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Abstract

This paper reports on a study into the effects of bubble-induced motion on heat transfer around a cylinder. Local
heat flux due to vapor or air injected bubble motion is measured at different positions around a heated copper cylinder
using a hot film technique as well as a heat flux sensor. The first set of experiments, carried out during the first stages of
nucleate boiling, showed a dependence of the heat transfer on surface orientation. A similar conclusion was reached in
the second set of experiments where the air bubbles were injected using an external source. Average heat flux values
computed in the two cases on the upper part of the cylinder were shown to compare relatively well. Finally, the mech-
anisms involved in the heat transfer enhancement at the same location, on the upper part of the cylinder, in the two sets
of experiments are described using a simultaneous analysis of the heat flux time-series and bubble motion.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Nucleate boiling is well established as a very efficient
way to remove heat from solid surfaces. For the same
difference in temperature between the bulk liquid and
the heated surface, heat transfer rates during nucleate
boiling are at least an order of magnitude higher than
in natural convection. Two mechanisms contribute to
that enhancement: the evaporation process and the agi-
tation created in the liquid phase by the motion of vapor
bubbles. The contribution of each of these mechanisms
to the total heat flux is not well documented. An attempt
is made in this work to experimentally measure, at the

* Corresponding author. Tel.: +1 780 492 8088/3188; fax: +1
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surface of a cylinder, the heat flux due to bubble motion
with and without evaporation.

The first aim is to evaluate the effect of surface orien-
tation on the heat flux. Dhir [1] has pointed out that the
relationship between heat flux and surface orientation is
limited to the low heat flux range, i.e. the first stages of
nucleate boiling. Nishikawa et al. [2] measured the heat
flux at a flat plate with different inclination angles over a
large range of wall superheat. They demonstrated that,
in the first stages of nucleate boiling, the heat flux was
higher for downward facing plates. Cornwell and Grant
[3], Yan et al. [4] and Qiu and Dhir [5] focused their
experiments on the effect of bubbles sliding along flat
or curved surfaces, and showed that the inclination of
the surface enhances the heat flux through two separate
mechanisms: evaporation through the liquid layer be-
tween the bubble and the wall, and the agitation created
in the liquid by bubble motion.
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Nomenclature

A area of the hot film

g latent heat of vaporization

hf heat flux measured from heat flux sensor

k thermal conductivity of the polyimide
substrate

N number of bubbles released during
nucleation

q heat flux computed from hot film sensor

(0] power dissipated by the hot film

R resistance

Sh skewness factor

T temperature

14 voltage across the compensation bridge dur-
ing a test

w volume of vapor bubbles

P average of variable P

Greek symbols

p angular position

0 thickness of the polymer substrate

Pvapor  density of vapor

OH standard deviation

AT wall superheat

oT film overheat

Subscripts

b bulk water

BM bubble motion

C truncated conduction term

CT total conduction term

film hot film sensor

M refers to difference between heat flux prior to
and during test

N nucleation

NC natural convection

raw measured directly from hot film sensor

T total

test measured during actual test

Top top arm of the compensation bridge

w wall (refers to cylinder surface)

0 quantity measured before experiment

Superscripts

copper cylinder surface

film hot film sensor

Our second aim is to segregate the heat flux due to
evaporation from that resulting from convection in the
liquid due to vapor bubbles motion. To do this, we make
use of the hot film technique in a system that measures
only the heat flux associated with the motion of bubbles.
Yoon et al. [6] simulated boiling over a large range of con-
ditions and found that, in nucleate boiling conditions,
evaporation accounts for less than 5% of the total heat
flux while convection in the liquid contributes up to
80%. Rini et al. [7] obtained a similar result measuring
the heat flux during pool boiling of FC-72. The cur-
rent work based on experiments with and without evapo-
ration will help confirm the trend shown by both studies.

We present finally the results of a comparative study
where the heat flux on the upper part of the cylinder is
analyzed simultaneously with the bubble motion in both
experiments.

2. Experiments and procedures
2.1. Experimental apparatus
The experiments are conducted in an aluminum tank

700 mm high, 600 mm long and 300 mm wide. The tank
is equipped with glass windows to allow visual access for

the imaging system. The tank is fitted with a copper ceil-
ing on top of which is mounted a pipe. Water from the
local supply runs through the pipe in an open loop,
maintaining it (and thus the ceiling) at ambient temper-
ature. The external surface of a copper cylinder is used
as the test surface. The horizontally mounted cylinder
has an outside diameter of 30 mm and is 270 mm long.
The cylinder is heated internally using two cartridge
heaters (0.5 kW each). The surface of the cylinder has
been polished using a fine emery paper. The thickness
of the copper wall between the heaters and the cylinder
surface is 10 mm. This thickness is sufficient to avoid any
heating inertial effects such as those observed by Ken-
ning [8] and which can be responsible for large spatial
temperature variations at the cylinder surface.

A high-speed imaging system was used to investigate
the vapor bubble dynamics. The system consisted of a
high-speed camera (Dalsa CA-D6-0256, 8 bits) capable
of taking up to 970 frames per second with a spatial res-
olution of 260 x 260 pixels. The camera was equipped in
all the experiments with a 75 mm lens. Two frame-grab-
bers acquired the camera frames in real time and saved
them into the memory of a PC. Two different camera
positions have been used, depending on what part of
the cylinder is under consideration. When focusing on
the top and lower parts of the cylinder (respectively
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p =180° and f = 0°), the camera axis was orthogonal to
the cylinder axis (both being in the same horizontal
plane). For all other angles, the camera axis was at a
horizontal angle « ~ 20° from the cylinder axis.

The air bubble injection system consists of a 30 mm by
30 mm matrix on which are fitted nine capillary tubes. All
capillary tubes are provided with air by the same cavity
housing the matrix. Two sets of tubes, with diameters
of 0.3 mm and 1 mm respectively, have been used in the
experiments. Air is provided to the cavity through a tank
in which the pressure is kept constant at 2 bars. The air
flow rate is controlled by varying the opening of a
micro-valve mounted between the tank and the air cavity.

2.2. Heat transfer measurement techniques

2.2.1. The hot film technique

A hot film sensor is used to measure the fluctuations
in heat flux at the surface of the cylinder. The technique
is based on the principle that the energy dissipated
by the hot film is proportional to the energy released
from the cylinder to the liquid which in turn is propor-
tional to the heat flux at the surface of the cylinder. In
order to actively control it, the hot film is maintained
at a constant temperature higher than the surround-
ing cylinder surface by a few degrees 87 (defined as
the overheat). The technique is similar to that used by
Scholten and Murray [9] who successfully measured
the surface heat flux from a heated cylinder in a cross-
flow of air.

In order to measure the power it dissipates, the film is
used in conjunction with a DISA 55M10 compensation
bridge. Thus, the film is an arm of a wheatstone bridge
connected to a servo-amplifier. The first arm of the
bridge is formed of the film and a compensation resis-
tance and the second arm, labeled the top arm, consists
of a constant resistance Rrop, = 50.1 Q. The servo-ampli-
fier measures the imbalance in the bridge and gives as an
output the voltage necessary to actively keep the resis-
tance (and therefore temperature) of the film constant.
The power dissipated in the film is evaluated from this
voltage. The hot film (Senflex model, TAO systems) is
made of Nickel and is deposited on an electrically isolat-
ing, 50.8 um thick polyimide substrate (Upilex—thermal
conductivity 0.28 W/m K). It is 1.44 mm long, 0.1 mm
wide and less than 0.2 pm thick. Two flat copper leads
connect the film to insulated electrical wires that carry
the fluctuating voltage signal to the compensation
bridge. These copper leads are 0.76 mm wide and 12.7
um thick. The substrate is mounted at the bottom of a
depression machined at the surface of the cylinder and
curved along its circumference, using a double sided tape
rated for high temperature use (MacTac—thermal con-
ductivity 0.18 W/m K) whose thickness is equal to that
of the substrate. The hot film is used in association with
a T-type thermocouple embedded underneath the film

Hot film \ Substrate
/ I

/ .“““--Thermocouple tip

Hot film

sensor
N

Heater Heater

Copper cylinder

Fig. 1. Schematic view of the test cylinder equipped with the
internal heaters. The top drawing shows details of the hot film
sensor with the thermocouple underneath it.

(top drawing Fig. 1). The thermocouple tip is 0.7 mm
in diameter and has a frequency response of approxi-
mately 40 Hz. This thermocouple is used both for sur-
face temperature estimation and for estimation of the
hot film heat losses to the substrate. All the wires used
to connect the sensor (hot film and thermocouple) to
the acquisition system are accommodated in a hole
drilled below the surface of the cylinder in order to keep
the latter smooth and to avoid surface discontinuities.

2.2.2. The heat flux sensor

A 75 pum thick micro-foil™ heat flux sensor (model
27036-1) manufactured by RAF™ was used to measure
the time-averaged surface heat flux. This sensor consists
of three layers of a polyimide substrate (Kapton—ther-
mal conductivity 0.16 W/m K) in which are embedded
thermopiles at each side of the intermediate layer. The
temperature gradient across this layer permits the evalu-
ation of the heat flux through the sensor. The tempera-
ture at the top of the middle layer of the sensor can be
simultaneously measured by one of the thermocouples
mounted at that location. The temperature of the cylin-
der surface is calculated from the heat flux and the tem-
perature of the embedded thermocouple. The
manufacturer specifies a response time of 0.05 s for the
heat flux sensor and provides a calibration coeflicient
that has been verified in natural convection by Atmane
et al. [10]. The voltage across the two-thermocouple
junction is amplified then digitized via a NI-6024E, 12
bits A/D acquisition board. The absolute uncertainty
in the heat flux calculation was evaluated as the stan-
dard deviation of the amplified voltage measured when
the cylinder was in thermal equilibrium (zero heat flux)
in water prior to each run. This was equal to about
220 W/m?, corresponding to around 1% of the smallest
average heat flux measured with this heat flux sensor.
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2.3. Hot film sensor calibration and evaluation of heat
transfer

In order to calibrate the hot film sensor, the instru-
mented cylinder was placed inside a thermally insulated
box equipped with a heating element, a fan to circulate
the air and a pre-calibrated reference thermometer.
The air temperature inside the box was increased from
24 °C to 98 °C by steps of 5 °C. At each temperature,
the resistance of the film (Rgy,) was measured and the
temperature of the embedded thermocouple was read.
A plot of the film resistance and the temperature given
by the thermocouple against the temperature given by
the reference thermometer indicated that both relation-
ships are linear. The calibration range was then extended
to 100 °C by carrying out a similar procedure in boiling
water. This calibration procedure, that includes a linear
least square fitting of the data from the instrumented
cylinder versus the reference thermometer, indicated
that the uncertainty in temperature is 0.1 °C and that
of the film resistance 0.01 Q.

The film frequency response was evaluated using a
square wave test. The test consists of feeding a square
wave signal into the bridge and recording the resulting
time varying voltage. Analysis of this voltage showed a
frequency response of more than 10 kHz when the film
overheat is 87 = 5.7 °C. The same overheat was used
in all the runs presented in the current work. The total
power dissipated in the hot film is calculated as

Reiim

Qraw = V27
(Rﬁlm + RTop)2

()

where Rgim and Ry, are respectively the sensor resis-
tance and the resistance of the top arm of the compen-
sation bridge. V is the voltage necessary to keep the
bridge balanced. The corresponding heat flux is calcu-
lated by dividing the dissipated power by the area of
the film A4:

Qraw
aw = 2
Graw A ( )

The measured heat flux has to be corrected for two
contributions that are independent from nucleate boil-
ing. The first contribution originates from the natural
convection flow driven by the difference of temperature
between the water bulk and the cylinder surface. The
average natural convection heat flux around the cylinder
was calculated using the correlation of Morgan [11] and
modified to reflect changes in the angular position, in ac-
cord with the correlation suggested by Kreith and Bohn
[12]. The power dissipated in the hot film includes also
the contribution of conduction from the film to the cylin-
der surface, through the isolating substrate. This part is
driven by the temperature difference between the hot film
and the cylinder surface (therefore, by the film overheat

dT). Thus, the second correction gcr to the measured
heat flux is the conduction flux from the film to the sub-
strate. The measured flux can then be expressed as

98M = 9raw — 9NC — et (3)

The conduction term gcr can be written as

test test

k
dor = 5 (Tﬁlm _ Tcopper)

bl

__ M pfilm _ pfilm copper __ mrcopper film __ Arcopper
75(Ttesl TO +T0 Ttest +T0 T() )
)

In order to evaluate this conduction term, a prelimin-
ary measurement was carried out before each boiling
run where the film was overheated and where the cylin-
der temperature was kept similar to that of the water
(close to saturation). The voltage ¥, measured in this
manner represents the power dissipated by conduction
Qo and the corresponding heat flux ¢ is calculated using
Eq. (2). In the expression of the total conduction term,
we can identify now the flux measured in zero-flow
conditions:

Q k film copper
qon’Zg(Tél = Te) (5)

The heat flux due to bubble motion can then be rear-
ranged as

k um um C T
98M = 9raw — 4NC — 90 _E(Tfelsl - Tgl + Tgopper =T

(6)
or
dsm = 4dm — 9Inc — 4c (7)
where g = Graw — o and gc = & (T — TH™ + T4 —
Tie™)-

The calculated flux ggy results only from the passage
of the vapor bubbles. That includes the agitation in the
liquid created around the bubble as well as the conduc-
tion through a liquid layer when the bubble is very close
to the heated wall. The nucleation process is not ac-
counted for in the measured flux above because the
hot film and its substrate do not contain any nucleation
sites. The absence of nucleation on the hot film and its
substrate can be explained by the fact that their temper-
atures (lower than the cylinder surface for the substrate
and higher for the hot film) were not high enough to
promote nucleation, given the smoothness of their
respective surfaces.

Based on the work of Sides [13], the thermocapillary
effects have been neglected in the current study. Indeed,
that author conducted a theoretical investigation of
those effects in subcooled boiling and suggested the use
of a non-dimensional number to evaluate their rele-
vance. This factor, based in particular on the residence
time of vapor bubbles during nucleation and on the
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surface tension, was computed for all the measurement
locations in the present study and was found to be smal-
ler than 1, meaning that thermo-capillary motions are
not relevant.

2.4. Uncertainty analysis

The uncertainty in the heat flux due to the bubble
passage is evaluated from an error propagation analysis
for Eq. (7) using procedures described by Moffat [14].
The uncertainty in the first term, the measured heat flux
gm. 1s evaluated from the systematic error of the output
voltages ¥ and Vj, as well as that of the film resistance.
The resulting uncertainty in the measured flux is 4%,
which corresponds to about 1.45 kW/m? for the maxi-
mum heat flux. Because it was estimated from a litera-
ture correlation (making it impossible to quantify an
experimental uncertainty), the natural convection term
was assumed to be correct within £50% of its value.
The uncertainty in the last term is evaluated from the
systematic error in the temperature measurements esti-
mated during calibration as described in Section 2.3.
This uncertainty is about 1.25 kW/m?. Overall, the com-
bined uncertainty in the heat flux due to bubble motion
ranges between 2.8 kW/m? at §=0° and 1.8 kW/m? at
p = 180° (respectively 13% and 6% of the local heat flux
at that position).

2.5. Experimental procedures

2.5.1. Nucleate boiling experiments

The fluctuations in surface heat flux during boiling at
the cylinder surface are evaluated around the circumfer-
ence of the cylinder at five different locations: f = 0°,
45°,90°, 135° and 180°. f is the angle between the verti-
cal and a line joining the cylinder center to the sensor
position, with # = 0° when the sensor is in the lowest po-
sition. Rotation of the cylinder facilitates the measure-
ment of surface heat flux at different surface
orientations, from a single hot film sensor. Prior to each
experiment, the water temperature is increased using a 3
kW heater mounted in the bottom of the tank. The
water is then kept at saturation temperature for at least
one hour in order to remove dissolved gases. The heater
is then switched off and the internal heaters of the cylin-
der are turned on in order to initiate the boiling process
on the surface of the cylinder. The power of the cylinder
heaters is slowly increased until it reaches the maximum.
After a steady process is observed, the power is turned
down slightly until an excess temperature difference of
AT =4.5 °C is reached at the location where the mea-
surement is conducted. Next, the hot film resistance is
measured using the compensation bridge and the film
temperature is evaluated from the film calibration equa-
tion. The hot film temperature is then increased to give a
constant overheat in all experiments of 67" = 5.7 °C.

2.5.2. Air bubbles experiments

The cylinder heat flux and temperature were mea-
sured at 11 locations. A calibrated T-type thermocouple
with a precision of 0.1 °C located close to one of the
tank walls, at the same horizontal level as the cylinder,
was used to measure the water bulk temperature. A pre-
liminary run where this thermocouple was moved along
the water depth has shown that the vertical temperature
gradient was not significant. The temperature of the in-
jected air bubbles was not directly measured but calcula-
tion of the heat transfer between the water and the air
bubbles during bubble rise showed that the bubble tem-
perature is comparable to that of the water at the mo-
ment of impact against the cylinder. In all experiments
with air bubbles, the water bulk temperature T}, was
11 °C and the cylinder temperature 7T, was 17.6 °C.

3. Results and analysis
3.1. Vapor bubble characteristics

The vapor bubble characteristics were calculated at
each position for T, = 104.5 °C and T, =98 °C. The
heat flux corresponding to each position is given in the
following section. A MATLAB code was written to eval-
uate the diameter of bubbles as well as their detachment
frequencies at # = 0° and f# = 180°. For the three other
positions, the low contrast in the images made the auto-
matic detection of bubbles ambiguous; the bubble
counting and equivalent diameter estimation were then
performed manually.

The image processing steps consist of building a Re-
gion Of Interest (ROI) containing the bubble and a seg-
mentation operation that separates the bubble volume
from the water volume as shown in Fig. 2. A series of
erosion and dilation steps are then applied to remove
the dark pixels that are not part of the bubble and finally
the contour of the bubble is highlighted. The resulting
image is then subtracted from a background image
taken prior to the experiment containing the cylinder
only. The bubble is then labeled and its volume calcu-
lated at each time step. The detachment frequency is
computed as the number of local maxima in the bubble
volume time series over time. The average bubble volume
at detachment is taken as the average of all maxima in
the bubble volume time series. The results given by this
procedure agreed well with the detachment frequency
and size evaluated manually for 10 bubbles. This proce-
dure was applied to process two sequences of 2.6 s at
each angle. The systematic error in the evaluation of
the equivalent diameter is +2 pixels (approximately
+0.2 mm at f=90° and f=135° and +0.4 mm at
p=45° =90° and S = 135°).

The vapor bubble detachment statistics at different
locations are shown in Table 1. At the bottom of the
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Fig. 2. Views of vapor bubbles before they detach from the lower part of the cylinder (left) and the upper part (right). The spatial scale
is the same in both photographs. The dashed lines indicate the Region Of Interest over which the bubbles are detected and the bold

lines indicate the detected bubble boundaries.

Table 1

Average bubble release frequency and diameter at detachment
from the cylinder during the nucleate boiling experiment at
different angles

Angle (deg) 0 45 90 135 180

Release frequency 9 30 35 48 25
(bubbles per second)

Average diameter (mm) 7 2.3 2.6 2.4 2.1

cylinder (f = 0°) the bubble diameter is larger than that
measured at the top (f = 180°). The opposite trend is ob-
served for the detachment frequency. At the three inter-
mediate angular positions, the bubble sizes at
detachment are broadly similar and comparable to that
measured at the top of the cylinder. The evolution of
the detachment frequency is clearer as it increases regu-
larly from f§ = 0° to § = 135° and then falls back to a smal-
ler value of 25 Hz at the top of the cylinder. The high
detachment frequency observed at § = 135° can be ex-
plained by an entrainment effect resulting from the pas-
sage of bubbles produced at lower positions. Thorncroft
et al. [15] have previously observed such an effect on a ver-
tical surface submitted to a flow during the boiling pro-
cess. In pool boiling experiments of R114 around a
cylinder, Barthau [16] found that the diameter at detach-
ment has a maximum at the bottom of the cylinder and
then keeps a constant value for intermediate positions be-
fore increasing at the top. With the exception of the final
point, this trend is similar to that measured in the present
study. The detachment frequencies reported by him were
also consistent with the trend found in the current work,
however, a quantitative comparison is not relevant as his
experiments were performed in different experimental
conditions (different liquid, different pressure).

3.2. Injected air bubbles

The characteristics of the air bubbles were measured
about 3—4 cm below the cylinder. The digital camera was
used to record sequences 4 s long at a rate of 500 fps.

The images were then processed using a MATLAB code
similar to that described above to evaluate the bubble
size distributions. The bubble release frequency was
measured directly in a different experiment where the
camera was directed towards one of the capillary tubes.
The sequences were longer (10 s) at a lower frame rate
(200 fps).

The average equivalent diameter of the bubble was
12.0 £ 2.7 mm, the release frequency was 40 bubbles
per second and the plume width was evaluated as about
30 mm. The void fraction computed based on a square
section covering the whole plume was estimated as 13.7%.

3.3. Local variation of the heat flux

Fig. 3 shows the variation as a function of the angu-
lar position of the time-averaged heat flux due to vapor
bubble motion, ggy, as well as its three components
(¢8m, gc and gnc) for the nucleate boiling case. The
shape of ¢ggy is similar to that of the measured flux
gqm, the changes in the two other components being
too small to affect this shape. The heat flux due to bub-
ble motion increases from = 0° to = 135°, at which

< Bubble motion
M Measured
40 | A Conduction @
I ® Natural convection @ n
£
< $ " -
x
320
©
T
s 4 A
°
04 ‘ ‘ ‘ — s
0 30 60 90 120 150 180
B(°)

Fig. 3. Profiles of the heat flux during the nucleate boiling
process and its components as function of the angular position
around the cylinder.



1090 M.A. Atmane, D.B. Murray | International Journal of Heat and Mass Transfer 48 (2005) 1084—-1095

point it reaches a maximum. This maximum is approxi-
mately twice the nominal value measured on the lower
part of the cylinder. Table 2 contains the standard devi-
ation of the heat flux as well as the relative intensity
(defined as the ratio of the standard deviation to the
time-averaged measured heat flux). Both quantities
show the same trend as the average values.

Fig. 4 shows the local time averaged heat flux profile
around the cylinder for the experiment with air injected
bubbles. The heat flux is highest on the lower part of the
cylinder. It then decreases in the range § = 0° to § = 60°.
Beyond that angular position, the heat flux peaks at an
angle = 110° then drops again before rising at very
high angles.

In order to explain the high heat flux values measured
on the lower part of the cylinder, we show in Fig. 5 the
time series of the heat flux measured using the heat flux
sensor at ff = 0° when air bubbles are injected below the
cylinder. The heat flux is normalized with the nominal
value (defined as the base heat flux before the increase)
and shows an increase of a factor of more than 4 when
a bubble hits the cylinder. The local maxima that follow
the first peak are a result of secondary impacts of the
bubble. In the same figure is shown the temperature time
series during and after the impact. The temperature de-
creases at the impact then starts to recover towards its
initial value. The recovery part is not monotonic because
of the secondary impacts.

To evaluate the spatial extent of the effect of the air
bubble impact, we show in Fig. 6 the high order statistics

Table 2
Standard deviation and intensity of the fluctuations of heat flux
at different locations around the cylinder

Angle (deg) 0 45 90 135 180
Std ¢ (kW/m?) 255 492 570 799 498
Intensity (%) 10 156 15 18 14.8

50

Heat flux (kW/mZ)
w
(&)
°

0 30 60 90 120 150 180
B(°)

Fig. 4. Profiles of the heat flux when air bubbles are released as
function of the angular position around the cylinder.
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Fig. 5. Time series of the normalized heat flux and temperature
recorded at f# = 0° during the impact of an air bubble. Solid line
is normalized heat flux. Dashed line is temperature.
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Fig. 6. Variation of the standard deviation and skewness of the
heat flux time series as function of the angular position during
the release of air bubbles.

of the heat flux time series around the cylinder. Thus, we
compute the skewness factor based on the instantaneous
heat flux time series (hf()), its time averaged heat flux hf
and the standard deviation oy:

_ (hf(r) = hf)’
H — T

The standard deviation oy is broadly symmetric
around its maximum position located in the intermedi-
ate part of the cylinder. Thus, the bubble impact does
not seem to contribute significantly to the fluctuations
in heat transfer. The skewness factor, which has a value
of 3 for a Gaussian distribution, has its maximum abso-
lute value on the lower part of the cylinder. This value is
typical of a time series dominated by individual events,
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in this case, bubble impacts. Thus, from this profile, we
can infer that the limit of the influence of the impact
mechanism is located at an angle lower than f = 90°.

A direct comparison of the profiles with and without
boiling over the whole range of angular positions is not
possible because of the effect of air bubble impacts on
the lower part. However, we note that the average heat
flux computed between = 90° to # = 180° during boil-
ing is higher only by about 25% than the average flux
computed over the same range in the experiments with
air bubbles. This indicates that in spite of the differences
in the two configurations (in particular, the bubble size
distributions), the two heat flux estimates compare rela-
tively well.

3.4. Contribution of bubble motion to heat transfer in
nucleate boiling

The relationship between wall superheat and surface
heat flux in boiling is strongly dependent on the heating
surface. Thus, the Rohsenow correlation [17] for nucle-
ate boiling from a flat surface gives values of 13.1 kW/
m? and 87.7 kW/m? for the present level of wall super-
heat, depending on whether the copper surface is consid-
ered to be ‘“finely polished’ or ‘scored’ respectively. This
range spans the measured heat flux values here but given
the difference in geometry and the sensitivity to surface
characteristics it is not possible to evaluate the current
measurements in this manner.

The average heat flux around the cylinder is
(Gem) = 31.3 kW/m?. This flux is only part of the total
heat flux released by the cylinder g, the other part being
released through nucleation/evaporation gy. In order to
compare these two contributions, gy is evaluated using
two methods. First, we assume that the energy provided
by the internal cylinder heaters (G ~ 40 kW/m?) is com-
pletely dissipated at the surface of the cylinder, and that
the heat lost at the two ends of the cylinder can be ne-
glected. An estimate of this heat loss term confirms that
it is two orders of magnitude smaller that g;. Therefore,
the heat flux due to evaporation can be estimated as
Gx = Gr — Gay ~ 8.7 kW/m?. Thus, the contribution of
the evaporation process is only 22%, the rest being con-
trolled by bubble motion. The second method is based
on the calculation of the total volume of vapor produced
at the cylinder. If we assume that bubbles detach from
the cylinder at all locations with a constant diameter
(d), the heat flux resulting from nucleation can be ex-
pressed as

N = hfgpvaporf(ﬁ)mv

where hgg, pvapor, ), W and N are respectively the la-
tent heat of vaporization, the water vapor density, the
detachment frequency (a function of the angular posi-
tion), the bubble volume at detachment and the bubble
nucleation density on the surface. The bubble nucleation

density is defined as the number of bubbles nucleating
over a unit area of the cylinder. The upper limit of N
can be obtained theoretically by assuming that bubbles
of 2 mm (which is broadly representative of the mea-
sured bubble size for most measurement locations) in
diameter cover the whole cylinder. It is also assumed,
in this case, that there are no interactions between these
bubbles, such as coalescence. This assumption leads to a
value of N ~ 31.10* m~2. f{f) has been evaluated by fit-
ting a third order polynomial to the experimental data.
The fact that the vapor bubble size is much larger on
the lowest part of the cylinder introduces some errors
into our evaluation but the overestimation of the bubble
detachment frequency compensates for that. According
to this method, the heat flux due to evaporation is
Gn ~ 35 kW/m?. This value is comparable to the heat
flux measured by the sensor in this study, which origi-
nated in bubble-induced motion in the liquid phase. This
shows that nucleation can at most account for half the
total heat released from the cylinder.

In reality, this value of gy represents the upper limit
as it is based on the assumption that the cylinder is fully
covered by bubbles. From many video sequences re-
corded at different locations around the circumference
of the cylinder during the boiling process, there was no
evidence that the cylinder was fully covered with bub-
bles. Detailed analysis of a number of sequences has
shown that in most experiments, the bubble coverage
area was an order of magnitude smaller than the total
area of the cylinder. Thus, using a more realistic bubble
density of N; = N/10, the phase change contributes a
heat flux of gy ~ 3.5 kW/m?. This value is closer to that
estimated from the difference between the power dissi-
pated by the heaters and the measured heat flux due to
the liquid agitation. Thus, it is considered to be repre-
sentative of the current test conditions.

The results described here are broadly comparable to
those reported by Rini et al. [7]. These authors estimated
independently the contributions of bubble nucleation
and convection (bubble-induced agitation) to heat trans-
fer in pool boiling of FC-72 at a superheat similar to
that of the present study. It was found that nucleation
accounted for 35% of the total heat flux, although Rini
et al. [7] considered that this value was overestimated.
Furthermore, the nucleation site density was much higher
than that observed here, which might account for the
difference between the percentages reported here and
those of Rini et al. [7].

3.5. Local analysis of bubble motion and heat transfer
at the cylinder surface

In this section, an attempt is made to clarify the local
and instantaneous effect of air and vapor bubble motion
on heat transfer at the cylinder surface. The heat flux at
the surface of the cylinder is measured simultaneously
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with sequences of bubble motion close to the hot film at
p = 135° during experiments with and without boiling.
Images of vapor and air bubbles rising close to the hot
film are shown respectively in Fig. 7a and Fig. 8a. In
each case, a white line indicates the position of the hot
film on the first image. Each sequence is 2.6 s long and
contains images taken at 960 fps. The heat flux time
series, sampled at a rate of 1 kHz, corresponding to each
sequence are shown respectively in Fig. 7b and
Fig. 8b.

In order to analyze and compare the two sequences,
we define some parameters relating to the bubble char-
acteristics and the heat flux evolution: the bubble equiv-
alent diameter (d), the bubble rising speed (U), a
reference time in the heat flux time trace corresponding
to the base heat flux (1), the time at which the heat flux
is maximum (1), the time at which the heat flux decays
to its initial value (73), the time at which the leading edge
of the bubble is at the hot film level (14), the time at

t=0325s 1=0346s

t=0.367s

t=0377s

t=0.403 s

which the trailing edge of the bubble is at the hot film
level (zs), the difference between the maximum heat flux
and the base (initial) value (4) and the influence distance
of the bubble wake (L = U(tz — t5)). The bubble equiv-
alent diameter and the bubble rising speed are estimated
from the analyzed images and the times 74 and 75 are
prone to a relatively large error as they have been visu-
ally evaluated. These parameters are given in Table 3 for
experiments with and without boiling.

The heat flux increase (A4) is higher for the vapor bub-
ble and that can be attributed to the larger size of the
bubble. In both cases, the maximum heat flux takes
place when the bubble has gone beyond the horizontal
plane of the sensor (74 < 75 < 7). It means that the heat
flux from the cylinder is still affected by the bubble mo-
tion even after it has passed by and that the bubble wake
is significant in a similar manner in both cases. Quanti-
tatively, the relative distance over which the bubble
wake is still significant is evaluated as L/d. It is equal

Gy (D) (KW/M?)

T3

20 i ; : ; ; i ; :
025 03 035 04 045 05 055 06 065 0.7
(b) Time (s)

Fig. 7. (a) Sequence of images depicting the vapor bubble motion along the cylinder surface at § = 135°. (b) Corresponding heat flux

recorded by the hot film sensor.
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t=0.888s

t=0.877s

t=0.909 s

t=0.898s

t=0.930s

t=0919s

(a)

0.88 0.9 0.92 0.94 0.96 0.98
(b) Time (s)

Fig. 8. (a) Sequence of images depicting the air injected bubble motion along the cylinder surface at f = 135°. (b) Corresponding heat

flux recorded by the hot film sensor.

Table 3

Bubble and heat transfer characteristics in the motion-heat flux analysis at two different locations

B d (mm) U (cm/s) 71 (8) 75 (8) 73 (8) 74 (8) 75 (s) A (kW/m?) L (mm)
Air bubble 4 28 0.894 0.910 0.982 0.896 0.903 3.5 22
Vapor bubble 14 24 0.325 0.434 0.625 0.367 0.395 15 55.2

to L/d=5.5 and L/d= 3.9 respectively for the air and
vapor bubbles.

The same analysis has been repeated in both experi-
ments for the passage of several vapor and air bubbles
in order to verify the reproducibility of the decay part
of the curves obtained above. Thus the decay curves re-
corded after the passage of 12 vapor bubbles and 8 air
bubbles have been isolated. In order to compare them,
the decay curves have been normalized so that the heat
flux values range between 0 and 1, then averaged. The

average decay curves are depicted in Fig. 9. For each
experiment, we also show the envelope decay curves rep-
resenting the curves with the fastest and slowest decay
rates. We observe that it takes longer for the heat flux
to recover its base value (0) in the case of the air injected
bubble (more than 1 s) in comparison with the vapor
bubble (about 0.25 s). However, the slope of the curve
for air bubbles after 0.5 is almost flat which indicates a
possible effect of the way the ensemble average was com-
puted. A better way to compare the two decay curves is
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Fig. 9. Normalized heat flux decay curves recorded after the passage of vapor and air injected bubbles at § = 135°. In each graph, the
squares are the ensemble average computed using 12 (vapor) and 8 (injected air) decay curves. The lines are the envelopes of the 12

(respectively 8) curves.

to see how long it takes the heat flux to reach a certain
percentage of the maximum value. If we consider a
typical value of 20%, we see that it takes on average
0.1 s for vapor bubbles and less than 0.2 s for air bubbles
to reach that level, which are comparable values. We
also notice that the envelopes spread over a larger range
of heat fluxes for air bubbles. That can originate either
from the larger distribution of air bubble sizes or a sig-
nificant difference in the distances between the rising
bubbles and the cylinder surface. We note that this dis-
tance has not been exactly measured here but it was
made sure in all the events included in this analysis that
the bubbles passed very close to the cylinder. It was also
important to ensure that all the decay curves were
caused by a single bubble passing close by the cylinder
surface.

4. Conclusion
Heat transfer at the surface of a horizontal, circular

cylinder has been investigated under the effect of nucle-
ated vapor and air injected bubbles. A hot film tech-

nique and a heat flux sensor have been used to
evaluate local time varying convective heat flux at differ-
ent positions around the cylinder circumference. It was
found that during nucleate boiling heat transfer is high-
est on the upper part of the cylinder, following the
detachment of vapor bubbles that have been sliding
along the cylinder. The bubble impact mechanism in
the case of injected bubbles increased the heat transfer
on the lower part of the cylinder. A comparison of the
local averaged heat flux on the upper part of the cylinder
showed that these values compared relatively well in the
two cases (with and without nucleate boiling). Using two
different methods to estimate the heat flux due to evap-
oration, it was found that the nucleation/evaporation
process accounts for only a small part of the total heat
flux at low wall superheat.

Finally, heat transfer mechanisms have been investi-
gated on the upper part of the cylinder in the two exper-
iments. The heat transfer enhancement is mainly
associated with the liquid agitation due to the bubble
wake. This variation in dominant heat transfer mecha-
nisms can explain the location of the maximum heat flux
recorded at f# = 135° during boiling.
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