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This study examines the pressure drop and heat transfer characteristics of annular condensation in rect-
angular micro-channels with three-sided cooling walls. A theoretical control-volume-based model is pro-
posed based on the assumptions of smooth interface between the annular liquid film and vapor core, and
uniform film thickness around the channel’s circumference. Mass and momentum conservation are
applied to control volumes encompassing the liquid film and the vapor core separately. The model
accounts for interfacial suppression of turbulent eddies due to surface tension with the aid of a new eddy
diffusivity model specifically tailored to shear-driven turbulent films. The model predictions are com-
pared with experimental pressure drop and heat transfer data for annular condensation of FC-72 along
1 � 1 mm2 parallel channels. The condensation is achieved by rejecting heat to a counterflow of water.
The data span FC-72 mass velocities of 248–367 kg/m2 s, saturation temperatures of 57.8–62.3 �C, qual-
ities of 0.23–1.0, and water mass flow rates of 3–6 g/s. The data are also compared to predictions of pre-
vious separated flow mini/micro-channel and macro-channel correlations. While some of the previous
correlations do provide good predictions of the average heat transfer coefficient, they fail to capture axial
variation of the local heat transfer coefficient along the channel. The new model accurately captures the
pressure drop and heat transfer coefficient data in both magnitude and trend, evidenced by mean abso-
lute error values of 3.6% and 9.3%, respectively.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction commercial condensers are often far too large to meet the size
Most of the phase-change electronic cooling research published
during the past three decades has been focused on removing heat
from the electronic device using micro-channel heat sinks, jet-
impingement or sprays [1–5]. Far less emphasis has been placed
on high-flux heat rejection from the two-phase cooling system. A
key reason behind this trend is a common perception that a com-
mercial condenser can always be found to reject the heat from vir-
tually any phase-change cooling system. However, recent studies
concerning very high power density defense electronics have
shown that substantial enhancement in heat dissipation from the
device can be achieved by using a two-loop cooling system [6,7].
Here, a primary cooling loop is used to extract the heat from the
device by highly subcooled flow boiling, and the heat is rejected
via a high performance heat exchanger to a separate low-temper-
ature refrigeration loop. Compact and lightweight system design
requires that the intermediate condenser achieve heat fluxes com-
parable to those of the flow boiling module.

Because condensation heat transfer coefficients are typically
much smaller than those realized with subcooled flow boiling,
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x: +1 (765) 494 0539.
awar).
dawar).
and packaging constraints of defense electronics. The present study
concerns the design of a relatively new class of condensers that
employ a series of micro-channels to meet the stringent size and
weight requirements of defense electronics. Another goal is to
maintain mostly annular flow along the micro-channels to capital-
ize upon the large condensation heat transfer coefficients associ-
ated with thin films. With superheated or saturated inlet
conditions, a very thin film is initiated in the upstream region of
the channel, which is driven along the channel by the shear stres-
ses exerted by the core vapor flow. Micro-channels greatly increase
vapor velocity and therefore the shear stress exerted upon the film
interface. This greatly decreases the film thickness, resulting in
very high condensation heat transfer coefficients. However, the
film thickness increases along the micro-channel as an increasing
fraction of the vapor flow condenses into liquid. Eventually, the
annular regime collapses and is replaced by a succession of ther-
mally less efficient slug, bubbly, and liquid flow regimes. While
micro-channels do enhance heat transfer performance, they also
increase pressure drop. Therefore, the design of micro-channel
condensers requires predictive tools for both pressure drop and
condensation heat transfer coefficient.

The vast majority of published studies addressing the prediction
of pressure drop and condensation heat transfer coefficient for annu-
lar flows are based on semi-empirical separated flow correlations
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Nomenclature

A area
A+ constant in Eq. (30)
Af,⁄ flow area of liquid control volume
cp specific heat at constant pressure
Dh hydraulic diameter
F function
f Fanning friction factor
G mass velocity
g gravitational acceleration
h enthalpy; heat transfer coefficient
Hch micro-channel height
hfg latent heat of vaporization
K Von-Karman constant
l+ turbulent mixing length
MAE mean absolute error
_m mass flow rate

N number of micro-channels in test section
n turbulence dampening exponent
P pressure
DP pressure drop
Pf perimeter
Pr Prandtl number
PrT turbulent Prandtl number
q00 heat flux at distance y from micro-channel wall
q00base heat flux based on total base area of micro-channel con-

denser
q00w heat flux based on micro-channel’s cooled perimeter
Re Reynolds number
T temperature
T+ dimensionless temperature
u velocity
u+ dimensionless velocity

u⁄ friction velocity
Wch micro-channel width
Ws width of solid wall separating micro-channels
x quality
y distance perpendicular to channel wall
y+ dimensionless distance, yu⁄/mf

z stream-wise distance

Greek symbols
b channel aspect ratio, Wch/Hch

Cfg rate of mass transfer due to condensation
d thickness of condensing film
d+ dimensionless thickness, du⁄/mf

eh eddy heat diffusivity
em eddy momentum diffusivity
l dynamic viscosity
m kinematic viscosity
q density
r surface tension
s shear stress
s�i dimensionless interfacial shear stress

Subscripts
c vapor core
exp experimental (measured)
f saturated liquid; liquid film
g saturated vapor; vapor core
i interfacial
pred predicted
sat saturation
tp two-phase
tr transition for laminar to turbulent flow
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(mostly Lockhart–Martinelli-type [8]) and empirical heat transfer
correlations (e.g., [9]), respectively. Like all correlations, these pre-
dictive tools are valid only for the range of operating conditions of
databases these correlations are based upon. This limitation has cre-
ated a need for development of theoretical models that possess a
broader application range. Theoretical control-volume-based mod-
els have been quite effective in predicting both pressure drop [10]
and heat transfer [11] in saturated flow boiling in micro-channel
heat sinks, subcooled flow boiling pressure drop in micro-channel
heat sinks [12], and flow boiling critical heat flux [13]. Nonetheless,
several fundamental challenges remain when attempting to develop
an accurate model for annular two-phase flow. These include inter-
facial instabilities, interfacial mass, momentum and heat transfer,
and turbulence within the annular film.

One source of difficulty in modeling annular two-phase flow is
interfacial waves [14–20]. These are highly complex phenomena
and no effective method has been developed for their characteriza-
tion. One type of waves is ripples, which are characterized by both
small amplitude and small wavelength and do not contribute sub-
stantially to liquid film mass transport. Large waves can also devel-
op, where the perturbed liquid film is replaced by lumps of liquid
that are separated by a thin layer of liquid. Due to their appreciable
protrusion into the vapor flow, the motion of large waves can be
dominated more by vapor drag forces than by interfacial vapor
shear. Modeling large waves is complicated by the fact that they
are highly nonlinear forms of instability that greatly complicate
the effectiveness of averaging methods to predict the liquid film’s
momentum or heat transfer transport behavior. Despite extensive
efforts to assess the influence of interfacial waves on mass,
momentum and heat transfer, no systematic tools have been
developed to effectively model this influence.

Two other phenomena that complicate the development of
accurate annular flow models are droplet entrainment and droplet
deposition. These two phenomena are closely related to interfacial
waviness. Entrainment refers to tiny liquid droplets that break off
the crests of waves and are driven along with the vapor core. Depo-
sition refers to droplets from the vapor core falling back upon the
film interface. In their study of annular film evaporation, Qu and
Mudawar [10] proved that droplet entrainment and deposition
play a very important role in micro-channels compared to
macro-channels.

Another challenge in modeling annular flows is accurate predic-
tion of turbulent or eddy diffusivity within the annular liquid film.
Classical turbulence models are known to break apart when deal-
ing with fluid regions near a vapor–liquid interface [19–21]. As dis-
cussed by Mudawar and El-Masri, surface tension forces along the
interface can significantly dampen turbulent eddies, resulting in
appreciable resistance to heat transfer near the interface. Ignoring
this effect could result in appreciable error in predicting the con-
densation heat transfer coefficient.

The present study is a follow-up to a recent study by the authors
that explored condensation of FC-72 along parallel, square micro-
channels [22,23]. Using high-speed video imaging and photomicro-
graphic techniques, five distinct flow regimes were identified:
smooth-annular, wavy-annular, transition, slug, and bubbly, with
the smooth-annular and wavy-annular regimes being most preva-
lent. Both homogeneous and Lockhart–Martinelli-type separated
flow models were assessed for pressure drop prediction. Similarly,
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prior correlations for condensation heat transfer in both macro and
micro-channels were assessed against the new FC-72 data, and a
new correlation was developed that showed excellent predictive
capability based on both the new FC-72 data and a large database
for mini/micro-channel flows amassed from eight previous sources.

The primary goal of the present study is to develop a theoretical
control-volume-based model for annular condensing micro-
channel flows. Addressed in the development of this new model
are the effects of droplet entrainment and deposition, interfacial
instabilities, and dampening of liquid film turbulence near the
liquid–vapor interface. The model’s predictive accuracy is assessed
against the FC-72 pressure drop and heat transfer data measured
previously by the authors [22,23], and compared to those of prior
annular condensation correlations.

2. Experimental methods

2.1. Test facility

Fig. 1(a) shows a schematic of the two-phase experimental
facility constructed for this study. It consists of a primary FC-72
loop and secondary water loop. FC-72 from a reservoir is circulated
in the primary loop with the aid of gear pump. The FC-72 liquid
passes through a set of flow meters followed by an in-line electric
heater before entering the condensation module. The inline electric
heater is used to bring the FC-72 to slightly superheated state at
the inlet to the condensation module. A plate-type heat exchanger
is used to bring any vapor exiting the test module to liquid state.

The FC-72 is condensed along the condensation module by
rejecting heat to a counter-flow of water being circulated in the
secondary loop. The hot water is brought back to near room tem-
perature by rejecting the absorbed heat via a Lytron modular cool-
ing system. Exiting the Lytron system, part of the water flow is
Fig. 1. (a) Schematic diagram of test loop. (b) Construction of micro-channel
returned to the condensation module while the balance is supplied
to the plate-type heat exchanger. The secondary loop also includes
a set of flow meters for flow rate measurement.

2.2. Condensation module

Fig. 1(b) and (c) show the construction of the micro-channel
condensation module. The module consists of a cover plate, hous-
ing, condensation copper block, and water channels. The cover
plate, which seals the tops of the micro-channels, is made from
transparent polycarbonate (Lexan) to facilitate photographic study
of the condensing flow. The top of the copper block has a 2-cm
wide by 30-cm long heat transfer area. Ten 1-mm square micro-
channels are machined into the top surface. The water flows
through three parallel 3.8-mm brass channels that are soldered
to the underside of the copper block. The copper block is inserted
into a rectangular G-10 housing that features FC-72 inlet and outlet
ports, micro-channel inlet and outlet plenums, and pressure and
temperature measurement ports.

2.3. Experimental results

The experimental study consisted of 24 separate experiments,
corresponding to a test matrix of six FC-72 different mass velocities
(G = 68, 118, 186, 248, 306, and 367 kg/m2s) and four different
water flow rates ð _m ¼ 3; 4; 5; and 6 g=sÞ. Operating conditions
were set to achieve mostly annular flow near the inlet of the mi-
cro-channels. The FC-72 was introduced into the condensation
module in pure vapor state with a quality of 1.11–1.17 for low
FC-72 mass velocities (G = 68–186 kg/m2 s), and 1.08–1.10 for high
FC-72 mass velocities (G = 248–367 kg/m2 s). These conditions re-
sulted in an upstream single-phase superheated vapor region
1.1–3.1 cm-long (4–10% of the total channel length) for the low
condensation module. (c) Cross-sectional view of condensation module.
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FC-72 mass velocity range, and 2.7–5.8 cm (9–19% of the total
channel length) for the high FC-72 mass velocity range. The inlet
plenum pressure ranged from 1.040–1.324 bar. Operating condi-
tions along the channel length were as follows: saturation temper-
ature range of Tsat = 57.2–62.3 �C, quality range of x = 0–1.17, and
heat flux range of q00w ¼ 0:43� 3:21 W=cm2.

As detailed in [22], heat loss through the cover plate is esti-
mated at less than 2% of the heat input through the base of the
micro-channels. All pressure transducers used in this study
featured an accuracy of 0.05%. The rotameters had a flow rate
accuracy of ±2% of measurement.

Using a combination of high-speed video imaging and photo-
micrographic techniques, five distinct flow regimes (smooth-annu-
lar, wavy-annular, transition, slug, bubbly) were identified as
depicted in Fig. 2. Fig. 3(a) and (b) show the variation of the mea-
sured local condensation heat transfer coefficient with quality for
different FC-72 mass velocities at water mass flow rates of 3 and
6 g/s, respectively. The smooth-annular flow regime is initiated up-
stream with the formation of a very thin liquid film. The small
thickness is responsible for the high values of convective heat
transfer coefficient in the smooth-annular regime. Fig. 2 shows
how increasing the FC-72 mass velocity increases the upstream
span of the smooth-annular regime. The increased mass velocity
also increases the magnitude of shear stress exerted upon the li-
quid film, which decreases the film thickness causing an increase
in the heat transfer coefficient as depicted in Fig. 3(a) and (b).
Increasing the mass flow rate of water increases the local rate of
condensation, causing a thickening of the FC-72 liquid film, and a
corresponding decrease in the heat transfer coefficient.

Further details of the experimental techniques used and of the
pressure drop, and heat transfer results are provided by Kim et
al. [22], and Kim and Mudawar [23], respectively.
Fig. 3. Variation of measured local heat transfer coefficient corresponding to
annular flow regime with FC-72 quality for different FC-72 mass velocities with (a)
_mw ¼ 3 g=s, and (b) _mw ¼ 6 g=s.
3. Model development

3.1. Key findings from flow visualization experiments

Qu and Mudawar [10] showed that droplet entrainment and
deposition play a crucial role in mass, momentum and heat trans-
Fig. 2. Two-phase flow regime boundaries for condensation of FC-72 in square
micro-channels with Dh = 1 mm (Kim et al., [22]).
fer in annular evaporating micro-channel flows. As shown in
Fig. 4(a), droplets are formed by shattering of liquid from the
micro-channel’s upstream. However, the flow visualization results
from the present authors’ study have shown that no droplets are
formed in the annular region of micro-channel condensing flow
[22]. Therefore, these effects are neglected in the development of
the present theoretical annular flow model.

The authors’ recent micro-channel condensation studies also
showed that the annular region consists of two distinct sub-
regimes. The upstream, smooth-annular regime features a thin
smooth liquid film. However, the annular film in the wavy-annular
regime is marred by interfacial waves. Nonetheless, these waves
were fairly sinusoidal in profile and do not shatter or produce
entrained droplets, nor do they evolve into large waves as is
commonly observed in annular macro-channel flows.

3.2. Model assumptions

A key challenge in developing the theoretical model is deter-
mining the distribution of liquid along the channel’s circumfer-
ence. Gravity effects are negligible in micro-channels compared
to macro-channels, given the large shear stresses encountered in
the former. This precludes any preferential accumulation of liquid
based on orientation of the flow relative to gravity. However, the
surface tension of the working fluid can have a significant influence
on the liquid distribution. Fig. 4(b) contrasts the liquid distribution



Fig. 4. (a) Fundamental differences between annular condensation and annular flow boiling in micro-channels. (b) Effects of surface tension on liquid distribution along
channel perimeter.
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in a rectangular micro-channel for the case of a very low surface
tension fluid such as FC-72 (0.0084 N/m at 1 bar) compared to that
of a relatively high surface tension fluid such as water (0.059 N/m
at 1 bar). Notice how low surface tension fluids, which include
most dielectric fluids used in electronic cooling applications, tend
to maintain a nearly uniform liquid film thickness around the
channel circumference. The present study will be based on this
assumption since it concerns mostly low surface tension electronic
cooling fluids.

Fig. 5 provides a schematic representation of liquid film con-
densation in a rectangular micro-channel with three-sided wall
cooling and relevant nomenclature used in the development of
the annular condensation model. Following are key assumptions
of the model.

(1) The annular condensing flow is steady, incompressible, and
concurrent.

(2) Gravitational effects are negligible.
(3) Both entrainment and deposition of liquid droplets are

negligible.
Fig. 5. Schematic representations of (a) condenser with rectangular micro-channels a
(4) Pressure is uniform across the micro-channel’s cross-sec-
tional area.

(5) Thermophysical properties are based on local saturation
pressure.

(6) Mean vapor velocity is assumed across the vapor core’s
cross-sectional area.

(7) Mass transfer occurs only at the interface between the vapor
core and the liquid film.

(8) The liquid film interface is smooth.
(9) Liquid film thickness is uniform around the channel’s

circumference.
(10) Axial momentum changes in the liquid film are negligible.
(11) The liquid film flow can be laminar or turbulent.
(12) The circumferential heat flux is uniform along the vapor–

liquid interface.

The boundary condition of base heat flux, q00base, beneath the mi-
cro-channels is determined from local temperature measurements
obtained by arrays of thermocouples embedded in two separate
planes in the copper block [23]. The local temperatures in the cop-
nd (b) liquid film condensation in micro-channel with three-sided wall cooling.
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per block are fitted to a third- or fourth-order polynomial function
of stream-wise distance, and the corresponding variations of mi-
cro-channel base heat flux, q00base, and base temperature, Tbase, are
obtained by assuming one-dimensional heat conduction along
the direction perpendicular to the top surface of the copper block
[24]. In the superheated vapor region near the channel inlet, sensi-
ble heat loss of FC-72 can be calculated from the following energy
balance,

q00baseðWch þWsÞDz ¼
_m
N

cp;gDTf : ð1Þ

The onset of two-phase condensation is calculated to occur at the
distance from the channel inlet where the fluid temperature
reaches the saturation temperature corresponding to the local pres-
sure. The quality in the superheated region can be determined from

x ¼ 1þ cp;gðTf � TsatÞ
hfg

; ð2Þ

where Tf and Tsat are the local bulk fluid and saturation tempera-
tures, respectively.

3.3. Control volume analysis

To develop a theoretical control-volume-based model, mass and
momentum conservation are first applied to control volumes
encompassing the liquid film and the vapor core separately. For
the two-phase condensing region, mass conservation for the liquid
film and the vapor core can be expressed, respectively, as

d _mf

dz
� Cfg ¼ 0 ð3Þ

and

d _mg

dz
þ Cfg ¼ 0; ð4Þ

where the mass flow rates of the liquid film and the vapor core, and
the rate of mass transfer due to condensation are defined, respec-
tively, as

_mf ¼ 2qf

Z d

0
uf ½ðHch � 2yÞ þ ðWch � 2yÞ�dy; ð5Þ

_mg ¼ qg �ugðWch � 2dÞðHch � 2dÞ ð6Þ

and

Cfg ¼
q00wð2Hch þWchÞ

hfg
¼ q00baseðWch þWsÞ

hfg
: ð7Þ

Applying momentum conservation to the liquid film element
illustrated in Fig. 6(a) yields

�CfguiDz ¼ PAf ;� � P þ dP
dz

Dz
� �

Af ;� � sPf ;yDzþ siPf ;dDz; ð8Þ

where the flow area, Af,⁄, local perimeter, Pf,y, and interfacial perim-
eter, Pf,d, can be expressed, respectively, as

Af ;� ¼ ðHch � 2yÞðWch � 2yÞ � ðHch � 2dÞðWch � 2dÞ; ð9Þ
Pf ;y ¼ 2½ðHch � 2yÞ þ ðWch � 2yÞ� ð10Þ

and

Pf ;d ¼ 2½ðHch � 2dÞ þ ðWch � 2dÞ�: ð11Þ

Rearranging Eq. (8) gives

s ¼ � dP
dz

� �
Af ;�

Pf ;y
þ siPf ;d þ Cfgui

Pf ;y
: ð12Þ

Allowing for turbulence in the condensing film, the local shear
stress in the film can be expressed as
s ¼ lf 1þ em

mf

� �
duf

dy
; ð13Þ

where em is the eddy momentum diffusivity. Substituting Eq. (13)
into Eq. (12) and integrating yield the velocity profile across the li-
quid film.

uf ðyÞ ¼
d
lf
� dP

dz

� �Z y=d

0

Af ;�

Pf ;y
1þ em

mf

� ��1

d
y
d

� �

þ d
lf
ðsiPf ;d þ CfguiÞ

Z y=d

0

1
Pf ;y

1þ em

mf

� ��1

d
y
d

� �
: ð14Þ

The interfacial velocity can be determined by setting y = d in Eq.
(14).

ui ¼
� dP

dz

� � R 1
0

Af ;�
Pf ;y

1þ em
mf

� ��1
d y

d

� �
þ siPf ;d

R 1
0

1
Pf ;y

1þ em
mf

� ��1
d y

d

� �
lf

d �Cfg
R 1

0
1

Pf ;y
1þ em

mf

� ��1
d y

d

� � : ð15Þ

Substituting Eq. (14) into Eq. (5) yields the following relation for
pressure gradient,

� dP
dz
¼

lf _mf

qf d
2 � ðsiPf ;d þ CfguiÞ

R 1
0 Pf ;y

R y=d
0

1
Pf ;y

1þ em
mf

� ��1
d y

d

� �� 	
d y

d

� �
R 1

0 Pf ;y
R y=d

0
Af ;�
Pf ;y

1þ em
mf

� ��1
d y

d

� �� 	
d y

d

� � :

ð16Þ

The double integral terms in the above equation can be expanded as
follows,Z 1

0
Pf ;y

Z y=d

0
FðyÞd y

d

� �� 	
d

y
d

� �
¼2ðHchþWchÞ

Z 1

0

Z y=d

0
FðyÞd y

d

� �� 	
d

y
d

� �

þ4d
Z 1

0

y
d

� �2
�1

� 	
FðyÞd y

d

� �
: ð17Þ

Applying momentum conservation to a rectangular element of
the vapor core illustrated in Fig. 6(b) yields

qg �u2
g Agþ

d qg �u2
g Ag

� �
dz

Dz�qg �u2
g AgþCfguiDz¼PAg

� PAgþ
dðPAgÞ

dz
Dz

� 	
�siPf ;dDzþ Pþ1

2
dP
dz

Dz
� �

dAg

dz
Dz: ð18Þ

Rearranging Eq. (18) and neglecting the second order term of Dz
yield the following relation for interfacial shear stress between
the condensing film and vapor core,

si ¼
1

Pf ;d
Ag �

dP
dz

� �
�

d qg �u2
g Ag

� �
dz

� Cfgui

2
4

3
5; ð19Þ

where the flow area of the vapor core is Ag = (Wch � 2d) (Hch � 2d).
The interfacial shear stress is the result of velocity differences

between the vapor core and interface, modified by the influence
of interfacial momentum transfer due to condensation along the
vapor–liquid interface due to condensation; the later is obtained
using a treatment by Wallis [25],

si ¼ fi
1
2
qgð�ug � uiÞ2

� 	
þ ð

�ug � uiÞCfg

2Pf ;d
: ð20Þ

The interfacial friction factor, fi, can be determined from relations by
Shah and London [26],

fiRec¼24 1�1:3553bcþ1:9467b2
c �1:7012b3

c þ0:9564b4
c �0:2537b5

c

� �
ð21aÞ

fi ¼ 0:079Re�0:25
c for 2;000 6 Rec < 20;000 ð21bÞ



Fig. 6. Momentum and force components for (a) liquid film control volume and (b) vapor core control volume.
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and

fi ¼ 0:046Re�0:2
c ; for Rec P 20;000; ð21cÞ

where bc, Rec, and Dh,c are the aspect ratio, effective Reynolds num-
ber, and hydraulic diameter of the vapor core, respectively, which
are given by

bc ¼
Wch � 2d
Hch � 2d

; ð22Þ

Rec ¼
qgð�ug � uiÞDh;c

lg
ð23Þ

and

Dh;c ¼
4Ag

Pf ;d
: ð24Þ
3.4. Turbulence model

Eq. (13) can be expressed in nondimensional form as

s
sw
¼ 1þ em

mf

� �
duþ

dyþ
; ð25Þ

where

uþ ¼ u
u�
; ð26Þ

yþ ¼ yu�

mf
ð27Þ

and

u� ¼ sw

qf

 !0:5

: ð28Þ

Based on the Prandtl mixing length theory, the eddy diffusivity
can be expressed in terms of the turbulent mixing length according
to the relation

em

mf
¼ lþ

2 duþ

dyþ
: ð29Þ

A turbulent mixing length relation originally proposed by Van
Driest [27] was modified by Kays [28,29] to the following form,

lþ ¼ Kyþ 1� exp �
ffiffiffiffiffiffi
s
sw

r
yþ

Aþ

� �� 	
; ð30Þ
where the Von-Karman constant of K = 0.4 is used for all subsequent
calculations, and the constant A+ is given by [28,29],

Aþ ¼ 26 1þ 30:18lf q
�0:5
f s�1:5

w
dP
dz

� ��1

: ð31Þ

Substituting Eqs. (25) and (30) into Eq. (29) yields the following
eddy diffusivity profile,

em

mf
¼ �1

2
þ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4K2yþ2 1� exp �

ffiffiffiffiffiffi
s
sw

r
yþ

Aþ

� �� 	2 s
sw

s
: ð32Þ

In order to account for interfacial dampening in the condensa-
tion film due to surface tension suppression of turbulent eddies,
a dampening term, (1 � y+/d+)n, is included in the above eddy diffu-
sivity profile, where the influence of the parameter n will be dis-
cussed later. The complete form of eddy momentum diffusivity
distribution in the shear-driven film is expressed as

em

mf
¼�1

2
þ1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ4K2yþ2 1�exp �

ffiffiffiffiffiffi
s
sw

r
yþ

Aþ

� �� 	2 s
sw

1�yþ

dþ

� �n
s

; ð33Þ

where, based on Eq. (12),

s
sw
¼2ðHchþWchÞ

Pf ;y

�dP
dz

� �
Af ;� þsiPf ;dþCfgui

�dP
dz

� �
½2dðHchþWchÞ�4d2�þsiPf ;dþCfgui

: ð34Þ
3.5. Determination of heat transfer coefficient

Heat flux across the liquid film is related to the liquid temper-
ature gradient by the relation,

q00

q00w
¼ 1

Prf
þ 1

PrT

em

mf

� �
dTþ

dyþ
; ð35Þ

where T+ is the dimensionless temperature defined as

Tþ ¼
qf cp;f u�ðT � TwÞ

q00w
ð36Þ

and PrT is the turbulent Prandtl number em=
P

h

� �
, which, as dis-

cussed by Mudawar and El-Masri [21], can be evaluated from the
experimental data of Ueda et al. [20],

PrT ¼ 1:4 exp �15
yþ

dþ

� �
þ 0:66: ð37Þ

Integrating Eq. (35), the dimensionless temperature profile across
the liquid film can be expressed as
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Tþ ¼
Z yþ

0

q00

q00w

1
Prf
þ 1

PrT

em

mf

� ��1

dyþ: ð38Þ

Under three-sided cooling conditions for trapezoidal micro-
channels, Quan et al. [30] developed a semi-analytical model for
the annular condensation heat transfer coefficient based on the
assumption of uniform circumferential heat flux in the vapor–
liquid interface. Adopting a heat flux relation similar to that of
Quan et al., the present model for condensation in rectangular
micro-channels with three-sided cooling walls employs the
following energy balance.

q00

q00w
¼ 2Hch þWch

2½ðHch � 2yÞ þ ðWch � 2yÞ� : ð39Þ

Therefore, the local condensation heat transfer coefficient can be
expressed as

htp ¼
q00w

ðTsat � TwÞ
¼

qf cp;f u�

Tþd
¼

qf cp;f u�R dþ

0
q00
q00w

1
Prf
þ 1

PrT

em
mf

� ��1
dyþ

: ð40Þ
3.6. Calculation procedure

The model equations presented in the previous sections are
solved numerically using a finite difference technique. The axial
distance is divided into small Dz increments and calculations are
repeated staring at the upstream location where the film is initi-
ated. The calculation procedure is as follows:

1. em=mf and d are both set to zero at the film’s upstream location.
2. An initial guess of em=mf at the next Dz location is made with the

values of the wall shear stress, sw, interfacial shear, si, interfa-
cial velocity, ui, and pressure gradient, �dP/dz, at the node
immediately upstream using Eq. (33).

3. An initial value of the film thickness d is assumed.
4. The interfacial velocity, ui, interfacial friction factor, fi, interfa-

cial shear, si, and pressure gradient, �dP/dz, are calculated using
Eq. (15), (21), (20) and (16), respectively.

5. Convergence is checked by comparing the two sides of Eq. (19).
If the sides are not equal, em=mf is updated with new values of
sw, si, ui, and �dP/dz at the present node, and steps (3)–(5)
are repeated until the correct value for d is found.

6. The values of em=mf , u+, T+, and htp are calculated using Eqs. (33),
(14), (38), and (40), respectively. Steps 2–6 are then repeated
for the next downstream node. The procedure is continued until
the last node is reached.

3.7. Simplified model

Since the thickness of the condensing film is generally small
compared to the micro-channel hydraulic diameter, a simplified
model can be derived using the following assumption,

Pf ;y ¼ Pf ;d ¼ Pf ¼ 2ðHch þWchÞ: ð41Þ

Then, the flow area and mass flow rate of the liquid film can be ex-
pressed, respectively, as

Af ;� ¼ Pf ðd� yÞ ð42Þ

and

_mf ¼ qf Pf

Z d

0
uf dy: ð43Þ

Applying momentum conservation to a rectangular annular ele-
ment of the liquid film yields the following shear stress relation,
s
sw
¼
� dP

dz

� �
ðd� yÞ þ si

Cfg ui

Pf

� dP
dz

� �
dþ si þ

Cfg ui

Pf

: ð44Þ

Similar to the procedure used in previous section, the velocity
profile, interfacial velocity, and pressure gradient can be simplified,
respectively, as

uf ðyÞ ¼
d2

lf
� dP

dz

� �Z y=d

0
1� y
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� �Z y=d

0
1þ em

mf
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; ð45Þ
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� � R 1
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and

� dP
dz
¼

lf _mf

qf Pf d
2 � si þ

Cfg ui
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� � R 1
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As discussed later, the predictive differences of pressure drop
average only 1.8%, with a maximum difference of 3.8%; corre-
sponding differences for the average heat transfer coefficient are
0.5% and 1.0%, respectively. Although both models yield very close
results, all of the subsequent calculations are based on the com-
plete model unless indicated otherwise.

4. Model results

4.1. Effect of turbulent dampening term

Mudawar and El-Masri [21] examined the interfacial dampen-
ing effects on the turbulence mixing length for free-falling liquid
films. They derived the following turbulence mixing length profile
based on an eddy-diffusivity profile measured experimentally by
Ueda et al. [20] for open-channel flows,

lþ ¼ Kyþ 1� exp �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� yþ

dþ

r
yþ

Aþ

 !" # ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� yþ

dþ

r
: ð48Þ

Substituting Eqs. (25) and (48) into Eq. (29) gives the following eddy
diffusivity profile,

em
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¼�1
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þ1

2
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 !" #2

1�yþ
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� �
s
sw

vuut : ð49Þ

It should be noted that, since the mixing length profile of Mudawar
and El-Masri is valid only for em/mf > 1 and negligible interfacial
shear stress, their eddy diffusivity profile cannot be used for mi-
cro-channel condensation, where turbulence effects are relatively
weak and interfacial shear is the primary driving force for film
motion.

The present eddy diffusivity profile given by Eq. (33) yielded
values for dimensionless film thickness, y+ = d+, up to about 16 at
the micro-channel exit, which is close to the outer edge of the vis-
cous sublayer for typical turbulent flows. The present diffusivity
profile is justified by the fact that Van-Driest models are applicable
near the solid wall region where y+

6 30. The dampening coeffi-
cient, (1 � y+/d+)n, in Eq. (33) accounts for the vanishing turbulence
effects, if any, at the film interface. Without this term, the conven-
tional Van-Driest profile cannot account for the interfacial
dampening.
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Using Eq. (33), four different powers of the dampening term,
(1 � y+/d+)n, n = 0 (corresponding to zero dampening as expressed
by Eq. (32)), 0.1, 0.5, and 1.0, are examined. Fig. 7(a), (b) and (c)
show the impact of the dampening term on the distributions of
eddy diffusivity, velocity, and temperature, respectively, across
the FC-72 film for G = 367 kg/m2 s and _mw ¼ 6 g=s. Fig. 7(a) shows
that, without the dampening term, the eddy diffusivity increases
monotonically with increasing y+, while with the dampening term,
Fig. 7. Effects of interfacial dampening term on (a) eddy momentum diffusivity, (b)
velocity, and (c) temperature distributions across condensing FC-72 film for
G = 367 kg/m2 s, and _mw ¼ 6 g=s.
the eddy diffusivity is reduced to zero at the film interface. Increas-
ing the magnitude of the exponent n causes the effect of interfacial
dampening to penetrate deeper towards the wall. Fig. 7(b) shows
that increasing n increases the liquid velocity near the interface.
Fig. 7(c) shows a similar trend of increasing liquid temperature
near the interface with increasing n. An interesting aspect of the
temperature profile is the unusual temperature rise in the immedi-
ate vicinity of the film interface caused by the eddy diffusivity term
in Eq. (35) approaching zero.

Although Fig. 8(a) shows that different n values yield fairly sim-
ilar film thickness results, Fig. 8(b) shows that increasing the
power increases the temperature gradient near the interface,
which can produce a measurable decrease in the heat transfer coef-
ficient. An optimum value of n = 0.1 was ascertained by comparing
predictions of the local as well as average heat transfer coefficients
with the experimental data of Kim and Mudawar [23]. This value is
therefore used for all of subsequent calculations.

4.2. Effects of mass velocity

Fig. 9 shows predicted variations of several film parameters
with quality for different FC-72 mass velocities at a constant water
flow rate of 6 g/s. Liquid film and vapor core Reynolds numbers are
defined, respectively, as

Ref ¼
4qf �uf d

lf
ð50Þ
Fig. 8. Effects of interfacial dampening term on variations of (a) liquid film
thickness, and (b) local heat transfer coefficient with quality for G = 367 kg/m2 s and
_mw ¼ 6 g=s.
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and

Reg ¼
qg �ugDh;c

lg
; ð51Þ

where the mean liquid film velocity, �uf , is expressed as

�uf ¼
_mf

qf ½WchHch � ðWch � 2dÞðHch � 2dÞ� : ð52Þ

Peterson et al. [31] proposed the following correlation for transition
from laminar to turbulent film flow for downward flowing films,

Ref ;tr ¼ 4080 1þ 0:31s�1:07
i

� �
1:18Pr0:87

f � 0:23
� �h i�1

; ð53Þ

where the nondimensional interfacial shear stress is defined as

s�i ¼
si

qf g m2
f =g

� �1=3 : ð54Þ

Based on this correlation, transition to turbulent film flow is
estimated to occur at very low film Reynolds numbers when the
values of interfacial shear and liquid Prandtl number are high.
Using values relevant to the present study, with si = 15 Pa
s�i ¼ 50
� �

and Tsat = 60 �C (Prf = 8.66), Eq. (54) yields a transitional
Reynolds number of Ref,tr = 25. Therefore, although Ref values for
the present study are relatively small (less than 400), strong inter-
facial shear promotes turbulence film flow for most operating con-
ditions. This fact supports assumption (11) used in the
development of the present model.

Fig. 9(a), (b) and (c) show that increasing the mass velocity of
FC-72 increases the film Reynolds number, vapor core Reynolds
number and interfacial shear stress, respectively. The slight discon-
tinuities in the shear stress plots are caused by the different ranges
of the effective Reynolds number of the vapor core, Rec, as indi-
cated by (21)(a)–(c). Fig. 9(d) shows the film thickness decreasing
with increasing mass velocity because of the increased interfacial
shear. Fig. 9(e) shows how the decreasing film thickness with
Fig. 9. Variations of (a) liquid film Reynolds number, (b) vapor core Reynolds numbe
coefficient with quality for different FC-72 mass velocities and _mw ¼ 6 g=s.
increased mass velocity increases the heat transfer coefficient.
For each mass velocity, Fig. 9(e) shows that the heat transfer coef-
ficient is greatest where the film is first initiated and decreases
monotonically downstream as the film thickens due to gradual
condensation along the channel.
4.3. Validation of model predictions

Fig. 10(a) compares pressure drop predictions with pressure
drop data measured by Kim et al. [22] for different water mass flow
rates and FC-72 mass velocities of G = 248, 306, and 367 kg/m2 s.
Details of the data reduction used to evaluate total pressure drop
between the inlet and outlet plenums are provided in [22].
Fig. 10(a) proves that the model accurately captures the measured
pressure drop in both magnitude and trend.

Fig. 10(b) compares predictions of the present model and nine
prior separated flow correlations against the present pressure drop
FC-72 data. The correlations include six specifically developed for
mini/micro-channels; the other three are intended for macro-chan-
nels. All three macro-channel correlations significantly over predict
the FC-72 micro-channel data. Among the mini/micro-channel cor-
relations, those by Mishima and Hibiki [32] and Nino et al. [37],
which are both based on air–water adiabatic flow, show fair predic-
tions. Interestingly, these predictions are superior to those of the
correlation by Tran et al. [33], which was developed specifically
for flow boiling in small channels. This supports the fact that, in
the absence of droplet entrainment and deposition effects, micro-
channel condensing flows are closer in flow structure (on a local
basis) to adiabatic than boiling micro-channel flows as depicted
in Fig. 4(a). Overall, Fig. 10(b) shows the excellent predictive capa-
bility of the present theoretical model, evidenced by a MAE of 3.6%.

Fig. 11(a) compares predictions of the present model and aver-
age FC-72 heat transfer coefficient data for different FC-72 mass
velocities and water flow rates. The model does capture the exper-
imental trends relative to FC-72 mass velocity and water mass flow
rate. Deviations between predicted and measure values may be
r, (c) interfacial shear stress, (d) liquid film thickness, and (e) local heat transfer



Fig. 11. (a) Variations of predicted and measured average heat transfer coefficients with water mass flow rate for different FC-72 mass velocities. (b) Comparison of measured
FC-72 average condensation heat transfer coefficient data with predictions of present annular model and previous annular condensation heat transfer correlations. (See above
mentioned references for further information.)

Fig. 10. (a) Variations of predicted and measured total pressure drops with water mass flow rate for different FC-72 mass velocities. (b) Comparison of measured FC-72 total
pressure drop data with predictions of present model and previous correlations. (See above mentioned references for further information.)
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related to film waviness, which is more prevalent for the lower
mass velocity [22]. Waviness can increase the heat transfer coeffi-
cient in two ways, by increasing liquid–vapor interfacial area and
by decreasing mean film thickness due to the interfacial waves
propagating slightly faster than the rest of the liquid. Another rea-
son for the deviations between predicted and measured values is
the circumferential non-uniformity of the liquid film, with more li-
quid driven towards the corners, thinning the film along the flat
walls of the micro-channel. Despite the low surface tension of
FC-72, corner effects can slightly influence the mean film thickness.
Another source of predictive error may be minor stratification in
the horizontal channels, especially at low mass velocities.

Fig. 11(b) compares predictions of the present model and nine
prior separated flow correlations against the present average heat
transfer coefficient FC-72 data. The correlations include four spe-
cifically developed for mini/micro-channels; the other five are
intended for macro-channels. Interestingly, excepting the correla-
tion by Akers et al. [41], most macro-channel correlations provide
good predictions of the present data. With a MAE of 4.7%, the re-
cent correlation by Kim and Mudawar [23] shows the best predic-
tive capability. Nearly as accurate, the present theoretical model
predicts the data with a MAE of 9.3%.

Fig. 12 compares predictions of the present model and prior cor-
relations with the present local heat transfer coefficient data for
three FC-72 mass velocities. Notice that, despite their low MAE in
predicting the average heat transfer coefficient data, the correla-
tions of Shah [9], Cavallini and Zecchin [42], and Dobson and Chato
[44], do not accurately capture the variation of local heat transfer
coefficient with quality. Overall, both the present theoretical mod-
el and the recent correlation by Kim and Mudawar [23] show good
accuracy in predicting the measured trend of local heat transfer
coefficient with quality.



Fig. 12. Comparison of measured FC-72 local heat transfer coefficient data with predictions of present model and previous annular condensation heat transfer correlations for
_mw ¼ 6 g=s with (a) G = 248 kg/m2 s, (b) G = 306 kg/m2 s, and (c) G = 367 kg/m2 s.
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5. Conclusions

This study examined the pressure drop and heat transfer char-
acteristics of annular condensation in rectangular micro-channels
with three-sided cooling walls. Central to the study is the develop-
ment of a theoretical control-volume-based model, which is based
on the assumptions of smooth interface between the annular liquid
film and vapor core, and uniform film thickness around the chan-
nel’s circumference. The model predictions are compared with
experimental micro-channel pressure drop and condensation heat
transfer data for FC-72. This study also explored the accuracy of
prior separated flow correlations in predicting the same data. Key
conclusions from the study are as follows.

(1) Unlike flowboiling, droplet entrainment and deposition effects
are nonexistent in micro-channel annular condensing flows.

(2) Annular condensation can be divided into two separate
regions, an upstream smooth-annular region and a down-
stream wavy-annular region. While the annular film in the
wavy-annular regime is marred by interfacial waves, these
waves are fairly small in profile and do not evolve into large
waves, nor do they appear to have an appreciable influence
on the film’s transport behavior.

(3) For shear-driven films, transition from laminar to turbulent
film flow may occur at unusually small film Reynolds num-
bers. Turbulent effects must therefore be incorporated when
modeling the transport behavior of annular condensing films.

(4) Interfacial dampening of turbulent eddies is accurately
accounted for in the new model with the aid of a new eddy
diffusivity model specifically tailored to turbulent shear-
drive films.
(5) While some of the previous separated flow correlations do
provide accurate predictions of the average heat transfer
coefficient, they fail to predict axial variations of the local
condensation heat transfer coefficient.

(6) The present model accurately predicts the pressure drop and
heat transfer coefficient data in both magnitude and trend,
evidenced by mean absolute error values of 3.6% and 9.3%,
respectively.
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