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RESUME

Dans les canaux de combustible des réacteurs CANDUMD, les tubes de cuve en zircaloy
isolent les tubes de force chauds du modérateur à eau lourde frais. Le modérateur à eau
lourde constitue une source froide d'appoint pendant certains accidents de perte de
caloporteur hypothétiques. La chaleur de désintégration du combustible est transférée au
modérateur pour assurer l'intégrité des canaux de combustible en cas d'urgence. Les
exigences relatives à la température du modérateur sont précisées pour assurer que le
transfert de chaleur de désintégration ne dépasse pas le flux thermique critique (FTC) sur
la surface extérieure du tube de cuve. Un FTC amélioré permet d'augmenter la marge de
sécurité.

Des expériences d'ebullition en piscine indiquent que le FTC est amélioré par la
projection de billes de verre sur la surface extérieure des tubes de cuve. L'objectif de
cette étude était d'évaluer les caractéristiques de surface des tubes traités par projection
de billes de verre et de lier ces caractéristiques au FTC. Les microtopologies des surfaces
de tube ont été utilisées en utilisant des micrographies de couples stéréoscopiques
obtenues à partir des techniques de microscopie électronique à balayage (MEB) et de
photogrammétrie. Une relation linéaire a associé le FTC en tant que fonction de la
rugosité de surface fractale des tubes.
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ABSTRACT

In CANDU* fuel channels, Zircaloy calandria tubes isolate the hot pressure tubes from the cool
heavy water moderator. The heavy-water moderator provides a backup heat sink during some
postulated loss-of-coolant accidents. The decay heat from the fuel is transferred to the
moderator to ensure fuel channel integrity during emergencies. Moderator temperature
requirements are specified to ensure that the transfer of decay heat does not exceed the critical
heat flux (CHF) on the outside surface of the calandria tube. An enhanced CHF provides
increases in safety margin.

Pool boiling experiments indicate the CHF is enhanced with glass-peening of the outside surface
of the calandria tubes. The objective of this study was to evaluate the surface characteristics of
glass-peened tubes and relate these characteristics to CHF. The micro-topologies of the tube
surfaces were analysed using stereo-pair micrographs obtained from scanning electron
microscopy (SEM) and photogrammetry techniques. A linear relationship correlated the CHF as
a function of the 'fractal' surface roughness of the tubes.
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1.0 INTRODUCTION

In a CANDU reactor, the cool heavy-water moderator surrounds the fuel channels and provides
a backup heat sink for the reactor core (Fig. 1). Each fuel channel comprises a moderator-cooled
calandria tube that isolates the hot pressure tube from the moderator. The annulus space
between the two tubes is filled with CO2 gas. In some postulated loss-of-coolant accidents, the
decay heat of the fuel overheats the pressure tube and it deforms into contact with its calandria
tube. Upon contact, the stored thermal energy in the pressure tube is rapidly transferred to the
calandria tube at the metal-to-metal interface. The heat is then conducted through the calandria
tube wall to the outer surface and transferred to the moderator water. Nucleate boiling, rather
than film boiling ('dryout'), on the outside surface of the calandria tube ensures the integrity of
the fuel channel by transferring the heat to the moderator water efficiently.

Calandria Tube _ _ Rolled

/ ' A _ / - Gas Annulus — I -

Fuel & Coolant: I

— Moderator
— Heavy-VIMer - ^ - — . s h l e ) d

Fig. 1 Schematic diagram of a CANDU Fuel Channel.

Nucleate boiling can be enhanced by increasing the critical heat flux (CHF) of the boiling
surfaces. Glass peening the outside surface of the calandria tubes increases the CHF under pool-
boiling conditions (Coleman, et al., 1997; Nitheanandan, et al., 1998). The size of the increase in
heat-transfer obtained using various glass-peening treatments with different bead sizes and
coverages has been quantified using small-diameter zirconium alloy tubes tested under pool-
boiling conditions (Fong, et al., 1998; Nitheanandan, et al., 1998). In these studies, two peening
parameters, glass-bead size and coverage (Military Specification, 1979), were investigated to
determine the maximum improvement in CHF. The studies concluded that CHF was related to
bead size and coverage, but not in a simple manner that could be readily understood. Thus we
investigated various parameterisations of the surface characteristics, rather than the process
parameters used to produce the surface, to correlate with CHF.

In this study, the heat-transfer surfaces were characterized with micro-topological 3D maps that
were produced using scanning electron stereoscopy (SEM) and digital photogrammetry
techniques. The topological data were analysed for surface roughness and shown to correlate
linearly with the CHF. In addition, photographic results are shown of the enhancement of heat-
transfer provided by glass-peening of a calandria tube in a large scale pool-boiling test.
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1.0 EXPERIMENTAL

2.1 Pool-boiling Test on Glass-Peened Large Tube Sample

The details of the experimental apparatus used for the large scale test have been described
elsewhere (Nitheanandan, et al., 1998). In brief, a Zr-2.5Nb pressure tube (1750 mm long x
111.6 mm OD x 4.1 mm wall thickness) was placed concentrically inside a Zircaloy-2 calandria
tube (1700 mm L x 131.7 mm OD x 1.4 mm WT). This assembly was submerged in an open
tank of water. One half length of the calandria tube outside surface was roughened by glass-
bead peening and the other half was left in the as-received (smooth) condition. A graphite heater
(950 mm long with -36 mm diameter) was located inside the pressure tube. The pressure tube
was pressurised to 1 MPa and heated at a rate of about 17°C/s. The pressure tube 'balloons' at
temperatures above 650°C, and contacts the calandria tube between 840-890°C. Upon contact,
the stored heat in the pressure tube was rapidly transferred to the water-cooled calandria tube.
The heat-transfer (boiling behaviour) on the outside surface of the calandria tube was recorded
with video cameras.

2.2 Pool-boiling Tests on Glass-Peened Small Tube Samples

The experimental apparatus used in the pool-boiling tests performed on small-diameter (19.5
mm) zirconium alloy tubes is shown in Fig. 2. Each tube sample was 450 mm long with a
uniform wall thickness of 0.76 mm. All the tests were done in a water tank at saturated pool-
boiling condition (i.e., 100°C water at atmospheric pressure). A water temperature of 100°C
was chosen to minimise the temperature variation of the water surrounding the tube during the
tests. Two voltage-lead taps were spot-welded on the outside surface of the tube at a spacing of
300 mm. A direct current was used to rapidly heat the tube ("spike-power ramp") while the
boiling regimes were observed and recorded with a video camera. The spike-power ramp
procedure was chosen because it simulates the transient heat-transfer that occurs when a hot
pressure tube balloons into contact with its calandria tube. In this procedure, the power was
increased at a rate of about 75 kW/s to a power set point and held for 2 seconds at peak power
before it was turned off. The set point for the peak power was gradually increased by about 1.8
kW in each successive power ramp until film boiling on the tube sample was observed. Once
film boiling was observed, the set point power was lowered and the heating procedure was
repeated at least seven times. For each observation of film boiling, the CHF of the tube was
obtained using:

C H F = P/(TCDL) (1)

where CHF denotes the critical heat flux in MW/m2, P is the peak power at which film boiling
was observed (measured current times the voltage drop across the taps), D is the outside
diameter of the tube, and L is the distance between the voltage taps. Although equation 1 is
appropriate for steady-state conditions, it is reasonable to use this expression in this study
because complementary steady-state studies with a gradual-power ramp showed similar results
(Nitheanandan, et al., 1998).

(2)
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Figure 2. Schematic diagram showing the experimental setup used in pool-boiling tests
on small-diameter zirconium alloy tubes.

2.3 Micro-topological Measurements

To measure the surface topology of the small tubes, several small Vickers indentation marks
were placed on the glass-peened and un-peened boiling surfaces of the samples. The Vickers
indentation has a well-defined geometry (the pyramidal height is equal to 0.142 times the length
of the base diagonal) that can be used for height calibration of the surface topology. The
indentations had a short pyramidal depth (~ 4 urn) similar to a typical height difference between
peak and valley of the peened surface structure. After the samples were indented, they were
ultrasonically cleaned with acetone and examined using scanning electron microscopy (SEM).

Stereo-pair SEM micrographs were taken from two locations on each sample using 200x
magnification and secondary electrons for imaging. Each stereo-pair comprised an image of the
surface at 0° (orthogonal view) and at 25.2° tilt. The stereo-micrographs were evaluated by
photogrammetry (Boyde and Ross, 1977) using a commercially available program (R-WEL Inc.
DMS, 1995-1997) to produce a digital elevation model (DEM) of the surface topology (Fig. 3).
The DEM consists of a matrix of heights (z-coordinate) determined for a regular grid with 1 urn
intervals in the horizontal plane. The topological (DEM) data were analysed for surface
roughness. Using the DEM data and a 3D surface analysis software (Surfer ver.6,1997), the
effect of glass-peening was found to increase the surface area of the sample by about 50%.

(3)
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Figure 3. Surface data of a) un-peened sample and b) peened sample. (A 3-dimensional view
of the surface features can be seen in the 3D image using red/blue glasses).

2.4 Analysis of Surface RoughneM of Small Tubes

A number of conventional statistics were calculated on a 'large-scale' for these surfaces
including average height difference and root-mean-squared deviation; however, no correlation
was found with CHF (Table 1), and hence an alternative description of surface roughness was
required.

In this study, for all pairs of points on the surface, an absolute height difference is calculated and
an average value (IAdavg) is obtained for each value of the in-plane distance, r. A surface
roughness exponent, £, that characterizes the topological features of the surface is defined by:

IAzls (2)

where 0 < £ < 1.

(4)



An example of a plot of absolute average height difference versus distance between points for a
glass-peened surface is shown in Fig. 4. The surface roughness exponent varies with the in-plane
distance, however, two distinct regions can be defined. At large distances (r >10 urn), the
height differences are not correlated, and C approaches zero; the surface is flat, but not
necessarily smooth (Fig. 4a). For distances where r <10 urn, there exists a linear region in the
plot (Fig. 4b). The plot in Fig. 4 has features expected for real surfaces that can be described on
a fine scale as a self-affine fractal (Mandelbrot, 1985): a fine-scale region with non-zero linear
slope, a cross-over, and a large scale 'flat' region. For a surface to have characteristics of a self-
affine fractal the topological height variations would remain statistically unchanged when two
different suitable scaling factors are applied to the surface height and in-plane separation. For
all cases, the surface roughness exponent was obtained from the fine-scale region using data up
to 7 um. The general trend discussed in the next section is not affected if data up to 5,6, or 8
urn were used instead. Each data point in this analysis represents an average of about 175,000
height differences and thus the uncertainties in the plotted mean values are very small.
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Figure 4. Example of a plot
of the average absolute height
difference as a function of the
in-plane separation for a glass-
peened surface.
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3.0 RESULTS AND DISCUSSION

Figure 5 shows a series of photographs of the large scale pressure tube-calandria tube contact-
boiling test. In the figure, the glass-peened and smooth (un-peened) sections of the calandria
tube are shown on the left and right, respectively. In the top photograph (Fig. 5a), indications of
bubble activity on the smooth side of the calandria tube are evidence that the pressure tube has
expanded and contacted the inside surface of the calandria tube in this region. As the pressure
tube expanded further, contact occurred in the peened section as well (Fig 5b). Figure 5c shows
full contact along the length of the calandria tube, and different boiling behaviour on the peened
and smooth sections. In the final photograph (Fig. 5d), the smooth surface is red hot and
experiencing dryout (film-boiling) while the glass-peened surface is relatively cool as a result of
nucleate boiling. These results demonstrate the enhancement of heat-transfer provided by glass-
bead peening.

Table 1 summarizes the CHF results from the pool-boiling tests on glass-peened small tubes and
includes the values determined for £. Figure 6 shows the extent of the correlation between the
CHF enhancement and the surface roughness exponent found in this work. The correlation
suggests that increasing the roughness of the surface increases the CHF.

TABLE 1

Results on surface roughness and CHF test measurements made on
un-peened and peened zirconium alloy tubes used in this study.

Bead Size
(Mm)

Coverage1

(%)

Reference (un-peened)

60-90

90-125

125-180

180-210

125-180

125-180

100

100

100

100

80

120

CHF2

(MW/m2)

0.8640.15

1.29 ±0.07

1.35 ±0.08

1.32 ±0.16

0.95 ±0.15

0.95 ±0.10

1.14 ±0.07

Correlation with CHF: (r. D)

Surface
Roughness

Exponent (Q3

0.52

0.57

0.61

0.59

0.56

0.53

0.55

(0.89,0.008)

Large-scale
rms

Deviation
(um)

1.1

3.0

3.3

3.2

2.2

3.9

4.0

(0.42, 0.35)

Large-scale
avg. height
difference

(um)

3.2

3.6

3.5

2.4

3.4

4.4

1.8

(0.63, 0.13)

'Coverage is defined as the extent (in %) of uniform and complete obliteration of the original surface by
peening to a saturated 'intensity' (for 120% coverage the time of peening is extended by 20% after
reaching saturation intensity). Glass-peening was done with N 9-11 Almen intensity.

2Average value from at least 7 repeated tests with an uncertainty of one standard deviation.
'Average value from two locations. Standard deviation (±0.02) was determined from flat plate specimens
from ten different locations.
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LEFT: Glass-peened RIGHT: Un-peened (smooth)

100 mm
sub-cooled water

\ \
thermocouples

a)

Initial contact on the right
inside surface of the
calandria tube by the hot
expanding inner pressure
tube.

b)

Initial contact on the left
and full contact on the
right.

C)

Full contact on the left and
dryout (film-boiling) on the
right.

.•£*•••'•:

d)

Nucleate-boiling on the left
and film-boiling
(overheating) on the right.

Figure 5. A series of photographs taken during a pressure tube-calandria tube (full scale)
contact boiling test showing the effectiveness of a glass-peened surface in
suppressing dryout.
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Figure 6. Correlation between CHF with surface roughness exponent (Q in
zirconium alloy tubes (r = 0.89; p = 0.008). The bead size and coverage
are indicated for each data point of the tested sample.

Glass-peening roughens the surface by creating a distribution of micron-size cavities, with
rougher surfaces having higher values for the surface roughness exponent £. The cavities
introduced by glass-peening the surface can act as nucleation sites for vapor bubble formation
thus promoting nucleate boiling and providing increased heat transfer. The advantage of using
£ to describe the surface is that it is related to the surface characteristics rather than the variables
of the process used to produce it.

Early work suggests that CHF does not depend on the surface finish, and 'standard' CHF
formulae for nucleate pool boiling do not include a parameter for roughness (Zuber, 1958). A
number of different models are available to explain CHF: vapor blanket theory (Kutateladze,
1948); bubble layer (Weisman and Ileslamlou, 1989); critical bubble packing (Rohsenow and
Griffith, 1956); Helmholtz instability (Zuber, 1958); and the macrolayer theory (Haramura and
Katto, 1983; Unal et al., 1992). Most of these models rely on the hydrodynamic effects of vapor
bubbles far from the heated surface, and hence none consider the significance of surface
roughness. However, in addition to the current results, there are other studies of heat transfer
enhancements that are attributed to surface roughening of materials such as copper, stainless
steel and aluminum (Berenson, 1962; Yilmaz et al., 1980; Afgan et al., 1985; Chowdhury and
Winterton, 1985; Torikai and Suzuki, 1988; Shoji et al., 1990; Ramilison et al., 1992; O'Conner
and You, 1995; Drach et al., 1996). The correlation between CHF and surface roughness
presented in this work should encourage a reassessment of current theories.
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One possible explanation for the improvement of heat-transfer is that roughening the surface
changes the contact angle of the liquid-solid interface. Ramilison et al. (1992) suggested that the
contact angle between the vapor-liquid interface and the heated surface was more important for
the attachment of vapor columns to the surface than 'roughness', although the two are related. In
a study of super-water-repellent fractal surfaces, Shibuichi et al. (1996) show that the contact
angle of a liquid drop placed on a surface depends dramatically on the fractal properties of the
surface. In an 'inverse' sense, the same result is expected for a vapor bubble leaving a heated
cavity on a fractal surface during pool boiling. It is suggested that the micro-topological features
of glass-peened surfaces are fractal over the dimensions that are relevant to the formation of
vapor bubbles, and that the observed enhancement in the CHF could be a result of the change in
contact angle with increased fractal roughness of the surface.

4.0 CONCLUSIONS

Roughening the surfaces of zirconium alloy tubes using glass-bead peening has been shown to
improve the heat transfer characteristics in pool boiling. A correlation between the enhancement
in CHF and a roughness parameter (Q has been obtained. The results suggest that CHF can be
increased by increasing the fractal roughness of the surface.
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