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YUMING CHEN*, MANFRED GROLL, RAINER MERTZ and RUDI KULENOVIC

Force analysis for isolated bubbles growing from
smooth and evaporator tubes

Institute of Nuc]ear Technology and Energy Systems (IKE), University of
Stutt gart, P faffenwa]dring 3 1, 70569 Stuttgart, G ermany

Abstract
Various forces acting on a bubble growing on a horizontal smooth and enhanced tube have

:ęen evaluated by using the measured geometric bubble data. Great effort has been made
:,: accurately evaluate the dynamic forces. It has been sho,,vn that the dynamic forces play a
m,:le important role in the bubble growth on an enhanced surface than on a smooth surface.
1- :łrrelation for predicting the bubble departure diameter from an enhanced tube has been
rc:-,'ed from the force balance. This correlation has a form similar to that commonlv used for
*r,:oth tubes while baring a different physical meaning.

Keywords: Force; Bubble dynamics; Pool boiling; Enhanced tube

Nomenclature

],Co,Ct - coefficients,- H - bubbleheight,m
]; - dragcoefficient,- p - pressure,Pa
_] - bubble diameter, m R - bubble radius, m
)c - contact diameter, m Rt - radius shown in Fig. 3, m
)ą - departure diameter, m S - height of bubble mass center, m
aB - buoyancyforce,N t - time,s
Fgt - bubble inertia force, N u - bubble front velocity, m/s
Fcp - contact pressure force, N uo - velocity of mass center
Fp - drag force, N U - bubble rise velocity, m/s
Ftt - liquid inertia force, N V - bubble volume, m3
|sr - surface tension force, N Vc - shaded volume shown in Fig, 3, m3

_j - acceleration of gravity, m/s2 Vt - volume of virtual added mass, m3

* Corresponding author, F-mail address: chen@ike.uni-stuttgart.de
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l,L -
0,

dynamic viscosity, kg/ms
contact angle, deg

p , density, kg/m3
o - surface tension

Subscripts

L - liquid phase - vapour phase

Introduction

Enlranced structtrred surfaces become more rvidely used in industries due
to their excellent boiling heat transfer performances. Although thele is a large
numbel of investigations concerning tlre btrbble dynamics on smootlr suTfaces,
studies of bubble dynamics on enhanced structured surfaces are veTy limited.
In order to better understand the mechanisms of enhanced boiling, a detailed
comparisorr of bubble dynamics between smooth and enhanced tubes has been
made [1]. The present work aims at revealing the forces acting on a grovring
bubble from snrooth and enhanced tubes.

Force analysis has been performed for a growing bubble by a number of inves-
tigators with the main purpose of predicting the bubble departure diameter [2-14].
Without exception, all these works deal with a bubble growing on a plain heated
surface. Drre to the lack of geometric bubble data, only a few works presented
the calculated results of various forces acting on a growing bubble tlrroughout the
bubble lifetirne |4,5,,7,7Ą). Some of these resrrlts show a large positive net force
far before the detachment point, which is obviorrsly unreasonable and is thought
to be drre to the inaccurate evaluation of the dynamic forces (inertia and drag).
Tlrus the accurate evaluation of various forces acting on a growing bubbie is the
main aim of this work.

2 Experimental set-up and investigated tubes
pool boiling experiments were carried out with a smooth tube and an en-

hanced tube, Both tubes are made of carbon steel St35.8, have a diameter of
19 mm and a length of 115 mm. The surface rotrghness for the smooth tube is
Ro : 1,1 prn. The enhanced trrbe consists of sub-surface tunnels and surface
pores (Fig. 1), The pores show an elliptic shape and are not uniform in size.
Typically, the average width of an elliptic pore is 0.062 mm and the length is
aborit 0.4 mm. The equivalent pore diameter is about 0,16 mm.

Figure 2 shows a scheme of tlre experimental set-up. The pressure vessel
(maximum pressure 16 bar) with the test trrbe is connected to two cryostats for
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Figure 1. Surface and sub-surface tunnels of enhanced tube.
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Figure 2, Scheme of experimental set-up.
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controlling the temperature of the liquid as well as the vapour. For the smooth
tube propane and iso-butane are used as working fluids. For the enhanced tube
only propane is used. More details of the experimental set-up are given in [1].

Visualisation experiments have been carried out with a high speed video sys-
tem (Kodak Motion Analyser 4540, highest recording rate: 40500 frames/s). Cold
light sources with fiber optic cables are used for illumination. The digital images
were processed by the software IKE_DBV (for details see http://www-ew.ike.uni-
stuttgart.de).

3 Forces acting on growing bubbles

Figure 3 shows a schematic diagram of a bubble growing on a heated surface.
Various forces acting on the bubble are discussed as follows.

l*
*

Figure 3. A bubble growing on the heated surface.

Buoyancy force The buoyancy involves only the part of the bubble v - vc
for which liquid pressure is acting both on the upper and lower portions of the
Iiquid-vapour interface [5,7].

FB:(V-Vc)pLg-Vpvg. (1)

Here, 76l is the shaded volume shown in Fig. 3 which is approximately given by

D^

v":nDub tt . (2)
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The use of this paltial volume is based on the assumption that there is a dry
area at the bubble base. This has been proved by a number of investigations,15-17].

Contact pressure force The contact pressure force was first used by Cochran
=i al. [5] to account for the pTessure forces on the shaded volume shown in Fig. 3.
_{-qsuming the top of the shaded volume to be spherical with radius fi1, and pl,,pv
:_ot to vaTy over this area, provides the upward contact pressure force

61

surface tension force The surface tension force acts at the circumference of
:-e contact area and holds the bubbleto the surface, and is given by

FsT: nDgo sind , (4)

- i10,11], 0 : r12 was assumed at the instance of btrbble departure.

Liquid inertia force The motion of the growing bubble interacts with the
.;rrounding liquid which results in the liquid inertia force. This force can be
:rrt'ard or downward. Based on the assumption of frictionless potential flow, the
';'ilume of liquid which is put into motion, i.e. "virtual added mass") is given by
-5j as

v, :!/, * 9{),,- 2\ 8S3), (5)

]hus the inertia force of this "virtual added mass" in the vertical directiorr is

Fcp - (pv -r")+:W

FLt :a#9: o,(v"ffi -**l

(3)

(6)

ilere, the bubble front velocity u : dhldt is used which is based on the consid_

"ration that it is the bubble front surface which puts the surrounding liquid into
rotion, resulting in the liquid inertia force in vertical direction. when a spherica}
:ubble is assumed, the bubble front velocity can be expressed as u: 2dRldt,
-. in [8,9,11,19]. In some references (e.g. |4,72,74]), the velocity of the bubb}e
-ass center was used in Eq. (6), i.e. u : dRldt. In practice, the bubbles have
lenerally shapes of truncated spheres or truncated ellipsoids. In this case, the
,:-.e of the bubble height fI to calculate the bubble front velocity in Eq. (6) is
-rore appropriate.

Besides the bubble velocity, the accuracy of Eq. (6) is a}so dependent on how
:ar the real situation comes close to the theoretical expression of Eq. (S). Various
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liquid volumes ranging ftom V7: 0.57 to t.07 wele used in the literature, as

listed in Tab. 1. In fact, the former value is the lower limit when 
^9 >> R which

happens when the bubble is dramatically elongated, e.g. the brrbble glov/s on an
enhanced tube in the later growing stage (Fig. 4), while the latter value is not a
theoretical upper limit.

'fuw%,& ffi W ffiflłzw*,,fu&&fr*l*
t,*s 3.7u 5,}t

fuffiffi&
W WW W,nunvYw*w,m&
i,i8 8.22 g.4ą 8,6] t'tl':

(tnt1

Figure 4, Bubble growing on an enhanced tube (propane, p: 8.4 bar, q : 6.5 kW/m').

Bubble inertia force The bubble inertia force is calculated as

FB. :U#@:_T*@,#+3R##) rzl

here, u6 : dSld,t, is the velocity of bubble mass center.

Drag force The drag force for a moving body (viz. the bubble) is given by

Fp:Capr++ (8)

Here, C4 is the drag coefficient and [/ is the rise velocity of the body. When
applving Stokes' law to a rising bubble in a liquid, the drag coefficient C4 can be
expressed as [20]

$"22

&
wu%
6,4

Ca:24Re-' : ru ,

Fo:6rRp,7U : -6lrRr"ę#) .

(9)

Equation (9) holds under the asstrmption of a spherical rigid particle, For a
vapour bubble, this means the bubble size should be small enough so as to keep

the bubble from deforming. Inserting Eq. (9) into Eq, (8), one obtains

(10)
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-.l.re, C is a coefficient to re]ate the bubb]e rise velocity with dRldt Different
".--ues of are used in the literature, e,g., C :Lin [7], C = 2 in [4,5], C :1013 in
- l'. For a bubble attached to the wall, the rise velocity which is used to calculate

-_-: ręrtical drag is best represented by the bubble front velocity, thus trq. (10)
__:nges to

(1 1)

For relative big bubbles for which stokes' law does not hold, an empirical
::elation for the drag coefficient is used instead of Eq. (9). In case of boiling of
_:e propane on an enhanced tube, the drag coefficient is given as (refer [1]),

Fo :6lrRp,r#

C6: g,7g9D2 pt,

o

{ Experimental and calculation results

(I2)

In order to calculate tlre aforementioned forces acting on a growing bubble,
---= tine-dependent radius, height of mass center, bubbte height, contact diameter
- , and contact angle d were measured. The radius ft is the volume equivalent
-,.::us and the radius Ę1 in Eq, (3) is assumed to be equal to Ę. It was found
--_:: the bubble height l1 is approximately equal to the sum of radius and lreight
::rass center,9 (Fig. 5), thus H : R+ S. In order to calculate the bubble
--,_lcities and to evaluate the inertia forces, the first and second derivatives of: S and H are needed. These derivatives are calculated from the equations

', :_ch are obtained by fitting the experimental curves with 6'hpower polvnomial
-,___Ctions.

+.1 Enhanced tube

A calculation example is shown here for pool boiling from an enhanced tube
:-3. 1) of pure pTopane at the saturation temperature of,293 K with heat fltrx
: ó.5 kW/m'. Fig. 4 shows some pictures of a video sequence which was taken

,L: :ire rate of 4500 frame/s. The detachment happens at about ć : 8.5 ms.
Figure 5 shows the curves of bubble radius, height of mass center and bubble

:=-3}rt. Far before the bubble departure, the height of the mass centel suTpasses
- -: bubble radius. Therefore, in this case, tlre time point at which the height
-: the mass center surpasses the bubble radius, cannot be considered as the
_::arture point as it was proposed for smooth tubes by some investigators (e.g.

Figure 6 shows the bubble contact angle (sin d) and bubble contact diameter
-;) changing with time. similar shapes of the fitted curves are also found in



64 Y. Chen, M. Groll, R. Meńz and R. Kulenovic

0.006 0.008 0,0l 0.012

t (s)

Figure 5. Bubble radius, mass center and bubble height (enchanced tube),
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Figure 6. Contact angle (sinO) and bubble contact diameter (enhanced tube),
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:q,,-elal other measuTements. The contact angle goes through a minimum while
:-e contact diameter goes through a maximum, This has also been observed by
,::er investigators for plain surfaces [4,6,15,19], The difference shown in Fig.6
,*. :lrat there is a shoulder on the right-hand-side of the contact diameter curve.

- :e lreight of the shoulder ranges from 0.15 Ło 0.2 mm which is very close to the
,,.-ue of the equivalent pore diameter (-0.16 mm).

-6lŁ
0.0035

- - 1, Buoyancy
- - - 2, contact pressure
- - 3. suńace tension

0,0055 0.0065 0.0075 0.0085

Time (s)

- - 4. Llquid ineńia 
- 

7. Net force

- 
5. Bubble ineńia

- - 6. Drag

Figure 7. Forces acting on a growing bubble on an enhanced tube.

Figure 7 shows the forces acting on a growing bubble, Al1 forces are important
::,:cept the bubble inertia force which is only comparable with the other forces
i; the moment of bubble departure. During most part of the bubble growing

.eriod, the liquid inertia force acts upward and pulls the bubble to an elongated
;:ape. The non-zero net force is relatively small compared with results from
_:her investigators |4,7,14]. At the time near bubble detachment, the buoyancy,
_quid inertia and drag forces are dominant forces. This indicates the dynamic
-atule of bubble separation for the enhanced tube.

1.2 Smooth tube

For a smooth tube, a calculation example is shown for pool boiling of iso-
:,,_rtane (at saturation temperature of 283 K (2.2bar), heat flux of 2.0 kW/m2).
ligure B shows some pictures of a video sequence which was taken at the rate
-,f 18000 frames/s, Comparing with a bubble growing on an enhanced tube, the
rubble growing on a smooth tube is much smaller and looks like a truncated
sphere.

Figure 9 shows the curves for bubble growth. Three breaks in these curves aTe

-a- Detachme
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Figure 8. Bubble growing on a smooth tube (iso-but a;le, p : 2.2 bar, Q : 2,0 kW/mz
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Figure g. Bubble radius, mass center and bubble height (smooth tube).

due to the temporary contact between the investigated bubble and other bubbles
which the software could not discern. Figure 10 shows the time-dependent contact
angle (sin d) and the contact dianreter (Dc). It can be seen from these two figures
that during most of the bubble growing period, the bubble equivalent radius is
somewhat bigger than the height of the mass center, and the contact diameter
is relatively big (about the size of the bubble radius). When the bubble radius
SurPasSeS the height of the mass center, the bubble begins to rise, and the contact
diameter decreases rapidly.

Figure 11 shows the forces acting on a growing bubble. During most of the
bubble lifetime, the contact pressule force and the surface tension force are so
Iarge that other forces are negligible. This indicates that dynamic effects are
not important for such a small bubble growing on a smooth surface. Only when
the bubble begins to detach, these two forces tend to zero quickly, the buoyancy,

l
A

}

*}
łł

*##
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Figure 10, Contact angle (sin9) and contact diameter (smooth tube).

_:lrid inertia and drag become dominant forces (see the enlarged part in Fig. 11).

_1_iain, the liquid inertia force is positive for the slightly elongated bubble. From
--e video sequence (Fig, 8) we see that the bubble detachment happens at about
- = 0.0383 s.

5 Prediction of bubble departure diameter

For smooth tubes, the surface tension force, though it is reduced to zero very
:-:'ckly near the detachment point, is a dominant force which holds the bubble
-_ the wall till shortly before detachment (Fig. 11). The buoyancy force, though

=:r, small throughout the whole bubble growth period, is the dominant upward
: -:ce which finally overcomes the downward forces and helps the bubble to detach
:.lm the wall. Thus, equating these two forces to predict the bubble departure
i_aneter does not lower the prediction accuracy in practical uses. This leads to
: :ommon}y used equation for calculating the departure diameter:

( 13)

.,here C is an empirical coefficient depending on fluid and experimental condi-
:.ons) e.g. pressure. For a perfect spherical bubble the exponent 1,12 is taken, for

" ron-spherical bubble this value is between 1l3 and Ll2.

Da:Clr l^_)"'-"',
LlPl, - Pv )9,
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Figure 11. Forces acting on a growing bubble on a smooth tube.

For enhanced tubes, the buoyancy, dlag and liquid inertia forces are impol-
tant. As the bubble comes near detachment) the liquid inertia force decreases
quickly while the drag force tends to increase (Fig. 7). If, for simplification,
the buoyancy force is assumed to be equal to the drag force multiplied with a
coefficient at the detachment point, then

*ro, - pv)s: cocop"*U' (14)

Equation (12) is used to calculate Ca Co can be calculated from Fig. 7 as
Co : 1.823. U can be represented by the bubble front velocity for a bubble
attaching to the wall and is assumed to be proportional to the free bubble rise
velocity predicted by wave theory ( Mendelson [23]) as

4

L--_

]

3

|6
I

I

l

Detachment

0.0375 0.038

Time (s)

f

(J:ct(#*+)''' 
, ( 15)
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.--ere C1 is an empirical coefficient. By fitting the experimental data into
:1. (15), a mean value C1 :0.65 can be chosen. Combing trqs. (14,15) and
_],. the bubble departure diameter for enhanced tubes is given by

(16)

It is interesting to see that Eq. (16) has a similar form as Eq. (13), though,
-_ :his case, the surface tension force has been eliminated in the force balance.
__,-i"ever, it is reintroduced into Eq. (16) by using the equation for the terminal
-_lcity (Eq. (tS)). In fact, Nakayama et al. |24) and Chien and Webb [25] used

.,-:ations similar to Eq. (16) to predict the bubble departure diameter. A value
: l].625 was used by Nakayama et al. |2a] br the coefficient on the right hand

._:e of Eq. (16). Equation (16) was used for comparison with our experimental
_.-la and good agreement was found [1].

d Discussion

i.l The accuracy of evaluation of various forces

_Ą video system with a CCD-sensor of 246 x 256 pixel was used in ouT ex-
;,ł:irrrents. The observation area is set to 5 x 5 mm2 corresponding to a spatial
:.:,llution of 0.02 mm/pixel, The uncertainty of the measurement of a one-
:,::ensional image is t2 pixels. So for a big bubble with 1mm in diameter, the
_:_tertainty of the measurement is Ł4%. A much higher uncertainty will result
:: the measurement of smaller bubbles especially those growing on the smooth

, _:e at the early growing stage.
Besides the experimental technique, the employed methods aTe even more im-

;,::tant for the accurate evaluation of various forces. Many different expressions
' -: evaluating the same force are found in the literature especially for the liquid
-.rtia force (see Section 3). By direct measuring the height of the mass center
,-_ j the bubble height, the liquid inertia force given by Eq. (6) is thought to give
_:,re accurate results. To demonstrate this, Fig. 12 shows the recalculation re-
-:_ls of net forces for the enhanced tube by only changing the liquid inertia force
-.:nr using equations in [4,10,13] instead of Eq. (6), It is clear that much bigger
--,.:L-zero net forces especially near the detachment point are given by using the
,::er equations than by using Eq. (6). The big negative net force at detachment

,, ,int is also found in |7] which is partially attributed to the overestimation of
-:e added mass which results in a larger liquid inertia force.

For the calculation of the drag force, the drag coefficient is the most important
: "rameter which takes very different values for small bubbles and for big bubbles.
_r-,:cording to bubble sizes, four regions of bubble motion are distinguished. For

r 3.653 ll/2r o l1/2 l o -l7/2
ua: |grgę1) lrr, _ oil : 0,86lrr" -;n)
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Figure 12. Comparison of calculated net force for enhanced tube by using different equations
for liquid inertia force.

each of these regions the correlation for calctrlating the drag coefficient takes a
different form [20]. The correlations we used in this paper (Eqs, (9) and (12))
have been verified by our experimental data [1].

In fact, using methods similar to the present one, the accurate evaluation of
various forces acting on a growing bubble on a heating sLrrface involves inherent
difficulties both theoreticaily and experimentally, For example, the expressions
for the liquid inertia force are generally based on the assumption of a spherical or
hemispherical bubble which is actually an exception, as a result, the determina-
tions of the "virtual added mass7), the vapour and liquid velocities are somewhat
arbitrary, In [26], the drag is omitted "purposefully" based orr the argument that
there is actually no wake behind a bubble attached to a wall and therefore no
drag. Experimentally, due to the asymmetry of a growing bubble, the numerou-.
bubble geometric parameters are generally given by "representative" values, the
real distributions of these parameters are not available and also cannot be applied
into the simplified equations. Therefore, the improvement of acculacy using the
present method is limited. A completely different method has been developed b1-

the authors for evaluating variotrs forces acting on a growing bubble by simulat-
ing the bubble shape [27]. This new method has a clearer theoretical approach
and depends less on the measurements and therefore is more accurate than the
present one.

6.2 Relative importance of each force during separation stage

Table 1 lists the references which deal with the forces acting on a growing or
deParting bubble. From this table we can see that, besides buoyancy, the surface
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l.]l*:],,:]. and liquid inertia forces ale generally considered important during the
,,,,l: - _e separation stage, and the bubble inertia is the least important force. Two
*łr:_i: for bubble separation are generally distinguished, i,e. the quasi-static
*i,l::*e. during which surface tension is considered to be the dominant force, and
[:l ]i]l&ll}ic regime during which 1iquid inertia and/or drag are the dominant
;l ] ]:§.

]i:_t 1, References which deal with the forces acting on a growing or departing bubble

Reference

i2]

Fa Fcp Fsr Flt
Vt:CV

Fal Fn

fl il fi

t3] fl I C : lI/16 fl

[4,6] fl $ $ I C : llll6
lD,o] il il fi $ from force balance

I7] f l fi lC:I
18] il il frC:I
t9] il l i lC:ll2 *

il

[10] il fl fi different form fi

[1 1] i fi i C :1l2 fi

[12] il il I C :1l2
[13j I fl different form

[14] fi
!ł fl

*c:ź(t+3t§)'
This work (enhanced) il IC:ź 1+ 3(#), il

This work (smooth) il tc:+(t+i(*)'

force which was considered important during separation stage1

force which was considered, but not important during separation stage.

However, it is difficu}t to determine whether a separation is quasi-static or
_-.ramic. In fact, Cole [2] used tlre heat flux, Kirichenko [10] used the pressure,
] ini et al, [11] used the Jakob number, respectively, as the criterion to distin-
l''sh these two regimes. These criteria are general}y not clearcut, because in
--.Jly cases both the static and dynamic forces are equally important (Tab, 1).

1_.,rvever, when combining all these forces it would not be possible to derive an

":_alytical correlation for the departure diameter. In this case, the similar form
-: Eq. (13) and Eq. (16) suggests that we might orrly consider either static forces
,: dynamic forces in determining the departure diameter in practical use. The
::ediction of departure diameter by equating brroyancy and surface tension is
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justified by the fact that there is a contact area between a growing bubble and
the wall, and that the surface tension force decreases rapidly to zeto only when
the bubble begins to separate from the wal]. Theoreticaliy this metlrod slightly
underestimates the departure diameter, The equating of the buoyancy and dy-
namic forces is always true under the consideration that the separation happens
only when the surface tension force tends to zero [3,13]. For a bubble growing on
an enhanced surface, the separation is more dynamic-controlled. Therefore, the
latter approach could give a more accurate prediction of the bubble departure
diameter.

7 Concluding remarks

A detailed analysis has been performed for evaluating various forces acting on
a bubble growing on horizontal heated tubular surfaces by using directly measured
bubble geometric data and adopting appropriate correlations. The calculation
results are demonstrated to be more reasonable than other methods used so far.

This work also reveals tlre forces acting on a bubble growing on an enhanced
tube with re-entrant tunnels, It has been shown that the dynamic forces play
a more important role in the bubble growth on an enhanced surface than on a
smooth surface. A correlation for predicting the bubble departure diameter on
an enhanced surface was derived from the force balance. This correlation has a
similar form like the commonly used correlation for smooth tubes though it bares
a different physical meaning.

In cases where both the static and dynamic forces are equally important.
two approaches can be used to derive bubble departure equations: 1) equating
buoyancy and surface tension forces, and, 2) eqrrating buoyancy and dynamic
forces.
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