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Abstract

In the model presented in this paper the region around a single growing vapor bubble in nucleate boiling is subdivided into three part
ring-shaped zone between heating wall and bubble, called micro-region, the bubble itself, and its surrounding liquid, referred to as ma

As the micro-region is most important for heat transfer, a recently developed model put special emphasis on this region, and pred
transfer, bubble growth, and departure diameters of vapor bubbles for low to moderate heat fluxes fairly well.

The current paper aims at modeling the macro-region in more detail than done before. For this purpose, Navier–Stokes equations for
and liquid phase were solved with the aid of a finite element method. It turned out that the flow pattern in the liquid around a growi
bubble is determined by the movement of the bubble surface, but also by the vapor flow inside the bubble. The fluid in the macro-region
cooler liquid towards the wall, thus increasing the heat transfer significantly. In regions farther away from the bubble, heat conduction
Buoyancy was found to be of small influence compared to forced convection.

Velocity and temperature fields, heat fluxes, bubble contours, and departure diameters were calculated for different fluids. The app
tact angle is decisive for growth rate and departure diameter. Disturbances, caused by departing and ascending bubbles, are inclu
calculations.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Though nucleate boiling is important in many techni
processes its mechanism is still not well understood and
subject of experimental and theoretical research.

As shown quite recently [1–4] a substantial part of hea
transferred in a very small, ring-shaped area between wall
bubble, the so-called micro-region, with heat fluxes of up
107 W·m−2.

The aim of the project presented in this paper is to impr
the existing model. So far emphasis was laid on the heat tr
fer mechanism in the micro-region itself, whereas the ma
region was modeled in a simplified form. The fluid flow arou
and within the bubble is now modeled in more detail, and its
fluence on bubble growth and heat transfer is examined. Th
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better understanding of heat transfer in nucleate boiling wil
achieved.

In our model a moving mesh enabled us to track the b
ble surface exactly and to study fluid flow and heat transfe
and around the bubble in detail. We accepted the drawback
complete growth cycles cannot be calculated, all the mor
bubble growth cycles were already simulated by Fujita, D
and others [5,6].

2. Model

We consider a single vapor bubble growing at a horiz
tal heating wall, Fig. 1. The modeling region comprises
bubble, part of the surrounding liquid, and the adjacent w
Interference of neighboring bubbles is neglected, an assu
tion justified for low to moderate heat fluxes, when the aver
distance between neighboring bubbles is relatively large.
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Nomenclature

A area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

cp specific heat at constant pressure . . . . J·kg−1·K−1

d diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
g gravitational acceleration . . . . . . . . . . . . . . . . m·s−2

K curvature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m−1

Ṁ mass flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·s−1

NB bubble site density . . . . . . . . . . . . . . . . . . . . . . . m−2

p pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
Q̇ heat flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
r radial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . m
S free surface position
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
u velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

�x coordinate vector . . . . . . . . . . . . . . . . . . . . . . . . . . . m
z axial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

α heat transfer coefficient . . . . . . . . . . . . W·m−2·K−1

β volume expansion coefficient . . . . . . . . . . . . . . K−1

γ surface tension . . . . . . . . . . . . . . . . . . . . . . . . N·m−1

δ thermal boundary layer thickness . . . . . . . . . . . . . m
�hV enthalpy of vaporization . . . . . . . . . . . . . . . . J·kg−1

�T temperature differenceTW − Tsat . . . . . . . . . . . . . K
ϕapp apparent contact angle . . . . . . . . . . . . . . . . . . . . . . .◦
λ thermal conductivity . . . . . . . . . . . . . . W·m−1·K−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

σ surface stress . . . . . . . . . . . . . . . . . . . . . . . . . . N·m−2

ξads adhesion radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Subscripts

0 reference
dep departure
micro micro-region
n normal direction
r radial direction
sat saturation
t tangential direction
W wall
z axial direction
on

th
du
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Fig. 1. Vapor bubble, surrounding liquid and adjacent wall with boundary c
ditions.

In previous calculations, concentrating on heat transfer in
micro-region, at each time step quasi-stationary heat con
tion was assumed in the liquid surrounding the vapor bub
The thermal boundary layer thickness was estimated by a
selt correlation for steady-state natural convection.

As emphasis in this work is on the macro-region, we inve
gate the effects of natural and forced convection flow arou
growing bubble to determine its influence on heat transfer.
results from the previous micro-region model enter the ma
region model as boundary conditions.
-

e
c-
.
s-

-
a
e
-

2.1. Micro-region model

The flow and heat transfer in the wedge-shaped micro-re
(located at the bubble foot) is described by mass, momen
and energy balances together with equations for the liq
vapor interphase geometry and saturation condition. The sa
tion temperature of the thin film varies because of the capil
forces due to curvature and adhesion forces between wal
liquid.

The model leads to a strongly non-linear system of four
dinary differential equations. Its solution yields the menis
profile and the total heat flow transferred to the micro-regio

For a detailed discussion of the micro-region model ple
refer to [1,2], or [3].

2.2. Governing equations

Fluid flow in the liquid and in the vapor phase is describ
by equations of continuity, momentum, and energy, which r
for an incompressible, laminar flow with constant propertie
two-dimensional, axi-symmetric coordinates (see, e.g. [7]):

1

r

∂

∂r
(rur) + ∂uz

∂z
= 0 (1)

ρ

(
∂ur

∂t
+ ur

∂ur

∂r
+ uz

∂ur

∂z

)

= −∂p

∂r
+ µ

(
∂

∂r

(
1

r

∂

∂r
(rur)

)
+ ∂2ur

∂z2

)
(2)

ρ

(
∂uz

∂t
+ ur

∂uz

∂r
+ uz

∂uz

∂z

)

= −∂p + µ

(
1 ∂

(
r
∂uz

)
+ ∂2ur

2

)
+ ρg (3)
∂z r ∂r ∂r ∂z
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ρcp

(
∂T

∂t
+ ur

∂T

∂r
+ uz

∂T

∂z

)

= λ

(
1

r

∂

∂r

(
r
∂T

∂r

)
+ ∂2T

∂z2

)
(4)

To allow for natural convection the Boussinesq approxim
tion is employed. The varying density in the buoyancy term
the momentum equation is replaced by, see [7] for details:

ρg = ρ0
(
1− β(T − T0)

)
g (5)

All other fluid properties are assumed to be constant. S
temperature differences in nucleate boiling are small, res
obtained with temperature-dependent properties hardly de
from those calculated with constant properties.

In the heating wall we have heat conduction:

ρcp

∂T

∂t
= λ

(
1

r

∂

∂r

(
r
∂T

∂r

)
+ ∂2T

∂z2

)
(6)

Eqs. (1)–(6) were solved numerically with the comm
cial finite element program FIDAP, Fluent Inc., which use
Galerkin-style finite element approach [8]. The resulting eq
tions were solved either with a Newton–Raphson solver
successive substitution. For simulation of the free surfac
moving mesh was used. For numerical reasons calcula
were carried out with dimensionless variables.

2.3. Geometry, initial and boundary conditions

We consider a two-dimensional, axi-symmetric geome
The z-axis is placed in the bubble center, orthogonal to
wall, the r-axis parallel to the wall surface, Fig. 1. The si
of the fluid region attributed to a single bubble is taken fr
experimental nucleation site density data [9,10]. As inter
ence between neighboring bubbles is neglected, the bubb
assumed symmetrical. Symmetry boundary conditions are
plied at both sides of the calculation region, i.e. no fluid fl
and no heat flow across the boundary is allowed.

The heightδT of the thermal boundary layer usually serv
as upper boundary inz-direction, where constant temperatu
Tsat is assumed. The thicknessδT = λ/α for horizontal tubes o
diameterd is calculated from

Nu= αd

λ
=

{
0.60+ 0.387Ra1/6

[1+ (0.559/Pr)9/16]8/27

}2

(7)

For horizontal discs of diameterd it is determined from

Nu= αL

λ
= 0.15Ra1/3

[
1+

(
0.322

Pr

)11/20]−20/33

L = d

4
(8)

Both correlations are taken from [11].
As usual the fluid velocity at the solid wall is assumed to

zero. This boundary condition is slightly modified for free s
face calculations. Then a slip is assigned to a small part o
wall-near fluid allowing motion of the bubble foot. When t
heating wall is not included in the calculations, a constant t
peratureTW is appointed at the interphase between wall
-
f

e
ts
te

-
a
a
s

.

-
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p-

e

-

fluid. In all other casesTW is attributed to the inside of th
heated wall.

The vapor phase and the bubble surface are assumed
at saturation temperatureTsat. In the macro-region mass tran
fer across the interphase is neglected. For natural conve
simulations a slip is assumed to exist at the bubble surface
only tangential flow, but no fluid flow normal to the surface
permitted. In free surface flow simulations the interphase is
lowed to move. This will be explained in detail in the respect
section of this paper.

Due to mesh limitations, simulations have to start with
small initial bubble. Its geometry and the corresponding star
time were determined from calculations done with the previ
micro-region model.

Realistic for the first bubble developing at a nucleation
and for sufficiently long waiting periods between bubbles
well, is the initial assumption of a quiescent fluid and line
temperature distribution within the thermal boundary layer
waiting periods are short, fluid flow in the wake of the depa
ing bubble will change these initial conditions. Fluid flow a
temperature field disturbance by a departing bubble for this
were calculated separately, and then served as initial condi
for the following bubble. This will be explained in detail in th
respective section.

3. Natural convection

Steady-state simulations with stationary bubble conto
were conducted with different fluids, different heating wall m
terials and various bubble diameters. As an example, Fi
presents results fori-pentane atp = 0.333 MPa (p∗ = 0.1).
Results for R114 were published elsewhere [12,13].

Fig. 2(a) visualizes two flow areas that have develope
the liquid. In the vicinity of the bubble liquid from the bul
flows towards the wall, initiated by the lower temperature of
bubble surface. Farther away, a secondary natural conve
flow circulation develops.

The flow changes the initially linear temperature field in
fluid, clearly visible in Fig. 2(b) above the bubble and in t
middle section. Maximum velocities are about 0.9 mm·s−1,
which is still slow compared to the average bubble gro
velocity of about 26 mm·s−1, as it was calculated with th
micro-region model [1] in good agreement with experimen
data [10].

In general, natural convection velocities turn out to
roughly one order of magnitude smaller than forced convec
velocities estimated from bubble growth rates. Natural con
tion influence thus is expected to be small. It is superimpo
by strong forced convection flow caused by the growing bub

4. Influence of displacement forces

When the bubble grows, its expanding surface displaces
surrounding liquid, according to

�uFluid = �uSurface (9)

at the interphase. The surface velocity�uSurfacecould be taken
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ion.
Fig. 2. Natural convection. Velocities and isotherms around a stationary bubble;i-pentane,p = 0.333 MPa,�T = 5.2 K, NB = 7 cm−2.

Fig. 3. Heat fluxes from wall to liquid in the macro-region after 0.0078 s; R114,p = 0.247 MPa,�T = 4 K. Displacement flow compared to pure heat conduct
de
ev
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, a

R1
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flu
from bubble growth rates of the previous micro-region mo
because of the good agreement with experimental data [1],
though fluid flow in the macro-region was neglected in th
previous calculations.

A specific velocity and direction was appointed to each m
point on the moving bubble surface. The vapor phase wa
sumed to be homogeneous and of constant temperature
fluid flow in the vapor was neglected.

Selected results are presented. Results obtained for
with this approach were published in [13].

In Fig. 3(a) heat fluxes from wall to liquid in the macr
region are plotted for a fixed time step over the distance f
the bubble center. Throughout most part of the macro-re
the heat flux is constant and relatively low. Close to the b
ble surface, when approaching the micro-region, it increa
rapidly. Within the micro-region, which is not included in th
diagram, it reaches values above 106 W·m−2. Fig. 3(b) illus-
trates the small difference between the heat fluxes when
l
en
e

h
s-
nd

14

n
-
s

id
Fig. 4. Heat fluxes from wall to liquid; R114,p = 0.247 MPa,�T = 4 K.
Displacement flow compared to pure heat conduction.



P. Genske, K. Stephan / International Journal of Thermal Sciences 45 (2006) 299–309 303
Fig. 5. Nodes moving along a spine when the bubble surface expands.
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flow is taken into account and when pure heat conduction is
sumed.

Fig. 3(a) and (b) clearly show that fluid flow caused by d
placement forces has almost no influence on heat flux f
wall to liquid. Only near the bubble surface, where fluid flo
is strongest, an increase of heat flow is noticed.

Fig. 4 depicts the average heat flux as a function of ti
Due to the relatively small area of increased heat transfe
average heat flux in the micro-region increases by only app
imately 3%.

As a result we note that fluid flow due to displacement for
alone hardly increases heat transfer at all.

5. Free surface simulation

In the following the governing equations will be solved
both vapor and liquid phase. The position of the interface
tween the two phases is treated as an additional degree of
dom and is determined at each time step.

Determination of the position of the free surfaceS(�x, t) re-
quires additional equations to be included in the model:

∂S

∂t
+ u(1)

r

∂S

∂r
+ u(1)

z

∂S

∂z
= ∂S

∂t
+ u(2)

r

∂S

∂r
+ u(2)

z

∂S

∂z
= 0 (11)

σ (1)
n − σ (2)

n = 2γK (12a)

σ
(1)
t − σ

(2)
t = −�t · ∇γ = 0 (12b)(�u(1) − �u(2)

) · �t = 0 (13)

with tangent vector�t , (1) and (2) denoting liquid and va
por. Eq. (11) is the governing equation of the surface posi
S(�x, t), Eq. (12) and (13) are the boundary conditions to be
filled at the free surface.

Whereas in pure liquids the variation of surface tensioγ
with temperature is small and can be neglected, in mixture
dependence of concentration has to be taken into account

During the simulation, the bubble surface mesh points
allowed to move along certain lines, so-called spines, Fig
Thus the exact position of the free surface is known at e
time step.

With the above model of the free surface a quite deta
examination of fluid flow in both vapor and liquid phase,
s-

.
e
-

s

-
e-

n
-

ts
].
e
.
h

Fig. 6. Micro-region heat flow.

well as heat transfer in the vicinity of the growing bubble c
be determined. Liquid flow is not only initiated by displacem
forces, but also influenced by the vapor flow inside the bub
mostly neglected in previous studies.

5.1. Vapor inflow

Liquid evaporates mainly in the micro-region, while vap
ization along the bubble surface in the macro-region is c
paratively small. From the micro-region model we obtain
velocity of vapor entering the bubble, which serves as a bou
ary condition for our macro-region simulation. As heat fl
depends on the adhesion radiusξads of the bubble, the inflow
velocity is a function ofξads and as such incorporated into o
model.

In Fig. 6 micro-region heat flowṡQMicro, calculated with
the micro-region model (see [1]), are plotted for two differe
fluids. As Q̇Micro increases almost linearly withξads, a linear
function was used in our simulation to determineQ̇Micro for
each bubble adhesion radius in the growth cycle. From the m
flow

ṀMicro = Q̇Micro/�hV (14)
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, (c)
Fig. 7. (a) Actual micro region inflow; (b) Inflow region used for the calculations.

Fig. 8. Flow pattern in and around growing bubbles; R114,p = 0.247 MPa,�T = 4 K, NB = 81 cm−2; (a) Forced convection due to displacement forces; (b)
Free surface results.
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we then obtain the vapor inflow velocity

uz,inflow = ṀMicro/ρV AMicro (15)

Fig. 7(a) shows the actual vapor inflow, and Fig. 7(b)
inflow region as it was modeled. As Fig. 7(b) shows, the infl
section in the model is placed directly at the wall, not tak
into account the thin layer of liquid in the micro-region.

5.2. Flow inside and around a growing bubble and its
influence on heat transfer

Within the bubble the inflowing vapor rises in the center a
streams down along the bubble surface. At the beginning
displacement of the surrounding liquid by the growing b
ble gives rise to a liquid flow normal to the bubble surfa
Fig. 8(b), similar to the flow pattern that develops if only d
placement forces are considered, Fig. 8(a).1 When the bubble
continues to grow, circulation of vapor inside the bubble de
ops, and the liquid close to the bubble starts to flow downw
along the surface, Fig. 8(c). A second circulating flow is de
oping in the liquid, transporting cooler liquid towards the wa
thereby increasing heat transfer in that area significantly.

1 Figs. 8–10, 12, and 13 are presented in colour in the electronic form o
paper in Science direct.
e

,

-
s
-

e

As an example, free surface calculation results for R11
p = 0.247 MPa and�T = 4 K at two time steps are present
in Figs. 9–11.

After 4 ms the bubble is already close to departure. The
pattern is fully developed, Fig. 9. Vapor circulates inside
bubble, and liquid flows downwards along the bubble surfa
forming an eddy-like pattern near the bubble base. The
cooler liquid is transported towards the wall. The area of co
liquid is clearly visible in Fig. 10. In this area heat transfer d
tinctly increases compared to pure heat conduction, Fig.
while in areas apart from the bubble the influence of fluid fl
is negligible.

The behavior depicted in Figs. 9–11 is typical for all flu
examined so far. Fig. 12 shows respective temperature fiel
i-pentane.

5.3. Influence of departing bubbles on heat transfer

So far a linear temperature field in a quiescent fluid was
sumed initially. This is realistic for the first bubble to devel
at a nucleation site, and for long waiting periods between b
bles. The growing and departing bubble initiates, however,
temperature and velocity field for the next bubble.

In order to study this effect, three separate simulations w
undertaken. As step one, a growing bubble was simula
and the calculation was stopped shortly before bubble de
ture. In step two, a circular bubble of fixed shape and de
ture diameter was modeled in a separate simulation. In
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Fig. 9. Velocity field around and inside a growing vapor bubble after 3 ms (left) and 4 ms (right). R114,p = 0.247 MPa,�T = 4 K, NB = 81 cm−2.

Fig. 10. Temperature field around and inside a growing vapor bubble after 3 ms (left) and 4 ms (right). R114,p = 0.247 MPa,�T = 4 K, NB = 81 cm−2.
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simulation, the temperature and velocity fields around the
most departed first bubble were used as initial condition
the ascending bubble. A constant upward velocity was
pointed to the bubble, based on the terminal velocity [1
When the ascending bubble had gained some distance
the wall, the simulation was stopped. The resulting tem
ature and velocity fields were saved, and, in a third s
used as initial conditions for the next bubble growth simu
tion.

While the model of the ascending bubble is fairly simplifie
we nevertheless get a good guess on how much forced co
tion flow caused by departing and ascending bubbles influe
heat transfer from wall to liquid. These effects lead to a furt
increase of heat transfer in the macro-region.
l-
r
-
.
m
-
,

c-
es
r

In Fig. 13(a) the resulting temperature fields are depic
The ascending bubble simulation was carried out for 5 ms
terwards the resulting temperature and velocity fields were
as initial conditions. After 0.5 ms, when the new growing bu
ble is still small, the effects which the previous bubble had
the temperature distribution are clearly visible. The new bub
develops in an area of warm fluid swept upwards in the wak
the departing bubble, and surrounded by cooler liquid from
bulk that flew down to fill the void. The area of cooler liqu
near the wall, developed during the growth period of the pr
ous bubble, Fig. 10, is still present. After 4 ms, Fig. 13(b),
notice still a volume of warmer liquid above the bubble. As
fore, Fig. 10, downward flowing liquid transported cooler flu
towards the bubble base. As the liquid in the bulk above
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Fig. 11. Heat flux from wall to liquid compared to pure heat conduction fluxes after 3 ms (left) and 4 ms (right). R114,p = 0.247 MPa,�T = 4 K, NB = 81 cm−2.

Fig. 12. Temperature field around and inside a growing vapor bubble after 4.5 ms (left) and 5.79 ms (right).i-pentane,p = 0.333 MPa,�T = 5.2 K, NB = 7 cm−2.

Fig. 13. Temperature field after 0.5 and 4 ms. Departing bubbles taken into account. R114,p = 0.247 MPa,�T = 4 K, NB = 81 cm−2.
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bubble is cooler, this area is of lower temperature than be
which causes an additional increase in heat transfer.

A comparison of calculated temperature and velocity fie
with experimental results is difficult, as such measurements
not easy to undertake in the direct vicinity of so small a b
ble. In [16] Buchholz and Auracher describe their experime
measurement of temperatures very close to and 9 mm ab
horizontal heating wall in nucleate boiling of isopropanol. L
uid overheats of severalK were found close to vapor bubb
boundaries. Such effects could be explained by superheate
uid that is swept along in the wake of a departing bubble
visible in Fig. 13(a). A direct comparison of results is difficu
though, as the heat fluxes in [16] are a lot higher than those
in our simulations.

5.4. Heat transfer in the vicinity of a growing bubble

The area around a vapor bubble can be subdivided into
sections with different heat transfer mechanisms, Fig. 14
previous works two major areas were named, the micro-re
and the macro-region. The micro-region consists of two s
tions, the adsorbed film (I) and the actual micro-region (
Heat transfer in the film area (I) almost disappears, while
the micro-region (II) heat fluxes are highest [1–4].

The results presented in this paper suggest dividing
macro-region into two sections, as well. Close to the bub
we have an area where heat transfer increases significantl
to fluid flow (III), clearly visible in Figs. 10–12. For the fluid
examined this area stretches up to roughly 0.1 mm to 0.2
beyond the bubble base into the macro-region. Farther apa
section (IV), heat conduction prevails and fluid flow can be
glected (IV).

Fluid flow is of considerable influence on heat trans
Cooler liquid flows towards the wall and leads to a consid
able increase of heat fluxes, becoming larger when the bu
grows. In a pure heat conduction environment heat flow wo
remain almost constant over the bubble growth period.

As the example of R114 shows, Fig. 15, the heat flow in
macro-region increases steadily during bubble growth. W
the bubble comes close to departure and the bubble base
stricts, an additional increase in heat flow is noted. The mi
region heat flow increases as long as the adhesion radius g
then decreases when the adhesion radius becomes small
vanishes with bubble departure.

An additional increase in macro-region heat flow is no
that comes from the flow field induced by departing bubb
Fig. 15 shows the deviation between heat flows around bub
that grow in an initially quiescent fluid, marked as circles, a
bubbles that grow in a fluid disturbed by previously ascend
bubbles, marked as squares. During the first part of the s
lation the deviation becomes slightly smaller, as cooler liq
transported towards the wall during the growth period of
previous bubble is slowly heated again. After a certain ti
when fluid flow around the new growing bubble has fully d
veloped, the deviation between the heat flows remains alm
constant until the end of the simulation.
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Fig. 14. Areas in which different heat transfer mechanisms prevail.

Fig. 15. Macro- and micro-region heat flows plotted against time. R1
p = 0.247 MPa,�T = 4 K, NB = 81 cm−2.

Fig. 16. Macro-region heat fluxes.i-pentane,p = 0.333 MPa,�T = 5.2 K,
NB = 7 cm−2.

Similar results were found fori-pentane, Fig. 16. Dur
ing bubble growth average macro-region heat fluxes incr
almost linearly with time, with a strong additional increa
shortly before bubble departure.

Nucleate boiling heat transfer around horizontal tubes
studied by Mann [1]. He identified the following heat trans
mechanisms: vaporization, heat transfer around attached
bles, heat transfer initiated by bubbles ascending along the
and free convection.
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Fig. 17. Bubble growth contours and departure diameter (dashed line) fo
different apparent contact angles. Left: 55◦, right: 75◦. R114,p = 0.247 MPa,
�T = 4 K.

For R114 he calculated a heat transfer coefficient
1220 W·m−2·K−1, of which 587 W·m−2·K−1 are due to va-
porization, the rest is caused by convection. According to
model the convective flow at the bubble base is of influence
well. If we add it to the convective part of the heat transfer
efficient determined by Mann, we find an overall heat tran
coefficient of 1355 W·m−2·K−1, which is higher than the valu
of Mann, but still around 20% below the experimental va
found by Barthau [9].

5.5. Bubble contours and contact angle

In Fig. 17 and 18 bubble contours at different time st
are depicted for R114 andi-pentane. After a relatively lon
period during which the bubble adhesion zone is growing,
find a short stagnation period, followed by a rapid detachm
process. Then the adhesion radius shrinks, and the bubble
ume moves upwards. Due to mesh limitations our simulat
stopped shortly before the actual departure.

Different apparent contact angles were chosen for the ca
lations. It should be noticed that these apparent contact a
are larger than the apparent contact angles that would be
tained at the end of the micro-region. As apparent contac
gles increase rapidly with distance from the micro-region, t
strongly depend on the position where they are taken.

For R114, with an apparent contact angle of 75◦ a depar-
ture diameter of 0.21 mm was calculated, fairly close to
experimental value of 0.25 mm [9], Fig. 17. Fori-pentane with
the same apparent contact angle, the deviation between th
dicted diameter of 0.18 mm and the average measured dep
diameter of 0.3 mm [10] is larger, Fig. 18.

For all fluids considered the time at which detachment
gins, and thus the departure diameter, strongly depends o
apparent contact angle. The larger the apparent contact a
the later starts detachment, and the larger the bubbles be
before departure, Fig. 19. Similar results were already found
water by Dhir [6].
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Fig. 18. Bubble growth contours and departure diameter (dashed line
two different apparent contact angles. Left: 65◦, right: 75◦. i-pentane,
p = 0.333 MPa,�T = 5.2 K.

Fig. 19. Departure diameters for different apparent contact angles. R
p = 0.247 MPa,�T = 4 K.

6. Summary

A growing vapor bubble and its surrounding liquid we
modeled and simulated for two different fluids (R114,i-pen-
tane). The aim of the project was to gain a better understan
on how forced convection flow initiated by the growing bub
influences heat transfer.

Micro-region heat flows predicted with a separate mo
were used to calculate the velocity of vapor flowing into
bubble. During bubble growth, velocities and temperature
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tribution in both vapor and liquid were determined and resul
heat fluxes calculated.

A small region in the vicinity of the bubble (in the cases e
amined a zone 0.1 to 0.2 mm wide) was found in which fl
flow leads to a significant increase of heat transfer, while
areas farther away from the bubble heat conduction prev
Thus the macro-region, i.e. the liquid around the bubble,
be subdivided into two areas with different heat transfer c
acteristics: A smaller area close to the bubble, in which for
convection flow has a strong influence on heat transfer, an
area, in which heat conduction prevails. The size of this a
depends on bubble site density. At low heat fluxes it is m
larger than the area in which forced convection prevails.

Displacement forces, causing only radial liquid moveme
resulted in heat fluxes only slightly larger than those of h
conduction. In reality the interaction between vapor and liq
flow at the interphase leads to a strong increase in heat tran
Fluid from the bulk then flows downwards along the bub
surface, transporting cooler liquid towards the heating wall,
thereby increasing the heat transfer.

Bubble growth contours and departure diameters were
termined, as well. Departure time and diameters strongly
pended on the apparent contact angle. The larger the app
contact angle, the larger the break-off volume of the bubble
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