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Abstract-An investigation of forced-convective subcooled nucleate boiling was carried out using high 
speed photography. Experiments were performed using a vertical circular annulus at atmospheric pressure, 
for mean flow velocities of 0.08-1.2 m s-l and subcoolings of lo-60°C. The filmed conditions are defined 
relative to the onset of nucleate boiling and the onset of significant void. The following observations were 
made: (i) bubbles do not grow and collapse on the heated wall, but eject into the flow for subcoolings 
beIow 60°C ; (ii) after the onset of nucleate boiling, bubbles slide away from the nucleation site and later 
eject into the flow; (iii) bubbles condense while sliding on the wall; and (iv) bubbles generated near the 
onset of nucleate boiling conditions slide for a distance of up to 50 mm, while for other conditions the total 
axial distance traversed by the bubbles is less than 2 mm on average. The maximum bubble diameter and 

condensation time are shown to be influenced by the location relative to the onset of significant void. 

1. INTRODUCTION 

AN IMPROVED understanding of the bubble ebullition 
cycle in forced-convective subcooled nucleate boiling 
conditions is important for modeling void growth and 
heat transfer. Many models of void growth are based 
on bubble behavior [ 1, 21. Heat transfer mechanisms 
can be better understood through studying the bubble 
ebullition cycle. For instance, it may be possible to 
determine whether the heat transfer is governed by 
the increase in the micro-layer evaporation under the 
bubble due to the sliding of the bubble, as suggested 
by Tsung-Chang and Bankoff [3], or by the stirring at 
the wall, caused by the replacement of liquid behind 
the detaching bubble, as suggested by Rohsenow and 
Clark i4]. 

Many experimental studies have investigated the 
bubble ebullition in forced-convective subcooled 
nucleate boiling at near atmospheric pressure. Gun- 
ther [5] performed a photographic study of surface 
boiling for Tsub = 15-65°C U = 1.5-12.2 m s-’ and 
P = 1-l 1 bar. The test section WAS a rectangular chan- 
nel (4.8 x 12.8 x 1.52 mm), divided in mid-plane by an 
electrically heated metal strip (0.1 mm thick and 3.1 
mm wide). Gunther reported that, at high subcooling 
(Tsub > 38”C), bubbles were hemispherical, grew and 
collapsed while sliding along the heater, and did not 
detach from the surface. The bubble sliding velocity 
was approximately 80% of the mean flow velocity. 
Rohsenow and Clark [4] analysed high-speed motion 
pictures of McAdams et al. [6] for a heated annulus 
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for U = 1.3 m SK’, P = 2 bar, and Tsub = lo-66°C 
and found that bubbles were ejected into the fluid core 
where they condensed rapidly. The motion of bubbles 
moving into the liquid core caused violent agitation 
of the liquid near the surface and enhanced the heat 
transfer rate. Bubble traces and bubble photographs 
have been reported by Stralen [7] for flow velocities 
between 3 and 6 m SK’ and subcoolings of 5-35X at 
atmospheric pressure. Traces show that the bubbles 
are elongated when ejected into the flow. Photographs 
show that bubbles slide along the wall prior to ejec- 
tion, and small, residual bubbles are present in the 
flow. Akiyama and Tachibana [S] studied bubble 
growth and collapse using an annulus for U = 0.1-5.0 
m s-l, P = 1 bar, and Tsub = 20-80°C. In their study, 
bubbles, either near-spherical or slightly flat in shape, 
slide on the wall, subsequently detach into the liquid 
core, and then condense. Before detaching, the bub- 
bles start to condense on the wall while sliding. The 
photographs shown in their investigation are too small 
to allow the reader to draw definite conclusions on 
bubble shape and displacement. Del Valle and Ken- 
ning [9] investigated subcooled nucleate boiling on a 
stainless steel plate for U = 1.7 m s-‘, P = 1 bar and 
T sub = 84°C. Bubble life times were less than 0.6 ms. 
They observed that the majority of the bubbles grow 
and cohapse at their own nucleation sites, and only a 
few bubbles slid along the wall. At elevated pressures, 
photographic 
and Unal [ 1 I] 
not adhere to 
core [ll], and 
the wall [lo]. 

studies by Dix [lo] (P = 3.1-8.4 bar) 
(P = l-16 bar) showed that bubbles do 
the wall. They are located in the liquid 
travel in a narrow bubble layer close to 
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1 

NOMENCLATURE 

bubble diameter normal to the wall [m] 
bubble diameter paralle1 to the wall [m] 
normal displacement [m] 
L, minus L, at ejection [m] 
parallel displacement [m] 
parallel displacement from inception 
to collapse [m] 
parahei dispIacement from ejection to 
collapse [m] 
mass flow rate [kg s-‘] 
pressure [kPa] 
bubble volume equivalent radius [m] 
maximum bubble volume equivalent 
radius [m] 
velocity slip ratio [ub/U] 
temperature at fully-developed boiling 
WI 
inlet temperature [‘Cl 

T onb 

T sub 
t 
tb 

rg 
& 
t, 
t, 
u 
ub 

% 
V, 

Greek symbols 
9 heat flux [W m-“1 
0, advancing contact angle c”] 
Q, receding contact angle [“I. 

temperature at the onset of nucleate 
boiling c”C] 
subcooling [“Cl 
time [s] 
bubble lifetime [s] 
time for bubble growth period is] 
bubble condensation time [s] 
time for bubbIe necking period [s] 
bubble period Is] 
mean flow velocity [m s-l] 
bubble sliding velocity [m s-l] 
bubble ejection velocity [m s-l] 
bubble volume fm’]. 

High speed photographic studies report different 
bubble behaviors, depending on the subcooling and 
velocity, and there appear to be some contradictions 
under similar conditions. In general, bubbles collapse 
on the wall at high subcooling, while, at low sub- 
cooling, bubbles are ejected into the fluid core and 
condense. Gunther’s results, which apply only to high 
subcooling (above 38”C), are sometimes used to 
describe the behavior of bubbles throughout most of 
the subcooled boiling region, as in Cole [12], who 
wrote, “In subcooled boiling, the bubbles generally 
do not depart from the heated surface but instead 
grow and collapse on the surface”. 

The onset of significant void, OSV, is an important 
parameter in void growth studies as it marks the 
location where a small change in power causes a sub- 
stantial increase in the void fraction value, as shown 
in Fig. 1. The highly subcooled region occurs between 
the onset of nucleate boiling, ONB, and the onset 
of significant void, OSV (Fig. 1). Most void growth 
models assume that, in the highly subcooled region, 
bubbles grow and collapse on the wall, either without 
sliding [13] or with sliding [14]. This contradicts 
photographic studies at elevated pressure [lo, 1 I], 
which report bubbles migrating towards the liquid 

core in this region. The photographic studies reported 
in the literature do not describe the bubble behavior 
in relation to the OSV. 

The objective of this work is to perform a photo- 
graphic study of subcooled boiling at low pressure and 
low flow rate, in order to provide a more quantitative 
description of the bubble growth and collapse, and to 
examine how the bubble detaches from the wall. 

2. EXPERIWIENTAL APPARATUS 

The high speed photographic study of forced-con- 
vective subcooled boiling at atmospheric pressure was 
obtained using an experimental two-phase loop, 
shown in Fig. 2. A forced convective flow is generated 
past an internally-heated annular test section by a 

Pressurizing 

Ez=ff ’ 

FIG. 1. Two region representation of void growth. FIG. 2. Schematic diagram of the two-phase Bow loop. 
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closed-loop system, consisting of the following com- 
ponents : main pump, immersion heater, filter, turbine 
flow metering system, flow control valve, heated test 
section, vertical cross-flow condenser, and heat 
exchanger. The water in the loop is preheated to 100°C 
to de-gas the water, while trapped air is periodically 
removed from the condenser or the immersion heater. 

The vertical test section consists of a circular heater 
el&trically heated by a 64 kW a.c. low voltage power 
supply, and an outer Pyrex glass tube. The circular 
heater, 480 mm long and 2.1 mm thick, was fabricated 
from a 304 stainless steel 12.7 mm dia. tube, silver- 
welded at both ends to thick wall copper tubes. The 
diameter and length of the heater is identical to_ an 
actual fuel element used in the SLOWPOKE reactor, 
while the 22 mm glass tube I.D. was chosen to provide 
an equivalent hydraulic diameter simulating the flow 
past a single fuel element. 

The volumetric flow rate was measured with two 
turbine flow meters, the current and the voltage drop 
across the heater were measured for heat flux cal- 
culations, apnd the inlet temperature was measured 
with K-type ungrounded thermocouples. The instru- 
mentation was interfaced with a 486 IBM compatible 
computer. 

High speed photography was performed using a 
Hycam (Model #=K2054E) at film speeds between 
5000 and 6000 frames s’. Figures 3 and 4 show the 
experimental and film digitizing setups, respectively. 
An 8 mm long section of the annular flow passage 
from the heated wall to the glass tube was filmed on 
each frame at an axial location of 440 mm along the 
heated element (Fig. 3). A 1 .O magnification of the 
image was achieved by using a 35 mm telephoto 
lens (focal length 80 mm at f/2.8) with a 40 mm 
extension tube. The depth of field is approxim- 
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FIG. 3. High speed photography experimental setup. 

ately 4 mm. The film was eventually converted into a 
video signal using a solid state CCD camera system 
(Tamron/FotovixII) which enlarges the image up to 
36 x . Each image was digitized using a 640 x 480 
frame grabber (PcVisionplus-640-3-60). 

Encoded on the high speed film is a constant fre- 
quency time mark of 1000 Hz. Two perpendicular 
lines etched on one of the mirrors in the Hycam were 
photographed on each frame. These lines provided an 
accurate reference frame. In addition, a precision ruler 
located beside the glass tube was photographed to 
determine the scaling of the image. 

An interactive computer program developed by 
Farajisarir [15] was used to analyse the 20-40 digital 
,bubble images in each bubble ebullition cycle. All the 
bubbles digitized within an ebullition cycle grew and 
collapsed within the photographed 8 mm length of 
the heater. Inputs to the program were provided by 
“clicking” with a computer mouse at the appropriate 
location on the computer screen. These inputs 
include: the location of the nucleation site; the 
location of two points 6 mm apart along the precision 
ruler; the location of the fixed reference frame for 
each digitized bubble image; and the location of the 
time marks. In addition, the outline of each bubble 
was traced with the computer mouse. The area, the 
center of mass, and the principal axes of inertia were 
then computed from the bubble outline. 

The program then calculated the following par- 
ameters, shown in Fig. 5 : the diameter of the bubble 
along the principal axis of inertia, parallel to the wall, 
D,, and normal to the wall, D, ; the bubble advancing 
angle, Q,, and receding angle, 0,; the parallel dis- 
placement of the center of the bubble with respect to 
the nucleation site, L,; the normal displacement of 
the center of the bubble with respect to the wall, L, ; 
the elapsed time, t ; the bubble volume, V, ; and, 
finally, the bubble volume equivalent radius, R,. 

The bubble volume was obtained by averaging two 
volumes, calculated as follows : the two areas located 
on each side of the minimum axis of inertia are 
revolved separately about the axis, thus creating two 
bodies of revolution. Their volumes are then averaged 
to obtain I’,,. The volume equivalent radius is by defi- 
nition : 

(1) 

The reference mark on each photographic frame is 
used to measure accurately the displacement of the 
center of mass of the bubble with respect to the 
nucleation site and the heated wall. 

A detailed description of the photographic study 
can be found in ref. [15]. 

Measurement errors, listed in Table 1, were 
obtained from specifications provided by the manu- 
facturer or estimated from experiments. The accuracy 
of the measured bubble parameters (Fig. 5) was lim- 
ited by the pixel size of the digitized image, as dis- 
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FIG. 4. High speed photography film analysis setup 
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FIG. 5. Bubble parameters measured from the digitized image. 

TabIe 1. Estimated error for experimental parameters 

Parameter 

Inlet pressure, P 
Inlet temperature, T,,, 
Flow rate, I+? 
Heat flux, I$ 
Parallel diameter, D, 
Normal diameter, D,, 
Parallel displacement, L.,, 
Normal displacement, L,, 
Time, t 
Bubble radius, R,, 
Bubble volume, Y,, 
Contact angles, 0, and 0, 

Error ( + ) 

140 Pa 
l.O’C 
0.3% 
1 .X% 

0.1 mm 
0.1 mm 
0.1 mm 
0.1 mm 
0.02 tns 

I .6X 
5.0% 
lo’,% 

~~ 

cussed in ref. [15]. Although the bubble image is mag- 

nified 36 x on the computer screen, contact angles 
were hard to determine accurately due to the reflection 
of the bubble base on the stainless steel heater. 

The input parameters for the high speed photo- 
graphic study were heat flux, subcooling, and flow 
rate, as shown in Table 2. Figure 6a~-e shows the 

Table 2. Input parameters for high speed photographic study 

Input parameter 

Xb (’ C) 
ri? (kg s -‘) 
cb (MW m-‘) 
P (bar) 

Range 

IO, 20, 30, 40, 60 
0.02, 0.10, 0.20 

0.1-1.2 
1.05 

conditions for each film for subcoolings of 10, 20, 30, 
40, and 60°C. Each condition is given a reference 
number (e.g. D23). Figure 6a-e also shows the relative 
location of each condition filmed with respect to the 
onset of nucleate boiling (ONB), and the onset of signi- 
ficant void (OSV), both of which were calculated using 
correlations previously developed by Bibeau et al. [ 161. 
Films were obtained for conditions within the highly 
subcooled region, near OSV, and after OSV. Con- 
ditions which require the inlet temperature to be less 
than 15°C are indicated in the figures, since this value 
corresponds approximately to the minimum water tem- 
perature attainable in the experimental loop used. 
Fewer conditions are available for filming for values of 
high subcooling and low flow rate. Films obtained at a 
subcooling of 60°C were intended to determine whether 
or not bubbles condense at high subcooling while still 
attached to the wall, as described by Gunther [S]. 

All photographic films were obtained with the same 
stainless steel heater element and at the same camera 
location. From two to eight different nucleation sites 
were identifiable for each film, depending on the heat 
flux. Only bubbles produced at the same active 
nucleation site were digitized (by Farajisarir [ 15]), and 
S--l0 bubbles were digitized from each film. Choosing 
the same nucleation site eliminates variations in bubble 
size due to different cavity sizes. For the film speed used 
in this investigation, the bubble life cycle--from nuclea- 
tion to bubble collapse-was captured on 2040 frames, 
and for a subcooling of 60°C and pressures of 2 and 3 
bar, the bubble life cycle was captured on 4-10 frames. 

Additional information on the experimental appar- 
atus and the high speed photographic study can be 
found in Farajisarir [I 51 and Bibeau [17]. 

3. RESULTS AND DISCUSSION 
Figure 7 shows the digitized bubble radii as a func- 

tion of time taken from the same film and the same 
nucleation site for condition reference D06. The fig- 
ure shows that the growth rate is the same for all 
bubbles, although the maximum radius and bubble 
lifetime varies from bubble to bubble. A ‘typical 
bubble’ is selected from each film which has the bubble 
lifetime closest to the computed average lifetime of all 
the digitized bubbles. 

Some nucleation sites become temporarily inactive 
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FIG. 7. Different digitized bubble radii for reference condition 
D06. 

over a range of heat fluxes when the heat flux is 
increased, as observed in other bubble studies [9]. This 
is due to the increase in nucleation site density, which 
increases the interaction between nucleation sites. As 
more nucleation sites become active on the heated 
surface, bubbles begin to interact. 

Figures 8-10 show photographs of the ebullition 
cycle of three bubbles from inception to collapse. 
These bubbles nucleate in the highly subcooled region 
for the following conditions : 

Condition : i-hub 
reference # (“C) (kg?‘) (Mime’) Figure 

D24 20 0.10 0.3 8 
DO6 30 0.20 0.5 9 
D43 60 0.20 0.9 IO 
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D24-07: U= 0.41 m/s, Tsub= 20 “C, += 0.3 M?V/m” 

t= 0.22 0.42 0.65 0.86 1.08 1.30 1.51 1.73 

3.67 3.89 4.11 4.32 4.54 4.75 4.97 5.19 

5.40 5.62 5.83 6.05 6.27 6.48 6.70 6.91 

7.13 7.34 7.56 7.77 7.99 8.20 8.42 8.63 

8.85 .. 9.06 9.28 9-49 9.71 9.93 rns 
FIG. 8. Photographs of bubble ebullition cycle for reference condition D24 

DO6-12: u= 0.82 m/s, TyUb= 30 “C, += 0.5 II&W/m2 

t= 0.21 0.41 0.82 I.03 1.23 t .44 I.64 

FIG. 9. Photographs of bubble life cycle for reference condition D06. 
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D43-09: U= 0.82 m/s, TsUb= 60 “C, @= 0.9 MW/m’ 

f 
2 xxxn 

_-_L 
I;: 0.21 0.41 0.62 0.83 1.03 1.23 1.45 1.65 KllS 

FIG. 10. Photographs of bubble life cycle for reference condition D43 

The condition reference number can be used in con- 
junction with Fig. 6a-e to locate each of the conditions 
relative to the ONB and the OSV. The photographed 
bubbles are shown in the center of each frame in 
Figs. 8-10 without the reference frame. Therefore, the 
sliding of the bubble cannot be seen in these figures.7 
Figure 10 shows the typical bubble behavior at 60°C 
subcooling. 

Figure 1 la and b shows the high-speed film digitized 
results for the bubble radius, R,, the bubble volume, 
V,, and &he displacement of the center of mass of the 
bubble parallel to the heater, LP, and normal to the 
heater, Lz (defined as L, minus L, at ejection). These 
digitized results are shown as a function of time for 
reference condition D35 in Fig. 1 la, and reference 
condition DO6 in Fig, llb. The simultaneous pres- 
entation of the bubble radius and volume with the 
displacement of the center ofmass of the bubble (nor- 
mal and parallel to the heater) has not been previously 
reported in the nucleate boiling literature. 

Figures 8-l 1 show that the initial bubble growth 
occurs rapidly. This growth is followed by a period 
where the bubble radius decreases slowly due to con- 
densation. The bubble is slightly flattened for approxi- 
mately the first-half of the ebullition cycle, with the 
largest dimension paralIe1 to the wall. At approxi- 
mately midway in the ebullition cycle, the lower half of 
the bubble wall starts to converge towards the central 
normal axis of the bubble until the bubble adheres to 
the wall at a single point. During this process, the 
flattened bubble shape becomes elongated, with the 
largest dimension normal to the wall. Condensation 
of the bubble also occurs during this transition. The 
bubble is ejected from the surface after the transition 
is complete. At ejection, the bubble is shaped like a 
pear with the stem touching the wall, and is propelled 
into the core of the flow. After ejection, the bubble 
condenses rapidly. The lower half of the bubble sur- 
face oscillates due to the flow disturbances, while the 
top portion of the bubble remains approximately 
hemispherical as the bubble moves towards the fluid 
core. The oscillation becomes more visible when the 
film is projected onto a screen and viewed at about 
2-6 frames sP’. 

Bubbles nucleating close together-before and after 
the onset of significant void-increase the likelihood 

7 The sliding of the bubble is observed from the digitized 
results in Fig. I la and b. 

of bubble coalescence. Bubbles which coalesce while 
still sliding along the wall are ejected from the surface 
together. Individual bubbles are harder to isolate after 
the onset of significant void. A few bubbles were 
observed to be ejected into the flow, then bounced 
back close to the wall and grew again, but this type of 
bubble behavior was a rare occurrence. 

For mean flow velocity of I .72 m s ’ , and pressures 
of 2 and 3 bar, bubbles slide along the wall soon after 
nucleation, and are ejected into the flow. The bubble 
behavior for these conditions is similar to the behavior 
of bubbles at low velocity and atmospheric pressure, 
except that the bubbles are much smaller. 

In some instances, a bubble will not condense com- 
pletely, and a very small residual bubble can be 
observed which eventually condenses or disappears 
from view. Some of these residual bubbles (less than 
0.05 mm dia.) come into view from the bottom of the 
film, and condense or disappear from view at the 
top of the frame. These bubbles are believed to hold 
residual gases. 

The bubble life cycle is divided into two main phases 
which the authors term the bubble sliding phuse and 
the bubble ejection phase. The two phases are shown 
in Figs. 11 and 12, and are described separately below. 

3. I. Bubble sliding phuse qf’ the ebullition cycle 
The first interval, corresponding to the bubble slid- 

ing phase, is assumed to begin immediately upon 
nucleation, and to finish when the bubble is about to 
be ejected into the flow. The bubble sliding phase 
consists of a growth period and a necking period, as 
shown in Fig. 12. The growth period starts at bubble 
inception and ends when the bubble reaches -its 
maximum radius. The necking period starts at the 
maximum radius and finishes when the bubble is ejec- 
ted into the flow (i.e. at t = 6.91 ms in Fig. 8). The 
necking period refers to the process after the growth 
period, when the bubble changes from a flattened 
shape, becoming elongated while condensing. 

Condensation of the bubble starts at the beginning 
of the necking period, while the bubble is sliding along 
the wall. The necking period should not be confused 
with the process of neck formation, which occurs very 
close to the wall. The existence of a small neck between 
the bubble and the wall has been debated in the litera- 
ture [18, 191. Cooper [19] attributed the observation 
of a small neck at the base of the bubble to thermal 
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gradients at the wall, causing distortion of light and 
thus producing a ‘mirage effect’. This mirage, or 
reflection at the bubble base, was observed close to 
the heater in this study when the digitized bubble was 
magnified by a factor of 36. The bubble base near the 
wall is not described in this study due to the possible 
mirage effect. 

The bubble slides along the wall during the growth 
pel’iod and the necking period (bubble sliding phase), 
as evidenced by the positive parallel displacement of 
the center of mass of the bubble _& shown in Fig. 1 la 
and b. These figures indicate that bubble sliding occurs 
almost immediately after nucleation. 

Figure 13 shows the diameter of the bubble along 
the major and minor axis of symmetry, D, and D,, 
with the dynamic contact angles 8, and 0,. These 
results are for the same digitized bubble ebullition 
cycle as in Fig. lla. The bubble is flat when D, is 
greater than D, (during the growth period), and is 
elongated when D, is greater than D, (during the 
necking period). The transition from a flat bubble to 
an elong_ated bubble occurs during the necking period. 
The dynamic receding angle varies between approxi- 
mately 40 and 70”, while the dynamic advancing angle 
varies between approximately 45 and 75” during the 
bubble sliding phase. Accurate measurement of these 
angles is difficult due to reflection of the bubble inter- 
face on the stainless steel heater, and thermal gradients 
near the heated wall which distort the light. 

The axial bubble sliding velocity, ub, is the slope 
of the parallel displacement line, I,,. This velocity is 
relatively constant during the bubble sliding phase 
(linear variation of the parallel displacement, L,,), and 
may sometimes vary during the bubble ejection phase 
(the non-linear change of the parallel displacement, 
L,, after ejection), as shown in Fig. 1 la. The slip ratio 
is defined as the average bubble sliding velocity during 
the bubble sliding phase divided by the mean flow 
velocity (S = ub/U). 

The bubble veIocity is influenced by buoyancy for 
flow velocity less than for the bubble rise velocity. 
Experimental results from Ivey [20] show that 

Time (ms) 
FIG. 13. Bubble dynamic receding and advancing contact 
angles, and bubble diameter along principal axis parallel to 
the wall, and normal to the wall, for condition reference D35. 

bubble rise velocity for single vapor bubbles in stag- 
nant water varies from 0.20 to 0.30 m s-’ for bubble 
radii between 0.5 and 2 mm. The influence of buoy- 
ancy on the slip ratio is evident in Fig. 1 la, where the 
mean flow velocity (U = 0.084 m s-‘) is below the 
bubble rise velocity, and the slip ratio is 3.0. The slip 
ratio is close to 1 (S = 0.96) when the mean flow 
velocity (U = 0.82 m s -‘) is greater than the bubble 
rise velocity, as shown in Fig. 1 lb. These results are in 
accordance with previous void fraction measurements 
for upward and downward flow, which show that the 
influence of buoyancy is only significant for velocity 
values less than 0.5 m s-l [21]. Table 3 shows the 
different values of calculated slip ratio. For flow vel- 
ocities of 0.42 and 0.82 kg s-‘, the slip ratio is close 
to 1, while, for a flow velocity of 0.082 kg SC’, the slip 
ratio varies between -0.6 and 3. The variation of the 
slip ratio, which is highest for ti = 0.02 kg SC’, is 
attributed to the influence of the bubbles which dis- 
turb the flow. The significance of this disturbance 
increases as the mean flow velocity and the inertial 
force of the fluid decreases. Flow disturbances caused 
by the growth and collapse of adjacent vapor bubbles 
is strong enough for nucleating bubbles to occasion- 
ally move in the upstream direction at low flow rate. 

3.2. Bubble ejection phase of the ebuliition cycle 
The bubble ejection phase corresponds to the por- 

tion of the ebullition cycle where the bubble is 
detached from the wall and condenses rapidly in the 
fluid core. This phase begins when the bubble is ejected 
from the wall, and ends when the bubble is completely 
condensed, as shown in Figs. 1 la and b and 12. The 
displacement of the center of mass normal to the wall, 
I,,*, is shown in Fig. 11. This displacement is arbitrarily 
set to zero at ejection, i.e. L,* during the ejection phase 
is defined as the normal distance from the center of 
mass of the bubble at time ‘t’ to the center of mass of 
the bubble at ejection. 

In the bubble ejection phase, the condensation rate 
is greater than during the necking period. This can be 
attributed to three factors : (i) the bubble is no longer 
absorbing heat from the superheated thermal layer; 
(ii) the subcooling surrounding the bubble is increas- 
ing as the bubble moves away from the wall ; and (iii) 
there is an increase in convection heat transfer at’ the 
bubble wall, caused by the normal displacement of 
the bubble. The convection heat transfer is pro- 
portional to the ejection velocity of the bubble U,j, 
defined as the normal velocity of the center of mass 
of the bubble. This velocity is reported in Table 3, and 
the average value for all conditions is 0.75 m s-‘. The 
condensation time was found to be aImost inde- 
pendent of the mean flow velocity, since the bubbles 
travel with the6 flow [ 151. 

3.3. Bubble detachment 
Photographic results show that the bubble starts to 

slide along the wall and eventually is ejected into the 
flow. Therefore, there are two different bubble detach- 
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Table 3. High speed photographic results 

Condition 
reference # 

D34 
D35 
D36 
D27 
D28 
D37 
D33 
D24 
D25 
D26 
DO5 
D16 
D17 
Dl8 
D21 
D22 
DO6 
D13 
D14 
D39 
D40 
D41 
D42 
D44 

Average values 1.2 0.75 2.0 0.6 35 65 71 

10.0 0.1 0.08 1.76 
10.0 0.2 0.08 2.99 
10.0 0.3 0.08 0.50 
20.0 0.2 0.08 4.15 
20.0 0.3 0.08 - 0.59 
30.0 0.2 0.08 1.24 
10.0 0.3 0.42 1.40 
20.0 0.3 0.42 1.16 
20.0 0.6 0.42 1.24 
20.0 0.7 0.42 2.00 
30.0 0.3 0.42 0.88 
30.0 0.6 0.42 1.18 
30.0 0.8 0.42 1.36 
30.0 0.9 0.42 1.03 
20.0 0.6 0.84 1.20 
20.0 0.7 0.84 1.05 
30.0 0.5 0.83 0.95 
30.0 0.8 0.83 0.94 
30.0 0.9 0.83 1.16 
40.0 0.6 0.83 1.02 
40.0 0.9 0.83 0.79 
40.0 1.2 0.83 1.02 
60.0 0.6 0.82 0.95 
60.0 1.2 0.82 0.59 

Kj 

(m s-‘) 

0.15 
0.22 
0.33 
0.60 
0.64 
1.13 
0.43 
0.79 
0.95 
0.42 
0.75 
0.93 
0.44 
1.06 
0.59 
0.82 
1.01 
0.98 
0.69 
1.91 

: 

; 

2.9 2.0 
4.6 2.6 
0.5 0.3 
1.8 -0.3 

-1.3 -0.7 
0.2 0.0 
5.5 1.5 
3.7 1.3 
2.4 0.5 
4.2 2.4 
1.6 0.3 
1.4 0.1 
1.2 0.0 
0.6 0.1 
4.5 2.2 
3.2 1.1 
2.0 0.4 
2.0 0.7 
2.0 0.5 
1.6 0.2 
1.2 
1.3 : 
0.9 
0.7 

TValues cannot be determined accurately (only one frame in the ejection region). 

tglfb 
(%I 

32.8 67.2 36.2 
38.7 61.3 54.8 
32.0 68.0 62.0 
24.5 75.5 62.3 
38.3 61.7 70.2 
41.2 58.8 76.5 
35.9 64.1 71.8 
36.6 63.4 65.9 
34.5 65.5 69.0 
30.0 70.0 50.0 
29.6 70.4 70.4 
44.5 55.5 88.9 
42.9 57.1 85.7 
30.0 70.0 80.0 
27.3 72.7 50.0 
33.3 66.7 61.9 
35.7 64.3 71.4 
41.2 58.8 64.7 
40.0 60.0 73.4 
33.3 66.7 83.3 
42.8 57.2 85.7 
44.4 55.6 88.9 
37.5 62.5 87.5 
28.6 71.4 85.7 

ments during the bubble ebullition cycle : detachment 
from the nucleation site when the bubble starts to 
slide, and the later detachment from the wall when 
the bubble is ejected into the flow. 

The bubble detachment behavior observed in this 
photographic study for forced-convective subcooled 
boiling differs from that reported in the literature. In 
subcooled boiling [S, 13, 141, detachment has been 
assumed to occur when the bubble starts to slide away 
from the nucleation site. A recent study by Klausner 
et aE. [22] concluded that, for saturated boiling con- 
ditions, bubbles either slide away from the nucleation 
site, or eject from the nucleation site into the flow 
(without prior sliding). 

The present measurements of the parallel and nor- 
mal displacement of the center of mass of the bubble 
show that bubbles always slide along the heater before 
ejecting. Photographic studies in the literature [5, 221 
do not report measurement of the displacement of the 
center of mass of the bubble. Since the sliding of 
the bubble may be typically less than 2 mm (before 
ejection) for a flow velocity of 1.0 m s-l, only an 
accurate measurement of the displacement of the 
bubble can provide conclusive evidence on how the 
bubble detaches. Figure lla and b, which represents 
the data processed from photographic films, shows 
the detachment mechanism in subcooled boiling: 
bubbles first slide away from the nucleation site, and 
are then subsequently ejected into the flow. 

3.4. Bubble behavior near the onset ofnucleate boiling 
Near the ONB, bubbles behave in a slightly different 

manner. In films taken at a magnification of 1.0 in 
which 8 mm of the photographed flow channel 
appears on each frame of the film, bubbles were seen 
to slide without being ejected from the wall. It was 
initially believed that the bubbles grew and collapsed 
on the wall. No bubbles were observed to nucleate on 
the wall within the 8 mm photographed length of 
the heater, and it was not possible to know how far 
downstream of the photographed area the bubbles 
nucleated. Bubbles first appeared at the bottom of a 
frame, and disappeared from view after sliding for 
40-50 frames. The bubble radii oscillated while the 
bubbles slid along the wall. These bubbles were 
not ejected into the flow, but were sometimes semi-. 
spherical or pear shaped (with the stem on the 
wall). None of these bubbles was observed to con- 
dense completely. To determine the behavior of these 
bubbles, a film was taken at a magnification of 0.1 so 
that 80 mm of the heated element was photographed. 
Projection of the film (at l-24 frames s-‘) showed 
that these bubbles slide along the test section, some- 
times up to a distance of 50 mm, while oscillating in 
size. After a few oscillations in bubble size and shape, 
the bubbles are eventually ejected into the flow and 
then condense very rapidly. Their behavior is anal- 
ogous to the previous bubble behavior, except that 
the bubbles near the ONB slide much further along 
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the wall before being ejected into the fluid core. The 
period of oscillation varies for each bubble, and does 
not correspond to the period of a.c. heating. The oscil- 
lation in bubble size is probably produced by two 
conflicting effects : heat gain from the thermal layer 
and heat loss through condensation. 

Figure 14a-c shows the approximate region where 
bubbles neither grow nor are ejected within the 8 mm 
(magnification 1:O) photographed section of the 
heater, for subcoolings of IO,20 and 30°C. This region 
is between the ONB line and theJirsr dashed line, and 
is labelled ‘bubbles slide more than 8 mm’ in the figure. 
The second dashed Zinc in the figure marks the region 
where the required inlet temperature is less than ~S’C. 
The figure shows that, as the subcooling is increased, 

the proportion of the highly subcooled region where 
bubbles slide more than 8 mm decreases. The bubbles 
generated to the right of the first dashed line in the 
figure slide 1.4 mm on average. The reason why bub- 
bles slide for a longer distance in the region between 
the ONB and the first dashed line is due to the lower 
wall superheat near ONB. 

The first region, where bubbles slide for more than 
8 mm, is assumed to correspond to the region of 
partial nucleate boiling ; the second region, where bub- 
bles slide 1.4 mm on average, is assumed to correspond 
to fully-developed boiling, based on observed bubble 
behavior and subcooled boiling heat transfer charac- 
teristics. The heat transfer in the partial nucleate boil- 

, ing region is influenced by velocity, while the heat 

(a) 

__-- 

0.6 
@ (MWhy 

7 .o 7.2 

Region T;, < 15 OC 

FIG. 14. Different bubble behavior regions in subcooled nucleate boiling for subcoolings of: (a) 10; (b) 
20 ; and (c) 30°C. 
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transfer mechanism in fully-developed boiling is rela- 
tively independent of velocity. The heat transfer mech- 
anism in partial nucleate boiling is assumed to be 
dominated by bubble sliding and the subsequent mix- 
ing of the thermal layer. If bubble sliding is the domi- 
nant heat transfer mechanism, then this mechanism is 
influenced by the flow velocity. As the mean flow 
velocity increases, the mixing of the thermal layer is 
promoted by an increase in the bubble sliding velocity, 
since the slip ratio is close to 1. The heat transfer 
mechanism in fully-developed nucleate boiling is 
assumed to be dominated by the ejection of the bub- 
bles agitating the subcooled liquid and the thermal 
layer. This heat transfer mechanism is fairly inde- 
pendent of velocity since bubbles do not slide for a 
long distance, even when the velocity is increased. This 
study introduces the idea that, for subcooled nucleate 
boiling, bubble sliding may be the dominant heat 
transfer mechanism in the partial boiling region, and 
bubble agitation may be the dominant mechanism in 
fully-developed boiling, although this postulate can- 
not be confirmed at this time. Latent heat transfer 
may also be important in the fully-developed boiling 
region. A comprehensive heat transfer analysis is 
beyond the scope of this investigation. Based on the 
experimental results of Gunther [5], Tsung-Chang and 
Bankoff [3] assume that the heat transfer mechanism 
in forced-convective subcooled nucleate boiling (par- 
tial and fully-developed boiling) is governed by bubble 
sliding, resulting in an increase in the microlayer evap- 
oration under the bubble. Based on the experimental 
results of McAdams eb al. [6], Rohsenow and Clark 
[4] assume that the mechanism is caused by the agi- 
tation of the bubbles. 

3.5. Bubble behavior at high subcooling 
For subcooling values between 10 and 60°C bub- 

bles do not grow and collapse on the heater. At a 
subcooling of 60°C the largest bubbles are clearly 
ejected into the core of the flow and are pear-shaped 
prior to ejection. This bubble life cycle is captured 
on less than 12 frames (less than 3 ms). For smaller 
bubbles, it is not always possible to capture a bubble 
in the ejection phase on film, since the ejection process 
occurs too quickly for this high subcooling. These 
bubbles show the characteristic elongation normal to 
the wall (pear-shaped with the stem on the wall), 
which confirms that these bubbles are ejected into the 
flow. The present results for subcoolings of 40 and 
60°C contradict the results of Gunther [5], who 
reported that bubbles grow and collapse on the wall 
for subcoolings greater than 38°C. The different bub- 
ble behavior may be due to different test sections. In 
this investigation, boiling occurs on a stainless steel 
tube 2.1 mm thick, while, in Gunther’s experiment, 
boiling occurred on both sides of a thin metal strip 
0.1 mm thick. Boiling heat transfer from both sides 
of a thin metal strip may exhibit a different bubble 
behavior. The bubble life time in Gunther’s inves- 

tigation is less than 0.8 ms,t while the bubble lifetime 
in this investigation-for subcoolings of 40 and 
6O”C-is up to five times longer, sufficiently far from 
the ONB. In addition, Margrini and Nannei [23] 
found that bubble growth is modified on very thin 
walls in pool boiling, which suggests that the thin 
film used by Gunther may produce different bubble 
behavior than if a thick wall is used. A thick wall tube 
was chosen in this investigation since it is closer to 
industrial applications than a thin wall film. 

3.6. Ebullition cycle 
Table 3 shows the axial distance traversed by the 

bubble from inception to collapse, ZPtotai and from ejec- 
tion to collapse, ZPej. The average ZPtoral is 2.0 mm and 
the average ZPe, is 0.6 mm. These axial displacement 
measurements are important for modeling void 
growth under subcooled boiling conditions since they 
show that bubbles do not travel far downstream; the 
influence of the bubble is confined locally to a small 
portion of heater element. 

Figure 15 shows two successive bubble ebullition 
cycles, with different times describing each phase of 
the ebullition cycle. The cycle represents a typical bub- 
ble behavior in subcooled boiling. The figure shows 
the bubble growth time, t,, necking time, t,, con- 
densation time, t,, and lifetime, tb. The bubble period, 
tP, is the time between two successive nucleations, and 
the bubble waiting time, t,, is defined as the time 
between bubble ejection and the nucleation of a new 
bubble, where t, = t, - t,- t,. As stated previously, 
the bubble starts to condense after R,,,. 

In general, the bubble ejection phase has a shorter 
duration than the bubble sliding phase (Fig. llb) 
except at low subcooling (Fig. lla). Table 3 shows 
that, on average, 35% of the bubble ebullition cycle 
is occupied by the growth period (tg/tb), condensation 
occurs during 65% (t,..t,,) of the ebullition cycle, and 
the bubble slides along the wall for 7 1% of the ebul- 
lition cycle ((t, -t- tn)/tb) . 

3.7. Maximum radius and bubble lifetime 
Figure 16 shows the variations of the maximum 

radius, R,,,, and the bubble lifetime, t,, as functions 
of heat flux for a constant subcooling and at mean flow 
velocities of 0.41 and 0.82 m SK’. Both the maximum 
radius and bubble lifetime decrease with heat flux. The 
maximum radius and the bubble lifetime are relatively 
independent of flow velocity, as reported in ref. [ 151. 

At constant subcooling, the maximum radius and 
bubble lifetime decrease as the heat flux is increased 
due to an increase in the wall superheat, thus causing 
an increase in the nucleation site density. As more 
bubbles are produced on the wall, there is more com- 
petition for the wall heat flux, and thereby less heat 

t Gunther had to use a film speed of 20 000 frames s-’ to 
capture the bubble ebullition cycle on film, while in this 
investigation a film speed of 6000 frames SC’ was adequate 
for most cases. 
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FIG. 15. Time definitions. 

flux avaiIable to each bubble. Interaction among the 
bubbles increases as the heat flux is increased, which 
leads to a homogenization of the bubble parameters. 
Results show that as the OSV is approached, changes 
in heat flux do not significantly affect the bubble size 
and lifeiime at a given subcooling. Similarly, the 
bubble lifetime decreases as the heat ffux increases, 
since the maximum radius decreases. The decrease in 
bubble radius and lifetime with increasing heat flux 
has been observed by Gunther [5] for bubbles which 
grow and condense on the wall at high subcooling. 

Figure 17 shows the variation of the maximum 
radius and the bubbIe lifetime as a function of sub- 
cooling for a constant heat flux of 0.3 MW m-‘, and 
for flow velocities of 0.082 and 0.41 m s-l_ The figure 
shows that an increase in subcooling may either 
increase or decrease the maximum bubble radius or 
the bubble lifetime at constant heat Aux. In general, 
an increase in subcooling should result in a decrease 
in both of these parameters, since the fluid sur- 
rounding the bubble is cooler. However, bubble size 
and lifetime may actually increase when the sub- 
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cooling is increased for a constant heat flux, due to a 
reduction in interaction among nucleation sites. The 
figure shows the condition reference number beside 
each data point, allowing a cross-reference with Fig. 
6a-e in order to locate the relative position with 
respect to either the ON3 or the OSV. The bubble 
lifetime and size depend on its relative position within 
the highly subcooled region. The bubble formed for 
reference condition number D36 (1O’C subcooling) is 
at the onset of significant void, where there is sub- 
stantial bubble interaction among the nucleation sites. 
The bubble formed for reference condition number 
D28 (20°C s&cooling) is for a higher subcooling than 
for reference condition D36; the maximum bubble 
radius, however, is larger. For condition D28, the 
bubbles nucleate closer to the onset of nucleate boil- 
ing, where there is less interaction between nucleation 
sites. There appear to be two opposing trends which 
determine the effect on the bubble size and lifetime 
when the subcooling is increased at constant heat flux. 
First, the increase in subcooling reduces the heat con- 
tent of the fluid surrounding the bubble, which 
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FIG. 16. Effect of heat flux on bubble maximum radius and lifetime. 
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FIG. 17. Effect of subcooling on bubble maximum radius and lifetime. 

decreases the size of the bubble and its lifetime. 
Second, the increase in subcooling moves the bubble 
condition away from the OSV towards ONB, decreas- 
ing the nucleation site density and thus increasing the 
bubble maximum radius and lifetime. Larger bubbles 
are formed to dissipate the same amount of heat Rux 
when fewer nucleation sites are active. 

This variation in the bubble size and lifetime with 
respect to subcooling has not been previously docu- 
mented for low- and medium-subcooled conditions. 
However, non-monotonic changes in a bubble’s 
characteristics as a function of subcooling were pre- 
viously reported for pool boiling conditions. The 
effect of subcooling on the frequency of bubble emis- 
sion was investigated for pool boiling conditions by 
Ibrahim and Judd [24], and Judd [25]. Results showed 
that the bubble emission frequency first increased and 
then decreased as the subcooling was increased. A heat 
transfer model was developed to predict this behavior, 
taking nucleation site density into account. 

4. CONCLUSIONS 
A high speed photographic study was carried out 

for different values of heat flux (0.1-1.2 MW mP2), 
subcooling (IO, 20, 30, 40 and 60”(Z), and flow rate 
(0.02,0.10 and 0.20 kg SK’) to investigate the ebullition 
of vapor bubbles in subcooled nucleate boiling at 
atmospheric pressure. The following conclusions can 
be drawn : 

1. 

2. 

Bubble growth occurs rapidly, and is followed by 
a period when the bubble radius remains relatively 
constant. During bubble growth, the inertial forces 
cause the bubble to have a shghtly flattened shape. 
Bubbles start to slide away from their nucleation 
sites almost immediately after nucleation, with a 
slip ratio close to 1. 
After the onset of nucleate boiling, bubbles detach 

3. 

4. 

5. 

6. 

from the nucleation site and start to slide, then 
later detach from the heated wall as they are ejected 
into the flow. 
Bubbles become elongated as they slide on the wall, 
and are shaped like an inverted pear with the stem 
touching the wall just prior to ejection. 
The bubble diameter at ejection is smaller than the 
maximum diameter, since the bubble condenses 
on the wall while sliding. The maximum diameter 
varies between 0.8 and 3.0 mm. 
Bubble behavior is mapped into two regions for 
increasing heat flux for constant values of sub- 
cooling and flow rate. The first region occurs near 
the onset of nucleate boiling, where bubbles slide 
along the wall for more than 8 mm and up to a 
distance of 50 mm, and oscillate in size before being 
ejected. The second region occurs well after the 
onset of nucleate boiling, where the average 
maximum axial distance the bubbles slide along 
the wall prior to ejection is 1.4 mm. In this region, 
the average axial distance traversed by the con- 
densing bubbles after ejection is 0.6 mm. 
Bubbles do not grow and collapse on the heated 
wall for the range of subcooling investigated (lo- 
60%). 
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