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Abstract

To reveal the highly efficient heat transfer mechanisms in the vapor mushroom region of saturated nucleate pool boiling, a new

model was developed in which three heat transfer mechanisms were considered: the conduction and evaporation in the microlayer

region underneath vapor stem, the conduction and evaporation in the macrolayer region between the vapor mushroom and the

heater surface and Marangoni convection in the macrolayer region. Two-dimensional conservation equations for laminar flow in the

macrolayer region and conduction in the heater were solved. The SIMPLE-algorithm was used for handling the pressure–velocity

coupling. Calculated boiling curve agrees well with the published experimental data and numerical results showed that about 60%

heat flux is transferred by evaporation in the microlayer region, and about 40% heat flux is evaporated at the vapor–liquid interfaces

of the macrolayer due to both the conduction and Marangoni convection heat transfer in the macrolayer region. Further investi-

gations were also carried out for the cases in which only one or two heat transfer mechanisms were considered to assess the relative

influences of the microlayer evaporation and Marangoni convection.

� 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Nucleate boiling is favored in electronic devices

cooling, refrigeration, air-conditioning and many other
industrial applications due to its highly efficient heat

transfer performance. Typical nucleate boiling regions

on a classical boiling curve of heat flux versus wall

superheat were classified in the pioneering study of

Gaertner (1965) as incipient boiling, discrete bubble

region, first transition region, vapor mushroom region,

second transition region and critical heat flux (CHF)

point. Of these subregions of nucleate boiling, the high
heat flux vapor mushroom region has been given a sig-

nificant study. The vapor mushroom region is charac-

terized by the formation of a liquid layer interspersed

with numerous, continuous columnar vapor stems un-

derneath a growing mushroom-shaped bubble shown in

Fig. 1. The liquid layer between the vapor mushroom

and the heater surface has been termed as the macro-

layer, whereas the thin liquid film formed underneath
vapor stems is known as the microlayer. In addition to

the visual observations of Gaertner (1965), Iida and

Kobayasi (1969) and Bhat et al. (1986) confirmed the

existence of a liquid-rich layer near the heated surface

through the measurements of void fraction profiles near

the heater surface using an electrical conductivity probe.

To understand the complicated heat transfer mecha-

nisms in the vapor mushroom region of nucleate boiling
is one of the most challenging problems of heat transfer.

Many studies have been tried to establish a physical

model to explain the highly efficient heat transfer

mechanisms by using the macrolayer and microlayer

conceptions. A transient 1D model of the macrolayer

evaporation phenomena was proposed in Bhat et al.

(1983a,b, 1986) and Jairajpuri and Saini (1991), which

regards the conduction across the macrolayer and
evaporation from the top interface of the macrolayer as
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the dominant heat transfer mechanism; whereas Pan

et al. (1989) assumed that the evaporation near the va-

por stem dominates the nucleate boiling heat transfer,

which is in accordance with the conjecture of Gaertner

(1965). Pan and Lin (1989) enhanced the effective liquid

thermal conductivity by considering Maragoni-induced

flow effects within the macrolayer in their semi-theo-

retical pseudo-conduction model, and their results
showed that about 97% of the heat flux is evaporated at

the top surface of the macrolayer. Recently Ma and Pan

(1999a,b) abandoned the artificial enhancement of the

liquid thermal conductivity in Pan and Lin (1989) and

numerically studied the Marangoni-induced thermo-

capillary driven flow and heat transfer within the mac-

rolayer region. The numerical results indicated that the

thermo-capillary driven flow in the macrolayer region

and evaporation at the vapor–liquid interface constitute

a very efficient heat transfer mechanism. However, the
wall superheat was overpredicted as compared to the

experimental data of Gaertner (1965) and Nishikawa

et al. (1984). They attributed the overprediction to the

relatively thick macrolayer, large cell width based on the

model of Haramura and Katto (1983) and not consid-

ering the reduction of macrolayer thickness and/or

width due to the evaporation at the vapor–liquid inter-

face during the hovering period of a mushroom bubble.
However, the macrolayer thickness they used is less than

half of the experimental data of Bhat et al. (1986) and

the evaporation of the macrolayer is not very large

which will be shown in our later analysis. All these in-

dicate that maybe some other important heat transfer

mechanisms are overlooked in their model. Chyu (1989)

attributed the evaporation of macrolayer to a much

thinner microlayer existing under the vapor stem, which
plays a major role in the heat transfer. However, Chyu�s
microlayer hypothesis (Chyu, 1989) of a continuous

liquid layer underneath the vapor stem was doubted by

Pasamehmetoglu et al. (1993) due to the experimental

Nomenclature

A area (m2)

cp heat capacity (J kg�1 K�1)

E evaporation coefficient

f fraction of evaporation

g gravitational acceleration (m s�2)

h heat transfer coefficient (Wm�2 K�1)

hfg latent heat of evaporarization (J kg�1)

k thermal conductivity (Wm�1 K�1)
m mass evaporation of the triple-point

(kg s�1 m�1 K�1)

M molecular weight (kg kmol�1)

Ma Marangoni number

N number of vapor stems

p pressure (Nm�2)

q heat flux (Wm�2)

Q heat transfer rate (W)
rv radius of vapor stem (m), Fig. 2

rl radius of computational cell (m), Fig. 2

R universal gas constant (J kmol�1 K�1)

T temperature (�C)
v fluid velocity component in r direction (m s�1)

w fluid velocity component in z direction (m s�1)

r coordinate along the heated wall (m), Fig. 2

z coordinate perpendicular to the heated wall

(m), Fig. 2

Greeks

a thermal diffusivity (m2 s�1)

b thermal expansion coefficient (K�1)
d macrolayer thickness (m)

D heater thickness (m)

l dynamic viscosity (kgm�1 s�1)

q fluid density (kgm�3)

r surface tension (Nm�1)

Subscripts

bubble bubble–liquid interface

evap evaporation

l liquid

s heater

sat saturated

stem stem–liquid interface

TP triple-point
v vapor

w heater upper surface

Fig. 1. Schematic of vapor mushroom structure near heated surface.
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observations of a dry spot at the center of the vapor

stem. By introducing a liquid–vapor–solid contact point/

circle (triple-point) evaporation to consider microlayer

evaporation hypothesis, Pasamehmetoglu et al. (1993)
developed a transient 2D conduction-dominated model.

Their numerical results showed that the dominant

evaporation occurs at the liquid–vapor–solid contact

point. The transport processes occurring in a vapor stem

were modeled and analyzed numerically by Lay and

Dhir (1995). They conjectured that heat from the wall is

conducted into the macrolayer surrounding the vapor

stem and microlayer lying between the heater and the
vapor–stem interface and is utilized in evaporation at

the liquid–vapor interface.

The major heat transfer mechanisms in the above

studies can be summarized as (1) the conduction and

evaporation heat transfer in the macrolayer region, (2)

the conduction and evaporation heat transfer in the

microlayer region, and (3) convective heat transfer in the

macrolayer region induced by the Marangoni action at
the liquid–vapor interface. While all of these factors

maybe play major roles in the heat transfer, only one or

two of them were considered in the aforementioned

models. Thus a unified answer to the dominant evapo-

ration is not obtained and still hotly debated. The pre-

sent study is aimed at developing a more detailed

physical model by considering these factors functioning

simultaneously with different weights to reveal the
highly efficient heat transfer mechanisms in the vapor

mushroom region of nucleate boiling. In what follows,

the model used in the current study is described first.

Then the numerical results obtained from the model are

presented and relative contributions of every heat

transfer mechanism in the current model are studied.

Finally, conclusions are drawn.

2. Mathematical model

The vapor stems in mushroom region of the nucleate

boiling were assumed to regularly distribute to the sur-

face in the triangular lattice (Ma and Pan, 1999a,b). A

unit cell including a central vapor stem surrounded by

an equivalent cylindrical macrolayer and the corre-
sponding part of the heater was chosen for analysis,

which is enclosed by dash line, as shown in Fig. 1.

The microlayer evaporation plays a very important

role in the models of Chyu (1989), Pasamehmetoglu et al.

(1993) and Lay and Dhir (1995). Modeling the details of

the microlayer would require a true characterization of

the curved liquid–vapor interface of the microlayer. The

microlayer shape and scale should be influenced by the
contact angle between the fluid and the heater surface

(Pasamehmetoglu et al., 1993). For simplification pur-

pose, just like Pasamehmetoglu et al. (1993), the mi-

crolayer evaporation effect was represented in a lumped

sense by introducing a liquid–vapor–solid contact point/

circle (triple-point) evaporation into the mathematical

model as shown in Fig. 2. The interfacial shear stress at

the liquid–vapor interface is neglected due to the small

density, thermal conductivity and viscosity of vapor as
compared with those of the liquid.

For pure liquid, surface tension is a function of tem-

perature and decreases with the increase of temperature.

At the vapor–liquid interface, when temperature gradi-

ent formed during the heating process, the surface ten-

sion gradient is generated, resulting in a tangential shear

stress to drive the liquid in the macrolayer to move in the

direction of increasing surface tension. This is so-called
Marangoni flow. This kind of flow is considered as an

effective way to transfer the heat from the heater surface

to the vapor–liquid interface for evaporation. The pre-

sent model consists of the conjugate solution of Ma-

rangoni flow and heat transfer in the macrolayer region

and the conduction in the heater. The governing equa-

tions and boundary conditions will be described later.

The initial conditions for the numerical calculation
are difficult to determine. Pasamehmetoglu et al. (1993)

assumed that fresh saturated liquid wets the surface at

the time of bubble departure and birth of the new bubble.

Thus the initial condition of temperature for the mac-

rolayer is saturated and is used at the beginning of every

bubble�s life. This assumption provides an extreme al-

lowing the maximum effect of liquid resupply as they

claimed, whereas the steady state solutions of Ma and
Pan (1999a,b) provide the other extreme where the in-

coming liquid does not disturb the macrolayer. With the

assumption that all the heat fluxes are transferred by

evaporation, our calculation showed that only 1.2–25.0%

of the macrolayer underneath the mushroom bubble is

consumed by evaporation during the bubble hovering

period at the heat fluxes ranging from 3.0 to 9:0� 105

Wm�2, which cover the whole vapor mushroom region
of nucleate boiling in the experimental data of Gaertner

Fig. 2. Computational unit cell.
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(1965). Further, the evaporation of macrolayer is much

longer than that for the thermo-capillary driven flow

through the layer (in the order 103) (Ma and Pan,

1999a,b), thus using the steady solutions as Ma and Pan
(1999a,b) is a reasonable choice in the present study

without the consideration of the reduction of thickness

and width of the macrolayer due to evaporation.

2.1. Governing equations

With the assumption of a two-dimensional steady

laminar flow and constant properties for the liquid, us-
ing Boussinesq assumption to account for buoyancy

effects, the governing equations for the liquid macro-

layer region are

Continuity equation

1

r
oðrqlvÞ
or

þ oðqlwÞ
oz

¼ 0 ð1Þ

Momentum equations

1

r
oðrqlvvÞ

or
þ oðqlwvÞ

oz
¼ � op

or
þ 1

r
o

or
rll

ov
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� �

þ o

oz
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oz

� �
� ll

v
r2

ð2Þ

1

r
oðrqlvwÞ
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þ 1
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o

or
rll

ov
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� �

þ o

oz
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Energy equation

1

r
oðrqlvT Þ

or
þ oðqlwT Þ

oz
¼ 1

r
o

or
r
kl
cp

oT
or

� �

þ o

oz
kl
cp

oT
oz

� �
ð4Þ

For the heater, the 2D conduction equation is

1

r
o

or
rks

oT
or

� �
þ o

oz
ks
oT
oz

� �
¼ 0 ð5Þ

2.2. Boundary conditions

2.2.1. Axis of the unit computational cell (r ¼ 0)

The boundary condition at the axis of the unit com-

putational cell can be obtained from the symmetry

condition

v ¼ 0;
ow
or

¼ 0;
oT
or

¼ 0 ð6Þ

2.2.2. Heater bottom (z ¼ 0)

A uniform heat flux boundary condition is used at the

bottom of the heater

�ks
oT
oz

¼ q ð7Þ

2.2.3. Heater upper surface (z ¼ D)
No-slip condition is applied to the impermeable solid

surface as

v ¼ 0; w ¼ 0 ð8Þ
Underneath the vapor stem (r < rv), the adiabatic

boundary condition is used

�ks
oT
oz

¼ 0 ð9Þ

Underneath the macrolayer (rv < r < rl), the bound-
ary conditions are as follows:

Tz¼D� ¼ Tz¼Dþ

ks
oT
oz

� �
z¼D�

¼ kl
oT
oz

� �
z¼Dþ

ð10Þ

The evaporation of the liquid–vapor–solid triple-point
can be expressed as [14]

QTP ¼ mTPhfg2prvðTTP � TsatÞ ð11Þ
where rv is the radius of the vapor stem. In the above
equation, the triple-point mass evaporation coefficient,

mTP (kg s�1 m�1 K�1), represents the mass of liquid

evaporated per unit time per unit perimeter of the vapor

stem per degree wall superheat of the triple-point.

Physically, mTP models the evaporation of the micro-

layer shown in Fig. 1.

The other boundary conditions are the same as Ma

and Pan (1999a,b), for completeness, they are given here
in brief.

2.2.4. Stem–liquid interface (r ¼ rv, D < z < D þ d)

v ¼ 0; �ll

ow
or

¼ or
oT

oT
oz

; kl
oT
or

¼ hevapðT � TsatÞ

ð12Þ
where hevap is the heat transfer coefficient due to evap-

oration and can be approximately expressed as (Ma and

Pan, 1999a,b)

hevap ¼
2E

2� E
M
2pR

� �0:5 h2fgqv

T 1:5
sat

ð13Þ

In the above equation, the evaporation coefficient E
has a value varying from 0.02–0.05 (Collier, 1972; Hsu

and Graham, 1986; Carey, 1992) to 1 (Kao and Ken-
ning, 1972). The widely differing values of E which have

been reported for water is attributed to the impurity of

the vapor–liquid interface and cause the difficulty in

calculating heat transfer coefficient hevap in Eq. (13).

When great care is taken to ensure the purity of the test

fluids, E is close to 1. However, E is greatly decreased by
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non-condensable gas and impurity at the interface (Kao

and Kenning, 1972). Since extreme purity is unlikely in

most engineering systems, the value of E is far less than

1 (Carey, 1992). As claimed by Ma and Pan (1999a), a
value of 0.04 is regarded as a common value used in the

literature. A value of E range from 0.02 to 0.04 was also

recommended in the handbook (Paul, 1962). Therefore,

considering the actual conditions in most engineering

systems, a value of 0.04 given by Ma and Pan (1999a)

for water was adopted in the present study.

2.2.5. Bubble–liquid interface (z ¼ D þ d)

w ¼ 0; ll

ov
oz

¼ or
oT

oT
or

; �kl
oT
oz

¼ hevapðT � TsatÞ

ð14Þ

2.2.6. Unit cell boundary (r ¼ rl)

v ¼ 0;
ow
or

¼ 0;
oT
or

¼ 0 ð15Þ

In Eqs. (1)–(15), Eqs. (1)–(5) are the coupled conti-

nuity, momentum and energy equations for describing

the flow and conductive/convective heat transfer in the

macrolayer region. The surface tension gradient at the

vapor–liquid interface of the macrolayer region gener-
ates the Marangoni flow, and is given in Eqs. (12) and

(14) as boundary conditions for the solution of the

Marangoni flow. Also the evaporation heat transfer at

the vapor–liquid interface is defined in Eqs. (12) and (14)

as boundary conditions for the solution of conductive/

convective heat transfer in the macrolayer region. The

microlayer evaporation heat transfer is given by Eq.

(11). The other equations are subsidiary equations for
the closure of Eqs. (1)–(5). Thus Eqs. (1)–(15) constitute

our new model, and the current model considers the

three heat transfer mechanisms mentioned in the In-

troduction section.

2.3. Solution domain dimensions

For the numerical computation of the model equa-
tions, a solution domain must be specified, which in-

cludes the inner radius of the macrolayer (radius of

vapor–stem), ri, the outer radius of the macrolayer, rl,
and the thickness of the macrolayer, d.

Here, saturated water was selected for the computa-

tions since the macrolayer thickness and number density

of stem were measured in some experiments (Gaertner,

1965; Iida and Kobayasi, 1969; Bhat et al., 1986). Pa-
samehmetoglu and Nelson (1987) gave a detail review

on the macrolayer thickness and proposed a correlation

which agrees well with the experimental data of Bhat

et al. (1986). The correlation of Haramura and Katto

(1983) employed by Ma and Pan (1999a,b) predicts a

macrolayer thickness less than half of the experimental

data of Bhat et al. (1986). Haramura and Katto (1983)

were primarily concerned with developing a new CHF
model and arbitrarily postulated the macrolayer thick-

ness to be one-fourth of the Helmholtz instability

wavelength. Consequently, their study includes little

detail concerning the macrolayer thickness and lacks

experimental support (Pasamehmetoglu and Nelson,

1987). Therefore, the correlation of Pasamehmetoglu

and Nelson (1987) was preferred in the present study,

which is expressed as

d ¼ p
2

r
Av

Aw

� �2 ql þ qv

qlqv

� �
qvhfg
q

� �2

ð16Þ

where Av=Aw is the fraction of the heated surface area

occupied by vapor stems and can be expressed as

(Pasamehmetoglu and Nelson, 1987)

Av

Aw

¼ rv
rl

� �2

¼ CAq1=4 ð17Þ

where CA ¼ 6:206� 10�4 W�1=4 m1=2.

To estimate the stem radius and the corresponding

heater radius for an average stem, the following rela-

tionship between the population density of stem and

heat flux proposed by Gaertner (1965) was used in the
present model:

q ¼ CN
N
Aw

� �2=3

ð18Þ

where CN ¼ 117:1 Wm�2=3.

Thus the dimensions of solution domain can be de-

termined by Eqs. (16)–(18). Eq. (16) gives the thickness

of the macrolayer, d, while the combination of Eqs. (17)

and (18) gives the inner and outer radius of the mac-

rolayer, ri and rl, at a given heat flux.

From the experimental investigation of Guglielmini
and Nannei (1976), CHF for copper is asymptotically

unchanged for the heater thickness from 10 to 50 lm.

Here, a heater thickness of 500 lm was selected to

simulate the interaction between heater and liquid

macrolayer without the influence of heater thickness.

Table 1 lists geometric values of the solution domain

for different heat fluxes for water at atmospheric pres-

sure.

Table 1

Geometry values of the solution domain for various heat fluxes for

water at atmospheric pressure

q� 10�5

(Wm�2)

3.0 4.0 5.0 6.0 7.0 8.0 9.0

d (lm) 659.6 428.4 306.5 233.2 185.1 151.5 126.9

rv (lm) 188.8 157.7 137.2 122.4 111.2 102.3 95.0

rl (lm) 1566.7 1262.7 1068.1 931.6 829.9 750.8 687.3

ðrl � rvÞ=d 2.1 2.6 3.0 3.5 3.9 4.3 4.7
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2.4. Numerical algorithm

The SIMPLE algorithm was used to couple pressure

and velocity, and the QUICK difference scheme with a
second order accuracy was used for the discretization of

the momentum and energy convective terms.

2.5. Grid dependence test

The grid for the solution was non-uniform, with its

size decreasing geometrically toward the interfaces of

stem–liquid, bubble–liquid and heater–liquid, resulting
in an increasingly fine grid where large thermal and

velocity gradients existed. Grid sensitivity was per-

formed for the heat flux of 6:0� 105 Wm�2. The radial

versus axial grids 150� 50 and 300� 100 respectively

yielded numerical wall superheat (the temperature dif-

ference between the heated wall and the saturation wa-

ter) errors of 4.21% and 0.08% as compared to the finest

radial versus axial grid 600� 200. Thus the results
predicted on 300� 100 grid were chosen as the solutions

independent of the grid size.

3. Results and discussion

Firstly, we compared our calculated boiling curve

with the published experimental data. The triple-point,
mass-evaporation coefficient mTP for various fluid-hea-

ter surfaces is currently unknown. As mentioned previ-

ously, mTP is influenced by the contact angle. The

contact angle is different for different fluid-heater surface

combinations and conditions. For a certain fluid-heater

surface, the contact angle is only a function of the in-

terfacial tension (Carey, 1992). As is well known, the

interfacial tension is a function of temperature. In the
current study, the only data considered is for the satu-

rated water–copper combination. So the contact angle,

thus mTP, at triple-point can be left as a constant. As is

well known, some unknown value can be obtained by

using an indirect way. Since in the model only mTP is

undetermined as an input data for the computation, a

certain mTP will result in a certain computational result.

We determined this coefficient in an indirect fashion by
tuning one arbitrary calculated point (q ¼ 3:0� 105

Wm�2 and Tw ¼ 115:5 �C in the present study) on the

boiling curve to match the experimental data. This

tuning yielded mTP ¼ 4:0� 10�5 kgm�1 s�1 K�1. The

difference of the values of mTP determined by the mini-

mum heat flux of 3� 105 Wm�2 and the maximum heat

flux 9� 105 Wm�2 is 3.2%. Therefore, the constant mTP

of 4:0� 10�5 kgm�1 s�1 K�1 was used for all the heat
fluxes investigated here on the boiling curve. The con-

stant mTP assumption and the same determination

method of mTP at triple-point was also used by

Pasamehmetoglu et al. (1993). Dhir and Liaw (1989)

also used this kind of indirect method to determine the

value of a constant in their model.

The physical properties such as heat capacity cp, fluid
density ql, dynamic viscosity ll, thermal conductivity kl
and thermal expansion coefficient b, which appeared in

the control equations (1)–(4) are functions of tempera-

ture. Since the difference between the wall temperature

and fluid temperature is not so large (about 20 K), the

effect of these properties change as a function of tem-

perature was neglected and the properties were used as

constants for simplification. To investigate the effect of

this simplification on the numerical results, we com-
puted the case for the heat flux of 6� 105 Wm�2 with

variable properties changing with temperature. Fig. 3

shows comparison of the distribution of numerical ve-

locity along the stem–liquid interface for the constant

Fig. 3. Comparison of the distribution of numerical velocity along the

stem–liquid interface for the constant and variable properties cases.

Fig. 4. Comparison of the model prediction of boiling curve with the

experiments.
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properties and variable properties cases. It can be seen

that the maximum velocity difference between the two

cases is within 3.0%. Thus the effect of property change

as a function of temperature on the Marangoni+buoy-
ancy convective flows is not great in the present study.

Comparison of the numerical wall temperature shows

that the constant properties assumption results in a wall

temperature (Tw ¼ 118:007 �C) higher by 0.2% than that

for the variable properties case (Tw ¼ 117:817 �C). This
deviation is allowable by considering the experimental

uncertainties for the wall superheat measurement.

Therefore, we used constant properties in the present

study for simplicity.

Fig. 4 shows the comparison of the calculated boiling
curve indicated by black circles with the experimental

data of Gaertner (1965), Honda and Nishikawa (1972),

Katto and Yokoya (1976) and Nishikawa et al. (1984).

Here, DTsat is the wall superheat defined as the temper-

ature difference between the heated wall and the satura-

tion water. It can be seen from Fig. 4 that the prediction

Fig. 5. Vector patterns and isotherms at the heat flux of 6:0� 105 Wm�2: (a) vector patterns, (b) isotherms.
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agrees very well with the correlation of Gaertner (1965)

in the mushroom region. The small diameter, water-

on-copper boiling data of Honda and Nishikawa (1972)

and Katto and Yokoya (1976) exhibit smaller wall su-
perheat, which is probably due to the edge effects.

Fig. 5(a) and (b) shows the vector pattern and iso-

therms at the heat flux of 6:0� 105 Wm�2 respectively.

The liquid near the stem–liquid interface flows upward

as expectation since the surface tension decreases with

increasing temperature. The liquid near the wall is

heated and is getting warmer as it flows toward the

stem–liquid interface. Subsequently, as the liquid flows
upward along the stem–liquid interface and then along

the bubble–liquid interface, the energy is taken away by

the evaporation there and the liquid is getting cooler.

Then due to the fluid continuity the cooled liquid flows

toward the heated wall again to extract heat from the

wall. Thus this flow pattern provides an efficient heat

transfer than the pure conduction. The velocity patterns

and isotherms for the other studied heat fluxes are
similar to those at the heat flux of 6:0� 105 Wm�2.

The heat flux is transferred into the macrolayer from

the heater and is taken away at the triple-point, stem–

liquid and the bubble–liquid interface. Thus we have

Q ¼ QTP þ Qstem þ Qbubble ð19Þ
where Q is the input heat transfer rate, Qstem and Qbubble

represent the evaporation along the stem–liquid inter-

face and bubble–liquid interface respectively. They can

be expressed as

Q ¼ 2p
Z rl

0

qrdr ¼ qpr2l

Qstem ¼ �2prvkl

Z Dþd

D

oT
or

� �
r¼rv

dz

Qbubble ¼ 2pkl

Z rl

rv

oT
oz

� �
z¼Dþd

rdr

ð20Þ

In the following, we will analyze the heat transfer at the

liquid–heater, stem–liquid and bubble–liquid interface.

Fig. 6(a) and (b) respectively shows the temperature

and heat flux distributions along the heater upper sur-

face for the input heat fluxes of 3:0� 105, 6:0� 105 and
9:0� 105 Wm�2. In Fig. 6(a), the temperature firstly

decreases from the axis position to the triple-point and

then increases up to a given value for a specific heat flux.

The temperature increases with increasing input heat

flux. It can be seen in Fig. 6(b) that the largest heat flux

is taken away at the triple-point, which results in the

lowest temperature nearby. Since the conductivity of

copper is much larger than that of the water, the area
affected by the trip-point evaporation is larger for the

heater than that for the macrolayer, and in a small re-

gion immediately adjacent to the right of the triple-point

the heat fluxes are transferred from the liquid macro-

layer to the heater.

Fig. 7(a) and (b) respectively shows the temperature

and heat flux distributions at the stem–liquid interface

for the input heat fluxes of 3:0� 105, 6:0� 105 and

9:0� 105 Wm�2. Hereinafter, we define that the sign of

the heat flux added into the liquid macrolayer is positive
while the sign of the heat flux taken away from the

liquid macrolayer is negative. In Fig. 7(a), the temper-

ature decreases from the heater upper surface to the

bubble–liquid interface at a given heat flux. The tem-

perature increases with increasing input heat flux. The

heat flux profiles in Fig. 7(b) are in accordance with the

temperature profiles shown in Fig. 7(a).

Fig. 8(a) and (b) respectively shows the temperature
and heat flux distributions at the bubble–liquid interface

for the input heat fluxes of 3� 105, 6� 105 and 9� 105

Wm�2. In Fig. 8(a), the temperature firstly increases to

the maximum value and then decreases at a given heat

flux. The temperature increases with increasing input

Fig. 6. Temperature and heat flux distributions along the heat upper

surface: (a) temperature distribution, (b) heat flux distribution.
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heat flux. The heat flux profiles in Fig. 8(b) are in

accordance with the temperature profiles shown in

Fig. 8(a).

Table 2 lists the numerical results for the Marangoni

number, the wall temperature and the evaporation
fraction of the triple-point, stem–liquid interface and

bubble–liquid interface for various heat fluxes. Here,

Marangoni number is defined as

Ma ¼ �or=oT dDTsat
la

ð21Þ

From the table, we can see that Marangoni number is

very large for the generation of Marangoni convection,

suggesting that neglecting Marangoni convection be not
suitable in the analysis. For evaluating the individual

evaporation contribution of the triple-point, stem–liquid

interface and bubble–liquid interface, we define

fTP ¼ QTP=Q; fstem ¼ Qstem=Q;

fbubble ¼ Qbubble=Q ð22Þ

The evaporation at the triple-point plays a very impor-

tant role in the heat transfer with a weighting fraction

Table 2

Numerical results for various heat fluxes for water at atmospheric pressure

q� 10�5 (Wm�2) 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Ma� 10�4 4.4 3.0 2.3 1.8 1.5 1.2 1.1

Tw (�C) 115.5 116.5 117.3 118.0 118.6 119.1 119.6

fTP (%) 55.7 58.0 59.9 61.4 62.6 63.7 64.7

fstem (%) 13.7 12.1 10.9 10.0 9.2 8.5 8.0

fbubble (%) 30.6 29.9 29.2 28.6 28.2 27.8 27.3

Fig. 7. Temperature and heat flux distributions at the stem–liquid in-

terface: (a) temperature distribution, (b) heat flux distribution.

Fig. 8. Temperature and heat flux distributions at the bubble–liquid

interface: (a) temperature distribution, (b) heat flux distribution.
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ranging from 56% up to 65% over the heat flux ranges

investigated. The relative evaporation at the bubble–

liquid interface is about 30% and the relative evapora-

tion at the stem–liquid interface decreases from 13.7% at
the heat flux of 3:0� 105 Wm�2 to 8.0% at the heat flux

of 9:0� 105 Wm�2 due to the reduction of the macro-

layer thickness with the increase of the heat flux.

To further assess the relative influence of the triple-

point (microlayer) evaporation and Marangoni convec-

tion on the heat transfer, we conducted the following

three additional tests:

Test 1, the Marangoni convection was shut off in our

model;

Test 2, the triple-point evaporation coefficient was set

to zero in our model;
Test 3, the combination of Tests 1 and 2.

Fig. 9 shows the typical isotherms in the macrolayer

region at the heat flux of 6:0� 105 Wm�2 for the three

additional tests. It can be seen that the stratified temper-

ature distribution smoothly decreases from the heated

wall to the interfaces of stem–liquid and bubble–liquid

Fig. 9. Isotherms at the heat flux of 6:0� 105 Wm�2 for the test cases: (a) Test 1, (b) Test 2, (c) Test 3.
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in Tests 1 and 3, whereas the heat transfer path is dis-

torted in Test 2 due to the Marangoni convection.

Tables 3–5 give the numerical results for the above

three additional tests for various heat fluxes. The pre-
dicted boiling curves of Tests 1, 2 and 3 are also shown

in Fig. 4 for comparison. It can be clearly seen in Tables

3–5 and Fig. 4 that the calculated wall temperatures in

the three additional tests increase in the order of Tests 1,

2 and 3, which indicates the decreasing relative contri-

butions in the order of the microlayer evaporation,

Marangoni covection and pure conduction and evapo-

ration of the macrolayer. The highest wall temperature
(250–315 �C) obtained in Test 3 indicates that the pure

conduction has not the capability to extract the heat flux

efficiently from the heater surface to the vapor–liquid

interface for evaporation. The wall temperature de-

creases with increasing heat flux due to the reduction of

the macrolayer thickness, showing an unreasonable

strongly backward boiling curve in Fig. 4. In Test 2, the

wall temperature decreases greatly by introducing Ma-
rangoni convection in the macrolayer region as com-

pared to Test 3, indicating that Marangoni-induced

thermo-capillary driven flow constitutes a highly effi-

cient heat removal mechanism. The overprediction of

the wall temperature in Test 2 suggests Marangoni

convection in the macrolayer region not be solely re-

sponsible for the heat transfer rates observed in nucleate

boiling. Both Tests 2 and 3 show that the major heat
transfer occurs at the bubble–liquid interface (see fbubble
in Tables 4 and 5). Although the triple-point mass-

evaporation coefficient in Test 1 can be tuned to a cer-

tain value to match the calculated boiling curve with the

experimental data, this is believed to exaggerate the

microlayer evaporation (see fTP in Tables 2 and 3) by

neglecting Marangoni convection which does exist in the
macrolayer. Thus the new model developed in the pre-

sent study should be more reasonable for revealing the

full heat transfer mechanisms and their relative contri-

butions in the mushroom region of saturated pool nu-

cleate boiling.

As mentioned previously, a value of 0.04 was adopted

for the evaporation coefficient E in the present study. A

sensitivity study of E on the calculated results was car-
ried out and the effect of the evaporation coefficient E on

the calculated wall temperature Tw at the heat flux of

6:0� 105 Wm�2 is shown in Fig. 10. It can be seen that

Tw increases with increasing E. Fig. 11 shows the vector

pattern in the macrolayer region at the heat flux of

6:0� 105 Wm�2 for E ¼ 0:5. We can see that the in-

tensity of Marangoni convection in the macrolayer re-

gion becomes weak as compared to the case for E ¼ 0:04
shown in Fig. 5(a). It is the decrease of the intensity of

Marangoni convection that leads to the increase of Tw
with increasing E. Table 6 lists the numerical results for

the Marangoni number, the wall temperature and the

evaporation fraction of the triple-point, stem–liquid in-

terface and bubble–liquid interface at E ¼ 1:0 and

q ¼ 6:0� 105 Wm�2. It can be seen in Table 6 that the

evaporation fraction of stem–liquid interface and bub-
ble–liquid interface decreases as compared to the case of

E ¼ 0:04 and q ¼ 6:0� 105 Wm�2 (see Table 2) due to

the decrease of the intensity of Marangoni convection.

Table 3

Numerical results for various heat fluxes for water at atmospheric pressure (Test 1)

q� 10�5 (Wm�2) 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Ma� 10�4 7.1 4.7 3.3 2.6 2.0 1.7 1.4

Tw (�C) 125.21 125.35 125.44 125.52 125.56 125.59 125.62

fTP (%) 88.8 87.7 86.8 85.9 85.1 84.3 83.6

fstem (%) 3.2 2.9 2.6 2.4 2.2 2.1 2.0

fbubble (%) 8.0 9.4 10.6 11.7 12.7 13.6 14.4

Table 4

Numerical results for various heat fluxes for water at atmospheric pressure (Test 2)

q� 10�5 (Wm�2) 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Ma� 10�4 6.8 4.9 3.8 3.1 2.6 2.3 2.0

Tw (�C) 124.0 126.6 129.0 131.1 133.1 134.9 136.6

fstem (%) 29.3 27.1 25.4 23.9 22.6 21.5 20.4

fbubble (%) 70.7 72.9 74.6 76.1 77.4 78.5 79.6

Table 5

Numerical results for various heat fluxes for water at atmospheric pressure (Test 3)

q� 10�5 (Wm�2) 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Ma� 10�4 61.0 36.8 24.6 17.7 13.3 10.4 8.4

Tw (�C) 315.3 300.2 287.2 276.8 268.0 260.4 253.9

fstem (%) 32.1 26.2 22.2 19.2 16.9 15.1 13.6

fbubble (%) 67.9 73.8 77.8 80.8 83.1 84.9 86.4
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From Table 6, we can also see that the calculated Tw
(¼ 123.06 �C) at E ¼ 1:0 is about 2.2 K lower than that

in Test 1, in which the Marangoni convection was not

considered (see Table 3, Tw ¼ 125:52 �C), indicating that
the Marangoni convection still plays an important role

even if the value of E reaches its maximum value of

unity. Therefore, the Marangoni convection should be

considered in revealing the highly efficient heat transfer

mechanisms in the vapor mushroom region of saturated

nucleate pool boiling irrespective of the value of E.
Considering the actual conditions in most engineering

systems as mentioned previously, a value of 0.04 for E,
as recommended by Ma and Pan (1999a), is reasonable

for the present model computation.

4. Conclusions

A new model was developed for the heat transfer and

fluid flow in the vapor mushroom region of saturated
nucleate pool boiling in which three heat transfer

mechanisms were incorporated, the conduction and

evaporation in the microlayer region, the conduction

and evaporation in the macrolayer region and Ma-

rangoni convection in the macrolayer region. The main

conclusions can be itemized as follows:

(1) The heat flux can be efficiently transferred to the va-
por–liquid interface by the Marangoni convection.

(2) From the new proposed model predictions, the evap-

oration at the triple-point plays a very important role

in the heat transfer with a weighting fraction of

about 60% over the heat flux ranges investigated,

and the relative evaporations at the bubble–liquid in-

terface and the stem–liquid interface are about 30%

and 10% respectively.
(3) Overprediction of the wall superheat in the addi-

tional tests in which Marangoni convection or/and

microlayer evaporation were not considered further

indicates that both the Marangoni convection and

microlayer evaporation play important roles in the

mushroom region of saturated pool nucleate boiling

heat transfer.
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