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Abstract

A model of the suction evaporation mode in nucleate boiling from tunnel and pore structures is presented. The model is based on the
analysis by Nakayama et al. [W. Nakayama, T. Daikoku, H. Kuwahara, T. Nakajima, Dynamic model of enhanced boiling heat transfer
on porous surfaces – Part II. Analytical model, ASME J. Heat Transfer 102 (3) (1980) 451–456] and L.H. Chein and R.L. Webb [A
nucleate boiling model for structured enhanced surfaces, Int. J. Heat Mass Transfer 41 (14) (1998) 2183–2195]. Additionally, a detailed
phenomenological model of liquid refill has been developed. It has been shown that the process of liquid refill and the time needed for it is
strongly dependent on pool height. Effect of liquid pool height on bubble frequency has also been discussed. Finally, a generalized meth-
odology is given for the prediction of boiling data from a structured surface.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Maximization of heat transfer for a given volume of
heat exchanger or for a given temperature difference
between the fluid streams is a challenge continuously faced
in the heat exchanger industry. Invention of a host of tech-
niques for the enhancement of heat transfer is an outcome
of this. Over the years researchers have studied various fun-
damental as well as practical aspects of the enhancement
techniques covering both single-phase convection as well
as heat transfer with phase change (boiling and condensa-
tion). In general, the mechanism of heat transfer augmen-
tation is not identical in case of single-phase convection
and condensation or boiling. For example in condensation,
the surface is designed to either promote drop wise conden-
sation or to improve the drainage of the accumulated con-
densate film. On the other hand, for nucleate boiling, the
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goal is to achieve higher rate of vapor generation and its
removal from the heating surface.

The effect of nucleation sites on the rate of heat transfer
in nucleate boiling was understood as early as 1931 by
Jacob [1]. He reported enhancement of boiling heat trans-
fer from a sand blasted surface and a surface with
machined grooves. The later showed a dramatic increase
in the rate of heat transfer with a reduced aging effect. This
paved the path for developing various techniques for aug-
menting nucleate boiling heat transfer. The techniques tried
for several decades can be broadly classified as active and
passive. Though active techniques like surface vibration,
jet impingement and EHD have shown convincing
enhancement in nucleate boiling, passive techniques
received wide acceptance from the industry for its inherent
safety, simple design and ease of operation. Passive aug-
mentation in nucleate boiling is obtained primarily by pro-
viding specially designed micro-structures on the surface.
Industrial research has made commercial production of
such surfaces possible. Time to time there has been efforts
to summarize and consolidate the information and under-
standing regarding enhancement of nucleate boiling [2–4].
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Nomenclature

A surface area (m2)
B bond number
c empirical constant in external heat flux
C3 empirical constant for Eq. (42)
Cpl heat capacity (kJ (kg K)�1)
Cb empirical constant of bubble departure diameter
Ct1 empirical constant for preparatory period
Ct2 empirical constant for Eq. (39)
Cv coefficient of velocity
db bubble departure diameter (m)
dp pore diameter (m)
f bubble frequency
g acceleration due to gravity (m s�2)
h heat transfer coefficient (W (m2 K)�1)
hl height of the pool above the surface (m)
hfg latent heat (J kg�1)
Ht tunnel height (m)
Ja Jacob number
kl thermal conductivity (W (m K)�1)
kc empirical constant in Eq. (22)
L tunnel length (m)
min mass evaporated in refill stage (kg/s)
ml1 mass evaporated in preparatory stage (kg/s)
ml2 mass evaporated in growth stage (kg/s)
m mass evaporated in bubble growth stage (kg/s)
m slope of Ps vs. Ts

ns nucleation site density (m�2)
N number of active pores
P pressure (Pa)
Pamb ambient pressure (Pa)
Pbr break through pressure (Pa)
Poe outside pressure of the tunnel at the intake

phase (Pa)
Pp pore pitch (m)
Pr liquid Prandtl number
Ps saturated pressure of liquid (Pa)
Pt tunnel pitch (m)
Pv vapour pressure (Pa)
Pv2 vapour pressure at the intake phase (Pa)
Pv2b initial vapour pressure at the beginning of intake

phase (Pa)
qevl heat required for evaporation of extra liquid in-

take (W)
q00 heat flux (W m�2)
q00ex:MR external heat flux calculated by Mikic and

Rohsenow (W m�2)
q00ex external heat flux (W m�2)
q00tun tunnel heat flux (W m�2)
r instantaneous radius of the bubble (m)
rc radius of curvature of the sloshed liquid (m)
rmi initial meniscus radius (m)
rmg meniscus radius at the beginning of the growth

cycle (m)

rme meniscus radius at the end of the growth cycle
(m)

rne non-evaporating meniscus radius (m)
rb tunnel base radius (m)
R universal gas constant (kJ kg�1 K�1)
t time (s)
ti liquid intake time through active pores (s)
tii liquid intake time through inactive pores (s)
tin liquid intake time (s)
t0in liquid refill time (s)
t00in depressurization time (s)
tg bubble growth period (s)
t�g non-dimensional bubble growth period
tw preparatory period (s)
T temperature (K)
Tinf liquid pool temperature (K)
Ts saturation temperature (K)
Tv vapour temperature (K)
Tv1 vapour temperature at the end of preparatory

phase (K)
Tv2 vapour temperature at the end of bubble growth

phase (K)
Tw wall temperature (K)
T r

w reference wall temperature (K)
vb upward velocity of the vapor phase (m s�1)
vg gas velocity at the moment of bubble departure

(m s�1)
vin velocity of liquid in the intake period (m s�1)
vl liquid velocity for the refill stage (m s�1)
Vb bubble volume (m3)
Vc volume of the tunnel cavity (m3)
Vin volume of liquid intake from inactive pore (m3)
Vv1 volume of vapour at the end of preparatory per-

iod (m3)
Vvm average volume of vapour at the preparatory

period (m3)
Vt tunnel volume (m3)
Wt tunnel width (m)
Zg coordinate perpendicular to the tunnel diameter

(m)

Greek symbols
al liquid thermal diffusivity (m2 s�1)
b ratio of active nucleation site and total pores
ec void fraction of the tunnel cavity
gd non-dimensional distance between bubble top

and the outer surface at the active pore
n non-dimensional distance between bubble top

and the outer surface at the inactive pore
DTt1 average temperature difference in the prepara-

tory stage (K)
DTt2 average temperature difference in the bubble-

growing stage (K)
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DTws degree of superheat of the tunnel wall (K)
h contact angle
m thermal diffusivity (m2 s�1)
q density (kg m�3)
ql liquid density (kg m�3)
qv vapour density (kg m�3)
qv1 vapour density at the end of preparatory phase

(kg m�3)
qv2 vapour density at the end of bubble-growing

phase (kg m�3)

qvm1 average vapour density in the preparatory phase
(kg m�3)

qvm2 average vapour density in the bubble-growing
phase (kg m�3)

u* ratio of vapor generation rate and number of
pores

r surface tension (N m�1)
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In a recent review Webb [5] has provided a meticulous
account of enhanced boiling surfaces.

Various observations gave a prima-facie proof that the
increase in the number of nucleation sites gives higher rate
of heat transfer in nucleate boiling. Different manufacturing
techniques were adopted to develop surfaces having a high
nucleation site density. Apart from different micro-machin-
ing techniques two unique surface fabrication methods need
special mention. There are surfaces made of composite
material [6,7] and surface with micro-porous coating [8,9].
For instance, impregnation of graphite surface in a copper
matrix [6] gives substantial rise in the boiling heat transfer.
On the other hand micro-porous coating [8] provides signif-
icantly higher active nucleation site density. It increases the
bubble frequency but reduces the bubble diameter and at
high heat flux it reduces the superheated liquid layer thick-
ness. Further it also delays Critical heat flux. Efforts have
also been made to enhance the boiling heat transfer by modi-
fying the bubble release pattern from the heated surface. In
these methods instead of modifying the heated surface,
additional structures are added slightly away from it. These
include confinement in the form of perforated plates, slitted
plates [10] as well as wire mesh [11,12]. In general the bubble
coalescence and bubble departure can be modified to
enhance the rate of heat transfer using a judicial design of
such confinement devices.

It has been recognized [13] that the diameter of an arti-
ficial nucleation site determines the minimum degree of
wall superheat required and its shape determines the mobil-
ity of the vapour liquid interface. A re-entrant cavity acts
as a very stable vapour trap and can support the nucleation
process continuously by providing a negative curvature to
the bubble. Arshad and Thome [14], Nakayama et al. [15]
and Xin and Chao [16] confirmed it after studying the reen-
trant cavities. It has been found that grooved cavities with
sub-surface communication can provide further enhance-
ment to nucleate boiling compared to isolated reentrant
cavities. Accordingly, different designs have been evolved
for surfaces with simple and reentrant channels for both
plane and tubular surface [17]. Out of different micro-struc-
tures of re-entrant cavities the ‘‘tunnel and pore” design is
one of the most effective. A description of the ‘‘tunnel and
pore” structure along with schematic diagram is given
later.
The difficulties of modeling a complex transport phe-
nomenon like nucleate boiling need not be exaggerated.
A recent review [18] shows that even enough experimental
data are not available to quantify the effect of the thermo
physical properties of the surface material (thermal con-
ductivity and thermal absorption), interaction between
the solid surface, liquid and vapor, surface micro-geometry
(dimensions and shape of cracks and pores) etc. on boiling
heat transfer. Fortunately, a number of systematic studies
have been made to understand the physics of the boiling
process from a tunnel and pore geometry. According to
visualization experiments reported by Chein and Webb
[19] and Nakayama et al. [15] ‘‘suction evaporation mode”

is the main mode of heat transfer in nucleate pool boiling in
a tunnel and pore micro-structure. When the wall super-
heat is moderate, bubbles are formed from a relatively
small number of pores. These pores are called active pores
and others are called inactive pores. The inactive pores play
the vital role of supplying liquid needed for uninterrupted
vapour generation through the active pores. The formation
of vapour inside the tunnel, the generation of bubble at the
active pores, its growth and departure involves certain
complex processes which occur in a cyclic manner. Hsu
and Graham [20] first proposed that bubble cycle can be
divided into bubble initiation, growth and departure. With
the increase of degree of superheat, pressure inside the
vapour tunnels increases and after some time vapour pro-
trudes through the pores. Then the inertia force of the
liquid and the vapour generated inside the tunnel controls
bubble growth up to its departure.

Nakayama et al. [21] made the pioneering effort to make
a systematic analysis on the mechanism of suction evapora-
tion mode of nucleate boiling. The basic assumption of
their model is that vapour is primarily generated from
the liquid menisci present at the corners of the tunnels.
Pressure build-up stage, pressure reduction stage and liquid
intake phase describes the total phenomena of the boiling
cycle according to the model. Temporal variation of liquid
meniscus thickness is ignored in their model. Nakayama
et al. [21] further suggested that the total heat flux is the
contribution of both tunnel heat flux and external heat
flux:

q00 ¼ q00tun þ q00ex ð1Þ
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Chein and Webb [22] proposed some modifications over
the Nakayama et al. model [21] based on the suction evap-
oration mode of nucleate boiling. Their model needs only
two empirical constants in contrast to seven in the Nakay-
ama et al. [21] model. They have also used Eq. (1) for deter-
mining the total heat flux.

Ramaswami et al. [23] proposed some modification for
the basic Nakayama et al. model [21] by suggesting a differ-
ent methodology for calculating external heat flux.

Jiang et al. [24] provided a different analysis for the
evaporation of the liquid meniscus. Taking a lead from
the evaporation analysis in the micro-grooves on the heat
pipe [25] they estimated the evaporation inside the tunnel.

The above discussion shows all the models for nucleate
boiling from a tunnel and pore structures are based on the
proposition of suction evaporation mode by Nakayama
et al. [21]. However, the models met with varying success
while correlating the experimental data. For instance
Nakayama et al. [21] model does not give a good prediction
of bubble frequency. Bubble frequency is predicted reason-
ably well by Chein and Webb [22] model. However, their
heat flux prediction lies within ±33% of the experimental
results [22]. Ramaswamy et al. [23] model predicts their
own data within ±40%. Jiang et al. [24] predicted experi-
mental data very well only for some special tunnel
dimensions.

It is accepted that suction evaporation mode describes
the process of nucleate boiling in a tunnel and pore geom-
etry; however, its partial success in calculating the experi-
mental data leaves a scope of reexamination of the
model. It is probable that some of the physical processes
during suction evaporation mode have not been considered
rigorously in the earlier models. None of the earlier models
made a thorough analysis of the liquid intake phase assum-
ing it to be too brief to affect the total period of a bubble
cycle. Though, this assumption is valid for a large number
Fig. 1. Geometrical details
of situations it needs to be incorporated for the complete-
ness of the model. Further, this is expected to improve
the model prediction in limiting cases where the time taken
for liquid intake is also significant in the life cycle of a bub-
ble in the tunnel and pore geometry.

The present work revisits the suction evaporation mode
of boiling in a structured surface. Taking a lead from both
the Nakayama et al. [21] model and Chein and Webb [22]
model the boiling heat flux is predicted. A thorough anal-
ysis of the liquid intake phase has been made. Model pre-
diction has been compared with published experimental
results and the results of earlier models.

2. Physical model

Fig. 1 schematically depicts a typical tunnel and pore
structure of the sub-surface of an enhanced boiling surface.
The depicted configuration consists of a straight ‘‘one-
dimensional” rectangular tunnel of uniform cross-section
with a series of equally spaced pores at its top surface. This
is one of the widely used designs of a reentrant nucleation
cavity. The tunnel structure supplies vapour from a larger
sub-surface area to any active pore. It also ensures contin-
uous replenishment of liquid needed for evaporation. It is
assumed that the tunnel is sufficiently long and there are
large numbers of pores so that the end effect can be
neglected and the analysis can be done considering a single
active pore and the associated length of the tunnel. As the
phenomenon of boiling consists of many complex and
inter-related processes, following idealizations are made
for building a mechanistic model:

1. There are liquid menisci at the corners of the vapour
filled tunnels. This gives rise to suction evaporation
mode of boiling [15]. Liquid menisci and tunnel cross-
section are shown in Fig. 1.
of the boiling surface.
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2. Liquid menisci are uniformly distributed along the tun-
nel and have the same radius of curvature throughout
the tunnel length.

3. Temporal and spatial variation of the tunnel tempera-
ture is neglected.

4. Evaporation of the micro-layers above the sub-surface
tunnel is neglected. Evaporation of menisci inside the
tunnel is considered to be the primary mode of heat
transfer.

5. One-dimensional heat conduction is employed to predict
the evaporation rate.

6. Volume of liquid outside the tunnel is very large com-
pared to the cavity size.

7. The thickness of the upper wall of the cavity is much
smaller compared to its other dimensions.

Other assumptions will be stated wherever appropriate.
The process of nucleate boiling comprises of bubble for-

mation, its growth and departure. Each of these processes
is highly transient. However, one can identify a repetitive
pattern in the occurrence of the above phenomena under
steady operating conditions. Three mutually separable
phases namely (i) preparatory phase (ii) bubble growth
phase (iii) intake phase can be distinguished during boiling
from a structured surface. These phases (Fig. 2a) are char-
acterized by the typical variation of pressure inside the tun-
nel. An understanding of these phases is required for the
development of any mechanistic model.
2.1. Preparatory phase

The process necessary to start a new bubble cycle consti-
tutes the preparatory phase. The liquid menisci that exist in
the four corners of the tunnels (shown in Fig. 1) evaporate
due to direct contact with the heat source. A minimum
thickness of liquid, called non-evaporating thickness,
always remains at the wall of the tunnel. At this instant
the pressure increases and horizontal vapour columns
Fig. 2a. Stages of a bubble cycl
inside the tunnels get elongated compensating the radius
of curvature of the menisci. Hence, the radius of the
menisci decreases from rmi to rmg as shown in Fig. 2a. This
phenomenon occurs till the pressure inside the tunnel
becomes equal to the breakthrough pressure of the pore.
At the same time the diameter of the extruded bubble
becomes equal to the diameter of the pore. This break-
through pressure is a function of surface tension of the
tunnel–liquid combination and the pore diameter (Pbr =
4r/dp). When the pressure inside the tunnel exceeds the
break through pressure (Pbr) the bubble starts to blossom
outside the pore.
2.2. Bubble growth phase

In this phase the bubbles are pushed due to continuous
vapour generation inside the tunnel. The vapour phase is
extruded outside the pore with some inertia for the pressure
difference between the liquid pool and the interior of the
tunnel. As a result the bubble dimension increases. How-
ever, at initial phase of bubble growth one can observe
an oscillatory nature of the vapour liquid interface. Proba-
bly some of the vapour mass which comes out of the tunnel
bounces back to it resulting in a temporal decrease of the
bubble volume. Over a period the bubble increases in vol-
ume and once the centre of the bubble comes out of the
pore the bubble continues to grow till it departs from the
surface. This has been observed at low degree of superheat.

During the growth phase the liquid menisci radius inside
the tunnel changes from rmg to rme. Nevertheless, rme never
supersedes the limiting radius rne which is given by

rne ¼
r

DT ws

dT
dP

� �
ð2Þ

Void fraction of the cavity decreases continuously com-
pared to the preparatory phase due to the rapid evapora-
tion of the meniscus. The bubbles continuously increase
e from a structured surface.
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in size after the initial instability in dimension. At the end
of this period the bubbles have diameter db termed as
departure diameter.

2.3. Liquid intake phase

After the bubble departure, the ambient liquid pressure
is usually lower than the cavity pressure for a small pool
height. So the liquid cannot enter through the active pores
overcoming the excess pressure. To continue the suction
evaporation mode and to compensate for the liquid evapo-
rated during bubble departure, liquid enters the tunnel
through inactive pores. This entry of liquid takes a very
small time compared to the other two phases. Number of
active pores increases with the degree of superheat. So
increase in degree of superheat cuts the liquid supply line
decreasing the number of inactive pore. When the pool
liquid height increases the liquid intake time decreases
and after a certain pool height liquid also tend to penetrate
through the vapour menisci present at the active pores.
However, the process of liquid intake through the active
pores is different from that through the inactive pores.
While in the former a liquid finger protrudes in a vapour
filled space, in the later it enters in a flooded cavity. It
may further be assumed that the liquid intake processes
for the active and inactive pores are independent of each
other. We suggest a phenomenological model for the liquid
penetration through the active pores. It may be divided
into two phases namely, liquid refill stage and depressuriza-
tion stage.

2.3.1. Liquid refill stage

At the instant a bubble detaches from a pore, the vapour
pressure is higher than the pressure of the surrounding
liquid. But just after the bubble departure the tunnel pres-
sure suddenly decreases and a liquid sloshing into the tunnel
occurs. This can be defined as liquid refill stage. The intake
continues till the pressure of the cavity equals the outer pool
or the intake velocity becomes identical to the upward
velocity of the vapour phase (vb). During this process some
extra amount of liquid gets into the cavity over and above
the liquid evaporated in the previous cycle. As a result the
liquid vapour interface becomes concave downward.

2.3.2. Pressurization stage

To start the preparatory phase again, the pressure inside
the cavity must increase. During this phase the curvature of
the interface becomes infinity due to the increase of the
pressure inside the cavity. But in general pressure difference
between the pool and tunnel is so small that liquid intake
time is negligible in comparison to the other two stages.
However, for an accurate prediction of the heat flux it is
not wise to neglect it. At the end of the liquid intake phase
the menisci radius again becomes rmi which denotes the ini-
tiation of the next cycle.

Throughout the bubble cycle void fraction is maintained
by the intake of liquid through the inactive pores for a fixed
degree of superheat. The liquid entering through the
active pores do not contribute substantially to the tunnel
liquid inventory. However, the protrusion of the liquid fin-
ger through the active pores just after the departure of a
bubble and its subsequent expulsion due to the increase
of vapour pressure take some finite amount of time. This
needs to be considered in the estimation of total cycle
time.

3. Mathematical formulation

3.1. Time needed for preparatory phase

Considering the effect of inertia and heat diffusion Mikic
and Rohsenow [26] derived an expression for the rate of
bubble growth

rðtÞ¼ 2

ffiffiffi
3

p

r
Ja

ffiffiffiffiffi
alt
p

1�ðT w�T infÞ
ðT w�T sÞ

1þ tw

t

� �1=2

� tw

t

� �1=2
� �	 


ð3Þ

Now at t = tg, r(t) = db/2, and hence

db

2
¼ 2

ffiffiffi
3

p

r
Ja

ffiffiffiffi
al

p ffiffiffiffi
tg

p
� ðT w � T infÞ
ðT w � T sÞ

ðtg þ twÞ1=2 � ðtwÞ1=2
h i	 


ð4Þ

Simplifying Eq. (4) we obtain

tw ¼
tgQ
2P
� P 0

2Q

� �2

ð5Þ

where P 0 ¼ db

4
ffiffi
3
p

p
Ja
ffiffiffi
al
p �

ffiffiffiffi
tg
p

and Q ¼ ðT inf�T wÞ
ðT w�T sÞ .

Waiting period depends on bubble departure diameter
and bubble growth time (tg) which will be evaluated in
the later sections.

3.2. Estimation of bubble departure diameter

By balancing the buoyancy force and the surface tension
force of a growing bubble Nakayama et al. [21] developed
an empirical relation for db based on physical parameters.

They neglected the inertia force of the vapour bubble to
yield

db ¼ cb

2r
ðql � qvm2Þg

� �1=2

ð6Þ

Experimental data of Nakayama et al. [15] showed that cb

for R-11 is 0.42 and for water it is 0.22. Haider [27] estab-
lished an expression for cb as a function of the contact an-
gle h:

cb ¼ ð3 sin hÞ1=3 2r
ðql � qvÞg

� ��1=6

ð7Þ

where h ¼ sin�1 dp

db

� �
.

Now the bubble departure diameter can be calculated
for a specific liquid–solid combination.



A.K. Das et al. / International Journal of Heat and Mass Transfer 50 (2007) 1577–1591 1583
3.3. Calculation of bubble growth time

Chein and Webb [22] suggested that growth of a bubble
on a structured surface is different from plane surface. In
case of a structured surface vapour is supplied only from
the tunnels. Depending on the vapour pressure and surface
tension force Mikic and Rohsenow [28] have derived the
bubble growth rate as

dr
dt

� �
¼ p

7

hfgqvDT ws

qlT s

� �
T v � T s

T w � T s

� �� �1=2

ð8Þ

Chein and Webb [22] suggested that, at t = 0, bubble radius
(r) = dp/2 and at t = tg, bubble radius (r) = db/2.

Eq. (8) can be readily integrated to estimate the growth
time tg:

tg ¼ 33:784
7

p
qlT s

hfgqvDT ws

ðdb þ dpÞ
ðdb � dpÞ

� �1=2 db � dp

2

� �
ð9Þ

Once tg and db are known tw can be calculated from Eq. (5).

3.4. Determination of important physical properties

At the beginning of the bubble cycle let the pressure,
density and temperature of the vapour phase be donated
by Pv, qv, Tv, respectively.

Combining Clausius–Clapeyron relation:

dT v

dP v

¼ T v

qvhfg

ð10Þ

and equation of state:

P v ¼ qvRT v ð11Þ

yields

T v1 ¼ T v þ
4r
dp

� �
T v

q v

hfg ð12Þ

and

qv1 ¼ qv þ
4r
dp

� � 1� RT v

hfg

� �
RT v

ð13Þ

Then one can estimate the average density during prepara-
tory phase and growth phase:

qvm1 ¼ ðqv þ qv1Þ=2 ð14Þ
qvm2 ¼ ðqv1 þ qv2Þ=2 ð15Þ

where

qv2 ¼ qv þ
4r
db

� � 1� RT v

hfg

� �
RT v

ð16Þ

and qvm2 is related to bubble departure diameter by the fol-
lowing equation:

db ¼ cb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2r

ðql � qvm2Þg

s
ð17Þ
From Eqs. (14)–(17) we get

qvm2 ¼
ð4Y � Z2Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðZ2 � 4Y Þ2 � 16ðZ2ql � Y 2Þ

q
8

ð18Þ

where Z ¼ 4rð1�RT shfgÞ
0:442RT s

ffiffiffi
2r
g

p and Y = qvm1 + qv.

Vapour density at the instant of bubble departure is
obtained as

qv2 ¼ 2qvm2 � qv1 ð19Þ

The value of Tv2 can be determined as well:

T v2 ¼ T v þ
4r
db

� �
T v

qvhfg

ð20Þ

After determining the values of the relevant physical prop-
erties we can calculate the mass of the liquid evaporated in
various stages separately. It can be seen that in bubble
growth phase the amount of vapour evaporated is more
than the mass evaporated in the preparatory phase.

3.5. Estimation of liquid intake time for active pores

Liquid intake through active pores occurs only for large
pool heights. At larger pool height ambient pressure is
greater than the pressure in the vapour tunnels below the
active pores at the moment of bubble departure. As a result
‘‘gulping” of liquid occurs from the active pores that can-
not be seen for smaller pool height. This phase can be
defined as refill stage.

As has been mentioned earlier there is a sudden reduc-
tion of pressure when a vapour bubble leaves an active
pore. Following the analysis of Tehrani et al. [29] one
can apply Bernoulli’s equation to find out the tunnel pres-
sure (Pv2b) just after the release of bubble. This needs the
knowledge about the velocity of gas at the instant of depar-
ture of the bubble. From a flooding criterion Wallis [30]
relates the phenomena when gas blow down ends and
liquid refill begins through an empirical relationship:

vg

qg

ðqf � qgÞgdp

 !1=2

6 0:5 ð21Þ

Using Eq. (21) one gets the final expression as Eq. (22):

P v2b ¼ qv2
RT v2

� 0:1375gdpð1þ kcÞðql � qv2
Þ ð22Þ

where the value of kc is 0.5 as reported by Tehrani et al.
[29].

At this point it is important to assess the significance of
surface tension force as the process involves formation and
departure of bubbles through small pores. Two different
criteria has been used for this purpose. The value of
Kapitsa number Ka = (q3gm4/r3)1/6 in the present context
is 0.0188, which is less than the critical value of 0.06. How-
ever, the capillary length

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2r=qg

p� �
for the fluid in interest

is much too bigger compared to the pore diameter necessi-
tating inclusion of surface tension term in the outer pres-
sure expression. Pressure outside the cavity opening point
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at the time of bubble departure depends on the height of
the liquid and the surface tension due to the initial curva-
ture of the liquid vapour interface:

P oe ¼ P amb þ qlghl þ
2r
rc

ð23Þ

where rc is the curvature of the vapour liquid interface that
can be defined as (Fig. 2b):

rc ¼
d2

p þ Z2
g

2Zg

ð24Þ

As the volume of liquid intake is very small compared to
the pool liquid, Poe will not vary throughout the liquid re-
fill stage. Now the rate of pressure change can be taken as

dP v2

dt
¼

P v2
vlðpd2

pÞ
4ecV c

ð25Þ

where void fraction of the cavity can be taken as

ec ¼
ð4� pÞr2

ne

W tH t

ð26Þ

Rate of change of liquid refill velocity can be derived from
the momentum balance of the liquid outside the cavity. At
the starting of liquid refill phase we assume that the veloc-
ity of the liquid phase is a sole function of pool height:

½qlH t � ðql � qv2
ÞZg�

dvl

dt

¼ ðP v2
� P oeÞ � g½qlH t � ðql � qv2

ÞZg� þ
qv2

v2
l ZgA

ecV c

ð27Þ

Depending on the velocity of the liquid phase the vapor li-
quid interface will start penetrating downwards through
the active pores of the boiling surface as shown in
Fig. 2b. We define Zg as the maximum depth of the inter-
face below the pore mouth. Rate of change of Zg gives the
liquid velocity:

dZg

dt
¼ vl ð28Þ

The initial boundary conditions are taken as
At tin = 0, Zg = 0, vl ¼ Cv

ffiffiffiffiffiffiffiffiffi
2ghl

p
, Pv2 = Pv2b.
Fig. 2b. Vapour liquid interface
When the pressure inside the cavity equals the outside
pressure, the liquid refill stage ends. Moreover if the liquid
refill velocity becomes greater than the upward velocity of
the vapour phase, the intake of liquid also stops and bub-
ble formation starts.

In this liquid refill stage total amount of liquid refill can
be evaluated as

min ¼
Z t0

in

0

vl

p
4

d2
p dt ð29Þ

Amount of liquid to be filled to make the continuity for

next stage is
pd3

b
qv2

6ql
.

Then the extra amount of liquid that is taken in the
liquid refill stage, have to be expelled in the next stage from
the cavity. During this pressure inside the cavity also
increases to some extent to start the preparatory phase
again.

Total heat required to evaporate the extra liquid intake
inside the cavity is

qevl ¼ ql

Z t0
in

0

vl

p
4

d2
p dt �

pd3
bqv2

6ql

" #
hfg ð30Þ

The time required to gain this amount of energy from the
tunnel wall is defined as t00in. It can be evaluated as

t00in ¼
ql

q00tunLð2H t þ W tÞ

Z t0
in

0

vl

p
4

d2
p dt �

pd3
bqv2

6ql

" #
hfg ð31Þ

It needs an iteration process to calculate tunnel heat flux
and pressurization time using the liquid refill time from ac-
tive pores.

3.6. Calculation of liquid intake time from inactive pores

Liquid enters from the inactive pores to maintain certain
void fraction. This entry is completely a liquid–liquid phe-
nomenon. Volume of the liquid that is mainly involved in
bubble generation (Vin) can be calculated from a mass bal-
ance around the pore:

V in ¼
p
6

d3
bqv2

ql

ð32Þ
after the bubble departure.
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Initial velocity of the liquid entering through the inactive
pore is a function of the liquid pool height also. Assuming
the liquid of the pool to be static we can use the static pres-
sure for calculating initial liquid intake velocity. Hence,
vin ¼ Cv

ffiffiffiffiffiffiffiffiffi
2ghl

p
, where hl is the pool liquid height.

Thus the liquid intake time is expressed as

tii ¼
p
6

d3
b

qv2

ql

p
4

d2
pCv

ffiffiffiffiffiffiffiffiffi
2ghl

p ð33Þ

For larger pool height, liquid intake occurs simultaneously
through active and inactive pores. However, the time taken
for liquid intake by these two types of pores is different.
The greater of them (ti) should be considered as the liquid
intake time (tin) and should be used for the estimation of
bubble cycle. For moderate pool height, liquid intake from
active pores is absent and liquid enters the tunnel only
through the inactive pores. Hence,

tin ¼ tii ð34Þ

Then we calculate the bubble frequency with the help of
three individual time periods:

f ¼ 1

tw þ tg þ tin

ð35Þ
3.7. Calculation of mass evaporated in various phases

After determining the value of all the physical properties
we can calculate the mass of the liquid evaporated in vari-
ous stages separately. At the end of the preparatory phase
the vapour volume is given by the tunnel volume and the
volume of the bubbles formed on the active pores:

At t ¼ tw; V v1 ¼ V t þ N
pd3

p

12

 !
ð36Þ

Average volume of vapour generated during the prepara-
tory phase:

V vm ¼ ðV t þ V v1Þ=2 ð37Þ

Tunnel volume for the rectangular tunnel cross-section
is the product of tunnel length and cross-sectional area.
Total number and pitch of the pores are N and Pp, respec-
tively. Cross-sectional area of the rectangular tunnel is the
product of tunnel height (Ht) and tunnel width (Wt). For a
fixed value of Vvm, mass evaporated in the preparatory
time effects the process of boiling in two ways. It compen-
sates the density change due to temperature change and
also feeds the growing bubble.

Hence, mass required for preparatory phase is expressed
as

ml1 ¼ V vmðqv1 � qvÞ þ N
pd3

p

12

 !
qvm1 ð38Þ

Total amount of mass evaporated during growth, refill and
pressurization phases can be obtained through a simple
equation of energy transfer considering the durations of
the respective phases:

ml2 ¼ ðtg þ t0in þ t00inÞ
klDT t2

hfg

� �
ct2 ð39Þ

where DTt2 = Tw � (Tv1 + Tv2)/2.
Value of ct2 can vary for various liquid surface combina-

tions. Nakayama et al. [21] reported a value of ct2 for R-11
and copper combination as 2.773 � 104 cm.
3.8. Calculation of tunnel heat flux

As all the pores are not active Nakayama et al. [21]
defined a non-dimensional parameter (u*) to quantify the
rate of vapour generation from the active pores:

u� ¼ 6klct2DT t2

qvm2hfg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2r=dpql

p
Np

d2
p

4

ð40Þ

The ratio of active pores to the total number of pores (b) is
a function of t�g, n and gd. Here t�g is the non-dimensional
bubble growth time and it can be expressed as

t�g ¼
tgffiffiffiffiffiffi
qld

3
p

8r

q ð41Þ

n is assumed to be proportional to the cube root of the vol-
ume of liquid introduced during the cycle. Using an empir-
ical constant C3 it can be expressed as

n ¼ �C3½8ðml1 þ ml2Þ=qlNpd3
p�

1=3 ð42Þ

Value of C3 in case of R-11 and copper combination is
3.172 [21]. gd is the ratio to the bubble departure diameter
and pore diameter:

gd ¼
db

dp

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðdp=dbÞ2

q� �
ð43Þ

Now b can be expressed as a function of t�g, n and gd.
Nakayama et al. [21] established an equation of b from
mass conservation equation at active sites and inactive
sites. Integration of the mass conservation equation from
t = 0 to t = tg yields the following:

b ¼
u�t�g � nðn3 þ 3Þ þ 4

gdðg3
d þ 3Þ � 4

ð44Þ

We can calculate the activation ratio of the pores directly
from the above equation. Consequently, tunnel heat flux
can be calculated directly from the energy balance of the
entire cycle as shown below:

q00tun ¼ ðml1 þ ml2Þhfgb=ðtw þ tg þ tinÞA ð45Þ
3.9. Calculation of external heat flux

Haider [27] and Webb [4] suggested an asymptotical
solution for the external heat flux. They used Mikic and
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Rohsenow [28] correlation to determine the heat transfer
by transient conduction:

q00ex:MR ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pklqlcplf

p
d2

bnsðT w � T sÞ ð46Þ

where ns ¼ q00tun

qvhfgf pd3
b
=12

.

qtun using ml1, 
tg and tin from

45

 from ml1 and 
ml2 using eq. 42 

evaluate f fro
tw, tg, and t

 from eq. 44 
ml2 from tg and tin

from eq. 39 

Evaluate tg from 
db and eq. 9 

Calculate Ja from 
wall superheat 

tw from Ja, db, tg

and  using eq. 5 

 from vm2 and
eq. 40 

 from db and 
eq. 43 

ml1 from vm1 and
tunnel volume 

from eq. 38 

db from vm2 and
eq. 17 

vm2 from surface 
tension and eq. 

15

Calculate vm1

from v1

v1 from physical
parameters 

ρ

ρ

ρ

φ ρ

ξ

β

ηδ

ρ

ρ
ρ

Fig. 3. Flow chart of the co
Haider [27] and Webb [4] used q00ex:MR in their own
asymptotes and found the corrected value of q00ex given by

q00ex ¼ q00ex:MR 1þ 0:66pc

P 1=6
r

 !2
2
4

3
5

1=2

ð47Þ
ml2,

 eq. update qtun

qtun

m 
in

get t”
in from 

iteration using 
eq. 39 and 31 

tin adding t’
in and 

t”
in

Solve eqs. 25, 26 
and 27 
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parameters 

update the 
parameters 
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in from 
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Tv2 from vm2 and
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clapeyron

Pv2 from v2 and
Tv2 from eq. 22 

v2 from v1 and
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t’
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new qtun = old qtun

ρ
ρ

ρ

ρ ρ

α

mputational procedure.
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The above expression needs the knowledge of c which is an
empirical constant. Haider [27] has suggested a value of c

as 6.42 by regressing the experimental data of Nakayama
et al. [21] and Chein and Webb [22]. He further reported
that using this empirical constant external heat flux could
be predicted within an accuracy of 25% and suggested this
value for any liquid–metal combination. As the external
heat flux is substantially lower than the tunnel heat flux
(this will be demonstrated in a later section) and as its con-
tribution to the total heat flux is relatively small, in the
present analysis Eq. (47) has been adopted with a value
of c = 6.42.
4. Prediction procedure

The above model can predict overall heat flux (q00) for
various degrees of superheat (Tw � Ts) for a given surface
geometry (db,Pp,Ht,Wt), physical properties of fluid (qv

and Tv) and system pressure (Pv). For this a set of differen-
tial equations and algebraic equations have to be solved
Table 1
Values of constants used for proposed models

Constants Values

cb 0.42
Cbg 0.0296
Ct2 2.773 � 104 cm
C3 3.172
c 6.42
kc 0.5
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Fig. 4. Comparison of various phas
simultaneously. We use Runge–Kutta fourth order scheme
for solving the set of differential equations (25), (27) and
(28). When the outside pressure equals the tunnel pressure
the solutions converges. This pressure and liquid velocity
are taken as the initial conditions of the pressurization
stage. A simple iteration scheme is used to calculate tunnel
heat flux and liquid intake time accurately. A flow chart in
Fig. 3 depicts the algorithm of the computation.

5. Results and discussion

The model has been employed to predict the heat flux
for R-11, boiling on a micro-structured copper surface.
The different constants used for this combination of liquid
and solid are provided in Table 1. For a comparison with
the predictions of other existing models simulations have
also been done based on Nakayama et al. [21] and Chein
and Webb [22].

It is interesting to note that time taken for the prepara-
tory phase and the growth phase are dependent on the
degree of superheat, the growth phase being more sensitive
to this parameter. However, the liquid pool height does not
have any effect on these two phases. On the contrary, the
intake phase is independent of degree of superheat but
decreases with pool height. Up to a certain pool liquid
height, intake process from active pores is not possible
due to the ambient pressure being lower than that of the
tunnel. For atmospheric pressure acting on a pool of liquid
R-11 this height is nearly 0.265 m. This is clearly evident in
Fig. 4, which uses the Nakayama et al. [21] and Chein and
Webb [22] model to predict the preparatory and growth
0.3 0.4 0.5
ol height (m)

 preparatory time in 1 degree superheat
 growth in 1 degree superheat
intake time

 preparatory time in 3 degree superheat
 growth time in 3 degree superheat

e spans for 1-degree superheat.
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time. Intake time is evaluated for Fig. 4 by taking care of
the suction evaporation mode behavior of the liquid
menisci.

It can be further noted from Fig. 4 that the liquid intake
time is an order of magnitude less than the time taken by
the other phases. This has been assumed in the previous
works without any rigorous calculation. However, omis-
sion of intake time may induce significant error for extre-
mely low pool height, low ‘‘g” condition and systems
under depressurization. With the current interest in minia-
Fig. 5. Variation of tunnel pressure and outside pr

Fig. 6. Prediction of bubble frequency vs. deg
turized heat transfer equipment one needs to reexamine the
applicability of the existing models. Such applications war-
rant a special attention on the effect of low liquid height on
boiling heat transfer.

Variation of tunnel pressure and outside pressure with
pool height for 1-degree superheat is shown in Fig. 5 to
explore the effect of the pool height on intake. The varia-
tion of pool pressure and tunnel pressure with liquid pool
height as well as degree of superheat are depicted in
Fig. 5. At a low value of pool pressure liquid enters the tun-
essure with pool height for 1-degree superheat.

ree of superheat for various pool heights.



Fig. 7. Percentage of mass entered in intake phase from active pore to the total mass evaporated vs. degree of superheat.
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nel only through inactive pores, whereas for comparable
values of pool and tunnel pressure, liquid also penetrates
through the active pores as explained earlier. While the
tunnel pressure is independent of pool height and changes
with the degree of superheat the outside pressure is a strong
Table 2
Comparison of bubble departure diameter with the experimental data

Prediction Fluid dp

(mm)
db, exp (mm)
[8]

db, pred

(mm)

Nakayama et al. [1] R-11 at
1 atm

0.1 0.7 ± 0.1 0.53

Proposed model R-11 at
1 atm

0.1 0.7 ± 0.1 0.698

Fig. 8. Prediction of bubble frequency in proposed
function of pool height (Eq. (23)). This implies for
Poe > Pv2, inclusion of liquid intake time has little impact
on the heat flux from tunnel and pore geometry. However,
for Poe < Pv2, liquid intake time needs to be considered for
an accurate prediction.

Bubble frequency decreases with pool height (Fig. 6).
With the increment of pool height larger amount of excess
liquid enters through the active pores and pressurization
time increases resulting in a low bubble frequency. The
extra mass, which enters into the cavity due to the pressure
difference, as a percentage of the total mass evaporated, is
shown in Fig. 7 for various pool heights. This clearly shows
the effect of liquid height on the boiling process.

Bubble departure diameter is predicted well by the Hai-
der’s [27] model compared to the Nakayama et al. [21]
and previous models for pool height 0.15 m.
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model. The same is used in the present simulation. For R-
11 at atmospheric pressure the model prediction with the
experimental result are shown in Table 2.

The prediction of the bubble frequency at moderate
liquid pool height for R-11 by the present model is shown
in Fig. 8. Though, the present model depicts the correct
trend of bubble frequency as a function of wall superheat,
the data are under predicted. On the other hand, Nakay-
ama et al. model [21] grossly over predicts the bubble fre-
quency data (particularly for pool heights greater than
the critical pool height). Chein and Webb model [22] clearly
shows a better prediction of bubble frequency in compari-
son with the other two models.

The main purpose of the present study is to develop a
model for the prediction of total heat flux from an aug-
mented surface having ‘‘tunnel and pore” geometry. This
could be done easily using Eq. (1) by adding up q00tun (Eq.
(45)) and q00ex (Eq. (47)). However it would be interesting
to compare these two heat fluxes. This will clearly bring
out the improvement obtained by adopting a structured
surface. Table 3 reports the tunnel heat flux and external
Table 3
Comparison of tunnel heat flux and external heat flux for various degree
of superheat

Degree of
superheat

Total heat flux
(W/m2)

Tunnel heat flux
(W/m2)

External heat flux
(W/m2)

1.0 1729.86 1597.13 132.73
1.5 7524.83 6901.02 623.81
2.0 20699.21 19028.6 1670.61
2.5 43872.13 40282.07 3590.06
3.0 78020.66 71545.17 6475.49
3.5 121799.56 111445.38 10354.18
4.0 171585.08 156142.37 15442.71

Fig. 9. Prediction of heat flux in proposed model and comp
heat flux as a function of wall superheat for the experimen-
tal conditions reported by Nakayama et al. [15]. For the
entire wall superheat range the tunnel heat flux is one order
of magnitude higher compared to the external heat flux.

Finally, the data for total heat flux reported in the liter-
atures have been compared with the Nakayama et al. [21]
model, Chein and Webb model and the proposed model.
Fig. 9 Shows that the predictions by both the Nakayama
et al. model and the present model are comparable. Nakay-
ama et al. [21] model matches well with their own experi-
mental results whereas the prediction of Chein and Webb
data [22] by the present model appears better. Chein and
Webb model grossly under predicts both the sets.

6. Conclusions

A methodology for the prediction of boiling heat flux
and bubble frequency from a tunnel and pore micro-struc-
ture has been discussed in this article. Based on the
assumption of the suction evaporation mode the present
model judiciously uses the features of both the Nakayama
et al. [21] model and Chein and Webb [22] model. The pres-
ent model needs three empirical constant compared to
seven by Nakayama et al. [21] and two by Chein and Webb
[22].

A thorough analysis has been carried out for the liquid
refill stage ignored in all the previous models. The mecha-
nistic model of liquid intake developed in the present work
shows the intake time to be small compared to the duration
of the other two phases at large pool height. However, the
intake time could be significant for smaller pool height and
depressurized systems. The prediction of the model shows a
good agreement with the experimental data in the
literature.
arison with previous models at a pool height of 0.15 m.
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