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Thermocapillary migration of long bubbles in polygonal tubes.
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We study experimentally the thermocapillary migration of a long gas bubble in a horizontal pipe of
rectangular cross section. An imposed axial temperature gradient produces a gradient of surface
tension leading to a steady migration of the bubble towards the hotter region. The bubble velocity
is found to be independent of bubble length for sufficiently long bubbles, and to vary linearly with
the temperature gradient. For pipes of small vertical dimension, gravity is negligible and the
measurements of the bubble velocity are in good agreement with the zero gravity theory of
Mazouchi and Homs}Phys. Fluidsl3, 1594(2001)]. In larger pipes, gravity is no longer negligible

and the bubble is observed to move faster than that theory predicts. A simple calculation taking into
account the combined effect of buoyant rise and thermocapillary stress accounts for these results.
© 2003 American Institute of Physic§DOI: 10.1063/1.153161]7

I. INTRODUCTION linearly with the temperature gradient to leading ordee.,

This is the third in a series of papéfsregarding ther-
mocapillary migration of bubbles in microchannels, motiva- Ub:)\oﬂal& (1.0
tion for which has been given in Ref. 1. The essential feature 1]
of such problems is that the surface tension gradient resulting
from an imposed temperature gradient causes interfacial floyhereyr= — 9a/4T is the temperature coefficient of surface
from regions of low tension to region of higher tension. Fortension,a is a characteristic dimension andis the liquid
most liquids, this implies a flow towards the colder region.viscosity. A, is a function of the aspect ratiB of the pipe
As a result of mass conservation, the bubble then migratesross section and is tabulated in Ref. 2. Second this migra-
towards the hotter region. tion velocity is much larger than it would be in a cylindrical
Parallel flow solution$* did not allow the determination tube, which is the distinguishing feature between the two
of the bubble migration velocity, as they do not determinetypes of cross sections and makes the polygonal pipe more
the thickness of the liquid film between the bubble and theattractive in the context of the applications.
wall. Wilsor? and Mazouchi and Homé&yanalyzed the ther- In this article, we report the results of an experimental
mocapillary migration of a long bubble inarcular pipe by investigation of the thermocapillary migration of long gas
means of a Bretherton-typenatched expansion. Assuming a bubbles in horizontal pipes of rectangular cross section. Our
temperature distribution determined by conducti@mall  objective is to measure the velocity of the bubhlg,, in a
Peclet numberand negligible gravity effects on the bubble well-controlled and well-characterized temperature gradient
shape(small Bond numbér Mazouchi and Homsycalcu- 3. Since the pioneering work of Youngt al,'° a large
lated the migration velocity in the small capillary nhumber amount of experimental work has addressed the issue of the
limit and found that the bubble velocity varies as the fifth thermocapillary migration of bubbles or droplets in liquids of
power of the temperature gradient. large extent. To our knowledge, the present study is the first
However, as discussed by Woegal.?® a circular cap-  to consider the case of bubble migration in confined geom-
illary lacks corners that characterize the geometry of manytries in a quantitative way. We emphasize that our objec-
practical situations, e.g., the pores in a porous media or mitives are broader than a simple verification of Ef.1),
crochannels in MEMS devices. For this reason, Mazouchwhose derivation involves many assumptions. Our objectives
and Homsy also considered the thermocapillary migration are to measure the migration velocity over a wide range of
of long bubbles in polygonal tubes in the small Bond numberparameters, characterizing the parametric dependence, and
limit. They found that most of the liquid bypasses the bubble(of course comparing with Eq(1.1) where appropriate.
through the corners of the tube where a continuous liquid is  The paper is organized as follows. In Sec. Il, we intro-
present. This has two consequences for our problem. Firstijuce the fluids used and the scalings in the problem. Section
since the thermocapillary flow is, to a first approximation, alll is dedicated to the description of the experimental setup
parallel flow in the corner regions, the bubble velocity variesand procedure. The experimental results are presented in Sec.
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TABLE I. Physical properties of the silicon oil used in the experimeptsy, «, o, and k are the density,
viscosity, the thermal expansion coefficient, the surface tension and the thermal diffusivity, respectively.
yr=—doldT is the temperature coefficient of surface tension.

P M a 9 T K
Fluid (Kg.m3  (Pas? (K™Y (Nm™)  (Nm LK™ (m%Y
Dow Corning 200(5 c9 913 45610 % 1.05x10°° 1.97x102 7.2x10°% 8.99x10°®

Dow Corning 200(0.65 c$ 758 49%10° % 1.34x10°° 1.59x10°% 8.0x10°° 7.7x10°8

&/alue interpolated from data for other viscosities.

IV and discussed in Sec. V. The paper ends with a summary The second effect of gravity comes from the existence of
of the results and conclusions. a horizontal temperature gradient in the liquid along the pipe.
This leads to buoyant convection in the liquid which may
affect the bubble migration by exerting additional forces on
the bubble. As is well-known in other contekthis effect is

The experiments were performed using two Dow Corn_CharaCterized by the rati® of the buoyant forces to the
ing 200 silicon oils of differing viscositie€.65 cs and 5 ¢s  thermocapillary forcegsometimes referred to as the dynamic
chosen for their low susceptibility to surface contamination.Bond number
Their properties are tabulated in Table I. As documented be- paga’
low, we worked with pipes whose characteristic dimension G= , (2.2
was on the order of a few millimeters. T

Our typical range of parameters relate to the theory ofvherea is the coefficient of thermal expansion.

Mazouchi and Homsyin the following way. These authors For smallG, we expect the bubble to be unaffected by

neglected gravity and assumed small ReyngRlg, Peclet  buoyant convectionG was never larger tha@(1) over the

(Pe), and capillary(Ca) numbers. As documented below, our range of parameters studied. As such, natural convection

experiments involved smaReranging from 104 to 101, played an insignificant role in our experiments, and the pri-

small Peranging from 103 to 1 and smallCaranging from  mary effect of gravity was buoyant rise of the static bubble.

10 8 to 10 ©. Gravity was negligible in some but not all of

our experiments, which impacts them in two different ways.|;; APPARATUS AND PROCEDURE

First, the density difference between the gas and the sur- ]

rounding liquid causes the bubble to be asymmetrically® Schematic of apparatus

placed in the cross section of the pipe. This buoyant rise of  The experiment is conceptually simple, i.e., to establish

the static bubble is characterized by the Bond number and characterize a steady axial temperature gradi{xi,
pga? introduce a bubble into a tube, and measure its migration

Bo= , (2.1  velocity. We accomplish this by the apparatus shown in Fig.

7 1(a). A glass pipe of rectangular cross section is held be-
wherep is the density of the liquidg is the gravity,o is the  tween two reservoirs and passes through them and through
surface tension between the gas and the liquid,tan@la is  flanges at both ends that facilitate assembly and disassembly.
the vertical height of the pipe. Mazouchi and Homsy The two ends of the pipe are joined to flexible tubifmpt
worked in the zero Bond number limit so that they only showr), allowing the introduction of the bubble. Each reser-
addressed a symmetrically placed bubble. Experimentallyoir is connected to a thermostatically controlled bath, allow-
we varied the height fromi=0.3 mm tot=3 mm. As a ing a constant applied temperature differedde=T,,—T. to
result, Bo ranged fromBo=10 2, where buoyant rise is be maintained within an accuracy af0.5°C. The whole
negligible, toBo=1, where the bubble can be expected tosetup lies on a plate fitted with leveling screws to ensure

Il. FLUID PROPERTIES AND SCALINGS

be asymmetrically placed. horizontality.
Thermistor
( a) i l styrofoam
fi constant temperature

— surface probe K L recirculating water (b) 3 / p I acrylic

/ p;
- | __—glass

copper
/
T

FIG. 1. Schematic of experimental apparat@s.Side view.(b) Cross section of the pipe.
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FIG. 2. The cross section of the X3 mm pipe. ~
H 25
The size and aspect ratio of the pipe were varied by 20 —
using four different rectangular piped@Vhale Apparatus,
Hellerton, Pennsylvania, model ST-8100, ST-102, ST-103, 15 7
and RT-3530, the cross-sections of which were respectively
equal to(height<width) 1x1 mm, 2<2 mm, 3x3 mm, and 10-¢ I I T T |
0.3Xx3 mm. Photographs of the pipe cross sections taker 0 2 4 6 8 10
with a camera connected to a microscope verified their di-
mensions and allowed examination of the shape of the cor X (Cm)
ners. As can be seen in the example shown in Fig. 2, the
corners are only slightly rounded. (b)
5 —

B. Establishing the temperature gradient

The key issue to establish, control, and measure the tem 4 —
perature gradient. In order to do so, the glass pipe was sur___
rounded on three sides by a copper U-channel as sketched i &
Fig. 1(b). The thickness of the copper walls was 2.5 mm. The &
U-channel was closed by an insulating acrylic wall and the %
entire assembly was in turn enclosed inside a thermally in- 2
sulating styrofoam U-channéFig. 1(b)] of thickness 1 cm.
Thermal contact between the copper and the glass pipe wa 1 -
maintained with a thin layer of silicone oil. The temperature
T(x) was measured within an accuracyn0.1 °C along the
copper surface by mean of five surface thermistor probes ! ' ' '
placed between the copper and the styrofoam layer. Due tc 0 200 400 600 800
the small thickness of the pipe wallfom 0.1 to 0.5 mmy, t (S)

the surface temperature was assumed to be very close to the _ o _ - )
FIG. 3. Typical data for the 22 mm pipe filled with a V0.65 silicone oil.

oil temperatg_re _mSIde the pipe. The time necessary to reathe temperature difference applied along the pipaTs=35 K. (a) Tem-
thermal equilibrium was on the order of one hour. perature as a function of the position(cm) along the pipe. The circles
Figure 3a) shows an example of a typical measuredcorrespond to experimental temperature measurements and the solid line is a

temperature distribution, the general shape of which is thaﬁnear least-squares fit of the data. The value of the temperature gradient
P 9 P obtained under these conditionsds-1.45 K/cm.(b) Positionx (cm) of the

expected fro_m the so-called fin _equat_'ons- Apart fro_m thgear cap of a bubble as a function of the titr(g) for the same experimental
abrupt variation near the reservoifi§x) is very nearly lin-  conditions.

ear over most of the pipe: Therefore, the temperature gradi-
ent for any given experiment was evaluated by at least square
fit of the experimental points in the region of interest, as
indicated by the solid line in Fig.(3).

3—-

C. Experimental procedure

'

The experimental procedure was the following. The pipe &
was filled with a particular liquid. Once thermal equilibrium AT i o
had been reached and a steady axial temperature profile es- A ;
tablished, a bubble of air was introduced by means of a sy-

ringe with a flexible needle into the region of the pipe sur-

rounded by the colder reservoir(8ee Fig. 1 The plate was '" "l""l""'”ufuupl
e 25 B

then tilted slightly until the bubble left the reservoir A and
entered the region of the pipe where the temperature varies. :
As a result, the bubble moved towards the hotter reservoir B
and its position was recorded at regular time 'nterva_ls USING G, 4. An air bubble in a X1 mm pipe. The pipe is surrounded by copper
a CCD camera connected to a computer via a Scion LG®alls and styrofoam. The thermal probes are also visible.
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Framegrabber. Using the digitized images, an example of -
which is shown in Fig. 4, we measured the position of the
bubble as a function of time. 0.8 -
Figure 3b) shows a typical example of the displacement
data obtained, which correspond to the temperature field dis~
played in Fig. 83). The bubble is seen to advance at a con-ﬁ 0.6
stant rate in the region of constant temperature gradient. Thi &
bubble velocityU,, was evaluated from a linear least-square &
fit of the experimental data in this linear region and mea—g 0.4 7
sured as a function of the corresponding temperature gradi

ent. o2 -

After the bubble reached the end of the pipe, it was
brought back into the reservoir A by again tilting the plate.
This enabled us to perform several experiments with the 0.0 T T T T T
same bubble for various applied temperature differences. Thi 0.0 0.2 0.4 0.6 0.8 1.0
horizontality of the pipe was tested by inverting the direction B (K/Cm)

of the temperature gradient: The measured velocity was in-
dependent of the sign of the gradient, indicating that axiakiG. 5. Velocity of the bubblgcm/h) as a function of the temperature

motion due to the tube not being horizontal was entirelygradient(k/cm) for a 0.3<3 mm pipe and the Dow Corning 200 V0.65 oil.
negligible B=10 andBo=1.05x10"2. The solid line is the theory of Mazouchi and

The possible influence of the age of the bubbles Wagomsy(Ref' 2

investigated by performing experiments with bubbles of age

ranging from a few minutes up to two weeks. We did r]Otand Bo, but with a slope that depends on these parameters.

opserve any S|gn|f|c§1nt dependence of_th_e bUbb.I? VeIO.C't)éecause of this linearity, it suffices to record the slope of the
with its age, confirming the low susceptibility of silicon oil least-squares fits to data such as these in Figs. 5 and 6

to surface contamination, especially in the closed system From each set of data, we deduced an experimental

used here. value A\, by scaling the measured slope y/ yra. The

Finally, we investigated the effect of the size of the | f its i | : | h .
bubble by performing series of experiments keeping th comp'ete geto results is tabg ated |n.Ta'be Il, where we give
he pipe size and aspect ratio, the liquid used, the value of

same temperature gradient but varying the bubble length. )?ex, together with the correlation coefficielR, of the linear

observed that the bubble migration velocity increases Witqeast-squares fit, the values Xof, and the Bond numbeBo
the bubble length until it reachekgz~10a. For longer To be compiete we menti’on that for the Dow Corﬁing
bubbles, the migration velocity does not depend on the200 V0.65 oil in thé 1 mm pipe, we observed a small
gﬂgg:gslength. All our reported data are for these Iongdeviation from the linearity in the limit of the large tempera-
' ture gradients g>1 K/cm). This effect might be due to
non-negligible variation of the viscosity with the local tem-
IV. EXPERIMENTAL RESULTS

We performed several series of experiments working
with a given pipe and a given oil and varying only the tem-
perature gradieng. As a resultB andBo were kept constant
for each series of experiments.

Figure 5 displays the experimentally measured bubble 3
velocity Uy, as a function of3 for a 0.3x0.3 mm pipe filled —
with the Dow Corning 200 V0.65 oil. In this cas®=10 and f
Bo=1.05x 10 2. The migration velocity varies linearly with & > ]
the temperature gradient and is in very good agreement with& - e
Eqg. (1.2 which is shown by the solid line. 5

Figure 6 displays similar data but for a2 mm pipe
filled with the Dow Corning 200 V5 oil. In that casB=1 1
andBo=4.5x10"1. As in the previous case, the bubble ve-
locity varies linearly with the temperature gradient, but with -
a speed that is slightly higher than the predictions of Mazou- 0
chi and Homsy

We conducted a large number of experiments, varying
the temperature gradient, pipe size, and fluid. We performec B (K/Cm)
experiments with two different aspect ratids-1 andB=10. FIG. 6. Velocity of the bubbleicm/h) as a function of the temperature

The bubble velocity was _always obse_rved _tO vary linearlygradient(k/cm) for a 2x2 mm pipe and the Dow Corning 200 V5 oB=1
with the temperature gradient for any given fixed valueB of andBo=4.5x1071.

I I I I I I I T
00 02 04 06 08 1.0 1.2 1.4 1.6
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TABLE II. Experimental results.

Pipe Oil B >lexp R No By
0.3Xx3 mm 0.65 cst 10 141072 0.98 1.1x10°2 1.05x102
1X1 mm 0.65 cst 1 1.810°° 0.99 2.2x10°3 1.17x10°*
1x1 mm 5 cst 1 2.410°° 1 2.2x10°8 1.14x10°
2X2 mm 0.65 cst 1 29103 0.98 2.210°3 4.68x10°*
2X2 mm 5 cst 1 3.610°3 0.98 2.2<10°3 4.55<10°*
3X3 mm 0.65 cst 1 6410t 0.98 2.210°3 1.05
3X3 mm 5 cst 1 9.610 3 0.96 2.2x10°3 1.02
3x0.3 mm 0.65 cst 0.1 628103 0.99 1.1x1074 1.05

perature along the bubble. The compressibility of the bubble We wish to assess the degree to which gravity plays a
might also play a part: For this specific run, we observed the&ole in our experiments. In order to do so, we account for the
bubble length to increase up to 10% while migrating fromeffect of varying aspect ratio through the following proce-
the cold to the hot region. Alternatively, it may be due to thedure. The experimental values,, were normalized by the
thin film corrections to Eq(1). These data corresponding to corresponding theoretical value,. The resulting number
large temperature gradients were not taken into accoumi .=\ /N depends only oBo: its departure from unity is
when calculating the value ofg,. a measure of the influence of gravity. It is plotted as a func-
tion of Boin Fig. 7. As is evident from the figure, gravity is
no longer negligible foBo=0(1). In this regime,A, is
V. ANALYSIS AND DISCUSSION greater than one and generally increases Bithleading to
A. Analysis of the experimental results migration velocities that can be two orders of magnitude
above that of the zero gravity theory. In the next section, we
give a simple theory that accounts for this Bond number
dependence.

Table II, together with the implied linearity afi, with
B, are the main results of our work. At small valuesBi
where gravity is negligible) ., is close toxy. Therefore, in
this reg_ime where the assumptions of quouchi and H6msyB_ Effect of gravity on the bubble migration
are fulfilled, theory and experiments are in very good agree-
ment withall aspects The migration velocity is observed to The effect of buoyant rise is relatively straightforward to
be independent of the bubble length, approximately proporaccount for. Increasing@o causes the bubble to be increas-
tional to the ratioayr/u and linear in the temperature gra- ingly asymmetrically placed within the pipe. As a result, the
dient, with a coefficient that is accurately predicted by thethickness of the layer of liquid between the lower side of the
zero gravity theory. This conclusion may be drawn for thebubble and the wall of the pipe increases to the point where
two smallest pipe sizes. For the intermediate pipe six€ 2 a continuous film of liquid covers the bottom of the pipe. In
mm, the slope scales with/as expected, but with a value the case of both the>8 mm and the &0.3 mm pipe, we
of N Slightly above the zero gravity theory. There are largeclearly observed that the lower part of the bubble was not in
positive deviations for the largest pipe studied. contact with the pipe wall, as shown in Fig. 8. Consequently
the bubble offers less resistance to the thermocapillary
pumping of the liquid and both the flux of liquid and the

100 bubble velocity are increased.

87 .

o T To calculate the effect of buoyant rise on the bubble

o speed, we considered a bubble asymmetrically placed within

. the pipe and calculated its velocity under the following sim-

2 plified assumptions. We neglect the curvature of the bubble

10—

8]

]

a- i

T i v . . e -

24 K

x : )
S P S -
8] Fy
o]
T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Bo

FIG. 7. The normalized slope as a function of the Bond numBer,Tri- FIG. 8. The static shape of an air bubble in>a®3 mm pipe filled with a
angles:A o=\ o; Stars: The theoretical valuedg,=\gy/\g, from the Dow Corning 200 V0.65 0ilBo=1.05. The thickness of the film of fluid
approximate theory of Sec. V. below the bubble is 0.4 mm.
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y QoB? yTaB yTaB
+2a Uo=7 2B w B, .9
which, since it is based on parallel flow, is of the same form
Air Bubble as Eq.(1.1). The coefficient\g,= Q,B%/(4—2¢B) depends
both on the thickness of the film of fluid and on the pipe
B aspect ratio.
We measured the thickness of the film of fluid below the
Fluid bubble from experimental photographs of the static bubble
" shapes, such as that in Fig. 8. For both fluids in th& 3nm
[

N pipe (B=1), the film thickness was measured to be 0.20
-Ba 0 +Ba +0.02 mm so that=0.13 andAg,=4.37<10 3. For the

FIG. 9. Schematic of the cross section of a bubble asymmetrically placet;i:;xo'3 mm pipe(B=0.1), the film thlc‘fgess 's 0.400.02

within the pipe. The bubble is assumed to have a rectangular cross-sectidgM, SO thate=2.7 andAg,=8.46<10"°. In order to be

area. compared with the experimental measurements reported in
Fig. 7, the values ok 3, were normalized by the zero gravity
theoretical value, calculated by Mazouchi and Honfsfpor

in the cross-sectional plane and neglect the flux of quuidt[he same pipe aspect ratio. The results correspond to the stars

pumped through the top corner regions. As a result, the Fig. 7. As can be seen, they agree well with the experi-

. . . . mental measurements. As a result, the additional thermocap-
bubble is approximated as having a simple rectangular cro

S : )
section as shown in Fig. 9. The height of the pipé 42a |ﬁary ﬂux'pumped through the contlngous film caused by

) S : \ . . buoyant rise seems to account for the increase of the bubble
and its aspect ratio i8; the thickness of the film of fluid

below the bubble is taken to beBa. With these assump- velocity when gravity effects are no longer negligible.
tions, the flow is a parallel flow, and the equations describing

the axial velocityu are VI. SUMMARY

2u Ju In summary, we have reported an experimental study of

s + 0_y2 =0, (5.1)  the thermocapillary migration of a long gas bubble in a hori-
zontal pipe of rectangular cross section. An imposed axial

u=0, x=*Ba, y=0, (5.2  temperature gradient produces a gradient of surface tension
leading to a steady migration of the bubble towards the hot-

au v1B ter region. We measured this migration velocity as a function

EY T y=eBa. (53 ofthe temperature gradient for two different viscosity fluids,

. . o and for pipes of different size and aspect ratio. The bubble
Scaling x and y with respect toBa and definingW  yelocity is observed to vary linearly with the temperature

= pu/yrBBa, the preceding equation becomes gradient for any given fixed value & andBo (i.e., for a
PW  PW given pipe and a given 9ilbut with a slope that depends on
— +—%=0, (5.4  these parameters.

X % For pipes of small thickness, gravity is negligiflmall
W=0, x==*1, y=0, (5.5) Bonq number and the megsurements of thg bubble velocity
are in good agreement with the zero gravity theory of Ma-
IJW zouchi and Homs$.In larger pipes, gravity is no longer neg-
Iy -1, y=e (5.6 Iigible, the bubble is more and more asymmetrically placed

within the pipe, and the results deviate from the simple
The set of equationgs.4)—(5.6) were solved using a finite  theory. The thickness of the layer of liquid between the lower
difference method. From the solution, we express the therside of the bubble and the wall of the pipe increases so that
mocapillary flux through the bottom film as the flux of liquid and the bubble velocity are increased. A
(Ba)*yTg simple theory accounts for these effects.

Q= QOT! (5.7
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