2.2 for known values of h. and o determined by a profilometer trace. The
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predicted values fall approximately 50% above that in experimental data. This is an

acceptable range for most contact conductance models.
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Figure 2.2: Contact conductance as a function of pressure in a vacuum

2.1.4 Mikic

Mikic performed an extensive review of contact conductance models developed up

to 1974 with a focus on surface

nominally flat surfaces are presented: plastic deformation and elastic deformation. In
plastic deformation, three models are reviewed: the geometric model, a model which
considers plastic flow of material and a model with correction for elastic displacement.

The geometric model uses the simplifying idea of one rough surface interacting with

a flat swrface. It is assumed that

Y is equivalent to slicing off the

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

OO0t

2
2

behavior. Two main modes of interaction between

bringing the two surfaces together within a distance

top of the asperities at a height Y above the mean

13




M.A.Sc. Thesis - Adam Cziraky McMaster - Engineering Physics

as:
A =0.5erfc (%) = Q(n) (2.7)
§=— (2.8)
0
Where o is the standard deviation of profile height for the rough surface. This leads
to an approximation for contact conductance due to plastic deformation:

- ” P 09
Ty = 1.13% <ﬁ> (2.9)

This expression does not take into account plastic flow of material. It is noted that
for large contact pressure where the 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 the entire surface. A modified version of the above equation

takes into account plastic relocation of material:

_ ktand [ P \*%
Py =1.13 ;“ <H+P> (2.10)

This modification will 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 shown in figure 2.3. This modification has the effect of
reducing the contact area as can be seen in figure 2.4. Aq is the contact area from
plastic deformation alone and A is the contact area using the elastic deformation of
substrate model. For the case of elastic deformation, contact area can be related to

the displacement using Hertzian theory. Mikic has shown that for the same separation

14
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Figure 2.3: Diagram from Mikic (1974) illustrating elastic and plastic deformation
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Figure 2.4: Diagram from Mikic (1974) illustrating effect of elastic deformation
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between contacting surfaces, the contact area for the plastic deformation model will
equal twice the contact area of the elastic deformation model. The equation for

contact conductance using the elastic deformation model is:

0.94

= __ktand P2
h.=1.55
o Itant

(2.11)

When plastic contact pressure and elastic contact pressure are equal it does not imply

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

= T 2.12
Ftant ( )
P

2.1.5 Ainscough

The Ainscough report was prepared under the auspices of the OECD Nuclear Energy
Agency and is a review of current fuel cladding gap conductance methods used for
light water reactors up to 1982. The governing equations for heat transfer from fuel
to cladding are given with common assumptions used in modeling codes. The gap
conductance is broken down in a similar fashion to that employed by Ross and Stoute
except with an additional 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 that most codes make an incorrect assumption in treating the

gas portion of the gap as open. Since most LWR fuel-cladding gaps are very small, a

16
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different form of the equation is required:

By
= = (2.14)
a4 Gengrs + G + o

hg

Where;
kg, is the thermal conductivity of the gas in the gas gap
d, is the open gap width
dynin. 1s a term related to the roughness of the surfaces
gf and g.. are temperature jump distance extrapolations which account for dis-

continuities 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 the root mean square
roughness of both surfaces. An alternate definition by Hobbs, defines the roughness
parameter as the square root of the sum of both roughness values. Figure 2.5, above,
illustrates the effect of conduction through the solid contact point and through the
gas gap as opposed to just solid conduction alone. The lines in the diagram are
isothermal planes emanating from the contact point. This emphasizes the fact that
we must understand conduction through the gas gap in conjunction with solid contact

conductance.

2.1.6 Yovanovich

By further development of the equations by Cooper and Mikic. Yovanovich produces
the following equations for solid and gas gap conductance (Yovanovich. 1981). One

of the key aspects of this model is the introduction of a new equation for calculating

17
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Figure 2.5: Figure from Ainscough (1982) illustrating effect of gas gap conduction

18



M.A.Sc. Thesis - Adam Cziraky McMaster - Engineering Physics

the heat transfer coefficient through the gas gap. In Equation 2.16 the gas gap
conductance is inversely proportional to the mean plane separation plus other factors

including accommodation parameter, mean free path, and a fluid parameter.

& P 095
he=1.25 ‘Um <ﬁ> (2.15)
A.
hy= o——n- 2.16
"~ Y T a.BA (2.16)
132P\ 1%
Y =1.1840 [—ln <%>] (2.17)

Equation 2.17 for mean plane separation is an approximation for the inverse error
function. This is a result of the statistical nature of the surface asperities. As in
M.G. Cooper (1969) it is assumed that surface feature values form a Gaussian distri-
bution. Mean plane separation is dependent on P/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 with the pressure and temperature of the
gas gap. Equation 2.19 is the fluid parameter, which is dependent on the gas gap

specific heat ratio and Prandtl number.

1 P ,
A=/ 2 g 2.
w(7:) () 213
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The accommodation parameter a, is used to correct for interaction between the
gas and solid by determining the kinetic energy exchanges in a collision of a gas
molecule with the solid wall. Accommodation coefficients a; and a» are determined
empirically for different gas/solid combinations and is sensitive to the condition of
the solid surface. In a paper by Bahrami and Yovanovich (M. Bahrami, 2004a), a

correlation for the accommodation coefficients is given.

T =T M 2.44 j Iy

= exp | —0.57 Lo Jb = { 1 —eap | =057 | 22
“ ”p[ 3’( Th ) (6.8+M;> (14 p)? oy T

(

291)

Where Ty = 273K, M; = M, for monatomic gases and M; = 1.41/, 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 the compound cylinder. A
new contact pressure is determined and the procedure is repeated until convergence.
This work shows that the Yovanovich correlations for gap conductance are an im-
provement over older correlations and are valid for the case of compound cylinders

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

A Bahrami (2004b) use a scale analysis method 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 the ratio of macrothermal to microthermal
resistance. The three types of contact resistance are defined as: conforming rough,
elastoconstriction and transition region. In the conforming rough region, the two sur-
faces have relatively low curvature and microthermal resistance is the dominant effect.
Micro contacts are treated as parallel resistors. In the elastoconstriction regime, the
surfaces are relatively smooth and have a small radius of curvature. This causes

macrothermal resistance to be the dominant effect.

2.2 Strain in Pressure Tubes and Calandria Tubes

From the contact conductance models described in the previous section, it is apparent
that contact pressure is one of the key variables in determining contact conductance
between two surfaces. Contact pressure may be determined if we can understand how

PT and CT will react to both the forces acting on them and high temperature levels.

2.2.1 Shewfelt Creep Strain Model

Understanding creep strain in zircaloy materials such as pressure tubes and calandria
tubes used in CANDU reactors is difficult at higher temperatures. This is because
of the phase change which occurs in the zircaloy lattice. Shewfelt et al. developed a
creep model for the cold-worked Zr-2.5 wt% Nb material used in CANDU pressure

tubes (R.S.\W. Shewfelt. 1984). This was accomplished by taking both transverse
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and longitudinal samples from actual CANDU pressure tubes and testing them in a
uniaxial creep apparatus.

. 5.7 x 107g Beap (—29200/T,
e = 1.3 X 10~%° exp (—36600/T,) + - perp /To)

pt

42

(1]
[1 +2 % 1010 [ eap (~29200/Ty) dt]
(2.22)

Equation 2.22 is valid for a temperature range of 450°C to 850°C. It provides the
transverse creep strain rate as a function of temperature and stress. The first term
represents power law creep in the a-phase, which is the dominant mode up to 500°C.
The second term is due to grain boundary sliding which is the dominant mode after
500°C. Above 850°C, different mechanisms of deformation exist due to a mostly 3-
phase structure. This results in the need for different a different equation for the
higher temperature range.

In another paper. Shewfelt developed creep strain rate equations for the Zr-2
material used in calandria tubes (R.S.W. Shewfelt, 1988). Equation 2.24 and 2.26
are the dislocation and grain boundary sliding creep for Zr-2 calandria tubes. The

total calandria tube creep strain rate is the sum of these two creep mechanisms.

€ct = €4+ €gp (2.23)

€4 = 22000 (0 — 0;)"" exp (—34500/Ty) (2.24)
t

o (1) =14 +/ [110€4 — 3.5 x 10"0] *exp (—34500/T}.)] dt (2.25)
0

egp = 1400 eap (—19000/T,) (2.26)

Luxat (2002) defines an expression for interfacial pressure between PT and CT.

o
[N}
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Contact pressure is a function of PT internal pressure. CT external pressure and a
pressure redistribution factor. The redistribution factor, a,.. is calculated assuming
that creep rates of the contacting PT and CT are equal. Therefore it depends on
the parameters in the Shewfelt equations, namely temperature and stress, and is

evaluated iteratively to obtain equality of the two strain rates.

P = (11201D1)I + (1 - (11)(7) Pex'i (227)

2.2.2 Fong and Chow

Fong and Chow (2002) conducted work with the intent to address the issue of variabil-
ity in CANDU pressure tubes. This variability in creep can occur because of differ-
ences in chemical composition, manufacturing techniques, or microstructure changes
due to irradiation in the reactor core. In the paper, creep strain tests similar to
those carried out by Shewfelt, are performed on different pressure tube specimens.
The specimens range from unirradiated ‘offcut’ samples taken from the pressure tube
ends, to irradiated samples taken from the in-core portions of the same tubes. Vari-
ations are seen between specimens taken from the ‘front-end” and ‘back-end’ of the
tubes. The contact temperature (temperature at which strain of 18% is reached)
was observed to be higher in offcut samples taken from the front-end. There was
no observable trend for the difference between irradiated specimens and unirradiated

specimens, however the amount of data was limited.
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2.3 Previous work in PT-CT Contact Conductance

2.3.1 Mochizuki and Quaiyum

Mochizuki and Quaiyum (1994) conducted experiments to determine contact conduc-
tance pressure tube and calandria tube materials. Experiments were done for varying
contact pressure, interstitial gas pressure. and different types of artificial waviness
machined into the materials. Results for clean plates as well as plates covered with
Fe,03 ‘simulated crud” were compared. It was found that the presence of crud on

PT walls serves to decrease contact conductance.

2.3.2 Fan et al.

Many contact boiling experiments have been conducted in order to determine fuel
channel behaviour during a pressure tube deformation event. In these experiments
only the heater power and PT and CT temperatures are recorded. Since the PT-CT
contact conductance is not directly measured, it must be extracted from the available
data. H.Z. Fan (2002) presents a methodology to calculate the transient behaviour
of PT-CT contact conductance for these contact boiling experiments. An empirical

correlation for contact heat transfer coefficient is given in the form:

h(’ =Ck (]\’P[)c'h(mnfl) a5 11() (228)

Where (' is a material constant, K'p is a dimensionless pressure factor and hy is a
lumped heat transfer coefficient for gas gap and radiation conductance. A model is

derived for use with a thermalhydraulic computer code, using the incident heat flux on
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the inner surface of the pressure tube and the measured calandria tube temperature

as boundary conditions.

[N}
t



Chapter 3

Developing a Mechanistic Model

This chapter will take an in depth look into the 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 the code.
The three modules are:

Thermal Contact Conductance

Creep Strain

Temperature/Heat Equations

Each module has an input and an output directly related to the other modules. Figure
3.1 illustrates the relationship between each module. TCC is dependent on contact
pressure which is determined from creep strain equations in both tubes. Creep strain
is in turn dependent on the temperature of each tube and TCC plays a major role in

tube temperatures.
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= ==
Cem

Figure 3.1: The PT/CT contact conductance circle of dependency
The main assumptions made are:
1. Radial creep is uniform in the azimuthal direction
2. There is no strain 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

ot

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 TCC module. It can be seen in section 2.1.6 along with the equations
used in the computer code. Selection was based on findings in literature which demon-
strate that the Yovanovich correlations give accurate results for the case of concentric
cylinders; a similar geometry to PT-CT contact (Lemczyk and Yovanovich, 1987).
Also, it was chosen over other models, such as the Ross-Stoute model because of its
ability to calculate mean plane separation. This is important because for the 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 width. This
is acceptable for some scenarios where the gas gap conductance is significantly smaller
than the solid conductance. When the two are comparable however, a more accurate
value for mean plane separation is needed.

There are many key parameters which influence the Yovanovich model for TCC.
Most of them 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 the total solid conductance is
proportional to the total area of the solid contact regions. As inter facial pressure is
increased, the contacting surfaces get pressed together with greater force resulting in
a higher area of solid contact.

Surface roughness, o. is also a key parameter. Finer surface finishes (smaller
surface asperities). result in higher values of conductance. This is due to roughness
effects on mean plane separation, which increases gas gap conductance for a finer

surface finish. Also, smaller roughness values result in the presence of more contact
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points which yield a greater solid contact area.

Mean plane separation, Y, is the main parameter influencing conduction through
the gas gap regions. Most TCC models assume that the gas gap area is too small for
convective heat transfer; therefore the gas gap conductance is inversely proportional
to the mean plane separation of the two surfaces.

Acceptable ranges of parameters for the TCC model as given in Lemczyk and
Yovanovich (1987) are presented in table 3.1.

Table 3.1: Acceptable Ranges of Parameters
107° z P/H = 1072

2.34 £ Yo £ 4.26
0.14pum < o < 14 pm
933um < o/m <  40pm
0.015 < m < 0.35
2 £ @y £ 420
1 < B < 2
0.04pm < A, < 0.19um

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) term
applied does not include the fluid, mean free path. and accommodation parameters
as they have dependency on the surface temperatures which will be calculated later.
As shown in the plot, the 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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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 that mean free path is proportional
to temperature and inversely proportional to pressure. In the mechanistic model, it
is assumed that the annulus gas pressure remains constant. This is based on the
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 the gas in
the gas gap will be calculated as the average of PT and CT temperatures. The new

equation for mean free path is:

A=Ay (%) (3.1)
m0

For the carbon dioxide used as the annulus gas the mean free path is 90nm at a
reference temperature of 500" and atmospheric pressure. Mean free path is in units
of length and gives the a,JA correction term units of length as well because both
fluid and accommodation parameters are dimensionless. Mean free path is significant
in gap conductance because of the microscopic nature of the problem. When the
Knudsen number (ratio of molecular mean free path to some characteristic length)
approaches unity, it can no longer be assumed that the annulus gas functions as a
continuous medium. Molecular interactions with the solid wall are just as likely to
occur than collisions between molecules. As the mean free path gets smaller, the a,5A
correction term gets smaller as well which approximates the 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 the zircaloy-C'O, interface
in Figure 3.3. Values for accomodation coefficient are approximated at 0.85 in SC-
DAP/RELAP5 (1997). The results presented here give a value of 0.85 at approxi-
mately 350 K for the zircaloy-C'O, interface. Figure 3.4 shows how the accommo-
dation parameter acts with given accommodation coefficient input by assuming a

constant calandria tube temperature.

05— — —

0.9~ 4

0.85+- =

I
SRS

0.8-

Accomodation Coefficient

0.7+ 4

0.65+ S|

300 400 500 600 700 800 900 1000
Surface Temperature (K)

Figure 3.3: Accommodation coefficient for zircaloy-C'O, interface as a function of
surface temperature

The fluid parameter (Equation 2.19) contains the Prandtl number. The Prandtl
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Figure 3.4: Accommodation parameter as a function of PT temperature with constant
CT temperature
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number gives an indication of which type of heat transfer mode is dominant in a fluid.
The fluid parameter increases as the ratio of thermal diffusion to viscous diffusion
increases. Figure 3.5 shows the total behaviour of the correction term as a function of
pressure tube temperature assuming a constant calandria tube temperature of 350 K.
The correction term is roughly two orders of magnitude smaller than the mean plane

separation, Y, during the post contact phase.
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14 T T T T T T

13 b

T

11 T

T

Correction Term (m)

5 1 1 1 1 1 1
300 400 500 600 700 800 900 1000
PT Temperature (K)

Figure 3.5: Correction term as a function of PT temperature with constant CT
temperature
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3.1.2 Surface Hardness

Surface hardness is one component of one of the key parameters identified on page 28.
The surface hardness of materials usually decreases with temperature. A correlation
for the Meyer hardness of zircaloy (SCDAP/RELAP5, 1997) is used to approximate

the hardness of the softer surface.
H,, = exp[26.034 + T[—2.6394 x 1072 + T(4.3504 x 107> — T2.5621 x 107%)]] (3.2)

Where T is in units of Kelvin and Meyer hardness is in Pa. The value for Meyer hard-
ness of the softer of the two contacting materials is used in most contact conductance
correlations.

The Yovanovich model uses contact microhardness for the P/H parameter. Con-
tact microhardness can be calculated if bulk hardness values, such as Meyer hardness,
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 the iterative model by Song and Yovanovich (1988) concluded that the results

could be expressed by the following equation:

[_) P 1/140.071c2

H.— [1.62c1(0 x 106 /m)e2 (3.3)

Where H,. is the contact microhardness and ¢; and ¢, are the Vickers correlation
coefficient and Vickers size index respectively. The Vickers correlation coefficient

can be determined from the following correlation (Yovanovich., 2006) if ¢, and bulk
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hardness (Meyer hardness) values are known:

e 0.442H, (3.4)
¢y + 0.370

The Vickers size index. ¢, is given in (Yovanovich, 2006) as -0.267 for Zr-Nb. The

bulk hardness value, Hj, is taken as the Meyer hardness for this case.

3.1.3 Annulus Gas Thermal Conductivity

Carbon dioxide annulus gas fills the gas gap region between the contacting surfaces.
Thermal conductivity of this gas is highly dependent on temperature. A correlation
shown below for carbon dioxide (SCDAP/RELAP5, 1997) is applied to calculate

thermal conductivity of the gas.

Kooy = 9.460 % 107071842 (3.5)

Where temperature is in units of Kelvin and thermal conductivity is in W /m-K. The
temperature of the gas is approximated as the average of PT and CT temperatures

and updated every time step.

3.1.4 Radiation Heat Transfer

During the development of the model it was assumed that radiation heat transfer
between the two surfaces is negligible. This assumption was based on a rough cal-

culation for radiation heat transfer. An equation from Incropera and DeWitt (2002)
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for long concentric cylinders was used (Equation 3.6).

- Aoy, (T} = T3))
n 1 I—E-g T
at e (—)

Assuming that the radii of the two tubes are equal at contact (

(3.6)

=

[

r

L = 1) and solving

S

b

for radiative heat transfer coefficient per unit area;

h, = ar _ 9 (TJ?’T + Tg"]*) (Tpr + Ter) (3.7)
" A(Tpr —Ter) i BT e :

€1 €2

Assuming surface emissivities of 0.8 and 0.3 for PT and CT respectively, the radiative
heat transfer coefficient is 28 W/m?/K which is three orders of magnitude less than
the expected contact conductance.

Before PT-CT contact is made, there is still a small amount of heat transfer to
the calandria tube due to conduction through the carbon dioxide annulus gas. This

is approximated by the following equation:
hy == (3.8)

Where, 7 is the separation distance between the PT outer surface and CT inner

surface.

3.2 Temperature Module

The temperature/heat equations module serves to iteratively compute PT and CT

temperatures using a system of lumped parameter heat transfer equations. The main
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input into the temperature module is the contact conductance which was calculated
in the TCC module. In order to understand the heat transfer characteristics of
the system Figure 3.6 shows the boundary conditions and other variables present.

Boundary conditions are the incident heat flux on the inside of the pressure tube as

Calandria Tube
ct)

__—— PT-CT Thermal Contact Conductance
(hc)

Moderator
(Tm)

————————— Incident Heat Flux on Pressure Tube

(g'pt)
___—— CT-Moderator HTC

Figure 3.6: Heat transfer variables for CT in contact with PT

well as the heat flux to the moderator from the outside of the calandria tube. All

of the parameters seen in Figure 3.6 are included in the following two simultaneous
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lumped parameter equations (Luxat, 2002):

dT,
My Cppt 1;1 = Gy — ey g (Tpp — Tet) (3.9)
dT.,. , )
777C[(p(t (hli hsff (T},t — Tct) — hconl' (Td — qu) (310)
Where;
Tot 1 Tet =
hpe =Dy | =2+ — 4+ —— 311
leff t (211.1)' + h + ‘2]],('{> (3 )

3.2.1 Numerical Solution for the Temperature Equations

In order to numerically solve the heat equations in the temperature module, they
need to be discretized. Using a fully explicit scheme (Patankar, 1980), equations 3.9

and 3.10 become;

T

Tpt P

”’pleptT = qpt h(ff (T,Z;t Tclr) (3.12)
T — T , .
mdcmd_At; = hpp (Tiy = T) = oo (T = T (3.13)

Where the superscripts ¢ and ¢ — 1 represent the present and past timesteps respec-
tively.

Solving for PT and CT temperatures at the present time step gives;

M Cppt Tp, - q;,,A[ -+ hiHAI‘T(’.,
mp,(',),,, - II:UAI

Ik =

pt

mlycpet Tl * + b PRYAN SR TY AN o
N Mgy Cpet + /l Al + h! Al

conv
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These equations are solved simultaneously using an iterative method. The solution
is determined to be converged when the difference between the new calculated value
and the previous calculated value is below a certain limit. The fully explicit scheme
used will generate reliable results provided that the time step is sufficiently small. A

timestep size analysis can be found in the appendix.

3.3 Creep Strain Module

The creep strain module calculates PT-CT inter facial pressure from the Shewfelt
creep strain equations given in Chapter two. This is accomplished by means of several

assumptions:
PT radial creep is uniform in the azimuthal direction
There is no strain in the axial direction
At initial contact, inter facial pressure increases to a maximum rapidly
After initial contact, both PT and CT creep strain rates are equal

Inputs for the creep strain rate equations are the tube temperatures and hoop strain
values. Therefore, to make use of the Shewfelt equations, values for hoop stress in the
tubes must be known. Hoop stress can be calculated from the radius and thickness

of the tube as well as the forces (pressure) acting on the tube.

([)])I - 1)) "p[

I'pt

O'I,[ =

(3.16)

1)_P€r e 5 &
g = S Lt Tt (3.17)

Tet

40



M.A.Sc. Thesis - Adam Cziraky McMaster - Engineering Physics

Where P, is the pressure internal to the PT and P, is the pressure external to the
CT.

In the code, the force exerted by the fuel bundles on the PT will not be taken
into account. Because ballooning deformation is cause by large internal pressures
when the fuel channel is highly pressurized, the weight of the bundles is assumed
to be significantly less important than the internal pressure. In the case where the
PT is depressurized, the weight of the fuel bundles will be the dominant force in PT
sagging.

Not every term of the Shewfelt PT creep equation (Equation 2.22) is significant for
this scenario. The a-phase power law term is only significant for lower temperatures
and higher stresses. With the temperatures and stresses encountered for this specific
problem, the a-phase term is two to three orders of magnitude smaller than the grain
boundary sliding term. Also, the integral term on the denominator is not dependent
on stress and tends to unity for this specific case. Making these assumptions, the
expression for PT creep strain rate is just the numerator of the grain boundary sliding
term:

eyt = 5.7 x 1070 Beap (—29200/T) (3.18)

pt

Assuming an internal pressure of 4 NPa, the hoop stress on the PT is approximately
50 MPa using Equation 3.16. For this value of PT hoop stress the plot seen in Figure
3.7 was generated to show the behaviour of Equation 3.18. At a temperature of 770 °C'
the grain boundary creep strain rate is 4.6 % /s while the alpha creep rate is much
lower 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 with internal pressure

of 4 MPa



M.A.Sc. Thesis - Adam Cziraky McMaster - Engineering Physics

increasing, but due to conservation of total volume of material, the thickness of the
PT must decrease. This will cause PT stress to increase as can be seen from Equation
3.16 and will have an effect on the total creep strain transient of the pressure tube.
Therefore we must be able to calculate PT thickness and radius as a function of hoop

strain (eg). If the tube has an outer radius, a, and an inner radius, b, then;

7 (a®> = b%) = Const. (3.19)

If wall thickness is 7 = a — b and mid radius is r = %2 then;

_2r+7’ 2r—T1

1, b=
a and, b 5

(3.20)

Substituting back into Equation 3.19;

) 2 N2
<2’ ;T) - <2’ 5 T) = C'onst. (3.21)

Expand and simplify to get:

riTe = ToTo = Const. (3.22)

Using the following equation for a changing radius:

re = To(1l+ €p) (3.23)
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We can obtain a similar expression for thickness:

To

Ty =
14 €9

(3.24)

Equations 3.23 and 3.24 are used in the creep strain module to calculate new values
for radius and thickness as the PT experiences ballooning deformation.

Once PT-CT contact is made, the calandria tube creep strain equations from
Chapter two need to be solved as well. CT stress is calculated based on Equation
3.17. Since CT temperature depends on the heat transfer from CT to the moderator,
the amount of strain the calandria tube experiences can vary greatly. Figure 3.8
shows the dislocation, grain boundary and total creep strain rates for a stress of
approximately 180 MPa which corresponds to a 4 MPa contact pressure. For the
temperature range shown both modes of deformation are significant, but for higher
temperatures the grain boundary term becomes negligible.

The center of this mechanistic model relies on solving this simultaneous system of
creep strain equations. In order to find a solution, it is required to develop some way
of relating the two sets of creep strain relations for PT and CT. During the initial
contact and post-contact phases. the two tubes move together. Therefore we can

impose the condition;

(}” == (;,{ (323)

By applying this boundary condition, we can solve for the stress in each tube and
consequently the interfacial pressure in between the tubes. The structure of the
creep strain module is designed to use iterative methods to solve five simultaneous

equations. A flow chart is shown in Figure 3.9. In the pre-contact phase. only the
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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 MPa
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pressure tube 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 o;
value is guessed. Dislocation creep strain rate, €y, is iteratively solved for using the
two dependent equations 2.24 and 2.25. The second iterative loop uses the condition
imposed in Equation 3.25 and uses it to calculate a new value of contact pressure
from Equation 2.22. Once the difference between the new calculated contact pressure
and the previous value of contact pressure is below the convergence criteria, d, the
contact pressure solution is obtained.

It should be noted that the condition imposed in Equation 3.25 is a direct result
of the third and fourth assumptions made in the creep strain module. If these two
assumptions are relaxed, in particular the fourth assumption, just following initial
contact a thin layer of the CT inner surface would heat up to a much higher tem-
perature than the rest of the tube, which could be approximated by utilizing a one
dimensional radial conduction model in the temperature module. Since the majority
of the CT is at a lower temperature it will not expand immediately. Even further. the
surface asperities on the hot inside region of the CT will deform. These effects are
expected to lead to a large but very brief spike in TCC immediately following initial
contact. The time scale of this transient feature is much smaller than the time step
used in the computer model therefore the initial contact assumptions are enforced.

Immediately after PT-CT contact is made, the code solves both Shewfelt creep
strain rate equations simultaneously. This results in contact pressure increasing to
its maximum value instantaneously after PT-CT initial contact. An analysis was
completed to calculate an estimate for contact pressure ramp up time and the resulting

plot can be seen in Figure 3.10. Pressure values were normalized for the plot and

46



M.A.Sc. Thesis - Adam Cziraky

McMaster - Engineering Physics

Guess
Pand g

Calculate
04 Es

Calculate
o, andnewpP

Calculate new o,

Calculate
€.p and £,

Figure 3.9: Flow chart illustrating structure of the creep strain module
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the PT internal pressure was 4 MPa for the calculation. Just prior to contact, the
creep strain rate of the pressure tube is very high (approximately 5 %/s). Assuming
elastic deformation of the calandria tube for the time immediately following PT-CT
contact, it was determined that contact pressure will reach its maximum value within
a common value of time step used in the code (0.1s). By comparing this time to the
length of the entire event, an instantaneous pressure ramp up can be justified as a

valid assumption.

N
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Figure 3.10: Normalized contact pressure vs time for estimated contact pressure
ramp-up
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3.4 Code Assembly

The three modules are assembled as shown in the flow chart Figure 3.11. The con-
ductance module comes first and only calculates TCC if PT-CT contact has occurred.
The temperature module comes second and iteratively solves both PT and CT heat
equations. The creep strain module comes last and uses the temperatures determined
in the temperature module to solve the creep strain equations if PT-CT contact has
occurred. Otherwise it just determines PT ballooning. Figure 3.9 shows the creep
strain module in more detail. When a new value for contact pressure is solved for, the
time step is incremented and the loop is repeated for the next time step. This method
allows the prediction of TCC values for the entire PT-CT contact transient. At the
beginning is the input file which holds all of the initial conditions, and paramters
which may be changed by the user. These include surface characteristic values, PT
internal pressure, PT incident heat flux, CT-moderator heat transfer characteristics,

initial temperatures, length of transient, and size of time step.
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Figure 3.11: Flow chart illustrating overall code structure



Chapter 4

Results and Analysis

In this chapter some general results and characteristics of code output is presented.
Various aspects of the model output is interpreted and explained including the be-
haviour of; TCC, temperature, and creep strain transients. A sensitivity analysis is
done to determine the effect of various parameters on TCC transient results. Contact
conductance transient data is extracted using results from several graphite heater
contact boiling experiments. Results from the mechanistic model is then compared

to experimental data.

4.1 General Code Results and Behaviour

Two sets of general results from the mechanistic model using different boundary
conditions for CT-moderator heat transfer coefficient are shown in Figures 4.1 and
4.2. The first case illustrates temperatures and TCC transient values for a high value
of heone representing no film boiling on the C'T outer surface. The second case shows

results for a low value of h,,, representing the heat transfer that would occur if filim
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boiling did occur on the C'T outer surface.

Figure 4.1 represents a case where no film boiling is observed. This is established
by fixing the pool boiling convective heat transfer coefficient between the calandria
tube and the moderator at 50 kW /m?/°C. This falls within the expected range for
natural convection heat transfer (Luxat, 2002). The PT incident heat flux boundary
condition was 25 kW /m. During the heatup phase, the pressure tube heats up ap-
proximately linearly. When contact is made, there is a sharp decrease in temperature
as heat is transferred from P'T to moderator via the calandria tube. CT temperature
does not rise significantly because no nucleate boiling or dryout occurs on the CT
surface (high heg,., this results in no CT creep strain deformation. PT-CT contact
conductance is high at initial contact, (approximately 11 AW /m?/°C') when contact
pressure is at its highest. This value quickly decreases as the pressure tube tem-

perature decreases. The steady state value settles to approximately 5kW/m?/°C.

When CT-moderator heat transfer is limited by a small heat transfer coefficient,
as would be the case in calandria tube dryout, CT temperature at contact rises
to a higher level. Figure 4.2 shows the results in which the convective heat transfer
coefficient was fixed at 1 kW /m?/°C'. Incident heat load on the pressure tube remains
at 25 kW /m. The peak and steady state values of contact conductance remain the
same as the case with no film boiling in figure 4.1. but the time to reach steady
values in the post-contact phase is considerably longer. Since the C'T experiences
higher temperatures, it undergoes a small amount of creep at initial contact. The
calandria tube creep results in an initial rapid drop in contact pressure and therefore

a decrease in conductance followed by a slight recovery as the pressure tube expands
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Figure 4.1: TCC and temperature transients for high CT-moderator heat flux

further.

Figures 4.3 and 4.4 are plots of the transient stress and strain in the two tubes,
respectively. These plots are for the case where the h,,, boundary condition has a
small value. In the stress plot, PT stress is constant during the majority of the heat
up phase. This is because the internal pressure of the PT remains constant in the
model simulation. As the PT heats up it starts to creep. A positive creep in the
azimuthal direction results in negative radial creep strain and thinning of the tube

wall which explains the increase in PT strain just prior to PT-CT contact (Equation
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Contact Conductance and Temperature Transient for Reduced CT-Moderator Convection Coefiicient
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Figure 4.2: TCC and temperature transients for low CT-moderator heat flux

3.16). Calandria tube stress is zero until PT-CT contact is made. Iimmediately after
contact CT stress jumps to a high value because of high initial contact pressure.
CT stress then decreases with contact pressure. A mirroring effect can be seen in
PT stress after initial contact as the contact pressure between PT and CT serves to
decrease stress in the pressure tube.

The 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 transient

results shown in Figure 4.4. High PT creep strain rate means rapid ballooning of
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Figure 4.3: Calculated stress transient for CT and PT

the pressure tube into contact with the calandria tube. Shortly after contact, C'T
temperature increases. High temperature and stress in the calandria tube leads to a
small amount of CT creep. Note that the transient stress and strain plots represent
the case where CT-moderator heat transfer is limited. For high C'T-moderator heat
transfer. CT creep is negligibly small due to CT temperature remaining low.

In general, the shape of the TCC transient is very similar to the inter facial
pressure transient. This is because contact pressure is one of the key parameters

influencing contact conductance. The main solid conductance equation (Equation
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Figure 4.4: Calculated creep strain transient for C'T and PT

2.15) shows an almost linear relationship between contact pressure and solid contact

heat transfer coefficient. Contact pressure is also the most important parameter

which changes dramatically over the course of the PT-CT contact event. A plot of
contact pressure with respect to time would look the same as a TCC plot but with a

maximum contact pressure peak at approximately the 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
their overall effect on the system is important. Some of the key parameters were
briefly discussed in section 3.1 and includes surface characteristics such as roughness
as well as the ratio of contact pressure to surface hardness. The goal of this thesis
is to model a TCC transient, therefore in this section, a sensitivity analysis will be
performed for the parameters of key importance to the Yovanovich model.
Sensitivity analysis is used to propagate uncertainties through complex systems,
where manually doing so could be excessively cumbersome. By using these 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 = X+ 2 Ay (4.1)
oY

Where the X parameter is a function of some parameter. Y. and X is the value of
X without any perturbation. If Y is changed by some amount, Y, then X is an
approximation of the resulting output.

Dynamic sensitivity analysis is a method which allows the study of key parameters
and their effect over an event transient. Dynamic sensitivity functions are analytical
partial derivatives of the equations used in modeling the system. They are eval-
uated using transient reference trajectories for the other variables which have been
calculated from simulations using the mechanistic model (Luxat, 2008). Dynamic sen-

sitivity functions are derived for surface roughness and the ratio of contact pressure
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to surface hardness as seen below.

oh dh Oh, Y
Wil=—= W2=22-"8"" 4.2
do do Y do (e
oh Oh Ooh, Y
W3=—°"— W4=——2L =_—_9_"" 4.3
oP/H JoP/H  0Y OP/H (k)

The effect of each variable can easily be seen by plotting the sensitivity functions for
the variable in question. Figure 4.5 shows the sensitivity of solid and gas gap con-
ductance to PT-CT mean surface roughness. Initial contact occurs at 85 s and it can
be seen that roughness holds the greatest importance to solid contact conductance at
the instant of contact and just afterwards. In the post-contact phase, W1 becomes
less important because a lowering of contact pressure causes the gas gap conductance
to be the 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 values play a different role in the behaviour of gas gap conductivity. In-
stead of being used to give an approximation of the amount of solid contact area,
roughness is used to give an approximation for mean plane separation so that con-
duction through the gas gap can be estimated. The maximum magnitude of W2 is
seen approximately 6 s after initial contact. This is due to the effect of the mean free
path and accommodation parameters in the gas gap conductivity equations.

Perhaps the most important term in all of the TCC correlations is the ratio of
inter facial contact pressure to surface hardness. The sensitivity functions W3 and
W4 represent the sensitivity /. and h, to this ratio. In Figure 4.6 they are evaluated
about reference response trajectories for contact pressure as well as the correction
term a, A in the case of 1W4.
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Figure 4.5: Dynamic sensitivity of solid contact and gas gap conductance. Functions
W1 and W2, to mean surface roughness

The sensitivity function W4 is low in the initial contact phase and increases as
contact pressure decreases in the post-contact phase. The solid contact sensitivity
function exhibits similar behaviour but varies by less overall during the transient.
The behaviour of these two terms leads to the inference that the P/H ratio is more
important in the post-contact phase especially for gas gap conductance. It is known
that gas gap conductance is the dominant mode of heat transfer for the lower contact
pressures which are present in the post-contact phase. Therefore. the long term heat

transfer characteristics of the system after contact are heavily dependent on contact
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Figure 4.6: Dynamic sensitivity of solid contact and gas gap conductance, Functioné
W3 and W4, to the ratio of contact pressure and surface hardness
pressure.

There are many variables which affect the post-contact PT-CT interstitial pressure
but for the 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 condition,
CT film boiling occurs contact pressure between the two tubes will be lower due to
higher C'T creep. Under low PT incident heat flux conditions, contact pressure will
tend to stay low in the 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 the mechanistic model. The effect of CT-moderator heat transfer determines
how much the CT will deform and is therefore important to the value of PT-CT
contact pressure and ultimately, fuel channel integrity. Studying the sensitivity of
thermal contact conductance to C'T-moderator HTC is a complicated issue because
the variables in question span all three modules of the developed mechanistic model.
The dynamic sensitivity methodology will be used to propagate this value through
the three modules.

In order to propagate uncertainty in the convective heat transfer between calandria
tube and moderator, sensitivity parameters must be developed spanning all three

modules of the code. The sensitivity parameters are:

T, or oh oh,dY  Oh.
W5=_—2 W6= N ke Bkl Wi 44
ST on, aT,, ' 0P L)y op ap} S
The three sensitivity parameters are combined to give:
oh
= W5 W67 4.5
oh’ o WO WT 19)

conv
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Figure 4.7: Dynamic sensitivity of PT-CT thermal contact conductance to CT-
moderator heat transfer coefficient

By plotting the final sensitivity parameter (Equation 4.5) about the reference
trajectories for all the variables present in each module. Figure 4.7 is created. As
with the 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 values which are at initial contact. CT-moderator

heat transfer has an large effect in this specific time range because the calandria
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tube has just received a significant amount of thermal energy. In this phase, CT
deformation will depend on how much of this thermal energy it is able to transfer to
the moderator. As discussed on page 60 the thermal contact conductance transient
is greatly affected by the amount of CT deformation in the initial contact phase.
Since it is known that the PT-CT TCC transient is dependent on C'T-moderator
heat transfer, a way to model this portion of the system must be used. The correlation
for pool boiling heat transfer developed by Rohsenow (Carey, 2008) can give an

approximation for CT-moderator heat transfer:

1 1/r ) - 1/r
q g _ ( 1 > P]_—s/r |:('1)[ [Tu sai([)l)] (4())

pihis \ g (pr = p) Css : .

Where, Cy = 0.013, s = 1.0 and r = 0.33 for the water-zircaloy interface in question.
The Rohsenow equation relates heat flux to the temperature difference between
liquid and solid surface. This means that if either heat flux or temperature difference

is known. the pool boiling convective heat transfer coefficient can be calculated as:

"
h/ o et —mod (4 7)
conv :
Tct - Tsai(Pmod)

Utilizing this 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 the Yovanovich TCC equations there are terms for mean surface roughness and
mean surface asperity slope. The surface roughness term is present in both the solid
contact and gas gap equations. The asperity slope term is only present in the solid
contact equation. If the m/o ratio changes it can vary the relative magnitudes of
the solid and gas gap terms. An analysis was done for several TCC transients using
different m /o ratios while keeping the peak contact conductance values the same. For
a higher value of m /o, conduction through the gas gap is lower relative the the solid
contact conductance. This results in a lower value of TCC in the post-contact phase
because it is in this region that gas gap conductance tends to be the dominant mode
of TCC. The resulting plot from this analysis can be seen in figure 4.8. PT internal
pressure was 3.6 MPa. A new parameter used in evaluating TCC transients can be
defined as the ratio of peak TCC values to post-contact equilibrium values of TCC.
This will be referred to as the P/L ratio. Table 4.1 shows the values of P/L ratio
with varying m /o ratio in this analysis. This information can prove to be valuable for

Table 4.1: m/o vs. P/L ratios
m/o(mm™) P/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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ratio

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

This is done by selecting a value of m/o which gives a good P/L ratio for one set of

experimental data. The same values can then be used for validation 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). This expression is a function of PT internal pressure, C'T exter-
nal pressure and a pressure redistribution factor. In figure 4.9 the results from the
equation are plotted against results obtained from a model simulation for a contact
boiling test. The solid black line represents perfect agreement and the dotted black

lines represent an error of +5 %. The results show good agreement between predicted
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Figure 4.9: Model prediction for pressure redistribution factor as a function of redis-
tribution factor from Luxat (2002)
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values and values given by the equation, especially in the region of high pressure re-
distribution factor. For this example there is a slight over prediction of approximately

5% as the redistribution factor reaches lower values.

4.5 Treatment of Experimental Data

A comparison of experimental data to the mechanistic model presented in this report
should be conducted for validation purposes. Many 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 section
of a CANDU fuel channel submersed in a pool of water. A graphite heater is used
to provide the incident heat flux on the inside of the pressure tube. Many sets of
thermocouples are arranged in rings at several axial positions along both the pressure
tube and the calandria tube. PT thermocouples are welded into place through holes
drilled in the pressure tube. Their location is at the middle of the PT thickness. CT
thermocouples 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 when 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 the contact conductance transient must be developed.
One type of approach used in the past was to estimate PT-CT contact heat flux by
using data for heater power in conjunction with heat 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 transient at and following the instant of contact. A
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Figure 4.10: Example cross section of contact boiling experiment apparatus (Neal
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 the transient
temperatures.

Equations 3.9 and 3.10 are rearranged and solved for /., to give:
| s eff S

(llzt S
Moy Cpet =52 — Ty Bt (“ +(,,t+h(om (Tt — To)

R pe =
(ff T‘pl - 71'1

(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 tube, the effective contact conductance

between the two tubes is:

BETAR
m”_wa(7’+—+§ﬁ (4.9)
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Figure 4.11: Depiction of thermocouple locations for contact boiling experiment (Neal
and Fraser, 2003a)

Where R/

! e 18 obtained for each experiment using the Rohsenow correlation shown

in Equation 4.6.

4.5.1 PT Incident Heat Flux Boundary Condition

Incident heat flux on the inside of the pressure tube is one of the boundary conditions
used when modeling PT-CT contact. Experiments specify the linear heater power
used for each test but this number is not equivalent to the heat given directly to
the pressure tube. In order to determine the proper PT incident heat flux boundary
condition, the PT heatup rate from the pre-contact phase is used in conjunction
with the mass and specific heat of the pressure tube. PT heatup rates are measured

and specified for all contact boiling tests. The following equation illustrates the
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relationship and can be derived from equation 3.9 by setting the h,; to zero which
is a good approximation for the pre-contact phase.
([Y;)f

Gyt = m;”CWtW (4.10)

4.6 Comparison to Contact Boiling Tests

In this section, a comparison between the developed model and data from two graphite
heater contact boiling experiments are made. The first set of contact heat transfer
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. The second set of data was taken from a report by H.Z. Fan
(2004). CHTC was estimated for several sets of thermocouples. Test conditions
are given in table 4.5. 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 conditions for two contact boiling tests
Test Name PT Pressure PT Heatup Rate Subcooling Percent CT Dryout

SUBC5 3.6 M Pa 25 °C 36 °C 6 %
Q6 4.4 M Pa 246 °C 22.7°C 27 %

4.6.1 Comparison to Extracted Data

Experiment SUBC5S features high moderator subcooling and high PT incident heat
flux conditions. This test was classified as “immediate quench™ because film boiling on

the CT surface was not sustained for more than 5 seconds and there was no noticeable

=1
=
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deformation of the calandria tube. Three sets of CHTC transient data were extracted
from three thermocouple pairs in one ring of the test apparatus. Thermocouple
pairs were located on the top (TC8-TC38), bottom (TC10-TC42), and side (TCO-
TC40) of the test section. Table 4.3 shows experimental temperatures and predicted
temperatures for PT and CT along with calculated boundary condition values used
for CHTC extraction and code simulation.

The large discrepancy between predicted and experimental CT maximum surface
temperatures can be attributed to local dryout in some regions (approx. 6% of CT
surface). No dryout condition was imposed on the CT outer surface in the SUBC5H

analysis, therefore the C'T outer temperature remained low.

Table 4.3: Experimental data and model predictions for SUBC5

Ui Recone PT Contact Temp Max CT Temp
Experimental Data 885-903 °C' 351 °C
Model Predictions  80.2 kW/m 26 kW /m?.°C 797 °C 127 °C'

Figure 4.12 shows the three CHTC data sets along with the model predictions for
the test. The time scale is set so that initial contact occurs at time zero. It can be seen
that the top of the test section experiences contact first. This results in thermocouple
pair TC8-TC38 experiencing the highest value of thermal contact conductance in the
initial contact phase. Complete circumferential contact of PT and CT is achieved
within 3 seconds of first contact. Model predictions give a peak CHTC value of
6.2 kW/m? - °C'" and an equilibrium value of approximately 1.8 kW /m? - °C. This
shows good agreement with the extracted experimental data which shows peak and
equilibrium values of approximately 6.5 k1//m?-°C" and 1.5 kW /m?-°C' respectively.

Figure 4.13 is a heat flux plot for the contact transient. The results show a

the expected large spike in PT-CT heat flux as well at the C'T-moderator heat flux
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Contact Boiling Test Data Compared to Model Results
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Figure 4.12: Comparison of model predictions to extracted CHTC data from ring 4
of experiment SUBCH

transient. Incident heat flux on the inner PT wall remains relatively constant for
the transient duration. This figure illustrates the system reaching equilibrium as all
three 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 tube during the contact
event and is the main factor in determining whether fuel channel integrity will be
compromised. Although this parameter can spike to a high value at initial contact, it
is limited in the 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 temperature
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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 transient test SUBCH

4.6.2 Comparison to Data from Fan et al.

The test examined by Fan et al. was classified as experiencing “patchy film 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 conditions. It was determined that

sections of the CT outer surface were in film boiling for approximately 13 seconds
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before quench. CHTC data from eight thermocouple pairs arranged in two rings on
the test section are shown in a plot (H.Z. Fan, 2004). Table 4.4 shown experimen-
tal temperatures and predicted temperatures for PT and CT along with calculated
boundary condition 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
the Q6 case. This is because of the C'T dryout condition imposed following initial

contact in the model.

Table 4.4: Experimental data and model predictions for Q6

i B PT Contact Temp Max CT Temp
Experimental Data 815-862 °C 621 °C
Model Predictions  78.9 kW /m 16 kW/m? - °C 784 °C 517 °C

Figure 4.14 shows the CHTC data along with model predictions for the test (shown
by the solid blue line). The time scale is set so that initial contact occurs at time zero.
Initial contact is defined as the time when PT temperature reaches a maximum and
begins to decrease as it loses heat to the calandria tube. In the model simulation, a
dryout condition was imposed from initial contact to 13 seconds after initial contact.
This was achieved by adjusting the CT-moderator heat transfer coefficient for the
dryout period. The value was decreased to one consistent with film boiling heat
transfer. The thermocouple pair most affected by dryout was at location 2-90 as
seen in the plot. Model predictions give a peak CHTC value of 7.6 kW /m? - °(C'" and
an equilibrium value of 2.1 kW /m? - °C'. Experimental values are approximately 7.5
EW/m? - °C and 1.2 kW/m? - °C' respectively. The equilibrium prediction value is

approximately twice 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 the experiment and
model. This is the portion of the PT which made first contact with the CT (location
2-90). The model prediction reaches a maximum approximately one second before the
experimental results. This can be attributed to both the assumption of rapid interfa-
cial pressure increase as well as the lumped parameter model used in the temperature
module. Because in the experimental scenario the interfacial pressure does not reach
a maximum instantaneously as in the computer model, peak TCC values are slightly
delayed. Also, if the temperature module included a radial conduction term, it would
better account for the temperature distribution in the CT. This would result in the
bulk CT temperature remaining lower for a slightly longer period of time.

The two regions denoted by the letter B show discontinuities in the model predic-
tions. This is a result of a dryout condition being imposed on the outer CT surface
in the model. This is accomplished by reducing the CT-moderator HTC which comes
into affect when the CT outer surface exceeds a threshold temperature. In order
to agree with the experimental results from Q6, dryout ends after approximately 13
seconds, which accounts for the second discontinuity in model predictions. Before the
dryout condition is imposed, the model prediction appears to start to reach an equi-
librium value at 6.5 kW /m?-°C'. When dryout occurs, the CT temperature increases
significantly and results in high CT creep. This serves to decrease the value of TCC.

Region C shows one thermocouple location (2-180) which appears to have an os-
cillating TCC value. This location reaches a maximum TCC value at initial contact

similar to all other locations but exhibits several other local maxima in the plot. One
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possible explanation for the oscillations is that this region might be experiencing in-
termittent dryout. During periods of CT dryout the contact pressure (and likewise
HTC) will decrease as the CT temperature increases. After quenching, CT tempera-
ture will drop and contact pressure will increase. This type of intermittent dryout is
expected to produce results similar to that in region C.

The main reason that peak CHTC values are higher for experiment QG is that this
test features a higher PT internal pressure. Since harder contact pressure produces a
higher value of thermal contact conductance, it is the primary limiting factor for peak
CHTC values. It should also be noted that at high PT internal pressures. the PT will
balloon into contact more rapidly. This provides less time for PT heatup and results
in tests with a higher PT internal pressure having lower PT contact temperatures.
Lower PT contact temperatures lead to a lower PT-CT temperature difference at

initial contact and a low contact heat flux.

4.6.3 Discussion of Results

For both of the experiments presented in the previous sections the predictions of the
mechanistic model are in good agreement and generally reproduce similar values for
the CHTC maximum and equilibrium states. It can be seen that the model predic-
tions align with the highest value for TCC when data from multiple thermocouple
pairs is shown. This is because in experimental results the portion of the test section
that undergoes PT-CT contact first generally experiences the highest value of thermal
contact conductance. In the mechanistic model developed here. it is assumed that
creep strain is uniform in the radial direction. Therefore contact occurs simultane-

ously throughout the circumference of the PT-CT interface which produces CHTC
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values generally higher than 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. Maximum CT temperature values are taken from
thermocouple data for a specific, localized area on the outside of the calandria tube.
This means that recorded values are subject to variation from the average C'T 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 the test section exhibiting the highest value of contact HTC. This corresponds to
the portion of the PT which makes contact with the CT first.

Incident heat flux on the pressure tube plays an important role in the CHTC
transient. The P/L ratio (discussed in section 4.3) will decrease for increasing PT
incident heat flux. As the system attempts to reach an equilibrium state in the post-
contact phase. higher PT incident heat flux causes harder contact pressure between
PT and CT. This raises the thermal contact conductance equilibrium value. A sen-
sitivity analysis of incident heat flux was not conducted because it is not one of the
key parameters for TCC identified on page 28.

(Calandria tube-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 C'T-moderator heat transfer coefficient for test Q6 is lower than test SUBC5. This
is due to a lower subcooling in Q6 and is most likely the reason this test experienced

significantly higher levels of C'T dryout.
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Table 4.5: Property values used for model predictions

Property Value
RMS surface roughness (o) 11 pum
RMS surface asperity slope (m) 0.12

PT thermal conductivity (k) 18W/m-K
CT thermal conductivity (ko)  13.7W/m-K
PT specific heat (C,) 350 J/kg-K
CT specific heat (Cp) 290 J/kg-K




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 with the calandria tube 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 that are consistent with data taken from contact
boiling experiments. During such a transient, high values of PT-CT contact conduc-
tance are not sustained for extended periods of time. This is due to factors such as
contact pressure, which may be high during the initial contact phase but limits the
equilibrium value of TCC in the post-contact phase.

Predicted values from the model bound experimental data 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. the model predicts maximum CHTC values
fairly accurately and exhibits a certain degree of conservatism as the system reaches

equilibrium.

80



M.A.Sc. Thesis - Adam Cziraky McMaster - Engineering Physics

The sensitivity analysis conducted demonstrates that the effect of surface rough-
ness on solid and gas gap conductivity is at a maximum in the initial contact phase.
Roughness sensitivity rapidly decreases for solid contact in the post contact phase
but still remains significant for gas gap conductivity. Sensitivity to contact pressure
however, has a larger magnitude in the post contact phase especially with respect to
gas gap conductivity. This is most likely because gas gap conduction is the dominant
mode in the post contact phase. These results illustrate the importance of under-
standing surface characteristics especially after contact has been made. Sensitivity
of TCC to the CT-moderator HTC is seen to have a maximum in the initial contact
phase and then decreases significantly in the post contact phase. This most likely
occurs due to much lower heat flux incident on the CT in the post contact phase.

This work may be extended by a more detailed study of PT and CT surface
characteristics and their specific behaviour during a contact event. Properties such
as surface roughness and hardness should be examined for varying temperature and
contact pressure. This CANDU 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. the development of a full one dimensional model would be beneficial for
prediction of various effects which 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 redistribution and has a significant effect on subsequent contact
occurring at different locations. Such a model could also account for the effects of

gravity and how they influence forces on the pressure tube. Incorporating radial
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temperature equations into the one dimensional model would allow the prediction
of temperature distributions in both the pressure and calandria tube which would

greatly improve model results.
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Appendix A

Time Step Analysis

When using an explicit discretization scheme, it is important to use a small enough
time step. Time steps which are too large can yield unrealistic results (Patankar,
1980). The following presents an analysis that justifies the time step of 0.1 seconds
used in computer simulations. Figure A.1 shows several CHTC transients obtained
by simulations with different time step values. It can be seen that at larger time
steps the transient curve is shifted due to the inaccuracy in the explicit discretization
scheme. There is a large difference in the calculated transient between time steps of 5
seconds and 0.1 seconds. The difference however, is notably small between time steps
0.1 seconds and 0.01 seconds. This leads to the conclusion that a time step smaller
than 0.1 seconds is unnecessary and results in a needless increase in computational
intensity. Another observation that can be made is that the code results are generally
very stable. Even though inaccuracies arise from too large a time step. the CHTC

transient retains its general characteristics.
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Contact Heat Transfer Coefficient Transients for Different Timesteps
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Figure A.1: Comparison of CHTC transients obtained from model using different
time steps
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Appendix B

TCC Model Development

B.1 Solid Conductance

This section presents more detailed information about the derivation of the Yovanovich
thermal contact conductance model. The model is developed by assuming a Gaus-
sian distribution for surface asperity height. The fraction of the surface actually in
contact, A, over the total apparent contact area of the two surfaces, A,, can be

estimated by the complimentary error function:

erfe(r) =1—erf(x) = \/2: /X e~ dt (B.1)

If v = /)T)U then the complimentary error function represents the probability that a
V £

measurement lies outside +Y in a Gaussian distribution with standard deviation o.

This can be applied to determine actual contact area where Y represents mean plane

separation of the two surfaces and o represents surface ronghness. From (Yovanovich,
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1981);
4 ,

g—%:— ——ezf(<\/}_a> (B.2)
The contact pressure to hardness ratio is considered to be a direct representation of
the ratio of actual to apparent contact area. Equation B.2 gives a needed relationship
between x and P/H. The thermal resistance due to constriction at a single contact
spot, i, is:

(%)

S ’ B.
Rm QA‘S(I,Z' ( 3)

Where a; is the contact spot radius and .7 is the contact spot constriction parameter.

For multiple contact spots in parallel;

N N
1 - 1 —
—— = — =2k — B4
RC Z Rci } Z L’cl ( )
=1 =1
Converting to contact conductance;
"
2ks x<— @ .
he=—= — (B.5)
‘4(1 i—1 Wei

Yovanovich (1981) defines a contact conductance parameter derived from a geometric

analysis;

N

m

—eap(—x° B.6
Z 4_2“ p(—2?) (B.6)

Equations B.2, B.5 and B.6 can be combined to yield:

ohe  m exp(—a?)
ke 22 (1
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Where 2 = erfc ' (2P/H) and ¢ = \/P/H. The final expression for solid contact
conductance shown in equation 2.15 is given as a correlational approximation to
equation B.7. It should be noted that this result is very close to equation 2.6 developed
by M.G. Cooper (1969). This 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

The Yovanovich gas gap term, like most TCC models is based on conduction through
the gas. Thermal conductivity of the gas is the most important parameter. The
Yovanovich model makes innovations in the correction term as well as the expression
for mean plane separation. The correction term is developed as a way to approxi-
mate the jump distances normally used for gap conductance (Ainscough, 1982). The
expression for mean plane separation (equation 2.17) comes from a correlation which

approximates equation B.2.
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Appendix C

Contact Boiling Test Dryout Maps

The following are dryout maps of the C'T outer surface from each of the two contact
boiling tests used in section 4.6. The coloured areas represent areas locations where
film boiling occured during the test. Thermocouple locations are marked and the

thermocouples used for comparison purposes are indicated.
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Appendix D

MATLAB code

The following is the main MATLAB code used to simulate the PT-C'T contact tran-

sient. The main script is where the code is run from and calls all other scripts.

for t=aT:aAT:ttrans

for 4=1:3

Conductance
if contactflag==0
marker=step;

end
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if contactflag==
$hconv=1000;
hconvl=2*pi*rct+hconv;
%determines how many timesteps dry
if step—marker>130
hconv=26000;
hconvl=2xpi*xrct+hconv;
end
end
if step>1

$iteratively solve for PT and CT temperatures

F

TempSolve
%gas conductivity correlation

kg=(9.460%10"—6) x ( (PTtemp (step) +CTtemp (step) ) /2) "1.312;

Hard=[exp(26.034+PTtemp (step) * (—0.026394+PTtemp (step) . . .

%*(0.000043504—PTtemp (step) *(0.000000025621))))]1/(1076) ;

$tracking variables for gas conductivity and hardness
kgtrack (step) =kg;
Hardtrack (step)=Hard;
end
$iteratively solve for contact pressure
Strain
3determines contact microhs: ess
if contactflag==
contacthard2
end
$calculate heat fluxes
%CT-mod heat flux
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gmod (step) =hconv# (CTtemp (step)—T1) ;
$CT-PT heat flux
gjoint (step) =HTC (step) + (PTtemp (step) —CTtemp (step) ) ;
$PTincident heat flux
gptinc (step) =gpt/ (2*pix (rpt—0.5xtpt)) ;
end
$change the thickness and radius of tubes as they deform
rpt=rptox (1+PTstrain(step)) ;
tpt=tpto/ (1+PTstrain(step)) ;
rct=rctox (1+CTstrain(step)) ;
tct=tcto/ (1+CTstrain(step)) ;
%¥increment s Cep counter
step=step+1
end

splot results

\°

¢

subplot (2,2,1)
plot (time,Pitrans)
subplot (2,2,2)
plot (time, HTC)
subplot (2,2, 3)

plot (time, PTtemp, time, CTtemp)

The input file contains initial conditions and variable values necessary at the start of

the simulation.
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ttrans=100;
$timestep size [s]
AT=0.1;

$number of timesteps

n=ttrans/aT;

for i=1:n+1

time (i) =i*aT—AT;

Ppt=4;
$calandria tube external pressure
Pext=0.1;

tpto=0.00424;
tpt=tpto;

tcto=0.0014;

$PT and CT radius [m]
rpto=0.05169+0.5+tpt;
rpt=rpto;
rcto=0.064345;

rct=rcto;
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N

$for heatup rate of 24.
gqpt=78900;

$for heatup rate of 23.4
%gpt=75200;

$for heatuprate of 25
$qpt=80185;

$for heatuprate of 26
%qpt=83392;

$mass of PT and CT per unit

-
0]
5

Q

th [kg/m]

$specific heat of PT and CT [J/kg/K]
Cppt=350;

Cpc=290;

$thermal conductivity of PT and CT [W/m/K]
kp=18;

kc=13.7;

%thermal conductivity of co2 gas [W/m/K]

wQ

$effective surface roughness of zircaloy PT/CT [m]
rough=11+10"—6;
$mean surface asperity slope

m=0.12;

o\®

meve

smey

r hardness

0]

Hard=1000;

%heat transfer coefficient between CT and moderator [W/m~2 K]

hconv=26000;
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$calculate linear heat transfer coefficient between CT and moderator

hconvl=2«pi*rct+hconv;

%shewfelt correlation constants
A=5.7%x10"7;
B=—29200;
C=140;
=—19000;
E=22000;
F=—34500;
G=110;

=—3.5%x10710;

$initial PT and CT temperatures [K]
Tpo=350;

Tco=350;

initial HTC

o\?

HTC=zeros (1,n+1) ;

m
o]

o 4 anc Ci

o))

PTtemp=zeros (1,n+1) ;

CTtemp=zeros (1,n+1) ;

% input 1nitlal temperatures

PTtemp (1) =Tpo;
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CTtemp (1) =Tco;

$initialize contact
Pi=0;

Pitrans=zeros(1l,n+1) ;

o

% al PT strain is 0

bz

init

o\

PTcreep=0;

CTstrain=zeros (n+1,1) ;

contact flag

contactflag=zeros(1l,n+1);

$initialize film boiling flag
FBflag=0;

mu=Mg/Ms ;

Te=273; %[K]

CT

[kg/kmol]

(no contact initially

7)
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The conductance script is called from the main file and solves for contact conductance

using correlations.

ontact Conductance calculation

alphal=exp(—0.57* ( (PTtemp (step)—To) /To) ) * (1.4xMg/ (6.8+1.4+Mg)) . . .
+(2.4*mu/ (1+mu) "2) * (1—exp (—0.57« ( (PTtemp (step)—To) /To) ) ) ;
alpha2=exp(—0.57* ( (CTtemp (step)—To) /To) ) « (1.4+Mg/ (6.8+1.4xMg)) . . .
+(2.4xmu/ (1+mu) "2) x (1—exp (—0.57+ ( (CTtemp (step) —To) /To) ) ) ;

accom=( (2—alphal) /alphal) +((2—alpha2) /alpha2) ;

ks=2+kp+rkc/ (kp+kc) ;

hc (step)=1.25* [ksxm/rough] » [Pi/Hard] "0.95;

sCalculate gap widatn 1r contact nas not b

if contactflag==
gap=rct— (rpt+0.5xtpt) ;
Y=abs (gap) ;

elseif contactflag==

Y=1.184+rough*[-log(3.132+Pi/Hard)] "0.547;
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end
$sets flag for PT/CT contact if contact has been made

if gap<0
if contactflag==0;
epsiloncrit=PTcreep;
end
contactflag=1;
end
$save mean plane separation values
Yhist (step) =Y;

%calculate gas gap portion of contact conductance if

(0]

if contactflag==

hg (step) =kg/ (Y+betarmfp*accom) ;

o\

scalculate gas gap portion of contact conductance

if contact has not been made

o))
n
n
I
=1
0
h
0
(6]
—
b
Q.
W
3
[o}

%calculate total gap conductance
HTC (step+1) =hc(step) +hg(step) ;

$calculate effective linear contact conductance

heffl (step)=2+pi*rct«*[[tpt/ (2+xkp)+1/HTC (step+1l) +tct/kc] "—1];

has been mad

conductanceg

The temperature solving script solves the lumped parameter heat equations for PT

and CT to determine the temperatures in each tube.

)

counter=0;
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while 1==1

o4
%1

0]
0]

G

Y temper

PTtemp (step) = [aT* [gpt+heffl (step) *CTtemp (step)] ...
+mpt*Cppt+PTtemp (step—1)]/ [mpt*Cppt+aT+xheffl (step)];

CTtemp (step) = [mc*Cpc+xCTtemp (step—1) +aT+xheffl (step) *xPTtemp (step) . ..

+aT+hconv1+T1] / [mc*Cpc+aTxheffl (step) +aT+hconvl] ;

a

ults

oo

save Y

(@]
0
5

PThist (counter)=PTtemp (step) ;

CThist (counter)=CTtemp (step) ;

if counter>1
if [PThist (counter)—PThist (counter—1)]<0.001
if [CThist (counter)—CThist (counter—1)]<0.001

$clear PThist CThist

end

end

end

The strain script solves the Shewfelt equations for PT and CT simultaneously in order

to determine contact pressure.
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$when contact is made
if contactflag<l
PTstress (step)=Pptxrpt/tpt;
$calcualte PT creep strain rate
PTcsr(step)=(5.7+x10"7) « (PTstress (step) "1.8) xexp(—29200/PTtemp (step) ) ;
%$calculte total PT strain
if step<l
PTstrain(step)=aT+PTcsr (step) ;
elseif step>1
PTstrain(step)=PTstrain(step—1)+(aTx (PTcsr (step—1). ..
+PTcsr (step)) /2) ;
end
PTcreep=PTstrain(step) ;

if contact has been established calculate contact pressure

o\

elseif contactflag==

while 1==1
if CTtemp (step)<Tl
CTstress (step)=0;

else

o\

lculate CT stress from guessed

%
o]

C i

end
%internal alpha phase stress in CT loop
while 1l==1
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$calculate CT dislocation creep
dcreep (step) =Ex* ( (CTstress (step)—istress(step))"5.1) ...

xexp (F/CTtemp (step) ) ;

)]

%calculate integral function

f (step) =Gxdcreep (step) +H* (istress(step) "1.8) ...
*exp (F/CTtemp (step)) ;

if step<l
%set integral to zero for first timestep
I(step)=0;

=2l are Aint 3 ¥ 1
%calculate integral valu

()

ing timesteps
I(step)=I(step—1)+(aT/2)«(f(step)+f(step—1));

end

%calculate new alpha phase stress

newistress (step)=1.4+I (step) ;

isresidual=abs (newistress (step)—istress(step)) ;

if isresidual<0.001
break

end

\o

o

scalculate new value for alpha stress
istress(step)=0.99xistress(step)+0.01l+newistress (step) ;

end
1

% calculate

y AR CF

; CY¢

=)

'C

(

gbcreep (step) =Cx (CTstress (step) "1.3) xexp (D/CTtemp (step) ) ;

[ s Va1 B A, 7 Aiaaasad Iraliiad F X 2 e~
s CaicCulate Pl stCress Irom guessed values OI gbcreep etc...

Q

PTstress (step) =abs ([ (gbcreep (step) +dcreep(step)) ...

/ (Axexp (B/PTtemp (step)))]1~(1/1.8));

v Pi

o\
(4]
+
)
>
t
T
e
¢

Pinew=— (PTstress (step) xtpt/rpt) +Ppt;
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$calculate residuals
residual=Pinew—Pi;
$exit if residual is less than...
if abs(residual)<0.00001

Pitrans (step)=Pi;

o\©

T Y e S = | P fodinis e
lculate total creep strain o

W

(&

h

B

]

PTcsr (step)=(5.7%10"7) » ( (Ppt—Pi) xrpt/tpt~1.8) ...

xexp (—29200/PTtemp (step) ) ;

PTstrain(step)=PTstrain(step—1)+(aT. ..

* (PTcsr (step—1) +PTcsr (step)) /2) ;

CTstrain(step)=CTstrain(step—1)+aT. ..

* (gbcreep (step) +dcreep (step) ) ;

break

Pi=0.999xPi+0.001xPinew;
end

end

o)
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