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Abstract
Bubble lift-off is different from bubble departure, and it is more suitable for the boundary condition
for numerical simulation of subcooled boiling flow. A force balance analysis of a growing bubble
was performed to predict the bubble lift-off size. The dimensionless form of the bubble lift-off
diameter was formulated to be a function of Jacob number and Prandtl number. The modeling of
bubble lift-off frequency requires careful study of bubble collapse during sliding. Forced convective
subcooled boiling flow experiments were conducted in a BWR-scaled vertical upward annular
channel. Water was used as the testing fluid, and the tests were performed at atmospheric pressure.
A high-speed digital video camera was applied to capture the dynamics of the bubble nucleation
process. Bubble lift-off diameters and lift-off frequencies were obtained from the images for a total
of 92 test conditions. The bubble lift-off frequency was found to be same as the bubble departure
frequency. The proposed bubble lift-off diameter model agreed well with the experimental data
within the averaged relative deviation of ±33.6 %.
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1. Introduction
For boiling water reactor (BWR) safety, the capability to predict two-phase flow behaviours in
forced convective subcooled boiling flow is of crucial importance. Currently, the two-fluid model
(1975) can potentially offer an advanced and accurate analysis of thermal-hydraulic characteristics
for nuclear reactor systems. However, the interfacial transfer terms in the model are extreme
difficult to model because of the discontinuity induced by the presence of interfaces separating the
phases. The interfacial area transport equation (1995) was proposed to model various heat and mass
transport mechanism across the interface. Furthermore, to apply the interfacial area transport
equation to subcooled boiling conditions, several parameters such as nucleation number density,
bubble lift-off size and bubble lift-off frequency are required as the boundary conditions.
The concept of bubble lift-off, i.e., bubble detaching from the heater surface, is different from that
of bubble departure, i.e. bubbles detaching from the nucleation site. The bubble departure
phenomena have been investigated since 1950s. However, bubble lift-off has not been paid
attention to until 1990s. Klausner et al. (1993) and Zeng et al. (1993) carried out force balance
analysis on a bubble in saturated horizontal forced convection boiling. They found out that several
forces, such as surface tension, hydrodynamic pressure force, and contact pressure force, could be
neglected at the moment of bubble lift-off, because the bubble contact area on the wall was
approximated to be zero. Hence, the bubble lift-off diameter was calculated based on the simplified
force balance equation.
Literature review shows that bubble departure size at forced convection boiling have been studied
extensively (Situ et al.2006). However, only a few studies were conducted on the bubble lift-off
size in convective boiling, which is more crucial to the interfacial area transport equations. When
bubble is attaching to the heater surface, they are heated up from the heating surface through a
micro-layer under the bubbles. The heat transfer mechanisms at the wall are quite different from
those in the bulk region. However, only the heat transfer mechanisms in the bulk region are adopted
in the interfacial area transport equation to govern bubble growth or condensation. Hence, bubble
departure diameter is not proper to act as the boundary condition for the interfacial area transport
equation.

Similarly, Bubble Lift-off frequency, another important boundary condition parameter, has not been
addressed in literature yet. In contrast, bubble departure frequency has been studied mainly in pool
boiling. Bubble departure frequency in flow boiling has been modelled mainly by correlations.
Until 1997, Podowski et al. (1997) proposed a mechanistic model of bubble departure frequency in
forced convective boiling flow.
The purpose of this research is to experimentally and theoretically study the bubble lift-off size and
bubble lift-off frequency in vertical upward forced-convective subcooling boiling flow. The
investigation will focus more on bubble lift-off size, because bubble lift-off frequency is most equal
to the bubble departure frequency by experimental findings in the present study.

3. Modelling of Bubble Lift-Off Diameter
2.1 Balance of forces acting on bubble at lift-off

The force balance at the moment of bubble departure is described in the previous paper (Situ et al.
2006), and will not be detailed here. Furthermore, the force balance in x-direction at the moment of
the bubble lift-off is shown in Figure 1. The bubble surface tension force, Fs, is neglected because
the bubble contact area on the heater surface becomes zero at the moment of lift-off. Thus, only
shear lift force, Fsl, and growth force, Fdu, control the bubble in x-direction, ad the growth force is
normal to flow direction:
Fg + Fsl = 0 .
(1)
2.1.1 Growth force
Chen et al. (2003) provided the virtual added mass for a spherical bubble attached to a wall as
11
V f = π rb3 ,
(2)
12
where rb is bubble radius. Hence, the inertial force of the added mass becomes growth force
d ( ρ f V f ubx )
 d 2 H dH dV f 
(3)
Fg =
= ρ f V f
+
,
dt
dt 2
dt dt 

whereH is the bubble height measured from the wall, and ubx is the bubble front velocity on xdirection ubx = dH/dt. In the case of spherical bubble, H is equal to the bubble diameter. Thus the
growth force can be obtained from Equations (2) and (3),
11
 11

(4)
Fg = − ρ f π rb2  r&b2 + rb r&&b  ,
6
2

where r&b is the derivative of the bubble radius with respect to time, and r&&b is the second derivative
of the bubble radius with respect to time.
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Figure 1. Force balance of a vapor bubble at lift-off.

The bubble growth has been correlated with Jacob number by Zuber (1961) in his popular equation
2b
(7)
rb =
Ja α f t ,

π

where b is a coefficient modified as 1.73 by Zeng et al. (1993) by comparing with various pool
boiling data, and the definition of the Jacob number is
Ja =

ρ f C pf ∆Tsat ρ f C pf ( Tw − Tsat )
,
=
ρ g i fg
ρ g i fg

(8)

The wall superheat is used as the superheat in the Jacob number for pool boiling or saturated
boiling. However, for subcooled boiling flow, the wall superheat is suppressed due to the flow of
subcooled bulk liquid. An effective Jacob number was proposed (Kocamustafaogullari and Ishii
1983) to take account of the hydraulic effect.
ρ f C pf ∆Te
(9)
Ja e =
,
ρ g i fg
Where the effective superheat is

∆Te = S (Tw − Tsat ) ,
where S is the suppression factor
1
S=
,
1 + 2.53 × 10 −6 Re1.17
TP
where ReTP is the two-phase Reynolds number.

(10)

(11)

2.1.2. Shear lift force
Saffman (1965) derived the shear lift force on a solid sphere at zero Reynolds number. McLaughlin
(1991) extended Saffman’s work to arbitrary shear rate by retaining the additional convective term
that arises from the shear. For high Reynolds number, Auton (1987) derived an expression for the
shear lift force on a sphere in an inviscid shear flow. Mei and Klausner (1994) modified
McLaughlin’s model to suit for a bubble, and interpolated with Auton’s equation to derive an
expression for shear lift force over wide range of Reynolds number as
1
Fsl = Cl ρ f π rb2 vr2 ,
(12)
2
where vr is the relative velocity between the bubble centre of mass and the liquid phase, i.e., vr = vf
–vg, and the Cl is the shear lift coefficient given by
Cl = 3.877Gs1/ 2 ( Reb−2 + 0.014Gs2 )

1/ 4

,

(13)

Where the dimensionless shear rate of the liquid flow
dv f rb
Gs =
,
dx vr
and Reb is the bubble Reynolds number
2r v
Reb = b r .

νf

(14)

(15)

In Equation (13), Mei and Klausner (1994) maintained that the ratio of the lift forces on a spherical
inviscid bubble and a solid sphere is 2/3. However, Legendre and Magnaudet (1997) corrected this
ratio to be (2/3)2, i.e., 0.444. Thus, Equation (13) is modified with this corrected ratio

(

C l = 2.585Gs1 / 2 Re b− 2 + 0.07089G s2

)

1/ 4

.

(16)

The liquid velocity profile near the wall is estimated by using universal single-phase turbulent flow
profile:
1
v + = + ln x + + C + ,
(17)
k
where k+ and C+ are the constants depending on x+, and
vf
vf
v+ ≡ * =
,
(18)
v
τw ρf
+

x ≡

xv*

νf

=

x τw ρf

νf

.

The universal dimensionless velocities for different regions are
v + = x +
x+ ≤ 5
 +
+
+
v = 5ln x − 3.05 5 < x < 30 .
v + = 2.5ln x + + 5.5 x + ≥ 30


(19)

(20)

In order to keep the lnx+ as shown in Equation (17) for later derivation, the first equation in
Equation (20) is changed to
4
v+ =
ln x + +1
x+ < 5 .
(21)
ln 5
The new equation equals to the equation u+ = x+ when x+ is 1 or 5, and the difference in the range of
1 < x+ < 5 is smaller than 14%. This approximation would not bring much error because the bubble
radii are in the range of x+ > 1 in the present experiment results.
The wall shear stress τw can be calculated by
1
τ w = C f ⋅ ρ f v f2 ,
2
where v f is the area-averaged liquid velocity, and Cf is the friction coefficient as

Cf =

λ

,
4
where λ, the friction factor for a smooth surface, is expressed by
64

Re < 2320
λ = Re

0.3164

4 × 10 3 < Re < 105 .
λ =
0.25
Re

λ = 0.0032 + 0.221 Re −0.237 10 5 < Re < 3 × 10 6


where the single phase liquid Reynolds number, is used.

(22)

(23)

(24)

When a bubble is lift-off, the bubble may slide on the heating surface. However, literature review
finds no model or empirical correlation on bubble sliding velocity. In the present study, a relative
velocity coefficient is introduced as
Cr ≡ vr v f ,
(25)
where vf is the local liquid velocity at the bubble centre of mass. Cr is unity when the bubble is not
sliding, and it is zero when the bubble velocity is the same as the liquid velocity. Thus, the relative
velocity coefficient is between 0 and 1 during the bubble lift-off process.
By implementing Equation (17), one can derive the shear rate term in Equation (14) as

2

2

dv v* dv + v* 1
v*
=
=
=
.
dx ν f dx + ν f k + x + k + x
Thus Equation (14) becomes
dv
rb
v* r
1
Gs =
= + b =
.
dx x = rb vr k x vr Cr k + v +

(26)

(27)

2.2. Development of Bubble Lift-Off Size Model
Equation (1) can be re-written
11
 11
 1
− ρ f π rb2  r&b2 + rb &&
rb  + Cl ρ f π rb2 vr2 = 0 .
6
2
 2
Furthermore, substituting Equation (7) into Equation (28) yields
α f 3π Cl vr2
=
,
tlo 22b 2 Ja 2
where tlo is the time of lift-off. It can be derived from Equation (7) as
π r2
tlo = 2 lo2 .
4b Ja α f
By substituting Equation (30) into Equation (29), we can get

(28)

(29)

(30)

2

 v D  352b 4 4 −2
(31)
Cl  r lo  =
Ja Pr f ,
 ν 
3π 2
 f 
where Prf is the liquid Prandtl number, Prf = νf/αf. A new dimensionless parameter of the bubble
lift-off diameter is now defined by
v D 
Dlo* ≡ Cl Reb = Cl  r lo  .
(32)
 ν 
 f 
The dimensionless bubble lift-off diameter is now a function of the Jacob number and the Prandtl
number as
4 22 / 3b 2 2 −1
*
(33)
Dlo =
Ja Pr f .

π

In forced-convective subcooled boiling flow, the effective wall superheat should be used for the
Jacob number as discussed earlier. This yields
4 22 / 3b 2 2 −1
(34)
Dlo* =
Ja e Pr f .

π

3. Experiments
3.1. Experimental facility, setup and conditions

An experimental facility has been designed to measure the relevant two-phase parameters necessary
for developing constitutive models for the two-fluid model in subcooled boiling flow. The
experimental facility is a scaled-down loop from a prototypic BWR based on proper scaling criteria
for geometric, hydrodynamic, and thermal similarities (Bartel et al. 2001; Situ et al. 2004a). The
details of test facility, setup, and conditions are described in the previous papers (Situ et al. 2004b,
2006). Typical consecutive images of bubble departure, sliding, and lift-off are shown in Figure 2.
In this test condition, the heat flux, q″, is 145 kW/m2, the inlet liquid velocity, vfin, is 0.927 m/s, the
inlet temperature, Tin, is 90 ºC, and the heating length from the start of the heated section to the
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Figure 2. Typical consecutive images of bubble departure and lift-off.
nucleation site, zd, is 1.12 mm. The arrow at the time of 0.2 ms is the location of nucleation site,
while the arrow at 2.0 ms is the location of bubble lift-off.

3.2. Experimental results and discussion
The measured bubble lift-off diameters are shown against the inlet temperature in Figure 3. It is
suggests that the bubble lift-off diameter increases as the increase of inlet temperature. Because
nucleation sites are located at different axial positions on an industrial-manufactured heat rod, the
cavity is naturally distributed with unknown cavity size. It is rather difficult to compare the bubble
lift-off diameters among different nucleation sites. Figure 4 shows the bubble lift-off diameter
against the inlet temperature for one nucleation site at zd = 1.13 m. The Ο data (q″ = 202 kW/m2) is
linearly fitted by the solid curve, and the ∆ data (with q″ = 146 kW/m2) is fitted by the broken
curve.It clearly shows that the increase of inlet temperature causes the increase of bubble lift-off
diameter. In addition, the effect of fluid velocity is suggested by comparing the  and ∇ data.
Assuming the dependence of the  and ∇ data on the inlet temperature are similar to the solid and
broken curves in the figure, the curve with lower fluid velocity (∇, vfin = 0.487 m/s) would be
higher than that with higher inlet fluid velocity (, vfin = 0.912 m/s). Furthermore, the effect of the
heat flux can be found in this figure. The data indicated by O, ∆, and  have similar inlet fluid
velocity but different heat flux. The figure suggests that the solid curve is higher than the broken
curve, and the broken curve is higher than the  data (with q″ = 101 kW/m2). In summarization,
higher inlet temperature, lower fluid velocity, or higher heat flux would give rise to higher wall
temperature at the nucleation site, and hence cause higher bubble lift-off diameter.
Experimental observation finds that the results of bubble lift-off frequencies are almost equal to the
bubble departure frequencies, which are reported in the previous paper (Situ et al. 2006). Thus it
will not be detailed here. The difference between bubble departure frequency and lift-off frequency
is the bubble collapse rate during bubble sliding before lift-off. In the present experimental
conditions, bubbles seldom condense when they are sliding. However, in some higher temperature
turbulence conditions, bubble might meet with cold liquid, and condense quickly. Investigation of
bubble sliding is strongly recommended in future study.
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Figure 3. Dependence of bubble lift-off diameter on inlet temperature.
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Figure 4. Dependence of bubble lift-off diameter on inlet temperature at Zd = 1.13 m.

3.3. Comparison of lift-off model with experimental data
The wall temperature at the nucleation site is the must-know parameter in calculating the effective
Jacob number, Jae. Since wall temperature is not directly measured in the current study, the wall
temperature is calculated by using existing correlations or models.
In the present study, Sato and Matsumura’s correlation (1964) (cited by Davis and Anderson
(1966)) is used to calculate the Onset of Nucleation Boiling (ONB)
k i ρ
2
′′ = f fg v (Tw − Tsat ) ,
qONB
(35)
8σ Tsat
Chen’s correlation (1966) is used to calculate the wall temperature in the subcooled boiling regions
(modified by Collier 1982)
q′′ = hNB ( Tw − Tsat ) + hc (Tw − Tbulk ) ,
(36)
where
kf
0.8
hc = 0.023Re f Pr f0.4
F,
(37)
DH
where the factor F is set to unity and
 k 0.79C 0.45 ρ 0.49 
hNB = 0.00122  0.5f 0.29pf 0.24 f 0.24  ∆Tsat0.24 ∆ρ 0.75 S ,
(38)
σ µ i ρ 
f
fg
g


Due to the short test section length and relatively small heater power available, the estimation of the
point of net vapor generation does not considerably affect the calculation of the wall temperature.

[%]

The effect of relative velocity coefficient is shown in Figure 5. The averaged prediction error, E, is
defined as
*
*
Dlo,exp
− Dlo,pred
(39)
E≡
× 100 .
*
Dlo,exp
The figure suggests that the averaged prediction errors of the dimensionless bubble lift-off diameter
are nearly constant below 40 % when Cr is between 0.4 and 1. Since there is no model of the bubble
sliding velocity available, the bubble sliding velocity is assumed to be half of the local liquid
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Figure 6. Comparison between predicted and measured bubble lift-off diameters.
velocity, i.e. Cr = 0.50. The model prediction and experimental data are presented in the Jae - Dlo*
figure, as shown in Figure 6. The figure suggests that data falls on the model-predicted line. The
average prediction error is ±33.6 %.
No other bubble lift-off diameter data in upward flow is founded in literature. For horizontal flow,
the buoyancy force should be considered in analysing force balance. Zeng et al. (1993) have 38 data
sets of R113 in horizontal flow. Using the expression of pressure and gravity force, the bubble liftoff diameter can be calculated. The comparison between calculated bubble lift-off diameter and
experimental data shows the average prediction error is ±48.8 %. This suggests that the expressions
of growth force and shear lift force are reasonable.
In a future study, extensive data of bubble lift-off diameter on various working fluids and various
test conditions should be taken to evaluate the model. It is also suggested that further investigation
of the sliding velocity may be conducted on both experimental and theoretical aspects: At
experimental aspect, the bubble sliding velocity can be measured by analysing the consecutive
bubble sliding images. While at the theoretical aspect, the bubble sliding velocity might be obtained
by assuming force balance along the flow direction. Recently, Sateesh et al. (2005) calculated the
sliding velocity along horizontal tube surface. It might be a promising approach.

4. Conclusions
Bubble lift-off is different from bubble departure, and it is more suitable for the boundary condition
for numerical simulation of subcooled boiling flow. The forces acting on a growing bubble at the
moment of lift-off were discussed. Force balance analysis showed that the bubble is governed by
growth force and shear lift force at the instant of the lift-off. A dimensionless term of bubble lift-off
diameter was found to be a function of Jacob number and Prandtl number. The modeling of bubble
lift-off frequency requires careful study of bubble collapse during sliding.
Forced convective subcooled flow boiling experiments were conducted in a BWR-scaled vertical-

upward annular channel by using water as testing fluid. The test runs were performed at atmosphere
pressure. The inlet temperature ranged from 80.0 to 98.5 °C; the inlet velocity varied from 0.487 to
0.939 m/s; and the heat flux changed from 60.7 to 206 kW/m2. A high-speed digital video camera
was used to capture the dynamics of the subcooled nucleation process. Bubble lift-off diameters and
lift-off frequencies were obtained from the images for a total of 92 test conditions. The results
indicated that bubble lift-off diameter increases with increasing of the inlet temperature, increasing
of the heat flux, or decreasing of the inlet fluid velocity. The bubble lift-off frequency is almost
equal to the bubble departure frequency.
The comparison between the proposed model and experimental data finds that the averaged
prediction errors of the dimensionless bubble lift-off diameter are almost constant when the bubble
sliding velocity is less than 60% of the local liquid velocity. For simplicity, the sliding velocity is
set as half of the local liquid velocity, and it gives a reasonable prediction within the averaged
relative deviation of ±35.2 %.
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