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INTRODUCTION

An important- feature of the CANDU-PHW reactor is

that each fuel channel is surrounded by cool heavy-

water moderator that can act as a sink for heat

generated in the fuel if other means of heat re-

moval were to fail.

During postulated loss-of-coolant accidents

there are two scenarios in which the primary

cooling system may not prevent fuel-channel

overheating. These situations arise when:

tube and cold calandria tube results in a sudden

transfer of stored energy which causes a spike in

the heat flux to the moderator. The size of this

spike depends on:

(1) the pressure-tube temperature at contact,

(2) the contact conductance between the

pressure tube and the calandria tube, and

(3) the nature of the boiling process on the

outer surface of the calandria tube.

(1) for a particular break size and location,

called the critical break, the coolant flow

through a portion of the reactor core stag-

nates before the emergency coolant injec-

tion system restores circulation, or,

(2) the emergency coolant injection system

fails to operate.

In either case, the heat generated in the fuel

is transferred mainly by radiation to the pressure

tube and calandria tube, and then by boiling heat

transfer to the moderator. Because radiation is

the principal mode of heat transfer, high fuel and

pressure-tube temperatures result. The tempera-

tures are such that the pressure tube deforms, due

to creep, and a chemical reaction takes place be-

tween the zirconium and water, generating heat and

liberating hydrogen. The deformation mode of the

fuel channel will depend on the internal pressure.

If the pressure is high, the pressure tube may

deform radially outwards into contact with its

calandria tube; if the pressure is low, the pres-

sure tube will sag under the weight of the fuel

into contact with the calandria tube.

The initial contact between the hot pressure

This paper describes a simple one-dimensional

model developed to analyse the thermal behaviour of

a fuel channel when the internal pressure is high.

Also described is a series of experiments in which

the pressure-tube segment is pressurized and heated

at a constant rate until it contacts a surrounding

calandria-tube segment. Predictions of the one-

dimensional model are compared with the experi-

mental results.

ANALYSIS

The computer program WALLR has been developed to

predict the transient heat transfer along a radius

through the pressure tube and calandria tube to the

moderator following contact between these tubes.

Figure 1 shows the problem schematically. The

analysis of the transient heat conduction between

the pressure tube and calandria tube is straight-

forward. It is performed using a standard one-

dimensional, finite-element subroutine called WALL,

which solves the heat conduction equation in the

radial direction, using cylindrical coordinates.

The difficulties in analysing the problem illus-

trated in Figure 1 lie in specifying the boundary

conditions.
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MODERATOR

Figure 1 Schematic of Pressure Tube/Calandria
Contact Problem

The boundary condition on the inside surface of

the pressure tube is a specified incident heat

flux, i.e.

Bf *

At the pressure-tube/calandria-tube interface, the
heat transfer is controlled by the contact con-
ductance h which is defined as follows
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Heat transfer between the outside surface of the

calandria tube and the surrounding water is

given by

the nucleate-boiling heat flux when the calandria-

tube outside-surface temperature was 5°C above the

moderator saturation temperature.

The Rohsenow heat-transfer correlation was

used for the nucleate-boiling regime until the

critical heat flux was reached. It relates the

heat flux and surface temperature as follows:

q =

The critical heat flux for saturated water was

obtained using the Zuber correlation and the

effects of subcooling were accounted for using the

t The resulting correlation is
(

data of Thibault

(q>CHF " .a

The rounding of the boiling curve at the top, was

approximated by a constant heat flux, equal to the

critical heat flux for an interval of 10°C

beginning at the temperature of the critical heat

flux.

The heat flux in the transition-boiling regime

was assumed to decrease from the critical heat flux

to the minimum film-boiling heat flux along two

straight lines which intersected at a heat flux of

qCHF ~ qMIN

= VTco - V

The heat-transfer coefficient, h. , is controlled

by the type of boiling that occurs with the given

subcooling, saturation temperature, outside-surface

temperature of the calandria tube, and heat flux.

In WALLR, h. is defined for four regimes: sub-

cooled, nucleate boiling, transition boiling and

film boiling.

The subcooled, single-phase, heat-transfer re-

gime was assumed to exist until the calandrie-tube

wall temperature was 5°C above the moderator sat-

uration temperature. For this regime, h^ was de-

termined by assuming that the heat flux equalled

and temperature of

1 " 3 CHF " XMIN;

The minimum heat flux was estimated using results

published by Bradfield (3).

The heat transfer in the film-boiling regime was

calculated using a correlation for the N'usselt

number obtained by Dhir and Purohit from an ex-

periment using small spheres. The Nusselt number

is

r
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The correlation coefficients C., C- and C, f->r

small spheres are 1.0, 0.8 and 0.9, respectively.
05)

An experiment was performed ' using a 100 sun dia-

meter copper cylinder, to determine the correlation

coefficients for large-diameter cyclinders. The

values obtained were 1.0, 1.0, and 2.8 for C., C_
and C-, respectively.

EXPERIMENTAL

Cine films (at 80 frames per second) were taken

of the calandria-tube outer surface in each experi-

ment. The type of boiling was noted, both visually

and by the calandria-tube surface temperature which

was monitored by 18 thermocouples spot-welded to

the surface. Film boiling also left a very dis-

tinct oxidized area on the surface.

EXPERIMENTAL RESULTS

The experiments are listed in Table 1. The

first nine experiments were performed to inves-

tigate the occurrence of film boiling, with inter-

nal pressure and water temperature as parameters.

In these experiments, the power was turned off as

soon as possible after contact occurred. The last

five experiments were performed to investigate

film-boiling behaviour with a constant incident

heat flux. The power was left on for the duration

of these experiments.

The experimental apparatus consisted of a 1.5 m

long pressure-tube segment surrounded by a 1.8 iu

long calandria-tube segment which was immersed in

water. Inside the pressure tube is a 1.0 m long

tubular electric heater, as shown in Figure 2.

This apparatus was mounted inside a water tank with

viewing ports in the sides. The water was heated

by submerged steam lines.

Figure 2 Experimental Apparatus

The experiment was performed by heating the

water to the desired temperature, pressurizing the

pressure tube, and then heating the pressure tube

by applying power to the heater.

As shown in Table 2, the occurrence of film

boiling was correctly predicted for the experiments

with internal pressures of 1 MPa or greater. The

contact conductance used in the calculations was 11

kW/(m ,°C). The incident heat flux used was the

heater power divided by the surface area of the

pressure tube when in contact with the calandria

tube.

TABLE 1

Test Conditions

Test Power Pres. Water Contact
Temp.

(kW) CMPa) (°C)

1
2
3
4
5
6
7
8
9
10
11
12
13

75
65
75
75
65
70
75
75
70
70
70

32

4
4
1
1
2.
4
2.
2.
1
4
2.
1
0.

5

5
5

8

5

67
85
74
67
77
81
77
77
80
85
85
85
85

760
760
860
860
760
750
820
800
900
750
820
1000
1070
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Test

1
2
3
4
5
6
7
8
9
10
11
12
13

AT
s

<°c>

32
14
25
32
22
18
22
22
19
14
14
14
14

TABLE

Experimental

Film
Exp.

no
yes
yes
no
no
yes
yes
yes
yes
yes
yes
yes
no

Boiling
WALLR«

no
yes
yes
no
no
yes
yes
yes
yes
yes
yes
yes
yes

2

Results

Time to
Quench

(s)

_

30
16
-
_
10
6
10
10
12
25
520
—

Maximum
Measured
T
CT
(°C>

112
495
548
117
110
117
30:5
360
502
270
549
730
109

» Predicted using hQ = 11 kW/(m
2.°C)

q„„_ = 11Ox1o\i + 0.045 AT )
Lnr S

(1) Observed on film only. Thermocouples outside
film boiling areas.

WALLR is a one-dimensional computer model, thus

it predicts film boiling completely around the cir-

cumference. This did not happen in the experi-

ments. Figure 3 shows the stable film boiling

which occurred in experiment 11. This illustrates

that the calandria-tube surface had patches of film

boiling surrounded by patches of nucleate boiling.

Experiment 12 had the largest area of film boiling.

The patch was 90 cm long and covered the complete

surface of the tube except for an axially centered

patch of nucleate boiling 2 cm wide by 35 cm long.

The patchiness of the boiling means that the

calandria-tube temperatures under the film patches

are lower than those predicted by WALLR, except in

the center of large patches. The discrepancy is

due to circumferential and axial heat transfer to

the regions of nucleate boiling.

Figure 3 Boiling on Calandria Tube Surface
(Experiment 11)

The subcooling in experiments 6, 7 and 8 was

chosen to be barely in the regime where film

boiling is predicted, using a contact conductance

of 11 kW/m^C. For these experiments, the amount

of heat removed during nucleate boiling and transi-

tion boiling, which occurred before stable film

boiling, was such that the surface temperature was

close to the rewetting temperature and rewetting

took placs soon after film boiling began. The

film-boiling patches formed in these experiments

were small.

In the experiments, the pressure tube does not

contact the calandria tube simultaneously at all

points around the circumference. Figures 4 and 5

show traces of the recorded pressure-tube temper-

atures for experiments 6 and 12, respectively. In

the cases where the pressure was 2.5 MPa or

greater, the top of the pressure tube was hotter

than the bottom prior to contact (due to internal

natural convection) and the top touched the calan-

dria tube first (Figure 4).

In the cases with an internal pressure of 1 MPa

or less, the circumferential pressure-tube tempera-

ture variation is small and the bottom of the tube

contacted the calandria tube first (Figure 5).
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Figure 1 Pressure-Tube Temperatures Experiment 6
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Figure 5 Pressure-Tube Temperatures Experiment 12

Film boiling did not occur over the portion of

the calandria tube at the point of initial contact.

A possible explanation is as follows: Contact

conductance is a function of pressure and the peak

heat flux through the calandria tube is a function

of the contact conductance. If the contact conduc-

tance is low, the flow of heat to the water is res-

tricted, thereby reducing the peak heat flux. If

the initial contact is light, the initial heat flux

is lower than the critical heat flux. Further de-

formation of the pressure tube does not increase

the contact pressure but causes the pressure tube

to become centered in the calandria tube. After

the pressure tube has expanded to fill the calan-

dria tube, the contact pressure increases sharply.

This means that the stored heat in the area of the

pressure tube which makes contact last is trans-

ferred at a higher rats and the heat flux can

exceed the critical heat flux, while the stored

heat in the area of the initial contact has been

transferred at a rate too low to cause film

boiling.

Figure 6 shows the temperatures recorded at the

center of the calandria tube during experiment 12.

The temperature at the top of the tube was higher

than that at the sides, and the top was in film

boiling longer than the side. The calandria-tube

behaviour predicted by WALLR is also illustrated in

Figure 6. The predicted temperatures agree well

with the measured temperatures for the top of the

tube. Figure 5 shows that film-boiling did not

occur on the bottom of the tube, the area of first

contact, and thus the calandria tube remained at a

temperature less than 130PC, in the region of

nucleate-boiling. A large temperature gradient

existed at the boundary between the film-boiling

and nucleate-boiling regions. Circumferential heat

transfer to the region of nucleate boiling enhanced

the cooling of the tube and caused the tube to

rewet, even with the power on. The sides cooled

faster since they were closer to the nucleate

boiling region. Since WALLR is a one-dimensional

program, it predicts that the temperature will

remain constant with a constant power that

generates a heat flux greater than q„T„.

r
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Figure 6 Calandria-Tube Temperatures Experiment 12 5> G E > G i l l e s p i e t d a t a t o b e p u b l i s h e d .

In no experiment did the calandria tube deform,

not even during experiment 12 in which temperatures

of 700°C were maintained for 500 seconds.

CONCLUSIONS

1. The computer program WALLR gave correct quali-

tative predictions of film boiling for the ex-

periments with an internal pressure of \ 1 MPa.

?. The contact conductance depends on interfacial

pressure.

3. WALLR predicted the maximum temperature of the

top of the calandria tube when film boiling

occurred over most of the calandrla-tube surface

(experiment 12).

4. WALLR predicts a constant surface temperature

during film boiling if the incident heat flux is

constant and greater than the minimum heat flux.

In all experiments, the film boiling patches

cooled and rewet, even in those with a constant

heater power throughout the experiment. This

rewetting is due to heat transfer to regions of

nucleate boiling.

SYMBOLS

B
C
P
D

Nu

Pr

S
c

Sh

r bundle power

= specific heat

= outside diameter

= Nusselt number

= Prandtl number

= liquid subcooling

= vapour superheat

of calandria

parameters,

parameter,

tube

CpHATsub/hfg

XCHF
Tci

T
MIN

TPO

T
sat

f

g

go

hb

Cpv ( Tco - Tsat ) / hfg

= bulk water temperature

= temperature at critical heat flux

= calandria-tube inner surface

temperature

: temperature at minimum film-

boiling heat flux

* pressure-tube outside surface

temperature

= saturation temperature

= decay fraction of power

= acceleration due to gravity

= conversion factor

= pool-boiling heat-transfer coef-

ficient

= contact conductance

= latent heat of vapourization
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•1
qCHF
qMIN

rpi
e

V

p

u

= heat flux

= critical heat flux

= minimum film-boiling heat flux

= pressure-tube inner radius

= coefficient of thermal expansion of

liquid

= liquid surface tension

= density

= viscosity

n

*

= ratio of vv/uA

= Stefan-Boltzmann constant

= fraction of heat generated trans-

ferred to the pressure tube

subscripts

%

V

liquid

vacour

r


