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Abstract

An experimental investigation was conducted to observe bubble slippage phenomenon on heating wires during subcooled boiling, and
dynamic models were proposed to describe the bubble dynamics and understand the physical nature of these dynamical phenomena.
Both experimental and theoretical evidences indicate that the thermocapillary effect of the bubble interface was the most important
for the bubble slippage. The drag force caused by bubble motion is considered as the effectual viscosity including viscous effect and ther-
mocapillary force, and it had a linear relation with the bubble velocity. The behavior of the stable bubble slippage and its startup process
were theoretically investigated using bubble dynamical models, and different bubble dynamical phenomena were also described and dis-
cussed. The theoretical results were in a reasonable agreement with the experimental observations.
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1. Introduction

Phase change phenomena and associated heat transfer,
characterized by small temperature difference and high heat
flux, are encountered in various energy conversion and
utilization systems. Boiling and condensation have been
widely employed to improve the heat transfer performance
of heating and cooling devices and/or meet the increasing
demand of high heat removal in spacecraft thermal control,
aerospace science and technology, electronic cooling,
and bioengineering, and so on. These high-technological
applications have further promoted more comprehensive
investigations on boiling, condensation and other phase
change phenomena, particularly, understanding their phys-
ical nature.

The earliest work on boiling can be traced back to
the Leidenfrost’s observation [1], and Nukiyama’s work in
1934 [2] described the basic characteristics of pool boiling
on a wire, particularly the boiling regimes and associated
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heat transfer modes. Many researchers focused their investi-
gations on understanding macroscopic phenomena and
determining heat transfer performance, such as nucleation,
boiling modes and transition, and associated heat transfer
enhancement[3,4]. To consider the effect of bubble dynamics
in boiling systems, bubble dynamical processes, such as
bubble growth and departure were investigated in detail
[5-7].

In more recent investigations, the attention has shifted
to explore new phenomena associated with microscale
effects and/or nanoscale effects [8—-10]. Some new high-tech-
nological applications of boiling phenomena, like thermal
ink jet printer and micro-electro-mechanical systems
(MEMS) have made researchers pay more attention to
understand bubble dynamical behavior [11]. In these appli-
cations, bubble expansion, oscillation and other motion
were considered very important factors controlling print
quality and associated performance. Meanwhile, bubble
slipping was also investigated as one of significant phenom-
ena and dynamical processes in various cases and boiling
systems [12]. Wang et al. [13] conducted a series of sub-
cooled boiling experiments on thin Pt wires, and they
observed plentiful phenomena, such as bubble sweeping,
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Nomenclature

A cross-section area (m?)

a acceleration (m s~ ?)

B temperature coefficient of surface tension
Jm 2K

C perimeter (m)

¢ thermal capacity (J K~ ' kg™')

D temperature gradient (K m™")

f force (N)

h convective heat transfer coefficient (W m > K1)

/ distance (m)

m mass (kg)

q heat generation (W)

q' linear heat generation (W m™")

q" heat flux (W m~?)

R radius (m)

t time (s)

T temperature (K)

u velocity (ms™")

4 volume (m?)

X coordinate (m)

Greek symbols

dimensionless coefficient (-)
angle (rad)

temperature difference (K)
interface tension (J m2)
thermal diffuse coefficient (m?/s)
time (s)

conductivity (Wm~' K1)
density (kg m™3)

effectual viscosity (kgm ™' s™1)

=TT MR QDR

Subscripts

initial or reference state
bubble

driving force

gas

interface, inertia force
liquid

sat saturated state

W wire

_ =0l oo o

a variety of jet flows. Their investigations were mostly
focused on the observation of experimental phenomena,
and only drawn a general description that the sweeping
was partially affected by the bubble interaction and mainly
induced from the Marangoni effect.

This paper mainly presents experimental observations of
bubble dynamical behavior for subcooled liquid boiling on
very thin heating wires. An attempt was made to develop
theoretical models to describe and understand the bubble
slippage phenomenon, and an emphasis was addressed on
the behavior of the stable bubble slippage and its startup
process. A discussion was also conducted for the compari-
son of the theoretical predictions with the experimental
observations.

2. Experimental observation
2.1. Experiment facility

The experimental facility employed in this investigation
mainly included three parts, the test section, power supply
and acquisition system, as shown in Fig. 1. The testing
vessel with glass window having size of 250 x 250 x
400 mm was made of stainless steel. A platinum wire heater
was horizontally installed in the vessel, and the ends of the
wire were connected to two electrodes having diameter of
5 mm, respectively. The wires used in this investigation
were 80-100 mm long and diameter of 100 um. A pre-
heater and cooler were employed for adjusting and keeping
the bulk liquid temperature approximately invariable and
at a specified temperature. The pressure in the vessel was

kept at atmospheric pressure. The working liquid was pure
water.

The power was supplied using a HP Agilent Model-
6031A system, which can provide a maximum voltage of
20 V and maximum power of 1000 W. Direct current was
applied to the wire and a uniform heat flux was generated
to heat the liquid. To reduce the boundary effect of the elec-
trodes, the voltage of the investigated section was measured
directly by the voltage meter, as shown in Fig. 1.

Power supply
+

PC

Fig. 1. Schematics of testing system: (1) testing vessel, (2) preheater, (3)
cooler, (4) thermocouple, and (5) electrode.
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The acquisition system included photo image acquisi-
tion and data acquisition system. The photographic system
consisted of a high-speed CCD camera (the Motionscope
PCI, Redlake imaging), a high-resolution image acquisition
card, and zoom lenses. The CCD camera can reach a high
speed up to 2000 fps. The present experiments used record-
ing rates of 500 fps, the resolution 320 x 280 pixels. The
images were sent to a computer and stored for further
analysis.

The data were collected using the data acquisition sys-
tem, Keithley 2700 multimeter system, and the error of
voltage measurement was less than 0.1 pV (0.005 K for
temperature measurement). A T-type thermocouple with
a diameter of 0.3 mm was used to measure the bulk liquid
temperature, as shown in Fig. 1, and the uncertainty was
0.2 K. The current and voltage applied to the wire were
measured to determine the heat flux, and the uncertainty
of average heat flux is below 2%. The average wire temper-
ature was then estimated from the wire resistance by the
calibrated correlation. The resistance of the wire was
approximately a linear function of temperature. So the
temperature change of the wire could be obtained from
the measurement of the wire resistance. The error analysis
shows that the overall uncertainty of the wire temperature
measurement was 2 K. It is worth to note that local tem-
perature is of critical importance for recognizing bubble
dynamic characteristics.

2.2. General observation

For subcooled liquid boiling on thin wires, the bubble
dynamical phenomena mainly include three types: stable
large bubble, moving bubble and small bubble jet. Stable
large bubbles usually occurred at low heat generation with
high subcooling, and they kept stable until they departed
from the wires. Fig. 2a presents some stable large bubbles
for the bulk liquid temperature of 30 °C at heat flux
0.62x 10°W m~2. Small bubble jets usually occurred at
high heat generation rates, and the bubbles could not keep
stable on the wire and departed from the wire quickly.
Fig. 2b presents small bubble jet phenomena for the

(a)

Fig. 3. Bubble slipping and bubble jet flows.

bulk liquid temperature of 30°C at heat flux 2.53 x
10° W m 2. For these two boiling phenomena, the bubble
departure plays an important role in boiling heat transfer,
while the effect of bubble motion on the wire can be
ignored.

At moderate heat generation rates, many bubbles moved
forward or backward when they still kept staying on the
wire. Fig. 3 presents bubble slipping and bubble jet flow
phenomena on the thin wire, the bulk liquid temperature
30 °C and heat flux 1.5x 10°W m~2. Different from the
stable large bubbles and small bubble jet flows, the bubble
motion plays a more important role in the heat transfer
during boiling. Since the bubble departure was investigated
in many available articles [6,7], the present article
will mainly investigate complex bubble dynamic processes
on the wire.

A whole bubble dynamical process on a heating wire
mainly includes four sub-processes, bubble slippage, sepa-
ration, collision and oscillation. Bubble slippage is nor-
mally a basic process for other dynamical processes. In
the experiments, a bubble was observed separating from
an immobile bubble or its initial place, and then it usually
continued sliding before collision. Bubble collision was also
observed frequently, and bubbles might coalesce through
bubble collision. The experimental observations also indi-
cate that bubbles could oscillate between bubbles or some

(b)
Fig. 2. Bubble dynamic phenomena: (a) stable large bubble and (b) small bubble jet flows.
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ends or obstructors on a wire. In some special cases, a bub-
ble was seen skipping during slippage process or at a cer-
tain place.

For a moving bubble, its movement influenced much
larger area than normal static bubble interaction range,
and the boiling within this area should be quite different
from other area without bubble motion. Apparently, bub-
ble motion is highly expected to alter the nucleation and
bubble dynamical behavior and enhance boiling heat trans-
fer in the influenced areas, and this will be of significance in

microscale systems. In present investigation the focus is
addressed on the bubble slippage.

2.3. Bubble slippage

Bubble slippage is one important phenomenon and
plays an important role in subcooled boiling on a heating
wire. The bubble slippage occurs more commonly at liquid
temperatures near 40°C and heat fluxes 0.4-0.8x
10° W m~2, and the bubble could slide more than 50 mm.

Fig. 4. Small bubble slippage.

0.240s

0.254s

Fig. 5. Big bubble slippage.
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The radius of slipping bubbles ranged from 0.05 mm to
0.6 mm.

Fig. 4 presents a bubble slippage having a radius of
0.2 mm from the right side to the left, the bulk liquid
temperature 40 °C and heat flux 0.45x 10° W m 2. The
bubble passed 5.4 mm with an almost constant velocity
of 45 mm s, as the result of line 1 in Fig. 6.

Fig. 5 presents the slippage process of another bubble
having a radius of 0.31 mm, the bulk liquid temperature
40 °C and heat flux 0.56 x 10° W m 2. The bubble passed
3.8 mm with an almost constant velocity of 64 mms~', as
the illustrated line 2 in Fig. 6.

Clearly, the bubbles could slide along the wire for a long
distance, and the slipping velocity kept at an almost
constant velocity. Apparently, there should exist some

strong forces to induce/drive the bubbles against the liquid
viscosity.

Under normal conditions, a bubble slippage began with
a bubble acceleration process from the bubble initial place.
A bubble slippage startup process is illustrated in Fig. 7 for
the water with liquid temperature 30 °C and applied heat
flux 0.66 x 10° W m 2. Initially the bubble stood on the
wire and a jet was just above the bubble. In the next
0.030 s, the bubble separated from the initial place about
0.68 mm, and the jet above the bubble was declined to
the opposite direction of bubble moving. From Fig. 7,
the bubble grew up and absorbed heat from the wire during
accelerating. The change of bubble acceleration and
velocity is illustrated in Fig. 8. The bubble accelerated to
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Fig. 6. Bubble slippage distance.

t(s)

Fig. 8. Change of acceleration and velocity during bubble slippage
startup.

0.5mm = »
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0.000s 0.002s

0.006s 0.016s

Fig. 7. Bubble slippage startup.
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the velocity 20 mm s~ ' within 0.16, and then moved at the
constant velocity of 20mm s~ !. During this period,
the acceleration of the bubble decreased from about

2.5ms 2 to 0.
3. Thermocapillary force

Wang et al. [13,14] qualitatively discussed the possible
reasons of bubble sweeping phenomenon, and considered
the thermocapillary effect as a dominant driving force.
Actually, this effect was noted in different investigations
[15,16], though it was not considered as an important
factor in many cases due to the existence of buoyancy.
Takahashi et al. [17] found that thermocapillary effect
around a bubble was very strong and played an important
role in driving liquid flow around a bubble and other
microscale processes. Marangoni or thermocapillary effect
always causes liquid convection from higher to lower tem-
perature region along the interface and generates the
attraction force on the bubble toward the higher tempera-
ture region. This may be expected to result in various
bubble motions on a heating wire and to be discussed as
an emphasized aspect in this investigation.

Forces applying on a bubble should include the thermo-
capillary force induced by the bulk liquid temperature dif-
ference, inertial force and drag force due to viscous and
bubble movement. Most of the theoretical studies of ther-
mocapillary migration in available literature [18,19] were
devoted to investigating the quasi-stationary motion. How-
ever, for bubble collision and/or oscillation phenomenon,
the inertia and non-stationary motion also play important
roles in bubble dynamics.

Consider a bubble submerged in an unbounded viscous
Newtonian fluid having 1-D temperature profile, as shown
in Fig. 9. The temperature difference between two sides of a
bubble in the liquid could induce thermocapillary effect.
Apparently, the reverse force of the momentum transfer
due to the Marangoni flow would push the bubble to move
toward high temperature region, and the drive force in x-
direction is expressed as

. T aO'(Ti) dTi . .
fi= 7/0 o, RdenR sin 0 sin ORd0 (1)
r T(x)
S

The temperature gradient along the bubble interface would
be
d7;  d7; dx  dT;
RdO  dx RO  dx
The relation between the interface temperature gradient
dTi(x)/dx and the bulk temperature gradient d7(x)/dx
should be determined by the interfacial condition of
2dT/dr|,—g = h{T; — Tsr) = ¢" [20] and local heat trans-
fer. As an initial approach for theoretical investigation,
the temperature gradient along the interface of small bub-
bles has linear relation with the bulk temperature gradient
as

dTi(x)/dx = 0dT(x)/dx 0 <o <1 (3)

where o is a dimensionless coefficient.
The function of the interfacial tension as temperature is
[20]

a(T;) = a(To) — B(T; — T)) 4)

sin 0 (2)

where a( 7)) is the interfacial tension at temperature 7y, B a
positive constant.

For small bubble on thin wire, the external temperature
can be normally assumed linear as T = Ty + Dx + f(y),
where T is a reference temperature, and D, D’ temperature
gradient in x- and y-direction, respectively. Substituting
Egs. (2) and (3) into Eq. (1) and integrating yields

fa= gnocDBRz (5)

The temperature gradient D in the liquid can be
caused by the external heating and cold source or the bub-
ble motion itself. During subcooled boiling on a thin wire,
there are many bubbles standing or moving on the wire,
and they can all be important external sources for each
other. Fig. 10a illustrates a photo of immobile bubbles
and jet flow phenomena during subcooled boiling on a thin
wire, where the liquid temperature was 30 °C and heat flux
was 1.20 x 10° W m 2. In most experiments, the flow struc-
ture nearby bubbles can be described as Fig. 10b, and there
is also a temperature gradient along horizontal direction.
The neighbor bubbles normally act as cold sources due to
evaporation existing at the interface. In another view, since

f(@+d6)

1@

Fig. 9. Thermal drive force on a bubble.
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O

(b)

Fig. 10. Interaction among bubbles: (a) immobile bubbles and their
interaction and (b) streamline of jet flows of two neighbor bubbles.

the liquid flow around a bubble tends to the neighbor bub-
bles, it should have an impact that drives the bubble away
from the neighbor bubble.

4. Bubble dynamics
4.1. Force caused by bubble motion

To investigate the thermocapillary force induced by
bubble movement, consider a bubble moving on a wire
with cross-section area A and perimeter C, as illustrated
in Fig. 11. The energy equation of the wire could be

or 0 orT

A—=— | Ayd— W —h(Ty, — Ty)C 6
ped Sy =5 || + 4= T - ) (62)
where ¢/ is wire heat generation, T, T} the temperatures of
the wire surface and bulk liquid, respectively. Assume
that the bubble just acts as a heat sink, ¢4, at the section
Xp, and the heat balance is

Fig. 11. Temperature with a moving bubble sink.

al
Ox

oT
A A—
_ * Ox

x:xb

— /A =44 (6b)

—t
xfxb

Eq. (6) can be rewritten as [22],

00 %0, q"
o0 o0 g
N a x=x " a x:x;r B )”WA (7b)

where 0 = T, — Ty, b = \/hC/\wA, ¢ = ¢}/ A, and K is the
thermal diffusion coefficient. As a preliminary approach, b
is assumed as a constant.

Set moving coordinates at the bubble, and substituting
x'=x —ur, v =7 into Eq. (7) yields

o0 20 o0, qv

@—u&—lc<ax,2—b 0)—"-; (83)
00 00 4

B (80)

Considering the bubble moving as a steady process, or
00/0t’ = 0, we have [21]

00 %0, q"
_ua_x’_K(ax’z_b 0)—1—; 9)
Solving Eq. (9) yields [22]
_ NI s
0‘¢maxe"p{ (30) +* 2Kx}+hC’
asx' <0
) (10)
_ o i 2 2 i ’ q/3”
ed)maxe"p{ (2K> o 2Kx}+hc’
asx' >0
where ¢,,,, = ———. From Eq. (10), the liquid tem-

2y [ (&) 402

perature in the front region of the sliding bubble is higher
than that behind the bubble, so the thermocapillary force
induced by bubble motion itself would act as a drive force,
which is opposite to the liquid viscous force.

In the small bubble zone, the temperature gradient for
x' <0 and x' > 0 caused by bubble motion is assumed to
be uniform and taken as 060/0x'|, , and 06/0x|, -,
respectively. From Egs. (5) and (10), thermocapillary
forces for these two zones are

4 o0
= —maBR*—
Sav1 3 oL o

X —0t
_4 2 u\? > U /
— SmBR ¢max[— (2K> +b —2K], >0 (lla)

4 00
= —maBR*—
Jan 3 o o

x'—0"

_4 2 u\? 2 '
—gnozBRqﬁmax[ (ﬂ) b _E]’ X<0 (11b)
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Fig. 12. Thermocapillary force induced by bubble motion.

where fy,; and fg,, means the thermocapillary force before
and behind the bubble, respectively.

As a result, the total thermocapillary force caused by the
bubble motion is

4 u
Jfab = fab1 + fav2 = —§7T0<BR2¢max& (12)

or
- 4 2 —Y44 u
Jao = 3mABR ——— e (13)
20\ (L) + b

Fig. 12 presents the variation of the thermocapillary
force with bubble velocity, where uy=2xb, and f; =

\BR?2 . . ..
—3 =% Corresponding to the experimental conditions,
W-

we have k =2.503x 107> m?/s, 1y =714Wm 2 A/C=
F2=25%x10"m, h=(0.1-1)x10°Wm 2K 2 (here
h=0.5%10°W m 2), and then uy =263 mm s~ '. In most
experiments, the velocity of a moving bubble is usually less
than 100 mm s™' or wu/uy<0.38. So the thermocapillary
force caused by bubble motion would have a good linear
relation with the velocity, or can be expressed as

2 muBR’q, )
T3 JwAxb

For pure vapor bubbles in these experiments, the viscous
force is given by the Hadamard—Rybczynski law [23], or

==
f 4muRu (15)

Jav (14)

where g is the liquid viscosity. Finally, the viscous and
thermocapillary effect caused by bubble motion is
2 naBR2q4>

u

(16)

7= (4““1R T3 kb

If the effect caused by bubble motion is considered
as effectual viscosity and similar to Stokes’ law, it can be
expressed as

fo = —67uURu (17)

o Z _ oBRq, : . .
where p =5 — ;% is the effectual viscosity.

4.2. Bubble dynamic equation

When a bubble accelerates or decelerates, the inertial
effect is very important in the bubble motion. For a sphere
submerged in water, the equivalent inertial mass of the
liquid is [24]

1
mazipr (18)

and then the total inertial mass is

m=m, + p,V (19)
For p; > pg, the inertia mass in the liquid is

m=— i111'(’3 = g7t,olR3 (20)
In addition, the inertial force is derived as

ma = %ﬂp1R3a (21)

From Egs. (5), (16) and (21), the dynamical equation of
a moving bubble on a heating wire is derived as

2 8
ma = gnp1R3a = —6muRu + grcocDBR2 (22a)
or
a=—ku+c (22b)
where k = p?;‘z is relative effectual viscosity, ¢ = 4;"%,? acceler-

ation caused by the external thermocapillary force. Appar-
ently, the bubble dynamic process is controlled by the
effectual viscosity force and external thermocapillary force.

4.3. Bubble slippage behavior

For stable bubble slippage without external temperature
gradient effect along horizontal direction, D =0, ¢ = 0, and
then

a= —ku (23)

From Eq. (23) we have,
u = ug exp(—kt) (24)

Obviously, the effectual viscosity u or k governs the bubble
slippage. The slippage distance will be

Uy Ugp u

/= A [1 —exp(—kt)] = ’ [1 uo} (25)

Consider a bubble slippage process similar to Fig. 5,
up~64mms ', /~28mm, p~1000kgm >, R=0.3l
mm, and for a small velocity variation like u/uy = 0.98,
then p~4.6x10°kgs 'm~'. As a result, the effectual
viscosity is much less than the viscosity in bubble motions.

From Eq. (22), the whole dynamic characteristics were
mainly determined by the effectual viscosity and external
conditions, such as D. The effectual viscosity can be rewrit-
ten from Eq. (17) as
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- 2 aB 44
M3 T 9/ 27k R

Obviously, the effectual viscosity is dependent of the heat
sink intensity and bubble radius. Let u =0 in Eq. (26),
we have

67/ 2AhiK
% =—5 M=k (27)

For q4R_1/ 2> ko or u <0, a little perturbation will mag-
nify according to Eq. (24), and the immobile bubble under
this condition will be unstable and begin to start. For bub-
ble slippage startup process in Fig. 7, the bubble signifi-
cantly grew up due to quickly absorbing heat, q4R’1/ 2>
ko or £ <0, and apparently the bubble would accelerate.
This process experienced two stages as in shown Fig. 8.
In first 0.003 s, the initial velocity was very small, however,
the acceleration increased very fast. After that, the acceler-
ation decreased and the velocity approached to a constant
value. At about 0.016 s, the acceleration approximated to
zero, and the bubble reached its stable slippage process,
as described by Eq. (27).

For q4R*1/ 2 <ky or u>0, the bubble velocity would
tend to zero quickly according to Eq. (23), and the boiling
system would almost only have immobile bubbles, which
can be usually observed at low heat fluxes, as illustrated
in Fig. 2a. For qr4R_1/2 > ko or u<0, from Eq. (22) it is
known that the bubble would quickly accelerate and vio-
lent collision would cause the bubbles unstable and depart-
ing fast. As applied heat flux increases, the bubbles could
not keep on the wire because of very high bubble density
and acceleration, which corresponds to the small bubble
jet phenomenon in Fig. 2b.

Only for 4R ">~k or u~0, the bubble velocity
would not magnify or reduce significantly, and the bubble
behavior is mainly governed by various external condi-
tions. In this case, the bubble moves along the wire stably
and freely with small effectual viscosity, and complex
and interesting bubble phenomena occur, as illustrated in
Fig. 3.

(26)

5. Conclusions

Both experimental observation and theoretical analysis
were conducted to understand bubble slippage phenome-
non, and the dynamical models are proposed to describe
the bubble dynamics, particularly bubble slippage for the
subcooled liquid boiling on very small heating wires. The
bubble was observed sliding on the thin wire for a long
distance with almost constant velocity. According to
the experimental results, interfacial thermocapillary force
played an important role in the bubble dynamics. The force
caused by bubble motion could be handled as the effectual
viscosity including liquid viscosity and thermocapillary
force. The bubble dynamic equation was derived consider-
ing the effectual viscous effect and external thermocapillary
force. The behavior of the stable bubble slippage and its

startup process were theoretically investigated using bubble
dynamical models, and different bubble dynamical phe-
nomena were also described and discussed. The theoretical
results are in a reasonable agreement with the experimental
observations.
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