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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, litte 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 (GF.) 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
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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, M

g = gravitational acceleration, /s

H,,= latent heat of evaporation, J/kg

N = number of molecules per volume

g = instantaneous heat flux, Wim

0, = time averaged heat flux, W/m

0. = Gambill-Lienhard upper limit heat flux, W/m
Q = heat transfer rate, W

r,=radius of a vapor stem, m

r = radial coordinate from the center of a vapor stem, m
R = ideal gas constant, J/kgK

T, = surface temperaturéC

t=time, s

v = mean velocity of molecules, m/s

o, = void fraction

a = thermal diffusivity, ni/s

0 = macrolayer thickness, m

0, = macrolayer thickness corresponded tpm
A = thermal conductivity, W/mK

0 = contact angle

Pmoiec= Mass of a molecule

p, = density of liquid, kg/m

p, = density of vapor, kg/th

0 = surface tension, N/m

T = bubble departure period, s

Subscripts

h = heater

I = 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

qw = hl (1_ aw)ATws + hvawATws (l)
whereaq,, 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

Q(t) =@ exp 1

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.

(2)
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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 rate,, 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. (1997kcently 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
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L\
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5
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Figure 1. Model of heat conduction and
evaporation near the liquid-vapor 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

dé AT
AP ™

®3)

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

AAT
PiHg

o) = 85 -2 t (4)

whereA is heat conductivity of liquidp, is density of liquid ,
H,,is latent heat of evaporatioAT is wall superheat, and,
is the initial thickness of macrolayer.

The rate of heat transfer from the liquid-vapor stem
interface can be written as

Q :quA: qunrdr

()
1 D+ﬂ o +log o
Hrotane "

tangd 0

= 2/ AT

immediately next to the wall. The vapor stems are formed on Where A is the liquid-vapor stem interface area. Suppose that
the active cavity sites. The most important feature of this heat from the heated surface is conducted into the interface
model is the introduction of a liquid-vapor stem interface area and is applied in the evaporation at the stem-liquid
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interface. The evaporated heat just contributes to the increaseFor saturated pool boiling of water at atmospheric pressure,
of radius of the vapor stem. Therefore, the heat balance can the upper limit heat flux can be expressed as
be written as

0y, = 7.86AT( MW/ nt) (12)
[adA= pH AL sing 6) _
dt Therefore g, can be expressed from equation (3) as
wheref is defined as the contact angle according to the _AAT (13)
model. The growth rate of vapor stemg/dr is then obtained 0, =

from equations (5) and (6) as fhn
In order to calculate the instantaneous heat flux g, we
introduce a parametex, which is defined as the equivalent
thickness. It means the amount of liquid left on the surface. It
7) can be expressed as&=J1-a,). The instantaneous heat flux
can be written as

E o dw
+ — —_
E man@% q_'o'H“JE_ dt@

d, 1 AT 1

dt_le o tand

fg

0

o+ %%Iog%
<0 [otand n

0

0

|

ooo

_ do da, 14
Becauseé/(rtarb)<<1, thus equation (7) can be simplified as =pHg (1_‘71)%&@"’ pH fgdditl 14)
=q, +
dr, 1 AAT O o %, "%
—s = ~—d+log (8)
t pHy 0 [ m where o and g, are heat fluxes related to the decay of

i i i , macro-layer thickness and the growth of vapor stems,
where g, is the thickness corresponding to the maximum respectively.
evaporation heat flux for saturated pool boiling. The The macrolayer theory considers that the liquid supply
|ntrc_)duct|on pf is o, to avoid thg infinite heat _qux at the occurs periodically and the departure period exactly
liquid-vapor interface. The maximum evaporation heat flux corresponds to the sustained period of vapor bubble.

can be obtained by considering the evaporation and Therefore, the averaged heat flux can be expressed as
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 q, = ; J’ qdt (15)
T 0
_ _,__DOp
Am= P e NV= o,V = - R ©) Vapor Stems, Initial Macrolayer Thickness and

sat

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

By Clausius-Clapeyron equation, the relation between
pressure difference and superheat can be written as

p_ H - (20)

A peN_1 (16)
AT 1 1 A 9
T, ” /TE
! ' Where D is the diameter of the vapor stem, N/A is the
The upper limit heat flux thus can beitten as 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
— —_ ,0| pv H fg H fg 11 . . 5
O =AMH, = AT (1D site population was betweefi15x1G ~153x1Gm>.
P=p T Y2RT, Rajavanshi et al. (1992) put forward an equation about

initial macrolayer thickness according to Haramura & Katto's
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Figure 2. Comparison of the model
prediction with the experimental data

hypothesis (1983), i.e.

.4
H
3, =o.01o7apvé+m%g %g (17)
1Y | Uav

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.

=B£BTD4(5P| +p,)0 l% (18)
“oarn Holo -p)H"

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,
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Figure 3. Simulated Initial Macrolayer Thickness
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Figure 4. Simulated boiling curve of FC-72

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

If the difference between the calculated and the given heat corresponds to the different boiling regime. Near the critical

flux was less than a decided convergence coefficient, the wall

heat flux condition, the decreasing rate changes considerably,

superheat could be considered the numerical solution of the therefore, different boiling regimes appear.

given heat flux. In the transition boiling regime, we employed
the wall superheat as the given condition instead, the initial

The boiling curve of FC-72 was also calculated. The
fluid was saturated at a temperature of 329K. The averaged

macrolayer thickness was gained through the extrapolated bubble departure period of FC-72 was calculated as 30ms

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

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 itical heat flux by the present
model is q=1.7x10°W/m? at AT=36K. The lower heat flux
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than the experimental value may be due to the smaller

simulated area of the heater. 1251 T
- ]
SIMULATION OF TRANSIENT BOILING & 120f -
The macrolayer evaporation model was extended to the F r .
transient boiling. Some assumptions were included as £ 1350 o]
follows: < r T30
S C ]
(1) The macrolayer form periodically. While the vapor mass g r ]
departed from the surface, the macrolayer established @ 10—~ "~ — 7
immediately without a transition period before the formation § 145F : i
of the new vapor mass. The initial thickness of the macrolayer E T,~136°C ]
is determined by the surface heat flux when the vapor mass 140¢ E
takes off. 135:\/\/\/ 1
(2) The initial void fraction is not changed with wall F 1
temperature. This is consistent with Gaertner (1965)’s 130, 100 -
deduction that the product of the diameter of the vapor stems Timet, ms

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 [x10"]
vapor mass, however, the delay time of the new vapor bubble 20 —_—
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

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

---Steady State

—5KI/s
——80K/s

2

T T T T T T T T T
T T T T N B

=
o
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1

Heat Flux q ,,, W/m

oT _ 0°T (19)

ot a ox?

T T T T T T T T

Subjecting to the following initial and boundary conditions:

e
N N T T T |

=0, O = Upnor Tw =T (20) 0 20 40 60 80
X=0, —A al =q (21) Wall Superheat AT, K
ox Figure 6. Predicted transient boiling
Xx=H, - aT =q, (22) curves of water

X departure periods didn't change so much according to

Where b is the initial averaggd wall temperaturg, i,S the Huang(1993), we employed the averaged values as 40ms and
!nstantaneous heat flux of bailing heat transfer, gpes the. 30ms respectively. The averaged heat flux increases with time
input heat flux from the bottom of the heater. Employing 4 reaches the peak value automatically. We first

explicit. FDM, we can obtain the instantaneous surface investigated the wall temperature variation when the heating
temperature and the instantaneous heat flux can be calculated ;o is™7ero which is namely at steady state. The result is

by applying surface temperature into the macrolayer model plotted in Figure 5. In nucleate boiling regime, @122C),
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

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

exponentially. The incipient boiling superheats of water and 44 is consumed completely within a short period
FC-72 were set at 10K and 15K respectively. The simulated The boiling curves of water and FC-72 aré plotted in

area is 10mm in diameter and the heater is copper with 20mm Figure 6 and Figure 7. From these two figures, we can see
in thickness. The bubble departure periods of water and FC- o+ e boiling curves change with the heating rates. For

72 are calculated by equation (18). Because the bubble lower transients, boiling curves almost remain the same as the

Copyright © 1999 by ASME



[x10]

T T T T T T T T T
—— T77K/s(heating)
%o — 22K/s(heating)
2 -- Steady State
Hohl et al.
~ — Steady State
é e 4K/s(heating)
; o 10K/s(heating)
&
o
x
=
LL
w1 ]
3]
I
°
1 1 1 1 1 1 1 1 1
0 50

Wall Superheat AT, K

100

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

°© Steady State oo
\*
N
£ 10°F \ i
S [
>
©
(ox to
5 ---- 5000ms
E 1000ms
§ Q=Quexp(t/ty) . el,ggmz
—— 70
5 --- 50ms
10 : )
10" 102
Wall Superheat AT, K
L 10’ : .
£
;' Saturated Boiling
% P=0.101MPa
o
€
Q “. .
] .
c .
S M . . .
'_
6 ) |
10°— —
107 107 10° 10

Figure 8. Predicted results by exponential

Heating increase (a) transient boiling curves

1

(b) relationship between transient CHF and

exponential period

(@)

(b)

steady-state curve. Beyond the steady-state CHF, the nucleat
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
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Figure 9. Comparison of characteristic
parameters for transient boiling and steady
state (a) changes of macrolayer thickness (b)
changes of void fraction

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 ts 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 fraction 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
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1. In this study, by using bisection method, the boiling

Mass in Saturated Nucleate and Transition pool Boiling,”

curves of water and FC-72 were obtained. The results show Trans. JSMEVol. 41, pp.294-305.

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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