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Abstract

A semi-analytical model of the bubble dynamics is proposed based on the experimental results reported in the literature on boiling
from porous enhanced surfaces. The model considers the ‘flooded mode’ regime of enhancement boiling and is validated for data cov-
ering a range of tunnel and pore dimensions. The dynamic model accounts for the temporal evaporation rate variation inside tunnels to
arrive at the latent heat flux due to internal evaporation and frequency of bubble formation. The population density is predicted using an
empirical formulation, and in turn used to estimate the total heat flux from the porous enhanced surface. The model predicts the heat flux
for pool boiling from structured surfaces within ±30% of the experimental data. The model is subsequently used in the prediction of the
thermal performance of a novel two-phase heat spreader that employs porous structured surfaces for enhancing boiling heat transfer.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Nucleate boiling from porous structured surfaces results
in high heat transfer rates with very small rise in the surface
temperature. This knowledge has been used extensively [1]
to improve the performance of heat exchangers and process
equipment, through the use of enhanced tubes for promot-
ing boiling/condensation heat transfer process. Despite the
vast body of research on boiling from such enhanced sur-
faces [2], the fundamental physical mechanisms involved
are far from being well understood. Visualization studies
have been carried out in the past to ascertain nucleate boil-
ing mechanism from structured surfaces [3–7].

Nakayama et al. [8] proposed three possible modes of
boiling from structured surfaces, namely the ‘flooded’
mode, the ‘suction–evaporation mode’ and the ‘dried-up
mode’ (Fig. 1). Based on the above observations of boiling
modes, Webb and Haider [9], Chien and Webb [10] and
Ramaswamy et al. [11], have proposed mechanistically
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based models to predict boiling performance of structured
surfaces. Webb’s model is based on the ‘flooded’ mode
regime and assumes alternate zones of liquid and vapor
slugs in the sub-surface tunnels. Though the model devel-
oped was independent of empirical constants, its applica-
tion was limited to structures with a continuous slot at
the top of the sub-surface tunnels.

Chien and Webb [10] and Ramaswamy et al. [11] focus
on the ‘suction–evaporation’ mode of boiling from
enhanced surfaces. Their models require the specification
of the Hamaker constant for calculating the liquid satura-
tion temperature. Chien’s model assumes the Hamaker
constant value for R-113 to be 2.0 · 10�12 J, while
Ramaswamy’s model uses a value of 1 · 10�13 J for FC-
72. Ramaswamy et al. [11] note that their model is highly
sensitive to the value of the Hamaker constant used,
thereby requiring its accurate evaluation. Dasgupta et al.
[12] carried out experiments to determine the equilibrium
disjoining pressure from thin evaporating menisci and
found that the Hamaker constant is a function of the liquid
surface combination and the wall superheat value. For an
octane/silicon system, the Hamaker constant was measured
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Nomenclature

Ctg empirical constant for growth rate
Ch Hamaker constant (J)
cp specific heat of liquid (J/kg-K)
D diameter (m)
F force (N)
f frequency (Hz)
hfg latent heat of vaporization (J/kg)
k thermal conductivity (W/m-K)
L length of thin-film region
Q00 heat flux (W/m2)
m mass (kg)
ns nucleation site density (m�2)
Pr Prandtl number
p pressure (Pa)
R instantaneous bubble radius
rt tunnel radius
Tw wall temperature (�C)
Tsat saturation temperature (�C)
t time (s)
DTsup wall superheat
V volume (m3)
u velocity (m/s)
m velocity (m/s)
xm mean length of liquid slug (m)

Greek symbols
r surface tension (N/m)
h contact angle (degrees)

q density
d film thickness (lm)
d0 initial film thickness (lm)

Subscripts

B buoyancy
b bubble
bi bubble inertia
ex external
f film
L lift
l liquid
m menisci
max maximum
min minimum
mom momentum
ne non-evaporating
p pore
sat saturation
t tunnel
ug unsteady growth
v vapor
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to be in the range 3.0–0.69 · 10�21 J for wall superheats in
the range 0.000045–0.002 �C. More generally, the Hamaker
Fig. 1. Possible modes of boiling (Nakayama et al. [8]).
constant for two macroscopic phases interacting across a
medium can be derived using the Lifshitz theory of van
der Waals forces [13]. The above theory, when used in cal-
culating the Hamaker constant for CCl4/copper system,
results in a value of 1.18 · 10�19 J. Substituting a value
of 10�19 J for the Hamaker constant in [10,11] results in
very large discrepancies between the predicted results and
the experimental data available in the literature for boiling
from enhanced surfaces. Moreover, both [10,11] are based
on thin-film evaporation across the meniscii along the cor-
ners of the enhancement feature and fail to account for
observed boiling enhancement from circular sub-surface
tunnels where no such meniscii exist.

Visualization experiments performed by Nakayama
et al. [4] and Arshad and Thome [5] show the existence of
an advancing liquid–vapor interface in the re-entrant cavi-
ties of the enhancement structure. More recently, Ghiu
et al. [14] carried out visualization studies on transparent
enhancement structures similar to those used by Nakay-
ama et al. [4]. Their experiments confirmed the presence
of alternating liquid–vapor slug regions in the sub-surface
tunnels of the enhancement structure.

The current study presents a unified model for the bubble
dynamics from porous structures and compares the predic-
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tions with experimental results reported in the literature.
Boiling from enhanced surfaces is quantified by predicting
the bubble departure diameter, bubble frequency, nucle-
ation site density and dissipated heat flux. Modeling of these
parameters is outlined in Section 2. Section 3 compares the
model predictions with experimental results reported in the
literature and the conclusions are presented in Section 4.

2. Semi-analytical model

The semi-analytical model developed captures the boil-
ing of highly wetting liquids from structured surfaces with
sub-surface tunnels having circular cross section. The model
can be used for predicting the performance of tunnels with
other cross sections by representing these with circular tun-
nels of same wetted perimeter. The model assumes the exis-
tence of a spherical bubble inside the sub-surface tunnel at
the start of a bubble departure cycle (Fig. 2a). Evaporation
at the liquid–vapor interface across the two menisci, and the
intermediate thin liquid film cause the vapor plug to expand
within the tunnel (Fig. 2b). The vapor expansion occurs in
the tunnel until the pressure force is greater than the surface
tension force on the pore (4r/dp) (Fig. 2c). At this point,
bubble growth occurs outside the tunnel (Fig. 2d), until
the detaching forces overcome the forces that keep the bub-
ble attached to the enhanced surface.

The departure diameter is obtained based on a balance
of the static and dynamic forces acting on a bubble. Bubble
frequency is defined as the inverse of the total time for one
bubble cycle and is calculated based on the time taken for a
bubble to reach its departure diameter. The heat dissipated
through evaporation inside the tunnels ðQ00t Þ is combined
with the enhanced convection on external surfaces ðQ00exÞ
for arriving at the total heat flux. The nucleation site den-
sity (ns) or the total number of bubbles formed per unit
area is required for computing the total heat flux and is
obtained through an empirical correlation.

2.1. Modeling bubble departure diameter

Most existing models for bubble departure from struc-
tured surfaces consider only the static forces acting during
Fig. 2. Envisioned bubble formation and d
bubble growth. Nakayama et al. [15] developed an empiri-
cal correlation for bubble departure through the balance of
buoyancy and surface tension forces. Webb and Haider [9]
replaced the empirical constant in Nakayama’s model by
introducing the contact angle h in the formulation. More
recently, Ramaswamy et al. [11] accounted for the effect
of dynamic forces in their bubble departure model.

The mechanism of bubble growth for structured surfaces
involves evaporation of the liquid menisci inside the sub-
surface tunnels of the enhancement structure. The present
model for bubble departure assumes the departing bubbles
to be spherical in shape and attached to the surface pore
during the bubble growth. The departure diameter is pre-
dicted by including the effect of the static and dynamic
forces acting on the bubble. The buoyancy force and the
lift flux force tend to pull the bubble off the pore, while
the growth force, the surface tension force and the bubble
inertia force keep it attached. The bubble departure diam-
eter is obtained by solving the force balance equation

F ug þ F st þ F bi ¼ F B þ F L ð1Þ

The expressions used for the forces in the force balance
study are identical to those derived in Ramaswamy et al.
[11].

2.2. Modeling tunnel heat transfer

The tunnel heat flux during one bubble cycle of fre-
quency f is calculated based on the liquid evaporation from
the thin film ðQ00f Þ and the two menisci at each end of a
vapor plug ðQ00mÞ in the tunnel. Evaporation from the thin
film occurs until the non-evaporating film thickness is
reached wherein the inter-molecular forces between the
solid tunnel wall and the liquid in the thin film creates an
energy barrier that hinders further evaporation. The non-
evaporating thickness is calculated by [10]

dne ¼
ChT sat

qlhfgDT sup

� �1=3

ð2Þ

where the Hamaker constant Ch accounts for the disjoining
pressure. Since all the heat transferred to the vapor zone is
eparture in the ‘flooded’ mode regime.
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latent, the tunnel heat flux ðQ00t Þ equals the latent heat of the
vapor contained in a bubble and is given by

Q00t ¼
Z 1=f

0

ð2Q00m þ Q00f Þdt ¼ p
6

qvhfgD3
b ð3Þ
2.3. Modeling bubble frequency

The bubble frequency f is obtained by solving Eq. (3)
through modeling of thin film ðQ00f Þ and meniscus ðQ00mÞ heat
transfer rates. Q00m is obtained through calculation of the
radial heat conduction and is given by (Fig. 3)

Q00m ¼ 2pklðT w � T satÞ
Z rt�d

0

dx

ln rtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðrt�dÞ2�x2
p
� �

¼ 2pklðT w � T satÞðrt � dÞ
Z 1

0

dn

ln rt

ðrt�dÞ
ffiffiffiffiffiffiffi
1�n2
p

� �

where n ¼ x
ðrt � dÞ

� �

¼ 4prtklðT w � T satÞ
ffiffiffiffiffi
rt

2d

r
tan�1

ffiffiffiffiffi
rt

2d

r� �
ðfor d� rtÞ

ð4Þ
The instantaneous conduction heat transfer through the
thin-film region is modeled by solving the radial conduc-
tion equation across the cylindrical thin film and equals

Q00f ¼
2prtklðT w � T satÞL

d
ð5Þ

where L is the instantaneous length of the thin-film region.
The time dependent thin-film thickness is modeled by
equating the latent heat required to evaporate a differential
cylindrical liquid volume of thickness dd during time dt to
the thin-film heat transfer. Substituting for Q00f from Eq. (5),
the differential form of the interfacial thickness is derived
to be

ddd ¼ �klðT w � T satÞdt
qhfg

ð6Þ

Integrating the above equation from the start of the cycle
(t = 0, d = d0), the interfacial thickness is obtained as
Fig. 3. Geometry of vapor plug inside the tunnel used for computing Q00m
and Q00f . Axial conduction is assumed to be negligible.
d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2

0 �
2klðT w � T satÞt

qhfg

s
ð7Þ

Based on existing literature on boiling experiments from
micro-structures, Webb and Haider [9] assumed the exis-
tence of liquid–vapor menisci oscillating back and forth
inside the enhanced surface tunnels and proposed the fol-
lowing relationship for the driving pressure difference
(Dp) during the expansion phase (0 6 t 6 1/2f),

Dp ¼ ðpsat;max � psat;minÞ sinðpftÞ ð8Þ

The pressure in the vapor plug attains a maximum when
the vapor embryo just protrudes from the surface pore

psat;max ¼ psat þ
4r
Dp

ð9Þ

and the minimum pressure in the vapor plug occurs when
the bubble growing at the top of the tunnel assumes the
departure diameter

psat;min ¼ psat þ
4r
Db

ð10Þ

The maximum driving differential pressure becomes

Dpmax ¼ psat;max � psat;min ¼ 4r
1

Dp

� 1

Db

� �
ð11Þ

The streamwise momentum equation for the oscillatory
motion of the liquid slug in the tunnel reduces to

ou
ot
¼ �Dpmax sinðpftÞ

qxm

þ m
r

o

or
r
ou
or

� �
ð12Þ

where xm represents the mean length of the liquid slug in-
side the tunnel. Webb and Haider [9] showed the assump-
tion of inviscid flow inside the enhanced surface tunnels
results in negligible error in the tunnel heat transfer predic-
tion. Neglecting the viscous term in the momentum equa-
tion (Eq. (12)) results in the following solution for the
velocity

u ¼ Dpmax

pf qxm

� �
cosðpftÞ ð13Þ

The instantaneous length of the thin-film region during the
expansion phase is modeled using

dL
dt
¼ 2u) L ¼ Lmax sinðpftÞ ð14Þ

where Lmax is the maximum expansion length of the vapor
zone.

The pressure drop across the slug during the contraction
phase is modeled as (1/2f < t 6 1/f)

Dp ¼ Dpmax cosðpftÞ ð15Þ
with the solution of the slug velocity in the contraction
phase given by

u ¼ � Dpmax

pf qxm

� �
sinðpftÞ ð16Þ
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Application of the above velocity field results in the length
of the thin-film region in the contraction phase as

L ¼ Lmaxð1þ cosðpftÞÞ ð17Þ

The maximum length of the vapor expansion (Lmax) is cal-
culated by equating the mass of vapor formed to the mass
of the departing bubble. The increase in the mass of the
vapor as it expands from the minimum vapor pressure
(pmin) to the maximum vapor pressure (pmax) is given by

mmax � mmin ¼
1

hfg

Z 1=2f

0

ð2Q00m þ Q00f Þdt ð18Þ

Assuming the heat transfer rate during the expansion and
contraction phase of the vapor plug to be the same with
small variations in the vapor density, Eq. (18) reduces to

mmax � mmin ¼ qvðV max � V minÞ ¼
p
12

qvD3
b ð19Þ

The minimum (Vmin) and maximum (Vmax) volume of the
vapor plug is obtained from a geometrical analysis of the
system to be

V min ¼
4

3
pðrt � d0Þ3 ð20aÞ

V max ¼ pðrt � dÞ2Lmax þ
4

3
pðrt � dÞ3 þ 2

3
p

Dp

2

� �3

ð20bÞ

Substituting Eq. (20) in Eq. (19) results in

Lmax ¼
D3

b

12ðrt � dÞ2
� 4

3ðrt � dÞ2
�
ðd3

0 � d3Þ � 3rtðd2
0 � d2Þ

þ 3r2
t ðd0 � dÞ �

D3
p

16

�
ð21Þ
2.4. Modeling initial film thickness

The initial film thickness is modeled using lubrication
theory and assumes the motion of vapor plug in the expan-
sion phase would result in a thin liquid film along the tun-
nel walls. The liquid film thickness, d0, lubricated by the
two menisci, each receding with velocity u0 in the circular
tunnel of radius rt is given by [16]

d0

rt

¼ 1:3375Ca2=3 ð22Þ

where Ca (=lu0/r) is the capillary number. The growth of
the vapor region at the beginning of the expansion phase is
heat diffusion controlled. Thus, the initial velocity u0 at the
beginning of the expansion phase is obtained by equating
the initial heat transfer to the plug to the latent heat corre-
sponding to the vapor generation rate, resulting in [16]

u0 ¼
1

2

dL
dt

� �
t¼0

¼ 4klðT w � T satÞ
qvhfgrt

ffiffiffiffiffiffiffi
rt

2d0

r
tan�1

ffiffiffiffiffiffiffi
rt

2d0

r
ð23Þ

The initial film thickness d0 is obtained by solving Eqs. (22)
and (23) iteratively till convergence.
2.5. Modeling external heat transfer

Haider and Webb [17] developed a sub-model for exter-
nal convection based on the model of Mikic and Rohsenow
[18] for boiling from a plain surface. Haider and Webb’s
model included a transient term to account for the convec-
tion in the wake of the departing bubble. The model
assumes that the beginning of the bubble cycle is domi-
nated by transient conduction, and the final part is domi-
nated by micro-convection caused by the wake of the
departing bubble and expresses the external heat flux as

Q00ex ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pklqlcpf

p
D2

bnsDT sup 1þ 0:66pc

Pr1=6

� �2
( )1=2

ð24aÞ

where the empirical constant of c = 6.42, was curve fitted
from the Chien and Webb [19] and Nakayama et al. [15]
bubble formation data. Ramaswamy et al. [11] found a
constant value for the empirical constant c resulted in sig-
nificant over-prediction of the external heat flux at high
wall superheats and they replaced it with a third order
polynomial function of the wall superheat given by

c ¼ a0 þ a1ðDT supÞ þ a2ðDT supÞ2 þ a3ðDT supÞ3 ð24bÞ
where the constants are a0 = 6.58, a1 = �1.1612/�C,
a2 = 0.0782/�C2 and a3 = �0.0018/�C3. Eq. (24) predicted
the data listed in Haider and Webb [17] and Ramaswamy
et al. [7] within ±40% for all data points [20].

2.6. Modeling nucleation site density

The nucleation site density in the present model is pre-
dicted through a correlation, with the empirical constants
determined from the nucleation site density data reported
in literature. The liquid–vapor plug dynamics inside the
tunnel of structured surfaces that govern the nucleation site
density depends on the geometric parameters and the wall
superheat. The geometric factors that determine the total
number of bubble generated are the pore diameter (Dp),
tunnel radius (rt) and the total surface pore density (Ns).
The nucleation density correlation is obtained by curve fit-
ting the FC-72 [7] and R-123 [6] experimental data as

ns ¼ CðDT Þx1ðN sÞx2ðrtÞx3ðDpÞx4 ð25Þ
where the constants are

C ¼ 1246:38; x1 ¼ 0:912; x2 ¼ 0:435;

x3 ¼ 0:762; x4 ¼ �0:545

Fig. 4 shows the prediction of the nucleation density, using
the correlation in Eq. (25), to be within ±30% of the data
reported in literature.

2.7. Prediction procedure

Based on the equations outlined, the steps in predicting
the parameters of boiling from structured surfaces are as
follows:



Fig. 4. Comparison of experimental nucleation site density with those predicted using correlation in Eq. (25).
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(1) Calculate the bubble departure diameter (Db) using
the force balance as given by Eq. (1).

(2) Solve Eqs. (22) and (23) iteratively to get the initial
film thickness (d0).

(3) Calculate the bubble departure frequency by solving
Eq. (3), which can be expanded asZ Z
Table 1
Geome

Investi

Nakay
(Fin

Chien
(Fin

Ramas
(Ma
1=2f

0

ð2Qm þ QfÞexp dt þ
1=f

1=2f
ð2Qm þ QfÞcon dt

¼ p
6

qvhfgD3
b ð26Þ

The first and second terms in Eq. (26) represent the
latent heat transfer during the expansion and con-
traction phases respectively. The film heat transfer
(Qf) becomes zero on reaching the non-evaporating
thickness (dne).
(4) Calculate the nucleation site density by using Eq.
(25).

(5) The total heat flux, which is the sum of the tunnel
heat flux ðnsQ

00
t Þ and the external heat flux ðQ00exÞ, is

obtained from Eqs. (3) and (24).

3. Results of semi-analytical model

The semi-analytical model described in the previous sec-
tion was used to predict the bubble departure diameter,
bubble frequency, nucleation site density and the total heat
trical details for the parametric studies in literature

gators (Nomenclature) Fluid Tunnel pitch (mm

ama et al. [4]
s/m-Ht–dp–Pp)

Water 0.5–0.6
R-11 0.55
Liquid nitrogen 0.4

and Webb [6]
s/m-Ht–dp–Pp)

R-11, R-123 and R-22 0.5–0.72

wamy et al. [20] FC-72 0.6–0.9
terial-dp–Pp–Ht)
flux for boiling from porous enhanced surfaces, and com-
pared with experimental data reported in the literature.
Table 1 briefly summarizes the geometric details of the var-
ious studies used in the validation of the semi-analytical
model. The nomenclature used in identifying the studies is
similar to those used by the investigators in reporting their
results (Fig. 5), with Ht referring to the sub-surface tunnel
height, Dp denoting the pore diameter and Pp representing
the pore pitch. For example, Chien’s structure 1968–0.9–
0.18–0.75 refers to 1968 fins/m, 0.9 mm tunnel height,
0.18 mm pore diameter and 0.75 mm pore pitch. Similarly,
Ramaswamy’s structure S–0.2–1.0–0.26W refers to a struc-
tured surface in silicon with 0.2 mm pore diameter, 1.0 mm
pore pitch and 0.26 mm tunnel height. The last letter iden-
tifies the method used for making the enhancement struc-
tures, in this case ‘W’ signifying wet-etch process.

3.1. Prediction of the departure diameter

A comparison of the predicted and experimental values
for bubble departure diameter is shown in Fig. 6. The
results show very good agreement, with the absolute error
being within ±20%. The present model does not capture
the observed decrease in departure diameter [4,19] for
low wall superheats in the range 1–3 �C. Zuber [21] sug-
gested that for very low wall superheats, the bubble depar-
ture is a function of the buoyancy and surface tension
forces only. Therefore, an increase in wall temperature
) Tunnel height (mm) Pore diameter (mm) Pore pitch (mm)

0.5–0.62 0.08–0.2 0.6–0.72
0.4 0.04–0.15 0.7
0.4–0.56 0.03–0.2 0.72

0.5–1.5 0.12–0.28 0.75–0.3

0.4–0.6 0.07–0.15 0.07–0.15



Fig. 5. Shows the enhancement structures reported in literature used for validating the semi-analytical model. The geometric parameters of the structures
are summarized in Table 1.

Fig. 6. Comparison of bubble departure diameter—prediction vs. experiments.
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causes a reduction in surface tension forces, resulting in a
decrease in the departure diameter. The present model does
not account for temperature dependent surface tension
effects and hence fails to predict the trends in bubble depar-
ture diameter variation at low wall superheats. However, as
the wall superheat is increased further, dynamic forces start
dominating the bubble growth and the variation in surface
tension force with temperature becomes negligible in
comparison.

3.2. Prediction of frequency

A comparison of the predicted values for frequency and
experimentally observed values is shown in Fig. 7. The
trends in variation of frequency with wall superheat are
captured fairly accurately. The error in the prediction lies
within a range of ±35%. The model predicts the frequency
to increase monotonically with increase in wall superheat
values. However, the experimental values of Ramaswamy
et al. [7] show a reduction in the frequency at intermediate
wall superheats. This was explained through the induced
sweeping motion caused by the liquid return to the evapo-
rator in their experimental set-up. The current model does
not account for this phenomenon as such an analysis
involves significant additional complexities that are beyond
the scope of the present work.

3.3. Prediction of heat flux

A comparison of the predictions using the present model
and experiments for structures used in Chien and Webb
[19] and Nakayama et al. [4] is shown in Fig. 8a. The model
predicts the heat flux variation with wall temperature
within ±40% for all available data. Fig. 8b shows that
the predicted heat transfer coefficients follow the trend
observed in experiments. The heat transfer coefficient var-
ies with heat flux to the power of 0.46, which implies that
the heat flux varies with wall superheat to the power of
1.8. The exponent is higher than the value of 1.24 predicted
for natural convection boiling but is less than Rohsenow’s
prediction for nucleate boiling, where the heat flux varies to
the cube of wall superheat.



Fig. 8. Comparison of prediction vs. experiments for Chien’s and Nakayama’s structures (a) heat flux and (b) heat transfer coefficient.

Fig. 7. Comparison of frequency—prediction vs. experiments.
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Fig. 9a and b compare the model prediction with the
experimental data obtained using Ramaswamy et al.’s [7]
boiling enhancement structures with a pore size of
Fig. 9. Comparison of heat flux variation with wall temperature for Rama
150 lm and 200 lm, respectively. The data show that the
prediction for these structures was fairly accurate. The
maximum error in prediction for the 150 lm and 200 lm
swamy’s structures of pore size (a) Dp = 150 lm and (b) Dp = 200 lm.
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structure was within ±30%. The prediction error increases
with increase in wall superheat, suggesting a possible tran-
sition in the boiling mode. Also, the present model was
developed primarily for the isolated bubble regime and
becomes invalid when bubbles departing the surface coa-
lesce vertically or laterally.

3.4. Prediction of flat plate spreader performance

The above model for boiling from structured porous sur-
faces was used in predicting the thermal performance of a
novel two-phase heat spreader [22] that employs an
enhancement structure (Fig. 10). The single layer copper
enhancement structure used in the spreader was similar to
the porous structures used by Nakayama et al. [15]. The cop-
per layer had rectangular channels (0.31 mm wide, 0.55 mm
deep) cut on either side of the plate with a 0.71 mm pore
Fig. 11. Algorithm for the two-phase spreader thermal performance

Fig. 10. Exploded view of the two-phase heat spreader with the enhancem
pitch. The channels intersect to form square pores of
0.31 mm size, which act as sites for bubble nucleation.

The semi-analytical model requires as input the liquid
saturation temperature (Tsat), along with the geometry of
the enhanced surface and the fluid properties. At steady
state, the condenser walls of the spreader plate are assumed
to be at Tsat. The saturation temperature is resolved itera-
tively through a conduction model of the external con-
denser wall with peripheral fins, by satisfying the energy
balance for a given heat input and external boundary con-
ditions. Experiments were carried out without any liquid in
the spreader plate and the data were used in arriving at the
external convection heat transfer coefficients used in the
conduction model. The liquid saturation temperature thus
obtained is used as an input to the semi-analytical model to
predict the wall temperature (Twall). Fig. 11 shows a
schematic of the algorithm used. Fig. 12 compares the
model based on the semi-analytical model for enhanced boiling.

ent structure attached to the evaporator section of the spreader plate.



Fig. 12. Thermal performance predictions of the forced air-cooled (1 m/s)
two-phase heat spreader.
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prediction from the spreader model with the data obtained
from the forced convection experiments using the copper
spreader plate. The model captures the trends in thermal
performance of the two-phase spreader plate with the max-
imum error in wall superheat prediction being 30%.

4. Conclusions

A semi-analytical model that predicts the bubble
dynamics for boiling from structured porous surfaces has
been developed for a range of wall superheat (0–12 �C)
and validated against existing experimental data. The sali-
ent improvements over existing models and conclusions
based on the predictions are

(1) Previously existing models of ‘suction–evaporation’
mode of boiling from enhanced surfaces have been
developed on Hamaker constant values that are
nearly 6–8 orders of magnitude higher than actual
ones. These models are very sensitive to the Hamaker
constant and fail to predict correctly the observed
bubble dynamics on using the correct value. Also,
the existing models of ‘suction–evaporation’ mode
fail to explain the observed enhancement from
enhancement surfaces with circular tunnels.

(2) A modified model for ‘flooded’ mode boiling regime
was developed with the inclusion of dynamic forces
in the prediction of bubble departure diameter. The
bubble departure predictions were within ±20%.
The error in frequency predictions was within ±35%.

(3) A correlation for nucleation site density was devel-
oped based on wall superheat and structure geometry
properties.
(4) The heat flux predictions were found to be within
±30% with the model capturing the trends fairly well.

(5) The boiling model was subsequently used in predict-
ing the thermal performance of a novel two-phase
heat spreader that employs enhancement structures
in the evaporator section of the spreader plate. The
temperature predictions from the semi-analytical
model agreed within an accuracy of ±30% of experi-
mental results even at higher wall superheats
(>12 �C).
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Appendix

The expressions used in calculating the bubble departure
diameter (Eq. (1)) are listed below:

(a) Unsteady growth force: The expression for an inertia
driven growth force is given as
F ug ¼ 10qlp _R2R2 ðA1:1Þ

(b) Buoyancy force: The buoyancy force on a bubble is

given as
F B ¼ ðql � qvÞgV b ðA1:2Þ
where Vb is the truncated bubble volume at departure
and is given as

V b ¼
p
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(c) Surface tension force: The surface tension force is

given as
F st ¼ rpDp sin h ðA1:4Þ
where the contact angle h is evaluated as

h ¼ sin�1 Dp

Db

� �
ðA1:5Þ
(d) Bubble inertia force: The expression for bubble iner-
tia force, as used by Sharma [23]
F bi ¼ m
dvg

dt
þ vg

dm
dR

dR
dt

ðA1:6Þ
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for a linear bubble growth rate with the velocity at
the bubble center given by vg = dR/dt.
(e) Lift force: The departing bubble has a tendency to
drag the next bubble growing at the same pore. The
lift force due to wake of the departing bubble is mod-
eled as
F L ¼ 2:4pqlðDb
_RÞ2 ðA1:8Þ
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