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Abstract

A new numerical simulation model of boiling heat transfer is proposed based on a numerical macrolayer model
[S. Maruyama, M. Shoji, S. Shimizu, A numerical simulation of transition boiling heat transfer, in: Proceedings of the
Second JSME-KSME Thermal Engineering Conference, pp. 3-345-3-348, 1992]. In this model, the boiling curve is
reproduced numerically by determining the macrolayer thickness. It is found that the evaporation due to the growth of
vapor stem is the main contribution to the total heat flux. In addition, the formation of nucleation site density is
considered and the effect of surface roughness is investigated. Furthermore, the model is applied in the transient boiling
process. The transient boiling curves are predicted through increasing power linearly and exponentially. The saturated
liquid fluorinert FC-72 and water are used in the numerical calculation. Finally, this model is combined with three-
dimensional transient heat conduction to investigate the spatial variations of wall temperature. © 2001 Elsevier

Science Ltd. All rights reserved.

1. Introduction

Boiling is a complex and elusive process. For the past
several decades, numerous investigations of modeling
efforts on nucleate boiling have been carried out. Ac-
cording to the hypothesis on the heat transfer, these
models may be divided into three major categories:
bubble agitation models, vapor-liquid exchange models
and latent heat and macro/microlayer evaporation
models.

The bubble agitation models are based on the as-
sumption that processes of bubble growth and release
induce the surrounding liquid to the heat transfer
process. The main role of the bubble is to agitate the
liquid, but to carry away little heat. These kinds of
models consider the heat transfer as the turbulent
forced convection. The pool boiling heat transfer is
correlated as the relationship between Nusselt number
and Reynolds number [2,3]. The representative models
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are Rohsenow’s model [4] and Zuber’s microconvection
model [5].

In the vapor-liquid exchange models, the movement
of the vapor is postulated as microscopic pumps. When
a bubble releases from the heated surface, it pushes the
superheated liquid from the near-wall region into the
cooler ambient and draws the cold fluid to the surface.
At this time strong convective heat transfer is carried out
between cold and superheated liquid. However, the
temperature boundary layer is usually much less than
the diameter of bubble, so the heat carried through the
boundary layer will be limited. This kind of model may
be far from the reality [2,3].

Recently, many researchers have shown that the
evaporation of the liquid macro/microlayer plays an
important role, especially at high heat flux regime. The
liquid layer includes the microlayer underneath the
bubble and the macrolayer at the base of coalescence
bubble.

On the other hand, the representative mechanisms
responsible for the critical heat flux (CHF) are Helm-
holtz-instability mechanism and the liquid macro/
microlayer evaporation mechanism.

Zuber [6,7] originally put forward a CHF theoretical
model based on Taylor instability and Helmholtz
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Nomenclature

A area

Ay area covered by vapor stems

Ay total area of heater

D; diameter of cavity

g gravitational acceleration

H heater thickness

Hi, latent heat of evaporation

i, ], k coordinate indices in x, y, z directions
L heater length

N number of molecules per volume

N number of surface cavity

q instantaneous heat flux

Gav time averaged heat flux

qcHF critical heat flux

Gin input heat flux

94,9, instantaneous and averaged heat flux

component due to the increase of void
fraction, respectively

95,45 instantaneous and average heat flux
component due to the decay of the
macrolayer thickness, respectively

Gm Gambill-Lienhard upper limit heat flux

0 heat transfer rate

7s radius of a vapor stem

R ideal gas constant

Rea cavity mouth radius

t time

to exponential period in Fig. 11

To initial averaged surface temperature

T temperature boundary condition at the
bottom of the heater

Trate wall temperature heating rate in transient
boiling

T surface temperature

vy volumetric growth rate of bubble

w equivalent macrolayer thickness

X, ),z rectangular coordinates

Greek symbols

o void fraction

o thermal diffusivity

do initial macrolayer thickness

0 instantaneous macrolayer thickness

Om macrolayer thickness corresponding
t0 gm

€ convergence coefficient

Am mass velocity of evaporated molecules

At time step

AT, active wall superheat corresponding to a
cavity

AT wall superheat

A thermal conductivity of water

H thermal conductivity of heater

0 contact angle

I density of liquid

Dy density of vapor

a surface tension

T bubble departure period

14 volumetric ratio of the accompanying
liquid to the moving bubble

Subscripts

0 initial

av average

b bottom boundary

cal calculated value

h heater

1 liquid

m maximum limit of evaporation

] boiling surface

v vapor

w heated surface

P present

Superscripts

m,m+ 1 computational times
n,n+1  time indices

instability. The fundamental idea is that the vapor
generated at the flat plate accumulates to form the large
continuous columns. CHF takes place when the vapor—
liquid interface of the escaped passage becomes unstable
due to Helmholtz instability. The equation is

n ae(pr—p)]"
QCHF:ﬁPVFII‘g{T} .

N

(1)

Bubble agitation mechanism and Helmholtz-instability
mechanism can either explain most of heat transfer at
the low heat flux regime or CHF, however, they cannot
account for the continuity of the pool boiling curve. At

this point, macro/microlayer evaporation mechanism is
reasonable because it can reproduce the pool boiling
curve from the nucleate boiling to transition boiling.
Therefore, in the recent decades, numerous experimental
and modeling efforts on liquid layer evaporation mech-
anism were carried out . Two main different postulates
on the evaporation of liquid layer can be divided: the
macrolayer model and the liquid-solid contact model.
Haramura and Katto [8] and Pan et al. [9] suggested
an alternate CHF theory based on the role of the
macrolayer. These models retained the basic element of
Zuber’s model [6,7] that hydrodynamic instabilities
dictate the occurrence of CHF. However, they proposed
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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 [10].

Bhat et al. [11] put forward a theoretical model of
macrolayer formation. They suggested that active site
density might play a role in high-heat flux nucleate
boiling and CHF.

In the above models, the periodic supply of macro-
layer liquid layer is considered to be the main mech-
anism of nucleate boiling and CHF.

On the other hand, in some models, the evaporation
of micro liquid layer and the increasing of dry area of
individual bubbles are considered to be important in
nucleate boiling heat transfer. Dhir and Liaw [12]
showed this idea in their time-averaged model. In their
model, the heat from the wall is conducted into liquid
macro/micro layer surrounding the stems and is utilized
in evaporation at the stationary liquid-vapor interface.
Later, Nagai and Nishio [13] pointed out that the
growth of the primary isolated dry area was the
mechanism of CHF according to their observations
through a single crystal sapphire boiling surface. Zhao
et al. [14] suggested the same viewpoint in their mi-
crolayer model.

Although these models can explain CHF and tran-
sition boiling fairly well, there appears to be some dis-
crepancies among these models.

Maruyama et al. [1] presented a numerical model
based on the macrolayer theory. The model retains the
basic idea of Haramura and Katto’s model [8] that the
macrolayer forms underneath the coalesced bubble and
dries out periodically. The difference is about the as-
sumption of vapor stems. The model postulates 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 and
Katto [8] assumed that the liquid—vapor interface was
stationary and the entire surface heat flux contributed
to macrolayer evaporation. In the study of Maruyama
et al. [1], they firstly assumed an initial spatial pattern of
vapor stems and employed the experimental macrolayer
thickness with wall superheat. Subsequently, they cal-
culated the heat flux according to their model and ob-
tained the simulated boiling curve of water. In addition,
they compared Haramura and Katto’s model [8] and
Dhir and Liaw’s model [12]. The results show the com-
patibility with the two models. In fact, this model can be
considered to be the combination of the spatial-averaged
and time-averaged model.

Although the model by Maruyama et al. [1] com-
bined the two kinds of viewpoints, there remain some
problems that can be classified as:

1. The initial macrolayer thickness is determined by
empirical wall superheat, which could not be easily
generated.

2. Tt is obscure in dealing with the delay time for the va-
por bubble formation which may have an effect on
steady-state and transient boiling.

3. The wall temperature is assumed to be uniform.

4. The effect of surface roughness is not considered.
Recently, many researchers are trying to look for a

valid numerical method to simulate boiling heat
transfer. Pasamehmetoglu [15,16] developed a com-
puter program to analyze low heat flux nucleate boil-
ing. They simulated the bubble dynamics on the boiling
surface by solving 3D transient heat conduction equa-
tion. The cylindrical control volumes with octagonal
and square cross-sections in lateral and vertical direc-
tions, respectively were used in the simulation. Each
octagonal cell was assumed to contain a nucleation
cavity and representing the footprint of a departing
bubble.

Bai and Fujita [17] performed a numerical simula-
tion of a single bubble by combining hydrodynamics
and heat transfer behavior. It was assumed that the
evaporation heat was supplied from the superheated
layer around the bubble by convection and from the
meniscus part of the microlayer. Two-dimensional
transient equations of mass, momentum and energy
were solved by arbitrary Lagrangian—Eulerian finite
element method (ALE-FEM). The growth process of
an isolated bubble was simulated continuously. Son
and Dhir [18] carried out similar work associated with
a single bubble.

Lately, coupled mapping lattice (CML) [19,20] and
lattice gas automata (LGA ) [21] method were also ap-
plied in boiling simulation. Although CML and LGA
reproduced different boiling modes and full boiling
curve, at present the methods can only simulate boiling
phenomena qualitatively.

In summary, more researchers came to pay attention
to the numerical simulation of boiling and tried to find
more information, which may be difficult to be found by
experiments.

As there are still many arguments on macro/micro-
layer evaporation mechanism, we tried to use the nu-
merical methods to develop a macrolayer model and
investigate the unity between the macrolayer and liquid—
solid contact model.

In this paper, we developed the model of Maruyama
et al. [1] in order to reproduce the boiling curve nu-
merically. Based on their physical model, we used a
simple numerical method and fewer empirical relations
to determine the wall superheat from the heat flux. In
addition, the formation of nucleation site density is in-
cluded to investigate the effect of surface cavities. Fur-
thermore, the model is applied in the transient boiling
process. The transient boiling curves are predicted
through increasing power linearly and exponentially.
Finally, the partial numerical method is used to inves-
tigate the spatial variations of wall temperature.
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2. The developed numerical model
2.1. Governing equations

In this model, the basic physical model and equations
of Maruyama et al. [1] are used. Fig. 1 shows the sche-
matic 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 evapora-
tion phenomenon, which means that the evaporation
occurs not only at the vapor bubble-macrolayer inter-
face, but also at the stem interface.

In the first part of the study, as done in the model
of Maruyama et al., we assumed the wall temperature
was uniform and constant. The influence of tempera-
ture variation in the heater was not considered. From
the heater surface heat is conducted into the macro-
layer and is utilized in evaporation at the macrolayer—
bubble interface. Therefore, the heat balance is written
as

0 AT
oty S0 = 8L ©)

By the integration of Eq. (2), the thickness of macrolayer
can be obtained as

Vapor Mushroom

Macrolayer

L
Heater oy

- AT

3(t) =4/ —2 ‘. (3)
o1Hrg
The rate of heat transfer from the liquid-vapor stem
interface can be written as

Q:/qu:/ q2nr dr
1

0 0
= 2nr0/1AT—tan9 {1 + (rotanﬁ) +log (a)], (4)

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 interface, the evaporated heat just contrib-
utes to the increase of radius of the vapor stem. There-
fore, the heat balance equation can be expressed as

dry .
/q d4 = p\HyA dirt sin 0, (5)

where 60 is defined as the contact angle in the model. The
growth rate of vapor stems dr;/d¢ is then obtained from

dry, 1 JAT 5
&y [”“’g(a)]’ ©)

where J,, is the thickness corresponding to the maximum
evaporation heat flux for saturated pool boiling. The
introduction of d,, is to avoid the infinite heat flux at the
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Fig. 1. Schematic of macrolayer model.
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liquid—vapor interface. The maximum evaporation heat
flux can be obtained by considering the evaporation and
condensation of molecules. The upper limit heat flux
thus is written as

P1 vafg Hfg

P1— Py Tsut \% 2‘)'I:RTsat

For saturated pool boiling of water at atmospheric
pressure, the upper limit heat flux is

qm = 7.86AT (MW /m?). (8)

qdm = AWleg = AT. (7)

Therefore, 0, can be written as
AT
Im

S )

The instantaneous heat flux can be obtained as

dw
q= lefg(—a)
do do
= piH(1 —“)(—a) +ﬂ1Hfgéa:%+qw (10)

where the parameter w is defined as the equivalent
thickness. It means the amount of liquid left on the
surface. It is expressed as

w=20(1—a), (11)

qs and g, are the heat fluxes related to the decay of
macrolayer 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 is ex-
pressed as

Gav :1/ th (12)
0

T

2.2. Closure relationships

With respect to the initial void fraction, Gaertner [22]
showed that the diameter of the vapor stems had the
relationship with the active site population for water as

,N 1

D 1= (13)
where D is the diameter of the vapor stem, N/A is the
active site population. When vapor stems are formed
directly, the diameters of the vapor stems are controlled
within 0.4 mm according to the experiment [23].

Rajavanshi et al. [24] put forward an equation about
initial macrolayer thickness according to Haramura and
Katto’s hypothesis [§], it is written as

0.4 H. 2
50:0.0107apv(1+&)(&) (ﬁ) . (14)
f1 g1 Gav

In this simulation, for a given heat flux, the initial
macrolayer thickness is obtained by Eq. (14). In the
transition boiling regime, the extrapolated values of the
equation are employed as the initial macrolayer thick-
ness. The bubble departure period is according to the
equation of Katto and Yokoya [29], i.e.,

1/5 ¢ 3/5
o (i) {4(gp.+pv)} W g1 (15)
4n glpr—py) 16

2.3. Numerical method to reproduce boiling curves

As described in the previous, although the macro-
layer model [1] provided a reasonable assumption on the
macrolayer liquid, the method to estimate boiling curve
has a problem because it is difficult to determine the
relationship between wall superheat and the thickness of
macrolayer. Besides this, the boiling curves of saturated
liquid except water are difficult to be predicted by their
method. However, these problems can be solved well by
the present method.

Fig. 2 shows the flow chart for estimating boiling
curves. Because the heat flux is the function of wall
superheat, from nucleate boiling regime to the CHF, we
can obtain the numerical solution of wall superheat by
the bisection method. To be specific, initially, for a given
heat flux, we obtain the initial macrolayer thickness by
Eq. (14). Subsequently, we calculate the heat flux in a
certain wall superheat by using the described macrolayer
model. Finally, if the difference between the calculated
and the given heat flux is less than a decided convergence
coefficient, the wall superheat could be considered as the
numerical solution of the given heat flux.

The CHF is determined by the following condition as

Gav2 — Gavi

a2 = davt |
AT, — AT, | = © (16)

where AT} and AT, are the calculated wall superheat
corresponded to g,y and guy».

In the transition boiling regime, we employ the
extrapolated method to determine the boiling curve.
Specifically, the initial macrolayer thickness and the wall
superheat are gained through the extrapolated line of the
obtained boiling curve in nucleate boiling regime.
Afterwards, the heat flux can be calculated through the
present model.

2.4. Effect of surface roughness

It is known that vapor stems are associated with each
active nucleation site [12,22]. However, it is extremely
difficult to simulate how vapor stems are formed from
active nucleation sites as well as how cavities are acti-
vated. In the study of Maruyama et al. [1] and our first
part study (Section 2.3), we assumed that the diameters
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Assign Surface Input a value of heat flux q;,
Cavities L

look for a certain AT within the interval of AT
=5K~60K

!

» Some surface cavities become activated and
> form vapor stems immediately

A
Calculate the initial macrolayer
thickness §, by q;,

Look for AT in a smaller interval

Y

;

Using macrolayer model to
calculate heat flux g,

Break

Fig. 2. Flow chart to calculate wall superheat from heat flux.

of vapor stems are not larger than 0.4 mm, hence, ac-
cording to Eq. 13, the density of active nucleation site is
generally constant irrelevant to the wall superheat.
Although the initial void fraction is controlled at 1/9, the
simulated pattern is inconsistent with the fact that the
density of nucleation site density increases with the wall
superheat. Thus, we tried to carry out the simulation
from the beginning of bubble generation.

So far, there are few studies to characterize the site
density quantitatively. Wang and Dhir [26] put forward
a correlation about cavity densities and cavity diameters
as following:

N; (sites/cm?)
9.0 x 10°D;~20 D! <5.8 pm,
={103+24x10°D52  35<D; <58 um,
2213.5+4 1.0 x 10°D;54  DF <3.5 pm.
(17)

According to the above correlation, the cavity density
will be so large that it is impractical to be simulated by
the present computer. Hence, referring to the methods
described by Shoji [19] and Sadasivan et al. [27], we
employed the following method:

1. The number of surface cavities within 100 mm? area
is set to vary from 150 to 600.

2. By referring to Eq. (17), we set that the cavity diam-
eters are less than 7.0 pm. Among them, 1-5% of the
surface cavities is between 5.8 and 7.0 pm, 9-20% is
between 3.5 and 5.8 pm and 75-90% is less than
3.5 pm.

3. The site spatial distribution and diameter are
assigned randomly by satisfying the conditions in
step 2.

The simulated cavities are assigned and distributed in

the 21 x 21 subdivisions. For simplification, we assume

that there is atmost one cavity in one mesh and only the
biggest one is chosen to be the potential nucleation site.

Consequently, a part of assigned cavities is selected to be

the potential nucleation sites. The corresponded active

wall superheat could be obtained from the following
expression:

20T
ATy = —2ost (18)
vangca

As shown in Fig. 2, when a certain power is input to
the heater, some part of potential nucleate sites becomes
activated and forms vapor stems instantaneously. Later,
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combining the macrolayer model described before, we
could find the wall superheat corresponded to the input
heat flux.

3. Application of the model by numerical simulation
3.1. Simulation of transient boiling process

Serizawa [28] put forward a first comprehensive
theoretical model to describe transient CHF under
power transients. The mechanism of transient CHF is
defined as four processes: (a) formation of liquid layer,
(b) onset of critical state, (c) stable vapor-liquid con-
figuration destroyed, (d) dry-up of the liquid layer. In
the model, although liquid layer thickness was con-
cluded to be a primary influence on the transient burn-
out behavior, it should be noted that this model is based
on a continuous liquid supply to the macrolayer that
contradicts the physical evidence presented by Katto
and Yokoya [25]. In addition, the surface temperature is
assumed to follow the steady-state nucleate boiling and
the effect of conduction within the heater is neglected.
Furthermore, in determining the liquid layer thickness,
it is needed to predict the dry area fraction and other
related parameters which are difficult to estimate
theoretically. Hence, their argument in the model is
confined to water only.

Pasamehmetoglu et al. [29] provided a model for
predicting transient CHF in saturated pool boiling. In
this model the analysis of heat conduction within the
heater is added and is coupled with a macrolayer-thin-
ning model. The prediction indicates a favorable agree-
ment with the experimental data except the fast transient
when the exponential period of heat generation rate t,, is
less than 20 ms. However, the prediction was only
compared to that of the heater of small diameter wires.
In fact, the analytical model is based on the assumption
that, for the CHF, the vapor bubble departs only when
the macrolayer is dried out completely. This is incon-
sistent with the experiment by Kirby and Westwater
[30]. Zhao et al. [31] recently put forward a model for
transient pool boiling heat transfer based on their
microlayer model [14]. In their model for predicting
CHF [14], the evaporation of the microlayer below the
individual bubbles is considered to play an important
role in the nucleate boiling heat transfer. For the tran-
sient heating, they assume that the population of indi-
vidual bubbles increases with time and a new group of
bubbles with the same size are formed and grow up in
each time-step. The transient heat flux is also mainly due
to the partial dry out of liquid micolayer underneath
individual bubbles. However, their model [31] may be
more suitable to the situation of extremely rapid
heating, where the formation of vapor mass becomes
difficult.

The present model is applied in the transient boiling.

Some assumptions are included as follows:

1. The macrolayer establishes immediately when the
vapor mass departed from the surface. The motion
pictures of Katto and Yokoya [32] showed that the
liquid supply was initiated before the formation of
vapor mass, however, the delay time of the new vapor
bubble is much smaller than the bubble hovering
period. Hence, it seems to be reasonable to make this
assumption.

2. The initial thickness of the macrolayer is determined
by the surface heat flux when the vapor mass takes
off. In the transition-boiling regime, the initial thick-
ness of macrolayer is also determined by the extrapo-
lated value of the obtained nucleate boiling curve,
which is the same method in determining the transi-
tion-boiling heat flux for steady-state.

3. The initial void fraction is not changed with wall tem-
perature. Although the active site population increas-
es with the wall superheat, the product of active site
density and diameter of the vapor stem changes little
with the wall superheat [21]. Therefore, the assump-
tion may be reasonable. Besides the evaporation of
macrolayer at heated surface, one-dimensional tran-
sient heat conduction within the heater is also consid-

ered. The heat conduction equation is
or 0T

— =05

o o

(19)

Subjecting to the following initial and boundary
conditions:

t= 07 qs = 4o, T, =T, (20)
T

=0, —J—=gq 21

x=0, et (21)
oT

=H, -\ =gy 2

x=H, a4 (22)

Employing explicit FDM, we can obtain the instan-
taneous surface temperature according to the Egs.
(19)-(22).

3.2. Spatial temperature distributions

The three-dimensional transient heat conduction is
considered in this part of study. Boiling process is in-
cluded through boundary conditions. The transient heat
conduction is described in Cartesian coordinates as
or FPT  O*T T w
— = —+—+— — 23
ot a1(6x2+6y2+az2)+pc 23)

Subject to the following boundary and initial conditions:

oT
x=0and x=L, forally,z¢ 6_:0’ (24)
X
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or
y=0and y=1L, forallx,zt 6_:0’ (25)
y
orT
z=H, —iHa*Z—qba (26)
or
iz

The first four boundary conditions for the y and x
directions are referred to as a representative rectangular
portion of the total heater, where the periphery acts as a
symmetry line. The boundary condition of the bottom is
shown in Eq. (26). At this condition, the heat generation
term w/pc in Eq. (23) is set to zero. Eq. (27) shows the
boundary condition at the top of heater. As the top of
the heater is the boiling surface, the boiling effects are
included through calculating the local surface heat flux
of boiling. The local surface heat flux ¢(i,/) can be
calculated by Eq. (10). In addition, the initial condition
is specified as

I(i, j) = To. (28)
The initial temperature profile inside the heater is cal-

culated by one-dimensional steady-state heat conduc-
tion, i.e.,

. o kAz
T(l7]7k) = Ts(lv.]) + Zqin- (29)
The fully implicit scheme is employed to the three-di-

mensional heat conduction problem. Although the fully
implicit scheme for the heat conduction is stable at any

time, there is a limitation when it is combined with the
calculation of pool boiling heat transfer. The calculation
is stable when the following condition is satisfied:

tAT, < (t+ AATa (30)

4. Results and discussion
4.1. Boiling curves and the dependence of parameters

The diameter of simulated area is 10 mm. Fig. 3
shows the estimated boiling curve of water. We can see
that the prediction in the high heat flux regime is in a
good agreement with the experiments, however, it pre-
dicted higher in the low heat flux regime. This implies
that this model is more suitable for the high heat flux
regime. The CHF predicted by the present simulation is
1.63 MW /m’ at , = 38 um, which is almost the same
as that estimated by Katto and Yokoya [25].

The boiling curve of FC-72 is also calculated. The
fluid is saturated at a temperature of 329 K. The aver-
aged bubble departure period of FC-72 is 30 ms which is
calculated from Eq. (14). Until now, we have some in-
formation about the diameter of vapor stem for water
(Eq. (13)), but few is for FC-72. Thus, we assume that
Eq. (13) is also fulfilled for FC-72. This is expected to be
reasonable because the growth of void fraction is more
important than void fraction itself (from Figs. 5 and 7,
we can know that ¢, > ¢g;. Meanwhile Eq. (10) shows
that g5 o< (1 — a)(—dd/df) and g, o< 6(da/dr)). The

—_
o
(2]
T

2

%]

Heat Flux q 5., W/m
S

10* -
10

6
110
| 5
® = Experiments 10
Shaji et al. [40]
© Gaertner [22]
— Computational
Results
Ll 4
5 10
10

Wall Superheat AT,

Fig. 3. Simulated boiling curve of water.
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Fig. 4. Simulated boiling curve of fluorinert FC-72.

results are plotted in Fig. 4. We can see that except the
lower CHF, they are almost consistent with the experi-
mental values carried out by Hohl et al. [33]. The pre-
dicted CHF by the present model is ¢ = 1.7 x 10° W/m2
at AT =36 K. The CHF calculated by Eq. (1) is
1.4 x 105 W/m’. Thus, we believe that the predicted
value is reasonable.

Table 1 provides the relative evaporation contribu-
tions to the total heat flux. Column 3 shows the ratio of
g, to the total averaged heat flux ¢,, and column 4 is the
ratio of g; to g,y. It can be seen in the table that the value
of g,/qay is larger than that of g;/q.,. Additionally, with
the increase of total averaged heat flux, g,/¢., becomes
smaller but g;/q., becomes larger (from 0.034 to 0.212).
This suggests that the evaporation of vapor stem-—
macrolayer interface is the main part for the total
evaporation. On the other hand, with the increasing of
heat flux, or with the thinning macrolayer thickness, the
evaporation of vapor bubble-liquid layer interface plays
a more important role than that at lower heat flux.

Table 1

: : : : :
“E 406l |
Eqff _—— X
= G O
X e _
i 10% 3
4]

2 Qay=1.6MW/m?
10*H : : : :
Ng 106' W E

s 0.
]
L 10°% — 1
3 4uy=0.9MW/m? 9
T av .
4| L L L L
107 20 40

Time t, ms

Fig. 5. Variations of ¢, and g, for different averaged heat flux.

Fig. 5 gives the variation of ¢; and ¢, with time when
the average heat flux is 1.6 and 0.9 MW/m’, re-
spectively. As displayed there, for the same average heat
flux, ¢, is always larger than g; at any time.

According to the method described in Section 2.4, we
obtained the predicted boiling curves for different sur-
face conditions. As displayed in Fig. 6, with the number
of cavities increasing, the boiling curves move the lower
superheat region, whereas the CHF value does not
change significantly. When the number of surface cavi-
ties is 600, for relatively rougher surface, the boiling
curve shifts to the left of the curve for smoother surface.
This indicates the same tendency of Bereson’s exper-
imental results [34].

Fig. 7 shows the variations of heat flux ¢,, g5 and ¢
when the average heat flux is 1.6 MW /m’. We can see
that the heat flux component g; (related to the decay of
macrolayer thickness) when N; = 600 is smaller than that
without considering surface cavities, whereas the heat
flux component ¢, (related to the growth of vapor stems)
when N; = 600 is larger (from Eq. (10)). Hence, the heat
flux ¢ when N; = 600 does not change considerably
compared to the heat flux without considering surface

Comparison of relative heat flux g,/q., and g;/q., for different averaged heat flux

Averaged heat flux g,, (MW/m?)

Wall super heat ATy, (K)

Relative heat flux g, /qay Relative heat flux gs/q.y

0.387 14.3
0.713 18.9
0.996 21.6
1.165 23.5
1.44 26.4

1.58 29.9

0.966 0.034
0.922 0.078
0.89 0.11
0.856 0.144
0.82 0.18
0.788 0.212
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Fig. 6. Predicted boiling curves for different surface conditions.

cavities. Thus, we can conclude that the variation of
surface roughness affects the heat flux component rather
than the total heat flux. That is, the heat flux related to
the evaporation of macrolayer thickness becomes
smaller and the heat flux related to the growth of vapor
stems becomes larger when surface roughness increases.

4.2. Results of 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 10 and 15 K, respectively [35,36].
The simulated area was 10 mm in diameter and the
heater was copper with 10 mm in thickness. The bubble
departure periods of water and FC-72 are calculated by
Eq. (15). As the bubble departure periods do not change
extensively with heat flux according to Huang [35], we
employed the averaged values as 40 and 30 ms for water
and FC-72, respectively. The averaged transient heat
flux increases with time and reaches the peak value au-
tomatically.

The wall temperature variation when the heating rate
is zero is investigated. The result is plotted in Fig. 8. In
nucleate boiling regime (7, = 122°C), the variation is
extremely small. With the wall superheat increasing, the
fluctuation becomes larger, especially in transition
boiling regime. This is because the macrolayer is con-
siderably thin and is consumed completely within a short
period.

The transient boiling curves of water and FC-72 are
plotted in Figs. 9 and 10. 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 steady-state curve. Beyond the steady-state
CHF, the nucleate boiling curves extend until the tran-
sient 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. [36] are also plotted in Fig. 10. It is
found that the simulated results have the same tendency
as the experimental data. In their experiment [36], the
diameter of heater was 34 mm, this may be the reason
that the CHF values are higher than the simulated re-
sults.

The transient boiling curves of water with increasing
heat input exponentially are plotted in Fig. 11(a). Re-
ferred to the experiments by Sakurai and Shiotsu [37],
the exponential periods are varied from 5 s to 50 ms. It
shows the same characteristics as that shown in Fig 10.
The variation of transient CHF with time is plotted in
Fig. 11(b). It can be seen that transient CHF generally
increases with the heating rate. This tendency is the same
as that by Sakurai and Shiotsu’s experiment on a thin
wire [37]. However, it is remarked that transient CHF
appears to fluctuate when the exponential period ¢, is
less than 70 ms. This implies that the transient boiling
becomes irregular when the exponential period is less
than 70 ms. In the simulation, the transient heat flux is
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Fig. 7. Variations of ¢,, g5 and g with time when average heat
flux ¢, =1.6 MW/m® (without considering cavities and
N, = 600).

related to the conduction within the heater, the heat
removed from the macrolayer and from liquid-vapor—
solid triple point. The fluctuation may be due to the
imbalance of heat transfer among them. In fact, Sukurai
and Shiotsu [37] have observed that, at atmospheric
pressure, the boiling becomes to fluctuate when the ex-
ponential period is less than 50 ms. With the pressure
becoming higher, the fluctuation tends to be less and the
exponential period where the fluctuation appears be-
comes shorter. At present, we just confined the situation
at atmospheric pressure, further consideration is needed
for studying higher pressures.

We can do further investigation by plotting the
variations of «, 0, ¢, and g;s for steady-state and tran-
sient heating. Fig. 12(a) shows the changes of macro-
layer thickness, and Fig. 12(b) shows the changes of void
fraction of point 1 (steady-state) and point 2 (transient
heating) in Fig. 9. It is revealed that the macrolayer
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.
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@ 130_ ]
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135F ]
130 .

100

o

Time t, ms

Fig. 8. Wall temperature variations in different boiling regimes.

Fig. 13 provides the variations of ¢, and ¢s; for
steady-state and transient heating. It shows that ¢, of
transient heating at 80 K/s heating rate is larger than or
equal to that of steady-state, whereas ¢s; at 80 K/s
changes little as compared to the steady-state curve.
Since do/dr at 80 K/s heating rate is less than do/ds at
steady-state (Fig. 12), from Eq. (10), we can conclude
that because of the increase of macrolayer thickness, the
transient CHF increases. This conclusion is in an
agreement with that drawn by Serizawa [28], however,
Serizawa’ s model [28] is based on a continuous liquid
supply to the macrolayer, which is different from the
present model (cf. Section 3.1).

4.3. Spatial temperature distribution

Fig. 14(a) shows the surface pattern at 0.5 and 30 ms
when the average heat flux is 1.57 MW /m’. The thick-
ness of the heater is 1 mm. Fig. 14(b) gives the tem-
perature variations of five points signed in 14(a) within
two bubble departure periods. We can see that, when
vapor and liquid are filled with the grids at the same
time, the temperatures in these points are generally
lower; when only vapor or liquid occupies the grids, the
temperatures are relatively higher.

Fig. 15 provides the local instantaneous temperatures
on the whole surface at 0.5 and 30 ms. Compared to
Fig 14(a), it is revealed that the surface temperatures
remained almost the same at the initial stage of the
hovering period. The low temperature points are the
place, where liquid and vapor exist at the same grid.
With the time increasing, the areas that liquid and vapor
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Fig. 10. Simulated transient boiling curves of FC-72 for different heating rates.



Y. He et al. | International Journal of Heat and Mass Transfer 44 (2001) 2357-2373 2369
T T
NE O Steady State
2
6
1071 ]
>
©
O
X
= to
L
= — —5000ms
@ — 1000ms
I * 300ms
0 100ms
Q=Qqexp(t/ty) —— 70ms
* 60ms
--=- 50ms
5 (a)
PR | PR |
10 10
Wall Superheat AT, K
L 10— .
£ [ Saturated Boiling ]
E P=0.101MPa ¢ Simulated results
w oExperimental Results
(:5 by Sakurai and Shiotsu [37]
(o]
= o
a5 8 o o
3 . .Q
c . [ o .
© o 8 8
= . (b)
10 -2 I””I—1 I””IO 1
10 10 10 10

Exponential period tg, s

Fig. 11. Predicted results by exponential heating increase: (a) transient boiling curves; (b) relationship between transient CHF and

exponential period.

intersect become more, whereas the areas that only lig-
uid or vapor is filled with are less. Hence, the places
where the surface temperatures changed considerably
become so much more that the temperature in the whole
surface varied greatly.

In summary, the lowest temperature point at a cer-
tain time is always at the vapor-liquid interface. This
result is consistent with the deduction by Pasameh-
metoglu et al. [38]. The temperature in the places where

the vapor-liquid interface does not pass through are
usually higher.

5. Summary and conclusion
In this study, through several numerical methods, the

numerical macrolayer model [1] was developed signifi-
cantly. The main conclusions can be drawn as follows:
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Time t, ms 1. The present model can explain steady-state boiling

0 1(?0 0.2 quantitatively.

--- Steady state (point 1 in Fig. 9) ’ (a). ¥n this study, by using bisection method', the

—_ Transient CHF at 80K/s boiling curves of water and FC-72 are obtained.

(point 2in Fig. 9) The simulated CHF is favorably consistent with

10.1 the value calculated by Katto and Yokoyo’s equa-

2in Fig. 9 tion [25]. It is slightly higher than the value pre-

dicted by Kutateladze [39]. The simulated results
for higher heat fluxes are in a good agreement with
5 6 o 0 the available experimental data [22,40]. For lower

Time t, ms heat flux, the predicted results are higher than the

Time t, ms experimental results.

200 190 200 (b) Generally, the evaporation due to the growth
of vapor stem is the main contribution to the total
heat flux. With the increasing of heat flux, the
evaporation due to the decay of macrolayer plays

100 a more important role in the total heat flux (cf.
Table 1, Figs. 5, 7 and 13). This is in agreement
with the conclusion of the model by Pasameh-
metoglu et al. [38] and is consistent with the obser-

400 5(')0 0 vations by Nagai and Nishio [13].

(b) Time t, ms (c) The boiling curve shifts to the left with the in-

crease of surface roughness, whereas the CHF

value only slightly changes with surface roughness.
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result of Berenson [34] qualitatively. It is found
that the little variation on the CHF value when
the surface roughness increases is because the
evaporation due to decay of macrolayer declines
and the evaporation due to growth of vapor stems
becomes increased.

(d) Through the investigation of spatial tempera-
ture distribution, it is shown that the low temper-
ature point is generally in the place where vapor
and liquid phase occupy at the same time, whereas
in the place where only vapor or liquid is filled,
the temperature is relatively higher. This also
proves that the evaporation at the interface of va-

Fig. 14. (a) Instantaneous surface dry pattern; (b) temporal variations of instantaneous wall temperatures for different positions
(g =1.57 MW/m’, H=1 mm).

por stem-liquid is the main part of the total heat
flux.

2. The present model can explain transient boiling qual-

itatively.

(a) The macrolayer model is extended to transient
boiling. Combining the present developed model
and one-dimensional transient heat conduction
within the heater, transient boiling curves of water
and FC-72 by increasing input heat linearly are
obtained. The results give the same tendency as
the experimental results of Hohl et al. [36].

(b) Transient boiling curves are obtained by in-
creasing input heat exponentially. They show the
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Fig. 15. Local instantaneous temperatures on the heated sur-
face (¢ = 1.57 MW/m’, H=1 mm).

same tendency as the experimental results of Suk-
urai and Shiotsu [37].

(c) It is displayed that the macrolayer plays an im-
portant role in increasing the transient CHF.
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