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ABSTRACT
It’s believed that the macrolayer plays an important role

in nucleate and transition boiling heat transfer at high heat
flux. Many experiments have been carried out to support the
macrolayer evaporation model, however, little has been
conducted in the numerical simulation of boiling heat transfer.
In this study, based on the macrolayer evaporation model of
Maruyama et al. (1992), a numerical simulation of pool
boiling for steady state was carried out. The key points of the
simulation are: (1) It is modeled that the macrolayer
containing vapor stems occupies the region immediately next
to the wall and that the vapor stems are formed on the active
cavity sites. (2) Not only does the evaporation occur at the
vapor bubble-macrolayer interface, but also at the liquid-
vapor stem interface. (3) The macrolayers form periodically.
No liquid is supplied to the macrolayers during the hovering
period. While the vapor mass departs from the surface, the
macrolayers replenish immediately despite of the complicity
of the transition period between the departures of two vapor
masses. The major results are: (1) The boiling curves of water
and FC-72 (C6F14) were reasonably predicted. (2) The
temporal variations in surface temperature for different
boiling regimes were obtained.

Secondly, the simulation of transient pool boiling was
conducted. It was realized with following assumptions:
(1) The macrolayer evaporation model can be extended to the
transient pool boiling. The macrolayer forms cyclically and
its thickness is determined by the surface heat flux when the
vapor mass takes off.
(2) One-dimensional transient heat conduction within the
heater coupled with the macrolayer model was considered.
Being employed explicit FDM, the instantaneous surface

temperature can be obtained. Therefore, the instantaneous
heat flux can be calculated by applying the surface
temperature into the macrolayer model.
(3) In the transition-boiling regime, the initial thickness of
macrolayer was determined by the extrapolated value of the
obtained nucleate boiling curve.
The simulated results showed that:
(a) For lower transient heating rate, the boiling curve in the
nucleate boiling regime almost remains the same as the
steady-state curve. For higher transient heating rate, it
deviates from the steady-state curve.
(b) The critical heat flux increases with increasing heating
transients. The investigation of the changes of macrolayer
thickness and void fraction implies that the evaporation of
macrolayer has a great effect on the increase of CHF under
transient heating.
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Figure A-1 Schematics of Macrolayer Model
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NOMENCLATURE
A = area, m2

g = gravitational acceleration, m/s2

Hfg= latent heat of evaporation, J/kg
N = number of molecules per volume
q = instantaneous heat flux, W/m2

qav = time averaged heat flux, W/m2

qm = Gambill-Lienhard upper limit heat flux, W/m2

Q = heat transfer rate, W
rs = radius of a vapor stem, m
r = radial coordinate from the center of a vapor stem, m
R = ideal gas constant, J/kgK
Tw = surface temperature,oC
t =time, s
v = mean velocity of molecules, m/s
α1 = void fraction
α = thermal diffusivity, m2/s
δ = macrolayer thickness, m
δm = macrolayer thickness corresponded to qm, m
λ = thermal conductivity, W/mK
θ = contact angle
ρmolec= mass of a molecule
ρl = density of liquid, kg/m3

ρv = density of vapor, kg/m3

σ = surface tension, N/m
τ = bubble departure period, s

Subscripts
h = heater
l = liquid
v = vapor
w = heated surface

INTRODUCTION
Understanding the mechanism of boiling heat transfer

during steady state and transient condition is very important
in steel industry and nuclear reactor technology. For the
steady-state pool boiling, a number of models have been
proposed. Among them, there are several modeling efforts
that focus on the instabilities in the tiny vapor passages that
are postulated to intersperse the liquid-rich macrolayer
immediately adjacent to the heater surface.

Haramura & Katto(1983) and Pan et al. (1989) suggested
an alternate CHF theory basing on the role of the macrolayer.
These models retained the basic element of Zuber (1959)’s
model that hydrodynamic instabilities dictate the occurrence
of CHF. However, they proposed that the controlling
instabilities occur not at the walls of large vapor columns but
rather at the walls of tiny vapor stems around active nucleate
cavities that intersperse the liquid macrolayer on the heater
surface itself.

Another representative model was reported by Dhir &

Liaw (1989). They deduced an area and time-averaged model
from experimental measurements of void fraction close to the
heater surface. In the model, the energy from the wall is
conducted into liquid macro/micro layer surrounding the
stems and is utilized in evaporation at the stationary liquid-
vapor interface. They proposed that the heat flux be predicted
as

wswvwswlw ThThq ∆+∆−= αα )1( (1)

whereαw is the void fraction at the wall. The heat transfer
coefficient in the dry region was taken to be that given by a
correlation for film boiling. The heat transfer coefficient in
the wet region was obtained by solving two-dimensional
conduction equation for the liquid-occupied region. The
analysis is based on the assumption that all dissipation of
liquid occurs on the walls of the vapor stems.

Although the two models can explain critical heat flux
and transition boiling fairly well, there appears to be some
discrepancies with each other.

Maruyama et al. (1992) presented a model basing on the
macrolayer theory. The model retains the basic thought of
Haramura & Katto’s model (1983) that the macrolayer forms
underneath the coalesced bubble and dries out periodically.
The difference is about the assumption of vapor stems. The
model developed by Maruyama et al. (1992) postulated that
vapor stems are formed on the active cavity sites with a
certain contact angle and the evaporation also occurs at the
liquid-vapor interface. However, Haramura & Katto (1983)
assumed that the liquid-vapor interface was stationary and the
entire surface heat flux contributes to macrolayer evaporation.
Therefore, only the height of vapor stems decreases with time.
In fact, this model can be considered to be the combination of
the spatial-averaged and time-averaged model.

With respect to transient boiling processes, a large
number of experimental studies have been conducted. Sakurai
and Shiotsu (1977a, 1977b) obtained transient boiling data
using a platinum wire of 1.2mm in diameter in a pool of
saturated water by increasing input power exponentially. The
heat generation rate per unit volume is expressed as




=
0

exp)( t
tQtQ i

(2)

The exponential period of heat generation rate was varied
from 5ms to 10s. The pressure changed from atmospheric to
2MPa. They concluded that the transient boiling could be
divided into regular and irregular boiling. For the regular
boiling, transient CHF is in the extension of the steady-state
curve. In irregular boiling, the transient curve doesn’t recover
the steady-state curve and transient CHF become much
higher.

Copyright © 1999 by ASME
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Recently, Hohl et al. (1996) performed pool boiling
experiments with controlled wall temperature transient. They
obtained transient boiling data using a cylindrical copper
block of 10-mm thickness and 34mm in diameter in a pool of
saturated liquid FC-72. The experiment revealed that the
characteristics of the transient boiling curve increases with
wall temperature heating rates and decreases with cooling
rates.

Pasamehmetoglu et al. (1990) and Zhao et al. (1997)
reported the theoretical treatments of this problem.
Pasamehmetoglu et al. (1990) provided a model for predicting
transient CHF in saturated pool boiling. The developed model
includes the analysis of heat conduction within the heater
coupled with a macrolayer-thinning model. The prediction
indicated favorable agreement with the experimental data
except the fast transient when the exponential period of heat
generation rateτm is less than 20ms. However, the prediction
was just compared to that of the heater of small diameter
wires. In fact, the analytical model is based on the assumption
that for the critical heat flux, the vapor bubble departs only
when the macrolayer is dried out completely. This is
inconsistent with the experiment by Kirby & Westwater
(1965). Zhao et al. (1997) recently put forward a model for
transient pool boiling heat transfer basing on their microlayer
model. In their model, the evaporation of the microlayer
below the individual bubbles was considered to play an
important role in the nucleate boiling heat transfer. For the
transient heating, they assumed that the population of
individual bubbles increases with time and in each time-step a
new group of bubbles with the same size form and grow up.
Although the prediction showed the same tendency with the
experimental data, it employed too high heating rate to be
realized in practical experiments for a horizontal surface.

In this paper, basing on the model of Maruyama et al.
(1992), we adopted theoretical method to determine
macrolayer thickness and employed simple numerical method
to obtain the boiling curve of water and FC-72 for the steady-
state condition. In addition, the model was developed to apply
in the transient boiling process. The transient boiling curves
were predicted through increasing power linearly and
exponentially. The results showed a favorable agreement with
the experiment of Hohl et al. (1996) and the same tendency
with the experiment of Sakurai et al. (1977).

NUMERICAL SIMULATION FOR STEADY STATE
Governing Equations

Figure 1 shows the schematic of the top and side views
of a vapor bubble on a heated surface. In this model, the
macrolayer containing vapor stems occupies the region
immediately next to the wall. The vapor stems are formed on
the active cavity sites. The most important feature of this
model is the introduction of a liquid-vapor stem interface

evaporation phenomenon, which means that not only does the
evaporation occur at the vapor bubble-macrolayer interface
but also at the stem interface.

In this part of the simulation, we assumed the wall
temperature was uniform and constant. The influence of
temperature variation in the heater was not considered. From
the heater surface heat is conducted into the macrolayer and is
utilized in evaporation at the macrolayer-bubble interface.
Therefore, the heat balance is written as

δ
λδρ T

dt

d
H fgl

∆=− (3)

By the integration of equation (3), the thickness of macrolayer
can be obtained as

δ δ λ
ρ

( )t
T

H
t

l fg

= −0
2 2

∆
(4)

whereλ is heat conductivity of liquid,ρl is density of liquid ,
Hfg is latent heat of evaporation,∆T is wall superheat, andδ0

is the initial thickness of macrolayer.
The rate of heat transfer from the liquid-vapor stem

interface can be written as
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Where A is the liquid-vapor stem interface area. Suppose that
heat from the heated surface is conducted into the interface
area and is applied in the evaporation at the stem-liquid

Figure 1. Model of heat conduction and
evaporation near the liquid-vapor interface
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interface. The evaporated heat just contributes to the increase
of radius of the vapor stem. Therefore, the heat balance can
be written as

θρ sin
dt

dr
AHqdA s

fgl∫ = (6)

where θ is defined as the contact angle according to the
model. The growth rate of vapor stems drs/dt is then obtained
from equations (5) and (6) as
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Becauseδ/(r0tanθ)<<1, thus equation (7) can be simplified as
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where δm is the thickness corresponding to the maximum
evaporation heat flux for saturated pool boiling. The
introduction of is δm to avoid the infinite heat flux at the
liquid-vapor interface. The maximum evaporation heat flux
can be obtained by considering the evaporation and
condensation of molecules. There exists vapor pressure
difference when the surface is at the superheated condition.
The mass velocity of evaporated molecules is expressed as

sat

vmolec
RT

p
vNvm

π
ρρ

2

∆===∆ (9)

By Clausius-Clapeyron equation, the relation between
pressure difference and superheat can be written as
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The upper limit heat flux thus can be written as
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For saturated pool boiling of water at atmospheric pressure,
the upper limit heat flux can be expressed as

q T MW mm = 7 86 2. ( / )∆ (12)

Therefore,δm can be expressed from equation (3) as

δ λ
m

m

T

q
= ∆ (13)

In order to calculate the instantaneous heat flux q, we
introduce a parameterw, which is defined as the equivalent
thickness. It means the amount of liquid left on the surface. It
can be expressed asw=δ(1-α1). The instantaneous heat flux
can be written as
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where
1αq and qδ are heat fluxes related to the decay of

macro-layer thickness and the growth of vapor stems,
respectively.

The macrolayer theory considers that the liquid supply
occurs periodically and the departure period exactly
corresponds to the sustained period of vapor bubble.
Therefore, the averaged heat flux can be expressed as

q qdtav = ∫
1

0τ

τ

(15)

Vapor Stems, Initial Macrolayer Thickness and
Bubble Departure Period

With respect to the initial void fraction, Gaertner (1965)
showed that the diameter of the vapor stems had the
relationship with the active site population for water as

9

12 =
A

N
D (16)

Where D is the diameter of the vapor stem, N/A is the
active site population. In this simulation, the diameters of the
vapor tems were controlled within 0.4mm according to the
experiments. On the basis of the above equation, the active
site population was between 266 1053.1~1015.1 −×× m .

Rajavanshi et al. (1992) put forward an equation about
initial macrolayer thickness according to Haramura & Katto’s
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hypothesis (1983), i.e.
24.0
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In this simulation, for a given heat flux, the initial macrolayer
thickness was obtained by equation (17). In the transition
boiling regime, the extrapolated values of the equation were
employed as the initial macrolayer thickness. The bubble
departure period is according to the equation of Katto &
Yokoya(1975), i.e.
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Results for Steady State
Because the heat flux is the function of wall superheat,

from nucleate boiling regime to the critical heat flux, we can
obtain the numerical solution of wall superheat by the
bisection method. To be specific, initially, for a given heat
flux, we obtained the initial macroalyer thickness by equation
(17). Subsequently, we calculated the heat flux in a certain
wall superheat by using the above macrolayer model. Finally,
If the difference between the calculated and the given heat
flux was less than a decided convergence coefficient, the wall
superheat could be considered the numerical solution of the
given heat flux. In the transition boiling regime, we employed
the wall superheat as the given condition instead, the initial
macrolayer thickness was gained through the extrapolated
line of the boiling curve in nucleate boiling regime. Therefore,
the heat flux can be calculated by the present model.

Figure 2 shows the simulated boiling curve .The
diameter of simulated area was 10mm. As shown, the
prediction in the high heat flux regime is in a good agreement

with the experiments, however, it predicted higher in the low
heat flux regime. This implies that this model is more suitable
for the high heat flux regime.

The relationship between the initial macrolayer thickness
and wall superheat is shown in Figure 3. It can be seen that
the change of initial macrolayer thickness is closely related to
the change of heat flux. Different decreasing rates
corresponds to the different boiling regime. Near the critical
heat flux condition, the decreasing rate changes considerably,
therefore, different boiling regimes appear.

The boiling curve of FC-72 was also calculated. The
fluid was saturated at a temperature of 329K. The averaged
bubble departure period of FC-72 was calculated as 30ms
from equation (18). The results are plotted in Figure 4. We
can see that except the lower critical heat flux, they are almost
consistent with the experimental values carried out by Hohl et
al. (1997). The predicted critical heat flux by the present
model is 5107.1 ×=q W/m2 at ∆T=36K. The lower heat flux

Figure 3. Simulated Initial Macrolayer ThicknessFigure 2. Comparison of the model
prediction with the experimental data

Figure 4. Simulated boiling curve of FC-72
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than the experimental value may be due to the smaller
simulated area of the heater.

SIMULATION OF TRANSIENT BOILING
The macrolayer evaporation model was extended to the

transient boiling. Some assumptions were included as
follows:
(1) The macrolayer form periodically. While the vapor mass
departed from the surface, the macrolayer established
immediately without a transition period before the formation
of the new vapor mass. The initial thickness of the macrolayer
is determined by the surface heat flux when the vapor mass
takes off.
(2) The initial void fraction is not changed with wall
temperature. This is consistent with Gaertner (1965)’s
deduction that the product of the diameter of the vapor stems
and the active site population remains the same, although the
active site population increases with the wall superheat.

The motion pictures of Katto and Yokoya(1970) show
that the liquid supply is initiated before the formation of
vapor mass, however, the delay time of the new vapor bubble
is much smaller than the bubble hovering period. Therefore, it
is reasonable to make the assumption (1).

Besides the evaporation of macrolayer at heated surface,
one-dimensional transient heat conduction within the heater
was also considered. The heat conduction equation is

2

2

x

T

t

T

∂
∂=

∂
∂ α (19)

Subjecting to the following initial and boundary conditions:

0=t , 0ink qq = , 0TTw = (20)

0=x ,
kq

x

T =
∂
∂− λ (21)

Hx = ,
inq

x

T =
∂
∂− λ (22)

Where T0 is the initial averaged wall temperature,qk is the
instantaneous heat flux of boiling heat transfer, andqin is the
input heat flux from the bottom of the heater. Employing
explicit FDM, we can obtain the instantaneous surface
temperature and the instantaneous heat flux can be calculated
by applying surface temperature into the macrolayer model.

Results for Transient Heating
The input heat flux was set to increase linearly and

exponentially. The incipient boiling superheats of water and
FC-72 were set at 10K and 15K respectively. The simulated
area is 10mm in diameter and the heater is copper with 10mm
in thickness. The bubble departure periods of water and FC-
72 are calculated by equation (18). Because the bubble

departure periods didn't change so much according to
Huang(1993), we employed the averaged values as 40ms and
30ms respectively. The averaged heat flux increases with time
and reaches the peak value automatically. We first
investigated the wall temperature variation when the heating
rate is zero, which is namely at steady state. The result is
plotted in Figure 5. In nucleate boiling regime (Tw=122oC),
the variation is very small. With the wall superheat increasing,
the fluctuation becomes larger, especially in transition boiling
regime. This is because the macrolayer is considerably thin
and is consumed completely within a short period.

The boiling curves of water and FC-72 are plotted in
Figure 6 and Figure 7. From these two figures, we can see
that the boiling curves change with the heating rates. For
lower transients, boiling curves almost remain the same as the

Figure 5. Temporal variations of wall
temperature predicted for Steady State

Figure 6. Predicted transient boiling
curves of water
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steady-state curve. Beyond the steady-state CHF, the nucleate
boiling curves extend until the transient CHF is reached. For
higher transient heating rate, the boiling curves deviate from
the steady-state curve and the CHF becomes much higher.
The experimental data by Hohl et al. (1996) are also plotted in

Figure 7. It’s found that the simulated results have the same
tendency as the experimental data. In Hohl et al. (1996)'s
experiment, the diameter of heater was 34mm, this may be the
reason that the CHF values are higher than the simulated
results.

The transient boiling curves of water with increasing
heat input exponentially are plotted in Figure 8(a). The
exponential periods are varied from 5s~50ms. It shows the
same characteristics as that shown in Figure 6. The change of
transient CHF with time is plotted in Fig. 8(b). It can be seen
that transient CHF generally increases the increase of heating
rate. This tendency is the same as Sakurai et al. (1977, Part
2)'s experiment on a thin wire. However, the transient CHF
begins to fluctuate when t0 is less than 70ms. The reason may
be because the formation of macrolayer becomes unsteady.

We also tried to analyze the mechanism that the transient
boiling curves change with heating rates. Figure 9(a) shows
the changes of macrolayer thickness, and Figure 9(b) shows
the changes of void fraction of point 1(steady state) and point
2(transient) in Figure 6. We can see that the macrolayr
thickness of point 2 is thicker than that of point 1, whereas the
instantaneous void fractionα of point 2 is a little less than
that in point 1. This may suggest that because of the thicker
macrolayer thickness in transient boiling, the transient CHF
becomes higher than the steady-state CHF.

SUMMARY AND CONCLUSIONS

Figure 7. Simulated transient boiling curves
of FC-72 for different heating rates

Figure 9. Comparison of characteristic
parameters for transient boiling and steady

state (a) changes of macrolayer thickness (b)
changes of void fraction
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1. In this study, by using bisection method, the boiling
curves of water and FC-72 were obtained. The results show
that the macrolayer model is more suitable for the high heat
flux regime

2. The macrolayer model was extended to transient
boiling. Combining the original model and one-dimensional
transient heat conduction within the heater, we obtained
transient boiling curves of water and FC-72 by increasing
input heat linearly and exponentially. The results are in an
agreement with the experiment of Hohl et al. (1996).

3. By investigating the characteristic parameters for
steady state and transient boiling, we found macrolayer
thickness plays more important role on the transient boiling.

4. In this simulation, we assumed that the surface
temperatures were uniform spatially. It has been known that
spatial variations in surface temperature may not be
overlooked. In the next step, we should simulate the temporal
and spatial variations of wall temperature.
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