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AMELIORATION DE L'EFFICACITE DU MODERATEUR COMME

SOURCE FROIDE PENDANT LES ACCIDENTS DE PERTE DE CALOPORTEUR
DANS LES REACTEURS CANDU A EAU LOURDE SOUS PRESSION

EN UTILISANT DES SURFACES MATEES COMME LE VERRE

par

T. Nitheanandan1, R.W. Tiede1, D.B. Sanderson1, R.W.L. Foug2 et C.E. Coleman2

RESUME

Le concept des canaux de combustible horizontaux est une caracteristique distinctive des reacteurs
CANDU a eau lourde sous pression. Chaque canal de combustible comprend un tube de force en Zr-
2,5Nb et un tube de cuve en Zircaloy-2 separes par un espace annulaire rempli de gaz. Le tube de cuve
baigne dans le moderateur a eau lourde qui constitue aussi une source froide d'appoint pour le coeur du
reacteur. Cette source froide (situee a environ 10 mm du tube de force chaud) assure un refroidissement
suffisant du combustible dans le cas tres improbable d'un accident de perte de caloporteur (LOCA). Une
des manieres de rehausser l'utilisation du moderateur comme source froide est d'ameliorer les proprietes
de transfer! de chaleur entre le tube de cuve et le moderateur. On peut realiser cette amelioration en
apportant des modifications a la surface du tube de cuve qui accroissent la valeur du flux thermique
critique (FTC) du tube. Un accroissement du FTC, qui a ete demontre, pourrait etre utilise pour reduire
les exigences de sous-refroidissement du moderateur pour les canaux de combustible CANDU ou pour
augmenter la marge a Passechement.

Une serie d'experiences a ete realisee pour evaluer les avantages qu'offre le matage comme le verre de la
surface exterieure des tubes de cuve dans les conditions hypothetiques de LOCA. En particulier, on a
evalue la possibility d'accroitre le FTC des tubes et de reduire par ce moyen les exigences de sous-
refroidissement du moderateur. Les resultats de ces experiences confirment que le matage comme le
verre de la surface exterieure d'un tube accroit la valeur de son FTC dans des conditions d'ebullition en
piscine. On pourrait utiliser cet accroissement du FTC pour reduire d'au moins 5 °C les exigences de
sous-refroidissement du moderateur dans le cas des canaux de combustible des reacteurs CANDU.
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ABSTRACT

The horizontal fuel channel concept is a distinguishing feature of the CANDU-PHW
reactor. Each fuel channel consists of a Zr-2.5Nb pressure tube and a Zircaloy-2
calandria tube, separated by a gas filled annulus. The calandria tube is surrounded by
heavy-water moderator that also provides a backup heat sink for the reactor core. This
heat sink (about 10 mm away from the hot pressure tube) ensures adequate cooling of fuel
in the unlikely event of a loss-of-coolant accident (LOCA). One of the ways of enhancing
the use of the moderator as a heat sink is to improve the heat-transfer characteristics
between the calandria tube and the moderator. This enhancement can be achieved
through surface modifications to the calandria tube which have been shown to increase
the tube's critical heat flux (CHF) value. An increase in CHF could be used to reduce
moderator subcooling requirements for CANDU fuel channels or increase the margin to
dryout.

A series of experiments was conducted to assess the benefits provided by glass-peening
the outside surface of calandria tubes for postulated LOCA conditions. In particular, the
ability to increase the tube's CHF, and thereby reduce moderator subcooling requirements
was assessed. Results from the experiments confirm that glass-peening the outer surface
of a tube increases its CHF value in pool boiling. This increase in CHF could be used to
reduce moderator subcooling requirements for CANDU fuel channels by at least 5°C.
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1.0 INTRODUCTION

There are approximately 400 horizontal fuel channels (Fig. 1) in CANDU-PHW reactors,
consisting of Zr-2.5Nb pressure tubes (PT) and concentric Zircaloy-2 calandria tubes
(CT), submerged in a large volume (-250,000 liters) of heavy-water moderator at 70°C.
The hot pressure tubes (104-mm ID), operating near 300°C, are insulated from 70°C
calandria tubes (130-mm ID) by a 9-mm thick annulus filled with CO2. Within each
pressure tube are twelve 0.5-m long fuel bundles each consisting of 37 Zr-4 clad fuel
elements containing UO2 pellets (Fig. 2). The thermal energy produced in the UO2 fuel
pellets is removed by heavy water, the heat-transport medium, flowing at about 10-MPa
pressure and approximately 300°C under normal operating conditions. The fuel bundles
are held off to the pressure tube by 1.1-mm high bearing pads on the outer elements.
These bearing pads help maintain uniform flow of heat transport fluid around the bundle
and aid movement of the bundles during on-power refueling.

The moderator provides a secondary heat sink in CANDU reactors that helps ensure
adequate cooling of fuel in the unlikely event of a LOCA. Numerous studies have
confirmed the ability of the moderator, available at a radial distance of 15 mm from the
fuel, as a backup heat sink to remove residual heat during emergencies [1 -2 ] . In some
postulated LOCA scenarios, for example, the fuel will heatup due to decay power. Fuel-
temperature escalation leads to pressure-tube heatup and plastic deformation (ballooning)
which starts at approximately 650°C and continues until the calandria tube is contacted.
Upon contact, the stored heat in the pressure tube is transferred across the interface to the
calandria tube, conducted through the calandria-tube wall and into the surrounding heavy-
water moderator. Moderator temperatures (subcooling) are specified to ensure the
transfer of stored heat to the moderator occurs without film boiling on the calandria tube,
which could compromise channel integrity [3 -4] . The subcooling required to minimize
the extent of film boiling was determined from a series of experiments where pressure
tubes were ballooned into contact with calandria tubes at internal pressures ranging from
0.5 to 10 MPa.

An objective of AECL's ongoing R&D program is to improve safety margins for
CANDU reactors and reduce capital costs through component improvement. One of the
ways to enhance safety is to improve the effectiveness of the moderator as a heat sink by
reducing subcooling requirements. Possible ways to reduce moderator subcooling
requirements are to reduce the post-contact heat-transfer coefficient between the pressure
tube and the calandria tube or to increase the critical heat flux (CHF) on the outer surface
of the calandria tube. Reducing the contact heat-transfer coefficient between the two
tubes can be achieved by limiting the metal-to-metal contact area upon ballooning
contact, as demonstrated by Sanderson et al. [5]. Increasing the CHF for a given
subcooling on the outer surface of the calandria tube can be achieved by surface
modifications [6-8] .



The ability of the new designs to increase the CHF on the outside surface of the calandria
tube was demonstrated in a series of small- and large-scale experiments. Analysis of the
test results indicated that increasing the tube's CHF using a glass-peening process is a
promising option for reducing moderator subcooling requirements. This paper describes
small-scale pool boiling tests conducted to establish the CHF enhancement, and large-
scale tests conducted to demonstrate the reduction in subcooling requirements.

2.0 SMALL-SCALE CHF-ENHANCEMENT TESTS

Small-scale pool boiling experiments were conducted to quantify the CHF enhancement
provided by roughening the outside surface using a glass-peening process. Glass-peening
is a process of impinging spherical glass beads to produce microscopic cavities on the
surface. The size and distribution of these cavities can be modified by selecting
appropriate glass-peening parameters.

The controllable parameters during glass-peening process are bead size, Almen intensity,
and coverage. In our experiments, four ranges of bead diameters were used: (1) 60 -
90 |um, (2) 90-125 um, (3) 125 - 180 urn, and (4) 180 - 210 u.m. The deflection caused
by beads impinging on steel strips (SAE 1070) is defined as Almen intensity. For these
experiments the intensity was kept between 0.23 mm (N9) and 0.28 mm (Nil). The
coverage is defined as the ability of the glass-peening process to remove a fluorescent dye
applied to a sample. When no dye can be detected under ultraviolet light, the coverage is
considered to be 100%.

2.1. Small-Scale CHF Experiments

The test apparatus (Fig. 3) consisted of 450-mm long pieces of Zircaloy-4 (Zr-4) tubing
(19.5 mm in diameter) clamped to two power cable leads submerged in a tank of water.
The tube ends were sealed using rubber stoppers to prevent water from entering the tube.
A 6.4-mm diameter stainless steel vent pipe was attached to one of the rubber stoppers to
release the gas expansion from the tube. A 5000 A dc power supply was used to
electrically heat the Zr-4 tube, with the actual power determined by multiplying the circuit
current by the voltage drop between voltage taps welded on the surface of the tube. The
tests were recorded with a video camera to observe boiling on the tubes to identify the
first occurrence of dryout.

Two types of experiments were conducted during this study. The first was a gradual
power ramp, where electrical power was increased at 0.2 to 0.6 kW/s until dryout was
observed on the tubes. Following the first dryout, the power was turned down to zero
until all visible signs of dryout had disappeared. The electrical power was then ramped a
second time until another dryout patch became visible. This procedure was repeated three
or more times with each tube tested. The second type of experiment was a spiked power
ramp test. The spiked power ramp was achieved using a switching circuit to ramp the
power at approximately 75 kW/s to a set point and then decrease the power rapidly to



5 kW. The set points for spiked power ramps were gradually increased during successive
ramps until dryout was observed on the tube. When dryout became visible, a digital
event signal was triggered manually to indicate the dryout condition in the recorded data.

All tests were conducted with water at saturation temperature (approximately 100°C).
Steam circulating through a heat exchanger was used to maintain pool temperature. The
Zr-4 tube temperatures were not measured, as the use of direct electrical heating
interfered with the thermocouple outputs. The critical heat flux was calculated using the
measured power at dryout (voltage across the voltage tap times the current) and the
wetted outside surface area of the test specimen.

2.2. Experimental Results and Discussion

The experimental results are summarized in Table I with the uncertainty due to scatter in
the data (2 x the standard deviation) provided with mean CHF values. The mean CHF
value of the as-received (un-peened) tube (Table I) was 0.68 MW/m2 in the gradual
power ramp tests. The CHF increased by 0.45 MW/m2 or approximately 66% when
glass-peened using 60 - 90 urn beads compared with as-received tubes. The tube glass-
peened with 90 - 125 |am beads increased the CHF by 0.48 MW/m2 or 71% compared
with as-received tubes. In comparison, those tubes glass-peened with 125 - 180 (am and
180 - 210 urn beads only increased the CHF by 0.12 MW/m2 (18%) and 0.18 MW/m2

(27%), respectively. The coverage appeared to have a weak influence on CHF compared
with the influence bead size had on CHF (Table I).

TABLE

Bead Size

On)

as-received

60-90

90 -125

125 -180

180 - 210

125 -180

125 -180

I. COMPARISON OF CHF VALUES OBTAINED FROM
GRADUAL POWER RAMP TESTS

Coverag

(%)

100

100

100

100

80

120

Gradual power ramp

CHF
(MW/m2)

0.68 ± 0.20

1.12 ±0.04

1.15 ±0.07

0.79 ± 0.23

0.86 ± 0.34

0.88 ±0.19

0.83 ± 0.02

Percent
improvement

from as-
received

—

66

71

18

27

31

23

SPIKED AND

Spiked power ramp

CHF
(MW/m2)

0.86 ±0.15

1.29 ±0.07

1.35 ±0.08

1.32 ±0.16

0.95 ±0.15

0.95 + 0.10

1.14 ±0.07

Percent
improvement

from as-
received

—

50

58

54

11

11

33



The second test series using a spiked power ramp was conducted to identify the influence
of a sudden power spike on CHF. This type of sudden heat flux release is relevant to the
contact boiling scenario for CANDU reactors as contact of an overheated pressure tube
rapidly heats a cool calandria tube. The objective of these tests was to explore whether
rapid heating changes the CHF on a glass-peened surface compared with the CHF
obtained from a gradual power ramp test. The CHF enhancement experienced during
spiked power ramp tests were similar to the gradual power ramp tests, Table I. The test
results are summarized in Fig. 4. For both series of tests, the 90 - 125 um beads
provided the maximum CHF enhancement. The CHF enhancement observed in the
small-scale tests was consistent with the enhancements reported with experiments
conducted elsewhere using roughened surfaces [9].

A comparison between the theoretical CHF value and the experimental CHF value
obtained from the as-received tubes can be made. The CHF for horizontal cylinders with
Rl Lb> 1.2 [10] is given by:

4=^-= 0.9. (1)
<7max,Z

Here ^^^ is the CHF in horizontal cylinders (W/m2), R is the radius of the cylinder (m),

Lb is the bubble length scale (m) given by:

and, qmaxZ is Zuber's [11] maximum heat flux (W/m ) given by:
-11/4

pl
(3)

In Equations (2) and (3) pv is density of vapour phase (0.6 kg/m3), p, is the density of

liquid phase (958 kg/m3), hh is the latent heat of evaporation (2,257,000 J/kg), a is the

surface tension (0.6 N/m), and g is the acceleration due to gravity (m/s2). For saturated

water at 100°C and a tube diameter of 19.5 mm, the theoretical CHF value for the small-
scale experiments is 1 MW/m2. The tests with as-received tubes had measured CHF
values of 0.68 to 0.86 MW/m2 which are lower than this theoretical value. The CHF
observed in the small-diameter glass-peened tube tests occurred in isolated patches of less
than 1000 mm2. The measured heat flux, however, represented the average heat flux for
the entire tube surface between the voltage taps. Although critical heat flux was exceeded
in these isolated patches in the small diameter glass-peened tube tests, a large surface area
of the tube was not in CHF. Consequently, the measured CHF values in the experiment
are lower than the theoretical CHF values derived from equations given in Reference
[10]. Similar observations were also reported in References [12-13] where the CHF
measured from isolated patches were lower than the theoretical CHF.



The purpose of the small-scale tests was to determine the enhancement to pool boiling
CHF provided by roughening the outer surface of a tube by glass-peening process. The
CHF ratios shown in Table I represent the enhancement produced by glass-peening the
tubes. The results show a clear and consistent CHF enhancement for the roughened tube
relative to the as-received smooth surfaces.

3.0 LARGE-SCALE EXPERIMENTS

The efficacy of glass-peened calandria-tube surfaces to minimize the extent of film
boiling during pressure-tube ballooning contact was determined in large-scale contact
boiling experiments. In these tests, two calandria tube sections, one representing the as-
received calandria-tube design and the other representing the glass-peened calandria tube
design, were butt welded together as shown in Fig. 5. The inside surface of the calandria
tube was left as-fabricated except for one test (PTC3). The outside surface of the
calandria tube was glass-peened using the conditions shown to give the largest
improvement from the small-scale tests (90 - 125 urn beads at N-9 to N-ll Almen
intensity and 100% coverage).

Following three full-scale comparative tests, a series of five calandria tube qualification
tests were conducted. The full length of the calandria tubes used in the qualification tests
was glass-peened using 90 - 125 u.m beads at N-9 to N-ll Almen intensity and 100%
coverage. Similar procedures and experimental apparatus were used in the comparative
and qualification tests.

3.1. Experimental Apparatus

The test apparatus consisted of a 1750-mm long sections of Zr-2.5Nb pressure tube
placed concentrically inside 1700-mm long Zircaloy-2 calandria tubes (Fig. 6). The
calandria tubes were submerged in an open tank of water simulating the heavy water
moderator in a reactor. The top surface of the calandria tube was covered by at least
190 mm of water throughout the experiment. The walls of the open tank were equipped
with Lexan windows enabling video taping of boiling patterns on the outside surface of
the calandria tube.

A 950-mm long graphite rod heater, 34 mm or 38 mm in diameter, was located inside the
test section assembly. Each end of the heater was tapered to a 60° cone, corresponding to
receptacles machined into 51-mm diameter water-cooled stainless steel busbars. The
busbars were forced into contact with the graphite rod by springs.

The calandria tube for the third comparative test (PTC3) was autoclaved at 500°C for
3 hours after being glass-peened to produce a uniform oxide on the inner and outer
surfaces of the calandria tubes. The black oxide (1-u.m thick) increases the tube's
coefficient of absorptivity during thermal radiation. This property is being investigated to
increase heat removal rates from an overheated pressure tube to the water cooled



calandria tube during low pressure (<0.5 MPa) LOCA scenarios when the pressure tube
may not balloon into intimate contact with the calandria tube. The impact of this oxide
during the contact boiling experiments reported here is small.

3.2. Instrumentation

Power was supplied by a 5000 A dc power source. The power delivered to the test
apparatus was determined by multiplying circuit current by the voltage drop measured
between voltage taps on the graphite heater. The inside of the pressure tube was
pressurized to 1 or 4.3 MPa with argon. The annulus gap between the pressure tube and
the calandria tube was filled with CO2 that remained at essentially atmospheric pressure
throughout the experiment (all pressures reported are gauge pressures).

The pressure tube and calandria tube were instrumented with thermocouples to monitor
test-section temperatures. Calandria-tube thermocouples, spot welded on the outside
surface at locations shown in Fig. 5, were special grade teflon-insulated Type-K
(chromel-alumel) thermocouples with 0.13-mm diameter sensing wires. For the pressure-
tube, 1-mm diameter Inconel-clad Type-K thermocouples with magnesium-oxide
insulation were used. The junction end of each thermocouple was swaged to 0.5 mm
diameter for insertion into small diameter blind holes drilled part way through the
pressure-tube inner wall. These holes were slightly larger than the thermocouple
diameter and were at a 45° angle to the tube axis to shield them from direct thermal
radiation from the heater. Along with the above thermocouples, four platinum resistance
temperature detectors (RTDs) were used to measure water temperatures in the tank
surrounding the calandria tube. The tests were recorded with three video cameras to
observe boiling patterns on the calandria tube following ballooning contact.

Uncertainties in the temperature measurements were ±2.4°C at 275°C and ±3.8°C at
800°C. The measurement uncertainty in the platinum resistance temperature detectors
(RTDs) used to measure the tank water was ±O.75°C at 80°C. The uncertainty in pressure
measurement was ±0.23%. The estimated uncertainty in heater power was ±1.2%.

3.3. Experimental Procedure

The following generalized procedure was used for all tests:

1. The annulus between the calandria tube and the pressure tube was purged with
CO2.

2. The water surrounding the calandria tube was heated to approximately 10°C
higher than the desired tank water temperature to partially degas the water for
better visibility. The water was then cooled to the desired subcooling
(Table II). A small impeller inside the water tank stirred the water throughout
the test to maintain uniform water temperatures.

3. The pressure tube was pressurized to the test pressure (Table II).
4. The total power was increased to the test power (Table II) within 50 s.



5. The test was terminated when the pressure-tube ballooned into contact with
the calandria tube and the calandria tube rewet or ruptured.

3.4. Experimental Results From Comparative Tests

The detailed experimental results from test PTC3 and a summary of the other tests are
presented below.

The pressure tube was pressurized to 1 MPa and the power to the graphite heater was
increased from 0 to 120 kW over 25 s, heating the pressure tube at a rate of 16 to 18°C/s.
The pressure tube began to balloon once temperatures exceeded 650°C due to the 1 MPa
pressure. The pressure-tube temperatures at contact ranged from 840 to 890°C (Figs. 7
and 8). Upon contact, the stored energy from the hot pressure tube was rapidly
transferred to the water-cooled calandria tube causing temperature escalations as shown
in Figs. 9 and 10. The calandria-tube temperatures on the glass-peened side rewet within
18 s whereas on the as-received side extensive film boiling continued until the channel
ruptured (Figs. 9 and 10). The test was terminated following channel rupture.

TABLE n. TEST CONDITIONS FOR FULL-SCALE CONTACT BOILING
EXPERIMENTS

Test

PCT1
PCT2
PCT3

01
02
03
Q4
05

Pressure
(MPa)

1.0
1.0
1.0
4.1
4.1
4.2
4.3
4.1

Pressure-tube
heatup rate

13.5
18.2
17.2
24.1
24.6
10.3
10.3
23.4

Power
(kW/m)

103
132
134
173
149
54
64
149

Pressure-tube contact
temperature

810 — 900
855 — 910
840 — 890
755 — 795
785 — 860
7 4 5 _ 7 8 0
740 — 775
800 — 880

Subcooling
(°C)

21.0
20.0
19.4
26.2
28.4
25.5
22.1
26.0

During experiment PCT3 variables such as incident heat flux (on the pressure tube) and
water subcooling (outside of the calandria tube) were identical for both sections of the
calandria tube (Fig. 5). The only difference between the two calandria-tube sections was
the surface treatments for one half of the test section.

The temperature histories recorded by all thermocouples in the glass-peened side of the
calandria tube are shown in Fig. 9. Among twelve calandria-tube thermocouples on the
glass-peened surface, four were in nucleate boiling (< 135°C), four experienced rapid
quench (< 3 s), and the remaining were in film boiling (515 and 645°C) for less than 18 s.
The film boiling occurred in isolated patches covering less than 10% of the tube surface.
These patches were located in the bottom quadrant of the tube (facing downwards) and
were likely due to vapour entrapment.



For comparison, temperature histories on the as-received side of the calandria tube are
shown in Fig. 10. All thermocouples, except two, were in extensive film boiling until the
channel ruptured. The maximum temperatures recorded before rupture ranged between
755 and 920°C.

The efficacy of the glass-peened calandria tube is demonstrated from a comparison of the
post-contact calandria-tube temperature histories and visual inspection for extent of
dryout on the calandria tubes. The characteristic boiling regime on the outside surface of
the calandria tube was determined by visually examining the black oxide patches on the
calandria tube, video observations, and calandria-tube temperatures. A post-test
representation of the oxidized area observed on the outside surface of the calandria tube is
shown in Fig. 11. The severity of calandria-tube temperature escalation can be identified
by the extent of oxidation during post-test examination. Less than 10% of the surface
area in the glass-peened side of the calandria tube was covered with a thin oxide layer.
Negligible oxide discolouration on the glass-peened area indicated that the duration of
film boiling (less than 18 s) was not sufficient to cause significant discolouration. More
than 80% of the as-received surface area was significantly discoloured. The rupture
location on the calandria tube is shown in Fig. 11. The rupture was 128-mm long and up
to 22-mm wide. Based on this comparison, we conclude that glass-peening the outside
surface of the calandria tube increased the CHF on the outer surface of the calandria tube
such that the extent of film boiling was significantly reduced following ballooning
contact at 1 MPa internal pressure when the moderator subcooling was 20°C.

In this experiment, the glass-peened calandria-tube surface augmented the heat flux to the
moderator compared with an as-received calandria-tube surface. From a heat transfer
point of view, this augmentation amounts to an increase in the CHF in comparison to an
as-received surface. For a given pressure-tube contact temperature, the enhancement of
the CHF obtained from a glass-peened surface provides a reduction in the moderator
subcooling requirement (or an increase in the margin to dryout). This enhancement is
illustrated in Table IH, where the results obtained from three tests with glass-peened
calandria tubes are compared with contact boiling experiments conducted with as-
received calandria tubes.

The boiling regimes observed in the contact boiling experiments are used to determine
the subcooling required to minimize the extent of dryout on the calandria tubes. The
boiling regimes for the two types of tests are listed in a descending order, namely from
"entire calandria tube in film boiling" regime to "immediate quench" regime. Comparing
the subcooling and the boiling regime of the eleven as-received calandria-tube tests,
approximately 28°C subcooling is required to reduce the extent of film boiling to
preserve fuel channel integrity following ballooning contact. In comparison, the glass-
peened calandria tubes show 21°C is sufficient to ensure the calandria tube rewets. The
comparison implies a potential reduction in subcooling requirement of 7°C. This
reduction becomes possible only because of an enhancement to CHF occurring in the
glass-peened calandria-tube surface. The enhancement is consistent with the observations
from the small-scale CHF experiments discussed in Section 2.2.



3.5. Experimental Results From Qualification Tests

Following these comparative tests, five qualification tests were conducted at internal
pressures between 4.1 and 4.3 MPa and at heating rates greater than 10°C/s (Table II). In
these tests the entire length of the calandria tube was glass-peened and none of the tubes
were autoclaved.

TABLE III. COMPARISON OF CONTACT BOILING EXPERIMENTS CONDUCTED
WITH AS-RECEIVED AND GLASS-PEENED CALANDRIA TUBES AT INTERNAL

PRESSURES BETWEEN 0.5 MPa AND 1.1 MPa
Glass-Peened Calandria Tubes

Test PT Contact Subcooling PT Healup Boiling
Temperature °C Rate °C/s Regime

°C

As-Received Calandria Tubes

Test PT Contact Subcooling PT Heatup Boiling
Temperature °C Rate °C/s Regime

°C

PCT1

PCT2

PCT3

811-897

855-909

839-892

21

20

19,4

US

18.2

17.8

0
Q

O

FCHT3

S4/T2

FCHT1

FCHT2

12

9

3

DELTI

19

18

4

840-940

895

855-955

830-880

905-1010

845-905

825-85$

820-890

855-936

825-845

835-860

7.2

10.0

15.5

15.9

15.9

21.0

28.0

28.3

28.7

28,9

33.5

9.1-17.3

7.0

14.9-19.7

«.9-11.9

9.6-16.3

6.3-8.6

3.8-4.7

6.9-12J

0.1-13.6

5.5-10.3

4.5-4.6

•

•

•

9

9

9

Q

O

O

o
o

LEGEND: O Immediate quench
9 Extensive film boiling

0 Small patches of film boiling Q Patches of film boiling
# Entire calandria tube in film boiling

The measured calandria-tube temperatures following pressure-tube ballooning contact
were quite similar in trend to that of the glass-peened side of test PCT3. The maximum
calandria-tube temperatures recorded in these tests were less than 5O5°C (test Q2). While
the majority of thermocouples indicated nucleate boiling during pressure-tube contact,
some thermocouples in the bottom quadrants of the calandria tube indicated film boiling
by showing temperature excursions. These small dryout patches rewet within 7s.

Table IV compares the contact boiling experiments conducted with as-received calandria
tubes and the glass-peened calandria tubes at internal pressure between 4.1 and 4.3 MPa.
The as-received calandria tube at 26°C subcooling indicated extensive film boiling
whereas the glass-peened calandria tube is in immediate quench or had only small patches
of film boiling. The patchy film boiling observed in the as-received calandria tube was
obtained at a pressure-tube heatup rate less than 10°C/s. In the glass-peened calandria-
tube tests, the pressure-tube heatup rates were higher than 10°C/s. For heatup rates
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>10°C/s the as-received calandria tube required a subcooling >26°C. In the glass-peened
calandria tube, a subcooling closer to 22°C appears to be adequate to avoid the
occurrence of extensive film boiling. Hence, a subcooling reduction of at least 5°C is
available when glass-peened tubes are used. This is in good agreement with the reduction
to subcooling requirement determined from the comparative tests. Three different test
methods and ten tests (two CHF tests and eight contact boiling tests) were able to show
glass-peening the outside surface of a tube increases its CHF value in pool boiling. This
increase in CHF has been shown to translate to a reduction in moderator subcooling
requirements for CANDU reactors of approximately 5°C.

TABLE IV. COMPARISON OF CONTACT BOILING EXPERIMENTS CONDUCTED
WITH AS-RECEIVED AND GLASS-PEENED CALANDRIA TUBES AT INTERNAL

PRESSURES BETWEEN 4.0 MPa AND 4.3 MPa
Glass-Peened Calandria Tubes

Test PT Contact Subcooling PT Heatup Boiling
Temperature °C Rate °C/s Regime

°C

As-Received Calandria Tubes

Test PT Contact Subcooling PT Heatup Boiling
Temperature °C Rate °C/s Regime

°C

Ql

Q4

Q3

Q5

Q2

LEGEND:

755-795

741-776

747-782

T99-87*

784-858

26.2

22.1

25.5

26.0

28.4

O Immediate quench
9 Extensive film boiling

24.1

10.3

10.3

23.4

24.6

( i Small
• Entire

Q

o
O

O

O

patches of film
calandria tube

HPCBU

HPCBI3

QM1

2

Ifl

6

I

740-810

750-810

750-850

710-855

685-740

735-750

720-760

boiling O Patches of film
in film boiling

19.3

20.0

26.0

14.9

14.4

19.0

33.6

boiling

11.9

10.4

17.5

4.9

9.5

5.0

6.a

9

9

<S

Q

Q

G

O

4.0 SUMMARY

A series of experiments were conducted to assess the benefits provided by glass-peening
the outside surface of calandria tubes for postulated LOCA conditions. In particular, the
ability to increase the tube's CHF value and thereby reduce moderator subcooling
requirements was assessed.

Three different test methods and ten tests (two CHF tests and eight contact boiling tests)
were able to show glass-peening the outside surface of a tube increases its CHF value in
pool boiling. This increase in CHF has been shown to translate to a reduction in
moderator subcooling requirements for CANDU reactors of approximately 5°C.
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outside surface of the calandria tube with
an as-received outside surface of the
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peened calandria tube surface indicated little oxide for test PCT3
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