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Abstract

An analytical model for transient pool boiling heat transfer was developed in this study. The boiling curves of the

transient boiling were obtained based on the microlayer model proposed by the authors and the mechanism of tran-

sition from the non-boiling regime to film boiling, i.e., direct transition was theoretically examined. Since the nucleate

boiling heat flux is mainly due to the evaporation of the microlayer and its initial thickness decreases rapidly with

increasing superheat, the duration of nucleate boiling is markedly decreased as the incipient boiling superheat is in-

creased. It is found that the direct transition is closely connected to the rapid dryout of the microlayer which occupies

almost the whole surface at high wall superheat. � 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Transient boiling heat transfer is very important for

many practical applications such as the metallurgical

processing and the safety evaluation in a nuclear reactor,

etc. However, the mechanism of transient boiling heat

transfer has not been clarified, although a large number

of experimental studies have been performed in the past

three decades.

The experimental data on the transient boiling of

water, reported by Sakurai and Shiotsu [1–3], were ob-

tained by exponential heating with time. The first of

transient process type has a maximum heat flux similar

to that of the steady-state boiling curve, with the nu-

cleate boiling region extended to the higher heat flux and

higher superheat region. This type occurs for a relatively

low heating rate. For a higher heating rate, on the other

hand, the boiling process becomes irregular and the

boiling curve never reaches that of steady-state nor its

extended region.

To explain the increase of the maximum heat flux,

Pasamehmetoglu et al. [4] developed an analytical model

which is essentially based on the so-called macrolayer

model for the CHF of steady-state pool boiling pro-

posed by Haramura and Katto [5]. However, the ana-

lytical model seems to be invalid for predicting the CHF

of the transient boiling, because macrolayer cannot be

formed in the case of rapid heating. In fact, the predic-

tion by Pasamehmetoglu et al. [4] is much higher than

the experimental result by Sakurai and Shiotsu [2,3] for

the case that the heating period is less than 20 ms.

Other interesting phenomena, which have been re-

ported by Kutateladze et al. [6], Okuyama and Iida [7],

and Sakurai et al. [8], are the boiling transitions for

liquid nitrogen, liquids helium, and benzene. Two kinds

of transitions, i.e., direct transition (DT) and semi-direct

transition (SDT), have been observed by Sakurai et al.

[8]. The DT is the transition phenomenon from non-

boiling to film boiling without passing through the nu-

cleate boiling region, and occurs under the relatively

high heating condition. The SDT, which occurs at high

system pressure, means that nucleate boiling appears in

a very narrow region, compared to the general boiling
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curve. However, the transition mechanisms and the heat

transfer characteristics have not yet been clarified.

Recently, we have proposed a microlayer model

[9,10] which focuses on individual bubbles and can be

used to explain the pool boiling mechanism and to

predict the heat flux in the nucleate boiling region, at

high heat flux and to the minimum heat flux point. In

this model, the evaporation and partial dryout of the

liquid microlayer underneath the individual bubbles

were considered to be important in nucleate boiling heat

transfer, and the CHF has been derived as the maximum

value of the heat flux. For transition boiling, in the low-

superheat region, the heat flux is mainly due to the

evaporation of the microlayer, and in the high-superheat

region, the evaporations both of the microlayer and

macrolayer (note that the macrolayer is different from

that defined in the study of Haramura and Katto [5])

play important roles in heat transfer.

In the present study, an analytical model was devel-

oped based on the microlayer model to predict the heat

transfer characteristics for transient saturated pool

boiling. Also the mechanism of DT was theoretically

examined.

2. Microlayer model for transient boiling

2.1. Modeling of bubble behaviors

The bubble behavior for transient saturated pool

boiling on a horizontal surface is considered here in

Figs. 1 and 2, where the following assumptions are

made:

1. The temperature of heating surface is uniform and in-

creases monotonically with time.

2. At each active site, a bubble is formed once through-

out the rapid transient boiling period.

3. The density of the active sites is determined by the in-

stantaneous wall superheat. For a normal heating

rate, the population of individual bubbles increases

with time and bubbles with different site exist on

the surface, as shown in Fig. 1. In the case of ultra-

rapid heating rate, higher overshoot phenomenon oc-

curs at the initiation of boiling and the nuclei on the

heated surface are activated almost at the same time.

Therefore the bubbles on the surface may be in the

same size and the heat transfer model can be simpli-

fied as Fig. 2.

4. Both microlayer and macrolayer are formulated in a

way similar to the steady-state boiling.

In the first place, we consider the general situation in

which boiling initiates at a low wall superheat. As de-

picted in Fig. 1, new vapor bubbles are generated con-

tinuously among the individual bubbles with increasing

wall superheat. In order to calculate the population of

individual bubbles, the time duration s is divided into m

steps. In each time-step a new group of bubbles with the

same size are generated and grow. The time-step is Dtj
ðj ¼ 1; 2; . . . ;mÞ, so, s ¼

Pm
i¼1 Dti. At the beginning of

the jth time-step, the jth group of bubbles are produced

at the wall temperature of Tj�1 at the time tj�1

ð¼
Pj�2

i¼1 DtiÞ.
The initial area of the heating surface is A0. The first

group of bubbles begin to grow at time t1 with the

density of N1. The evaporating area of liquid layers can

Nomenclature

Ab microlayer area ¼ pðd=2Þ2
Ad the largest cross-sectional area of individual

bubble

Aev evaporating area of liquid layers

c1 change rate of surface temperature

cD specific heat of liquid

Dd departure diameter of individual bubble

Dt instantaneous diameter of individual bubble

d diameter of individual bubble at the end of

initial growth

hfg latent heat of evaporation

kl thermal conductivity of liquid

m group number of nucleation

N density of active sites per m2

q wall heat flux

qev evaporation heat flux on microlayer

r radius of individual bubble, or coordination

rc position where the superheat boundary layer

reaches the liquid–vapor interface

rdðtÞ radius of dryout area

t time

tg period of initial growth

T temperature

DTin incipient superheat of boiling ¼ T0
DTs wall superheat

a thermal diffusivity of liquid

b contact angle

h configuration angle

dma thickness of macrolayer

dmi thickness of microlayer

qv density of vapor

Subscripts

i, j, k number of bubble group
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be given by N1A1
ev, where A1

ev represents the evaporation

area under one bubble of the first group. So the non-

dimensional non-evaporation area A=A0 is

A1

A0

¼ 1� N1A1
ev

New bubbles of the second group are formed within

the area A1. The non-dimensional non-evaporation areas

after the second, and the jth group of bubbles should be

A2

A0

¼ ð1� N1A1
evÞð1� N2A2

evÞ

. . .

Aj

A0

¼
Yj
k¼1

ð1� NkAk
evÞ j ¼ 1; . . . ;m ð1Þ

where Nk is the kth active site density at the time tk .
Therefore, the instantaneous surface-averaged heat flux

at time tðtj�1 < t < tjÞ is given by

�qqðtÞ ¼
Xj

k¼1

Ak�1

A0

NkAk
evq

k
ev þ

Aj

A0

qcdðtÞ ð2Þ

where qkev is the heat flux due to evaporation for one of

the kth group of bubbles. qcdðtÞ is the heat flux due to the

transient heat conduction within the liquid layer.

For boiling at very high incipient wall superheat, all

bubbles are formed almost at the same time and occupy

the whole heated surface. In this case, the surface-aver-

aged heat flux can be expressed as follow:

�qqðtÞ ¼ N1A1
evqev þ ð1� N1A1

evÞqcdðtÞ ð3Þ

2.2. Microlayer model

For steady-state pool boiling, the microlayer model

has been proposed to explain the boiling mechanism and

to predict the heat flux in nucleate boiling. In this model

we focused on the behavior of the individual bubbles

and the micro- and macrolayer.

In the microlayer model proposed, the growth of

individual bubbles can be divided into two periods, the

initial growth period ðt6 tgÞ and the final growth period

ðt > tgÞ. During the initial growth period, the bubble

grows in a semi-spherical shape and the microlayer is

formed underneath it. The microlayer does not expand

during the final growth period and the shape of bubble

changes from the semi-spherical to the spherical segment

geometry due to the evaporation of the microlayer. In

the final growth period, a thicker liquid layer than the

microlayer is formed under the bubble and among the

Fig. 1. Models for the case of low incipient superheat.

Fig. 2. Models for the case of high incipient superheat.
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adjacent individual bubbles as shown in Figs. 1 and 2,

which is termed a macrolayer in this paper. Heat

transfer is dominant in the growth of bubbles in the

initial growth period and both dynamics and heat

transfer are important in the final growth period.

The formation mechanism of the microlayer has been

studied theoretically and experimentally by Cooper

and co-workers [11,12] and its thickness can be ex-

pressed as

dmi ¼ 0:8
ffiffiffiffiffi
mlt

p
¼

ffiffiffiffiffiffi
cat

p
ð4Þ

where c ¼ 0:64Pr. Here the effect of surface tension can

be neglected because the duration of initial growth is

usually very short.

For transient boiling, the structures of the liquid

layers (microlayer and macrolayer) are assumed to be

the same as that of the steady-state boiling. Then the

local surface heat flux during the growth of the ith group

of individual bubbles can be given as

qðr;tÞ ¼

0; r6 rdðtÞ
�qlhfg

ddmi

dt ; rdðtÞ < r6 d=2

�qlhfg
ddma

dt ; d=2 < r6 rc
qcd; rP rc

8>>>><
>>>>:

ð5Þ

Xi�1

j¼1

Dtj 6 t6
Xi

j¼1

Dtj; Dti P tg

where rdðtÞ is the radius of dryout area. dmi and dma are the

thickness of microlayer and the thickness of macrolayer,

respectively. The heat transfer in the dryout area has

been neglected.

Until the superheated boundary layer reaches the

interface of liquid–vapor, the heat flux qcd can be de-

termined by transient heat conduction within the liquid

layer, i.e.,

qcd ¼
klffiffiffiffiffiffi
pa

p DTsðtÞffiffi
t

p
"

þ 1

2

Z t

0

DTsðtÞ � DTsðlÞ
ðt � lÞ3=2

dl

#
ð6Þ

The heat flux due to evaporation is expressed by

qev ¼
1

Aev

Z
Ab

�"
� qlhfg

ddmi

dt


dA

þ
Z

pr2c�Ab

�
� qlhfg

ddma

dt


dA

#
ð7Þ

Substituting Eqs. (6) and (7) into Eq. (2), the instanta-

neous wall heat flux can be found.

In order to carry out the analytical calculation of the

heat flux, the thickness of liquid layers and the radius of

the dryout area are necessary and will be shown in the

next sections.

2.3. Thickness of liquid layers and dryout area

The growth rate of individual bubble, the thickness

of liquid layer and the radius of dryout area can be

obtained by the same methods which are used in steady-

state boiling. In the present study, the linear increase

of wall temperature with time is considered, for sim-

plicity.

DTs ¼ T0 þ c1t ð8Þ

where T0 is the incipient boiling wall temperature and c1
is a constant and represents the rate of change of the

wall temperature.

2.4. Growth of individual bubble

During the initial growth of an individual bubble, the

semi-spherical bubbles grow from active nuclei. The

growth equation of individual bubbles can be derived by

the heat balance between the latent heat of evaporation

of the microlayer and conduction heat through the mi-

crolayer.

d

dt
2

3
pr3qvhfg

� 
¼ 2pkl

Z t

0

DTs
dmi

r _rrdt t6 tg ð9Þ

So, the equation of bubble growth is obtained in the

initial growth period, as

r ¼ 2klðT0 þ c1t=7Þt1=2
qvhfg

ffiffiffiffiffi
ca

p t6 tg ð10Þ

From Eq. (10), the time required for the microlayer to

reach the r position, can be represented by

sg ¼ f ðrÞ; t6 tg ð11Þ

At radius r, the initial thickness of the microlayer is

d0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
caf ðrÞ

p
ð12Þ

At the end of the initial growth of individual bubble i.e.

at t ¼ tg, the bubble diameter d can be given as

d ¼
4klðT0 þ c1tg=7Þt1=2g

qvhfg
ffiffiffiffiffi
ca

p ð13Þ

After the microlayer is formed, the bubble growth

goes into its final period. In this period, the microlayers

evaporate and partial areas of microlayers are dried out.

The consumption of the liquid microlayer, by evap-

oration, is due to heat conduction from the heated sur-

face through the microlayer. So the energy balance is

�qlhfg
ddmi

dt
¼ klDTs

dmi

; tP sg ð14Þ

With the initial condition of dmi ¼ d0 for t ¼ sg, the

thickness of the microlayer can be obtained from the

above equation.
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dmiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
caf ðrÞ

p ¼ 1

(
� 2kl½T0ðt � sgÞ þ c1ðt � sgÞ2=2�

qlhfgcaf ðrÞ

)1=2

tP sg ð15Þ

The radius of dryout area rdðtÞ, determined by the

condition of dmi ¼ 0, satisfies the following equation,

chfg
2cpl

�
þ T0


f ðrdðtÞÞ ¼ T0t þ c1ðt � f ðrdðtÞÞÞ

2=2 ð16Þ

Usually, for nucleate boiling chfg 	 2cplDTs, so,

chfg
2cpl

f ðrdðtÞÞ ¼ T0t þ c1ðt � f ðrdðtÞÞÞ
2=2 ð17Þ

2.5. Macrolayer

The macrolayer is formed in the final growth of an

individual bubble. When the surface temperature is high

enough, the evaporation on the macrolayer is also sig-

nificant. The initial thickness of macrolayer is given by

[9,10]

d0
ma ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � ðd=2Þ2

q
þ dd

mi �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � r2

p
b6 h

R cos b þ dd
mi �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � r2

p
b > h

(
ð18Þ

Similar to the microlayer, the macrolayer thickness

dma can be obtained with the initial condition dma ¼ dd
mi,

at t ¼ t
mg. For b6 h, dma is given by

dma ¼ ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � ðd=2Þ2

q(
þ dd

mi �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � r2

p
Þ2

�
2kl½T0ðt � t
mgÞ þ c1ðt � t
mgÞ

2
=2�

qlhfg

)1=2

ð19Þ

where t
mg is the time at which the superheat boundary

layer reaches the liquid–vapor interface. The radius of

the dryout area of the macrolayer is determined by the

condition of dma ¼ 0.

rdðtÞ ¼ R2

8<
: �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � ðd=2Þ2

q"
� 2kl

qlhfg

� 1=2

T0ðt
h

� t
mgÞ

þ c1ðt � t
mgÞ
2=2

i1=2
þ dd

mi

#2
9=
;

1=2

ð20Þ

where t
mg is given by

ffiffiffiffiffiffiffiffiffiffiffi
pat
mg

p
¼

2kl½T0ðt � t
mgÞ þ c1ðt � t
mgÞ
2
=2�

qlhfg

" #1=2

ð21Þ

Eqs. (19) and (20) are valid for the case of b6 h. For the
case of b > h, rdðtÞ and the thickness of macrolayer can be

also determined by the Eqs. (19) and (20) if 2R sinb is

used instead of d in the two equations.

3. Results and discussion

For the relatively fast heating rate, the individual

bubble formed and grows, only one time at one active

site, then the boiling changes from nucleate boiling to

film boiling. The heat flux qkev in Eqs. (2) and (3) is

qkev ¼ qevðt � tk�1Þ; tk�1 6 t6 tm ð22Þ

where qevðtÞ is given by Eq. (7).

Usually, the area of the macrolayer underneath the

individual bubble is small compared with that of the

microlayer and can be neglected for the estimation of

the evaporating area. Then

Ak
ev ffi Ab ¼

pd2
k

4
; Nk ¼

1

pd2
k

;
Ai

A0

¼ 3

4

� i

ð23Þ

The density of active sites is a difficult parameter to

be determined, theoretically or experimentally. Up to

now, there are no perfect relationships for it. Some

empirical relationships have been reported in the liter-

ature. In this study, the experimental result obtained by

Gaertner [13] for water is used. That is

�qq ¼ 117:1N
2=3

k ; dk ¼ 17:8�qq�0:75 ð24Þ

Furthermore, the relation between the wall heat flux and

the wall superheat is

�qq ¼ 5:225� 10�2DT 5:5
s ; DTs 6 20 K

1:509� 105DT 0:6
s ; DTs > 20 K

�
ð25Þ

Therefore, the density of active sites can be given as a

function of the wall superheat.

Nk ¼
9:425� 10�6DT 8:25

s ; DTs 6 20 K

4:626� 104DT 0:9
s ; DTs > 20 K

�
ð26Þ

For boiling with high incipient superheat, the heat

flux can be solved from Eq. (3). The calculation results

are shown in Fig. 3. The line from a to b(b0) represents

the non-boiling region which is determined by transient

heat conduction. The nucleate boiling region from b(b0)

to c(c0) shows a rapid increasing heat flux, due to the

evaporation of microlayer. From c(c0) to d(d0), the heat

transfer is sharply decreased because of the fast dryout

of microlayer. The gradually decreasing curve from d(d0)

to e(e0) represents the transition boiling. In this region

after the dryout of microlayer, the evaporation of

macrolayer is dominant.

It is known that higher superheat results in the

thinner microlayer (e.g. the thickness of the microlayer is

d0 ¼ 0:32llqvhfgr=ðqlklDTsÞ for steady-state boiling and
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is determined by Eq. (12) for transient boiling). So the

maximum heat flux increases with the incipient boiling

superheat (the heat flux of c0 is higher than that of c).

Since both the evaporation and the dryout speed be-

comes faster as the microlayer becomes thinner, dra-

matic changes in heat flux occur. As the incipient boiling

wall temperature approaches the temperature of mini-

mum heat flux (about the temperature of the homoge-

neous nucleation), the area of the macrolayer becomes

very small and the region of the transition boiling also

becomes very narrow (d0 ! e0). In the limit, the mac-

rolayer cannot be formed at the temperature of mini-

mum heat flux and the transition boiling will disappear.

In the actual situation, the rapid increase of heat flux

due to the evaporation of microlayer cannot be observed

for high incipient superheat because of the effect of the

heat capacity of heating body. Consequently, the boiling

curve results in the type of the so-called DT, i.e., boil-

ing transition from non-boiling directly to film boiling.

The film boiling curve by Klimento [14] is also shown in

Fig. 3.

For the general case of low incipient superheat, the

heat flux is calculated from Eq. (2). The results are

presented in Fig. 4. In this calculation, continuous nu-

cleation is assumed with increasing surface temperature

(Dti ¼ tg). The maximum heat flux increases and the

nucleate boiling curve is extended along with that of

steady boiling, as the heating speed of the heater surface

increases. The main mechanism of the increase of the

maximum heat flux is the new bubbles and new micro-

layers generated within the macrolayer, i.e. the macro-

layer is replaced by new microlayers.

The experimental data by Sakurai and Shiotsu [2,3]

are also shown in Fig. 4. Although the exact comparison

cannot be made because of the exponential heat input

(Q ¼ Q0e
t=t0 ) by Sakurai and Shiotsu [2,3], we can see the

same tendencies between the present analytical results

and the experimental data, i.e., the maximum heat flux

increases and the nucleate boiling curve for transient

boiling is extended along with that of the steady-state

boiling.

4. Conclusions

For transient saturated pool boiling heat transfer on

a horizontal surface, an analytical model has been de-

veloped based on the proposed microlayer model. The

boiling curves of transient boiling for low incipient su-

perheat are obtained as continuous curves. The maxi-

mum heat flux increases and the nucleate boiling region

is extended along with the curve of the steady-state

boiling with the increase in the heating speed. The

mechanisms of DT for high incipient superheat is also

clarified. Since the nucleate boiling heat flux is mainly

due to the evaporation of the microlayer and the initial

thickness of the microlayer decreases rapidly with in-

creasing superheat, the duration of nucleate boiling is

Fig. 4. Boiling curve at low incipient superheat.

Fig. 3. Boiling curve at high incipient superheat.
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markedly decreased as the incipient boiling superheat is

increased. Therefore the DT is closely connected to the

rapid dryout of the microlayer which occupies almost

the whole surface at high wall superheat.
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