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In this first part of a two-part study, experiments were performed to investigate condensation of FC-72
along parallel, square micro-channels with a hydraulic diameter of 1 mm and a length of 29.9 cm, which
were formed in the top surface of a solid copper plate. The condensation was achieved by rejecting heat to
a counter flow of water through channels brazed to the underside of the copper plate. The FC-72 entered
the micro-channels slightly superheated, and operating conditions included FC-72 mass velocities of
68–367 kg/m2 s, FC-72 saturation temperatures of 57.2–62.3 �C, and water mass flow rates of 3–6 g/s.
Using high-speed video imaging and photomicrographic 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 prevalent. A detailed pressure model is presented which includes all
components of pressure drop across the micro-channel. Different sub-models for the frictional and accel-
erational pressure gradients are examined using the homogenous equilibrium model (with different two-
phase friction factor relations) as well as previous macro-channel and mini/micro-channel separated flow
correlations. Unexpectedly, the homogenous flow model provided far more accurate predictions of pres-
sure drop than the separated flow models. Among the separated flow models, better predictions were
achieved with those for adiabatic and mini/micro-channels than those for flow boiling and macro-
channels.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Developments in many cutting-edge technologies are becoming
increasingly dependent upon the ability to dissipate large amounts
of heat from small surface areas. Examples include high perfor-
mance computers, hybrid vehicle power electronics, lasers, radars
and avionics. Although single-phase cooling systems have been
successfully implemented in the past, the fast increase in power
density in these technologies is pushing single-phase systems into
unchartered territory in terms coolant flow rate and pressure drop,
let alone the need to greatly increase heat transfer area. Even with
these provisions, cooling goals in many applications are becoming
virtually impossible to achieve with single-phase systems. Because
of these inherent limitations, focus has shifted in recent years in
favor of two-phase cooling schemes.

The superior cooling performance of two-phase cooling sys-
tems is realized by the enormous boiling and condensation heat
transfer coefficients associated with heat acquisition from the
ll rights reserved.

: +1 765 494 0539.
awar).
dawar).
heat-dissipating device and heat rejection, respectively. The quest
for compact and lightweight packaging favors the use of minia-
ture boiler designs, such as micro-channel heat sinks. While
many present two-phase cooling systems employ fairly standard
air-cooled condensers to reject the heat to the ambient, there is
now a growing need for miniature condensers that can reject
the heat by condensing a primary coolant in a compact primary
cooling loop. The heat is transferred to a secondary liquid coolant
and transported to a remote heat exchanger where is ultimately
rejected to ambient air (or seawater for marine applications).
Integrating miniature boilers and condensers in the compact pri-
mary cooling loop will necessitate greatly enhancing the con-
denser’s performance to a level commensurate with that of the
boiler. This goal can be realized with a condenser containing par-
allel micro-channels similar to those utilized in micro-channel
flow boiling heat sinks. However, special care must be exercised
to achieve the thermal goals without compromising the system’s
efficiency by the increased pressure drop.

Two-phase pressure drop is comprised of frictional as well as
accelerational or decelerational components; acceleration is asso-
ciated with boiling flows and deceleration condensing flows. In
high-flux micro-channel boiling flows, acceleration contributes a
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Nomenclature

Bo Bond number, Bo ¼ gðqf � qgÞðDh=2Þ2=r
C parameter in empirical correlations
Cc contraction coefficient
cp specific heat at constant pressure
D tube diameter
Dh hydraulic diameter
F Fanning friction factor
fapp apparent friction factor
G mass velocity
g gravitational acceleration
Hb distance between copper block’s thermocouple planes
Hch micro-channel height
Hp plenum height
Ht distance between top thermocouple plane and base of

micro-channel
h enthalpy
hfg latent heat of vaporization
J superficial velocity
k thermal conductivity
L length; micro-channel length
M number of data points
MAE mean absolute error
_m mass flow rate

N number of micro-channels in test module
P pressure
Pcrit critical pressure
PR reduced pressure, PR = P/Pcrit

DP pressure drop
q00w heat flux based on micro-channel’s cooled perimeter
q00base heat flux based on total base area of micro-channel con-

denser
Re Reynolds number
Sug Suratman number
T temperature
v specific volume
vfg specific volume difference between saturated vapor and

saturated liquid
Wch micro-channel width
Wp plenum width
Ws width of solid wall separating micro-channels
We Weber number

We⁄ modified Weber number
X Martinelli parameter
x thermodynamic equilibrium quality
z stream-wise coordinate

Greek symbols
a void fraction
b channel aspect ratio, Wch/Hch

d thickness of boundary layer
d+ dimensionless thickness of boundary layer,

dþ ¼ d=ðDh=2Þ
l dynamic viscosity
q density
�q mixture density
r surface tension
rc area ratio, ðWchHchNÞ=ðWpHpÞ
/ two-phase pressure drop multiplier

Subscripts
A accelerational
c contraction
d developing region
e expansion
exp experimental (measured)
F frictional
f saturated liquid; fully developed region
fo liquid only
g saturated vapor
go vapor only
in micro-channel inlet
out micro-channel outlet
pred predicted
sat saturation
sp single-phase
tot total
tp two-phase
tt turbulent liquid-turbulent vapor
tv turbulent liquid-laminar vapor
vt laminar liquid-turbulent vapor
vv laminar liquid-laminar vapor
w wall; water
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large fraction of the total pressure drop and, therefore, pumping
power. However, in high-flux micro-channel condensing flows,
deceleration provides the benefit of decreasing the pressure drop.

Another factor that influences pressure drop in condensing
flows is two-phase flow regime. Condensing flow regimes in a tube
can generally be classified into pure vapor, annular, slug, bubbly
and pure liquid. The annular flow regime is the most crucial for
condenser design since, for most practical designs, it prevails over
the largest fraction of the tube length and provides very high heat
transfer rates. The annular flow regime commences upstream in
the tube once vapor begins to condense into a liquid film along
the tube wall. This film is typically very thin and associated with
a small thermal resistance between the vapor and the wall, result-
ing in very high heat transfer coefficients compared to the other
flow regimes. As more of the vapor is condensed into liquid, the
annular structure collapses and the slug and bubbly regimes are
formed in succession.

The pursuit of compact condenser design is evident from
several recent articles concerning multi-port micro-channel con-
densers. Yang and Web [1] investigated the condensation heat
transfer characteristics of R12 along four parallel mini-channels
with plain and micro-fin extruded tubes. Using R134a as working
fluid, Yan and Lin [2], Wang et al. [3], and Koyama et al. [4] exam-
ined the performances of condensers having parallel micro-chan-
nels with hydraulic diameters of 2.0 mm, 1.46 mm, and 0.81 mm,
respectively. Koyama et al. achieved the highest heat transfer coef-
ficient, on the order of 104 W/m2 K, in the high quality region with
a relatively high mass velocity of G = 652 kg/m2 s. Recently, Park
and Hrnjak [5] examined the condensation of CO2 in 0.89-mm cir-
cular parallel micro-channels and achieved maximum heat transfer
coefficients on the same order as Koyama et al. with G = 600 kg/
m2 s.

While past studies have provided valuable databases for con-
densation in micro-channels, there is a general lack of fundamental
understanding of interfacial behavior and shortage of predictive
tools for both pressure drop and heat transfer coefficient. On the
fundamental side, two key phenomena that are of great interest
to modeling condensation in micro-channels are interfacial waves
and turbulence in the annular liquid film. Past studies involving
adiabatic, heated and evaporating liquid films have shown interfa-
cial waves can greatly influence mass, momentum and heat trans-
fer in the film [6–11]. Surface tension at the vapor-liquid interface



Table 1
Thermophysical properties of FC-72 at Tsat = 60 �C.

hfg (kJ/
kg)

qf (kg/
m3)

qg (kg/
m3)

Rf kg=m s kf (W/
m K)

cp,f (kJ/
kg K)

r (mN/
m)

93.7 1583.4 14.90 4.18 � 10�4 0.0534 1.1072 8.0

S.-M. Kim et al. / International Journal of Heat and Mass Transfer 55 (2012) 971–983 973
has been shown by Mudawar and El-Masri [12] to cause significant
dampening of turbulent fluctuations in films, which can have a
profound influence on heat transfer across the film. Aside from
these fundamental issues, there is also a need for reliable correla-
tions for condensing micro-channel flows. These issues and needs
are the primary motivation for the present study.

This two-part study examines the two-phase flow regimes,
pressure drop and heat transfer associated with condensation of
FC-72 along parallel micro-channels with a hydraulic diameter of
1 mm. This first part will describe the construction of the conden-
sation module, two-phase condensation loop and experimental
methods used. High-speed video imaging and photomicrographic
techniques are used to capture and classify two-phase flow re-
gimes, which are compared to those from previous studies. The
FC-72 pressure drop data are compared with the predictions of
prior two-phase homogenous and separated flow models to iden-
tify most suitable models for micro-channel condensing flows.
The second part of this study [13] will examine the heat transfer
aspects of the condenser and provide a new correlation for
micro-channel condensers.
2. Experimental methods

2.1. Condensation flow loop

Fig. 1(a) shows a schematic of the two-phase experimental
apparatus constructed for this study. It uses two sub-loops, one
for FC-72, the primary coolant, and the second for the cooling
water. A 3M-company Fluorinet electronic liquid, FC-72 has excel-
lent dielectric properties, a relatively moderate boiling point of
56 �C at 1 bar, and a surface tension much smaller than that of
Fig. 1. (a) Schematic diagram of test loop, (b) photo of micro-chan
water, 0.0084 compared to 0.059 N/m at 1 bar. Table 1 provides
a summary of the thermophysical properties of FC-72 at Tsat = 60
�C, which the saturation temperature corresponding an operating
pressure close to that used in the present experiments.

The FC-72 is circulated through the primary loop with the aid of
a gear pump. The fluid passes through a set of flow meters followed
by an in-line electric heater, which is powered by a variable voltage
transformer, before entering the micro-channel condensation
module. Both temperature and pressure are measured in the inlet
plenum of condensation module to determine fluid quality, which
can be regulated to the desired value with the aid of a variable volt-
age transformer that powers the in-line heater upstream. The FC-
72 condenses along the condensation module by rejecting heat to
the waterside. The FC-72 temperature and pressure are measured
once more at the condensation module’s outlet plenum. Exiting
the condenser module, the FC-72 is passed through a plate-type
heat exchanger to condense any remaining vapor and achieve the
desired temperature as the FC-72 returns to the primary loop’s
reservoir.

In the condensation module, water travels in a counter-flow
direction to that of the FC-72. The water enters the condensation
module at near room temperature and warms up by capturing heat
from the condensing FC-72 flow. The warm water flows through a
Lytron modular cooling system, where it cools back to near room
nel condensation module, (c) photo of main part of test setup.



Table 2
Test section dimensions.

Wch (mm) Hch (mm) Ws (mm) Ht (mm) Hb (mm) L (cm) N

1.0 1.0 1.0 9.65 7.62 29.9 10
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temperature. The water flow exiting the Lytron cooling system is
divided into two parts, one flows back to the condensation module
and the second to the plate-type heat exchanger. Fig. 1(b) and (c)
show, respectively, a photo of the micro-channel condensation
module and another of the main part of the experimental set-up.
2.2. Micro-channel condensation module

Fig 2(a) and (b) show the construction of micro-channel con-
densation module. The module consists of a cover plate, housing,
condensation copper block, and water channels. The cover plate,
which seals the tops of the square micro-channels, is made from
transparent polycarbonate (Lexan) to facilitate photographic study
of the condensing flow. The top of the oxygen-free copper block is
2-cm wide by 29.9-cm long, and contains ten of 1 � 1 mm2 square
micro-channels. Soldered to the underside of the copper block are
three of 3.8 � 3.8 mm2 brass tubes, which carry the counter flow of
cooling water. Sixteen pairs of type-E thermocouples, which are
embedded in the copper block beneath the micro-channels, run
down the length of the copper block at 19 mm intervals. Using
the assumption of one-dimensional heat conduction between the
two thermocouple planes, both the heat flux and surface tempera-
ture at the base of the micro-channels may be determined along
the stream-wise direction [14]. The dimensions of the test section
are provided in Table 2.

The copper block is inserted into an insulating G-10 housing
that features FC-72 inlet and outlet ports, micro-channel inlet
and outlet plenums, and pressure and temperature measurement
ports. The G-10 housing and water channels are covered by insu-
lating layers of fiberglass.
2.3. Operating conditions and measurement accuracy

Experiments were performed to examine flow regimes and
measure pressure drop and heat transfer coefficients correspond-
ing to different flow rates of FC-72 and cooling water. The test ma-
trix for the study consisted of 24 tests covering six FC-72 flow rates
Fig. 2. (a) Construction and (b) cross-sectional v
(G = 68, 118, 186, 248, 306, and 367 kg/m2 s) and four coolant mass
velocities (Gw = 69, 92, 115, and 138 kg/m2 s).

Since the focus of this study is high-flux condensation, operat-
ing conditions were set to achieve mostly annular flow near the in-
let of the micro-channels. Therefore, the FC-72 was introduced into
the condensation module in pure vapor state with a thermody-
namic equilibrium quality of 1.11–1.17 for low FC-72 flow rates
(G = 68–186 kg/m2 s) and 1.08–1.10 for high FC-72 flow rates
(G = 248–367 kg/m2 s). These conditions resulted in an upstream
single-phase superheated vapor region 1.1–3.1 cm long (4–10% of
the total channel length) for the low FC-72 flow rate range, and
2.7–5.8 cm long (9-19% of the total channel length) for the high
FC-72 flow rate range. The inlet plenum pressure ranged from
1.040–1.324 bar. Operating conditions along the channel length
were as follows: saturation temperatures of Tsat = 57.2–62.3 �C,
qualities of x = 0–1.17, and heat fluxes of q00w ¼ 0:43�3:21 W=cm2 .

There are several techniques for measuring liquid film thickness
in two-phase applications [8,9,15]. Unfortunately, small channel
size precludes the use of these techniques in the present applica-
tion, causing a reliance on photographic methods instead. High-
speed video imaging played a crucial role in capturing two-phase
condensation flow regimes. Two key requirements for capturing
the complex interfacial features in the micro-channels with high
resolution are high shutter speed and high magnification. These
goals were achieved with a Photron FASTCAM-Ultima camera
capable of shutter speeds up to 1/120,000 s, which was used in
conjunction with an assortment of Infinity K-2 lenses.

FC-72 pressure was measured in the inlet plenum with the aide
of an absolute pressure transducer, while a differential pressure
transducer measured pressure drop between the inlet and outlet
plenums. Temperatures in the inlet and outlet plenums, copper
iew of micro-channel condensation module.



Fig. 3. Representative (a) photographs and (b) schematics of FC-72 condensation flow regimes in three adjacent channels for G = 68 kg/m2 s.
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block, and water channels were measured and processed by an HP-
3852A data acquisition system. All measurements were made after
all the system pressures and temperatures reached steady state.

Measurement uncertainties are ±0.5% for the pressure trans-
ducer and ±2.0% for the flow meter. Unlike the thermocouples in-
serted in the flow, the thermocouples embedded in the copper
block are carefully calibrated using a procedure that brought down
their uncertainties to less than ±0.03 �C. This is achieved by, first,
carefully insulating the entire copper block and placing the block
in an isothermal enclosure. This procedure is repeated for different
enclosure temperatures. Thermocouples are typically off their
mean value by ±0.03 �C, and this offset is corrected for the individ-
ual copper block thermocouples using a high accuracy HP data
acquisition system. By using five thermocouple ports attached to
top of the cover plate, heat loss through the cover plate is estimated
at less than 2% of the heat input through the base of the micro-chan-
nels, which is calculated using the assumption of one-dimensional
heat conduction between the two thermocouple planes. For a high
mass velocity of G = 367 kg/m2 s, the derived average uncertainties
of base heat flux, vapor quality, and local heat transfer coefficient
are ±4.6%, ±5.1%, and ±7.2%, respectively. For the worst case of a
very low mass velocity of G = 68 kg/m2 s, the average uncertainties
of base heat flux, vapor quality, and local heat transfer coefficient
are ±10.7%, ±11.0%, and ±16.1%, respectively.
3. Flow visualization results

High-speed video imaging and photomicrographic techniques
were used to capture dominant condensation flow regimes along
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the parallel micro-channels. Fig. 3 depicts representative flow
regimes in three adjacent micro-channels channels at different
locations from the micro-channel inlet. Five distinct flow regimes
were identified. The smooth-annular flow regime is characterized
by a very thin and fairly smooth liquid film that flows along the
channel wall, with vapor flowing in the core clear of any liquid
droplets. The film is barely discernible even when using a high mag-
nification lens. This regime occurred in the inlet region of micro-
channels under conditions of high inlet quality. The wavy-annular
regime features a liquid film that is notably thicker that that of
the smooth-annular regime, and having discernible interfacial
waves. The next transition regime is characterized by bridging of li-
quid ligaments across the vapor care. The slug regime features elon-
gated cylindrical bubbles whose length is several times larger than
the width of the channel. The bubbly regime features spherical bub-
bles with a diameter approaching the of the micro-channel width.
The bubbly regimes was least prevalent, observed only at the low-
est tested mass velocity of G = 68 kg/m2 s. Notice that no droplets
are entrained in the vapor core for the smooth-annular and wavy-
annular flows. This is in sharp contrast with annular flow associated
with flow boiling in micro-channels. As observed by Qu and Muda-
war [16], liquid droplets entrained in the vapor core have an appre-
ciable influence on pressure drop and heat transfer in micro-
channel boiling flows. This fundamental difference between mi-
cro-channel flow boiling and condensing flows and its implications
to pressure drop prediction will be discussed later.

Fig. 4(a) shows the observed FC-72 flow regime transition data.
Increasing the mass velocity is shown causing the smooth-annular
regime, which corresponds to high quality values, to extend further
downstream towards lower quality values, while narrowing the
slug flow in the low quality region. Although the bubbly regime
was observed in the present study for G = 68 kg/m2 s, no bubbly re-
gime data are shown in Fig. 4(a). This is due to the fact that the
bubbly regime was observed for negative values of quality, indicat-
ing bubbles persisted in subcooled liquid flow due to thermody-
namic non-equilibrium effects. Fig. 4(a) also compares the
present FC-72 flow regime boundary data with flow regime bound-
ary lines from Wang et al. [3] for R134a condensing flow inside a
horizontal multi-port condenser featuring rectangular channels
with a hydraulic diameter of 1.46 mm. Although no exact defini-
tions were provided for their flow regimes, especially annular
and wavy-annular, the boundary between the transition and slug
regimes of the present study is in good agreement with that of
Wang et al., however, the boundary between the wavy-annular
and transition regimes corresponds to higher quality values than
observed by Wang et al.

Fig. 4(b) compares the present FC-72 flow regime transition
data with those of Triplett et al. [17] and Chung and Kawaji [18].
Triplett et al.’s data are based on air-water adiabatic flow in hori-
zontal semi-triangular and circular micro-channels with hydraulic
diameters of 1.09 and 1.097 mm, respectively. Chung and Kawaji
conducted their experiments with an adiabatic mixture of nitrogen
gas and water inside a 0.53-mm diameter horizontal circular tube.
For all cases, the transition line to slug flow is observed when the
superficial gas velocity is in a range of 1–4 m/s. The transition flow
regime of this study was designated as slug-annular by both Trip-
lett et al. and Chung and Kawaji, or ‘serpentine-like gas core in
churn flow’ by Chung and Kawaji. The wavy-annular flow regime
of this study had a thicker liquid film with waves having larger
amplitude and wavelength than those of Triplett et al. and Chung
and Kawaji, and is similar to the ‘gas core with a wavy liquid film’
regime designated as churn flow by Chung and Kawaji. Taking into
consideration the differences in flow regime designation, the pres-
ent flow regime boundaries are generally consistent with those
from the two earlier studies.
Despite the fair agreement depicted in Fig. 4(a) and (b), it is
important to emphasize the fundamental weaknesses of flow
regime maps that utilize dimensional plots. The first is that the
use of G versus x or Jf versus Jg may imply that such pairs of param-
eters govern all flow regimes, which is obviously not the case. The
second weakness is the fact that flow regime boundaries are dom-
inated by physical mechanisms and corresponding dimensionless
groups that vary greatly from one boundary to another.

Fig. 4(c) shows an alternative presentation of flow regime
boundaries in a dimensionless plot of modified Weber number,
We⁄, versus the Martinelli parameter, Xtt. Using the assumption
that the inertia of the vapor phase is the dominant destructive
force acting on the liquid film, while surface tension and liquid vis-
cous forces are the stabilizing forces, Soliman [19] derived the fol-
lowing relations for modified Weber number by balancing the
destructive and stabilizing forces.

We� ¼ 2:45
Re0:64

g

Su0:3
g ð1þ 1:09X0:039

tt Þ0:4
for Ref 6 1250 ð1aÞ

and

We� ¼ 0:85
Re0:79

g X0:157
tt

Su0:3
g ð1þ 1:09X0:039

tt Þ0:4
lg

lf

 !2
tg

tf

� �2
4

3
5

0:084

for Ref > 1250; ð1bÞ

where the Suratman number, Sug, and Martinelli parameter (based
on turbulent liquid-turbulent vapor) are given by

Sug ¼
qgrD
l2

g
ð2aÞ

and

Xtt ¼
lf

lg

 !0:1
1� x

x

� �0:9 tf

tg

� �0:5

; ð2bÞ

respectively [19]. Based on his own database, Soliman proposed
that the flow is always annular for We⁄ < 20 and always mist for
We⁄ > 30. While a few of the present smooth-annular flow regime
data fall into Soliman’s annular-to-mist transition region, most of
the present data fall in Soliman’s annular regime region. Fig. 6 also
shows boundaries between annular, stratified-wavy, and plug re-
gimes identified by Chen et al. [20] for condensation of R134a inside
horizontal 12 and 14 mm diameter micro-finned tubes. Overall,
there is general agreement with the present boundary lines
between the wavy-annular and transition regimes, and between
the transition and slug regimes. The second part of this study [13]
will present new flow regime boundary lines for micro-channel
condensing flows.

4. Pressure drop results

4.1. Experimental results

Fig. 5 shows the variation of total pressure drop measured be-
tween the inlet and outlet plenums of the condensation module
with water mass velocity for different FC-72 mass velocities.
Increasing the mass velocity of FC-72 increases the interfacial
shear stress between the vapor core and liquid film due to the
increasing vapor core velocity, which results in the measured
increase in pressure drop. Fig. 5 shows the total pressure drop de-
creases slightly with increasing water mass velocity. This trend can
be explained by the higher water flow rate increasing the wall heat
flux, which hastens the flow deceleration leading to diminished
interfacial shear.



Fig. 4. Comparison of present FC-72 condensation flow regime data with those of (a) Wang et al. [3], (b) Triplett et al. [17] and Chung and Kawaji [18] and (c) comparison of
present FC-72 condensation flow regime boundaries with those of Soliman [19] and Chen et al. [20].

S.-M. Kim et al. / International Journal of Heat and Mass Transfer 55 (2012) 971–983 977
4.2. Pressure drop components

For a superheated inlet condition, the total pressure drop
between the upstream and downstream plenums can be obtained
from

DPtot ¼ DPc þ DPsp;d þ DPtp þ DPsp;f þ DPe: ð3Þ

The contraction pressure loss and expansion recovery at the inlet
and outlet of the micro-channels, respectively, are determined from
relations by Collier and Thome [21],

DPc ¼
G2tf

2
ð 1
Cc
� 1Þ2 þ ð1� r2

c Þ
� �

1þ tfgxe;in

tf

� �
; ð4aÞ

and

DPe ¼ G2rcðrc � 1Þtf 1þ tfgxe;out

tf

� �
: ð4bÞ
For single-phase vapor flow at the plenum inlet, the contraction
coefficient Cc due to the vena-contracta is obtained from a relation
by Geiger [22],

Cc ¼ 1� 1� rc

2:08ð1� rcÞ þ 0:5371
: ð5Þ

For single-phase hydrodynamically developing vapor flow in the
inlet region of the micro-channels, the pressure drop can be ex-
pressed as a function of the apparent friction factor,

DPsp;d ¼
2f appG2Lsptg

Dh
: ð6Þ

Since the FC-72 is introduced into the condensation module in
superheated turbulent state with a Reynolds number range of
6000–31,000, the local pressure is predicted according to Zhi-qing’s
[23] analytical solution for turbulent developing vapor flow in a
circular tube,



Fig. 6. Comparison of present FC-72 pressure drop data with predictions of (a) homogene
pressure drop based on separated flow model and Zivi’s [26] relation for void fraction. (c
different mass velocities and Gw = 69 kg/m2 s predicted with the frictional pressure gradi
Dukler et al. [36], and the accelerational pressure gradient determined by the separated

Fig. 5. Variation of measured total pressure drop with water mass velocity for
different FC-72 mass velocities.
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Lsp=Dh ¼ 1:4039Re0:25
sp dþ

1:25
1þ0:1577dþ
�

�0:1793dþ
2�0:0168dþ

3þ0:0064dþ
4
�
; ð7Þ

where

fapp ¼
1

ð1� 0:25dþ þ 0:0667dþ
2 Þ2
� 1

" #
0:25

Lsp=Dh

for dþ < 1 ðdeveloping regionÞ ð8aÞ

and

fapp ¼ 0:07þ 0:316
Lsp=Dh

Re0:25
sp

 !
0:25

Lsp=Dh

for dþ ¼ 1 ðfully-developed regionÞ: ð8bÞ

When the FC-72 completely condenses to pure liquid in the down-
stream region of the micro-channel, the pressure drop for the
single-phase liquid region, where the flow is assumed fully-devel-
oped, can be determined from [24,25]
ous equilibrium model, and (b) homogeneous equilibrium model with accelerational
) Contributions of individual components of pressure drop to total pressure drop for
ent determined by the homogenous equilibrium model using the viscosity model of

flow model using Zivi’s relation for void fraction.



Table 3
Homogeneous equilibrium model for two-phase frictional pressure gradient, and corresponding MAE in predicting present total pressure drop data.

dP
dz

� 	
F ¼ �

2
Dh

ftp �qu2 ¼ � 2
Dh

ftptf G2 1þ x tfg

tf

� �
Constant friction factor method

Author(s) Applications ftp MAE [%]

Lewis and Robertson [27], Markson et al. [28] High pressure steam-water boilers 0.005 31.72
Bottomley [29], Benjamin and Miller [30], Allen [31] Low pressure flashing steam-water flows 0.003 56.77

Two-phase mixture viscosity method

ftpRetp ¼ 24ð1� 1:3553bþ 1:9467b2 � 1:7012b3 þ 0:9564b4 � 0:2537b5Þ for Retp < 2000

ftp ¼ 0:079Re�0:25
tp for 2000 6 Retp < 20;000

ftp ¼ 0:046Re�0:2
tp for Retp P 20;000; where Retp ¼ GDh

ltp

Author(s) Equation MAE [%]
McAdams et al. [32] 1

ltp
¼ x

lg
þ 1�x

lf
17.22

Akers et al. [33] ltp ¼
lf

½ð1�xÞþxðtg
tf
Þ0:5 �

34.98

Cicchitti et al. [34] ltp ¼ xlg þ ð1� xÞlf 85.16
Owens [35] ltp = lf 306.0
Dukler et al. [36] ltp ¼

xtglgþð1�xÞtf lf
xtgþð1�xÞtf

15.92

Beattie and Whalley [37] ltp = xlg + (1 - x)(1 + 2.5x)lf 17.34
x ¼ xtg

tfþxtfg

Lin et al. [38] ltp ¼
lf lg

lgþx1:4 ðlf�lg Þ
17.05
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DPsp;f ¼
2f sp;f G2Lsp;f tf

Dh
; ð9Þ

where

fsp;f Resp;f ¼ 24ð1� 1:3553bþ 1:9467b2 � 1:7012b3

þ 0:9564b4 � 0:2537b5Þ for Resp;f < 2000; ð10aÞ

fsp;f ¼ 0:079Re�0:25
sp;f for 2000 6 Resp;f < 20;000 ð10bÞ

and

fsp;f ¼ 0:046Re�0:2
sp;f for Resp;f P 20;000: ð10cÞ

For the two-phase region, the pressure drop consists of accelera-
tional and frictional components,

DPtp ¼ DPtp;A þ DPtp;F : ð11Þ

For a constant mass velocity, the differential form of accelerational
two-phase pressure drop can be expressed as

� dP
dz

� �
A
¼ G2 d

dz
tgx2

a
þ tf ð1� xÞ2

ð1� aÞ

" #
; ð12Þ

where the void fraction can be obtained from Zivi’s [26] correlation

a ¼ 1þ 1� x
x

� �
tf

tg

� �2=3
" #�1

: ð13Þ

For the homogeneous equilibrium model, the void fraction is re-
lated to thermodynamic equilibrium quality by the relation

a ¼ 1þ 1� x
x

� �
tf

tg

� �� ��1

: ð14Þ

Substituting the above relation in Eq. (12) while neglecting property
changes yields the following widely used form of accelerational
two-phase pressure gradient for the homogeneous equilibrium
model,

� dP
dz

� �
A

¼ G2tfg
dx
dz
: ð15Þ

The accelerational two-phase pressure drop can be determined by
integrating Eqs. (12) and (15) numerically along the streamwise
direction,
DPtp;A ¼
Z Ltp

0
� dP

dz

� �
A

dz: ð16Þ

When determining the total pressure drop via the homogeneous
equilibrium models, both the simple and general forms of accelera-
tional pressure drop, Eqs. (15) and (12), respectively, will be exam-
ined. In case of separated flow models, only the general form of
accelerational pressure gradient, Eq. (12), will be used to determine
the accelerational pressure drop.

The frictional two-phase pressure drop can be determined by
integrating the relation for frictional pressure gradient correspond-
ing to the chosen model or correlation as indicated in Tables 3–5,

DPtp;F ¼
Z Ltp

0
� dP

dz

� �
F

dz: ð17Þ

In the two-phase condensing region, the local saturation tempera-
ture of FC-72 is obtained from the local saturation pressure, and
the thermophysical properties for liquid and vapor are based on
local saturation pressure.

4.3. Comparison with different pressure drop models and correlations

To determine the two-phase frictional pressure drop, both
homogeneous equilibrium and separated flow models are
considered.

4.3.1. Homogeneous equilibrium model (HEM)
Both constant friction factor [27–31] and two-phase mixture

viscosity [32–38] methods are used to predict the two-phase
frictional pressure gradient via the homogeneous equilibrium
model. In order to check the sensitivity of different accelerational
pressure drop relations to total pressure drop, both the simple
and general forms of accelerational pressure drop, Eqs. (15) and
(12), respectively, are compared. Fig. 6(a) and (b) compare the
present FC-72 pressure drop data to predictions based on two dif-
ferent constant friction factors, ftp = 0.003 and 0.005, and seven dif-
ferent two-phase viscosity models. The total pressure drop in
Fig. 6(a) is based entirely on the homogeneous equilibrium model
(i.e., using Eq. (15) for the accelerational pressure gradient), while
the accelerational pressure gradient in Fig. 6(b) is based on Eq. (12)
and Zivi’s relation for void fraction. Comparing Fig. 6(a) and (b)
shows the former approach only slightly overpredicts the data



Table 4
Two-phase frictional pressure gradient correlations for macro-channels based on the separated flow model, and corresponding MAE in predicting present total pressure drop data.

Author(s) Equation Remarks MAE
[%]

Lockhart and
artinelli [39]

dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f ; /2

f ¼ 1þ C
X þ 1

X2 ; X2 ¼ ðdP=dzÞf
ðdP=dzÞg

Dh = 1.49–25.83 mm adiabatic fluids:
water, oils, hydrocarbons

80.26

Cvv ¼ 5; Ctv ¼ 10; Cvt ¼ 12; Ctt ¼ 20
Friedel [40] dP

dz

� 	
F ¼

dP
dz

� 	
fo/

2
fo

D > 4 mm Fluids: air/water, air/oil, R12
(25000 data points)

173.4

/2
fo ¼ ð1� xÞ2 þ x2 tg

tf

� �
fgo

ffo

� �
þ � � � þ 3:24x0:78ð1� xÞ0:224 tg

tf

� �0:91 lg

lf

� �0:19
1� lg

lf

� �0:7
Fr�0:045

tp We�0:035
tp

Frtp ¼ G2

gDhq2
H
; Wetp ¼ G2 Dh

rqH
; qH ¼ 1

xtgþð1�xÞtf

Chisholm [41] dP
dz

� 	
F ¼

dP
dz

� 	
fo/

2
fo

Flow boiling Fluids: air/water, steam 114.1

/2
fo ¼ 1þ ðC2 � 1Þ Bx0:875ð1� xÞ0:875 þ x1:75

h i
C2 ¼ ðdP=dzÞgo

ðdP=dzÞfo
, for B values refer to Chisholm [41]

Muller-
Steinhagen
and Heck
[42]

dP
dz

� 	
F ¼

dP
dz

� 	
fo þ 2 ðdP

dz Þgo � dP
dz

� 	
fo

h i
x

n o
ð1� xÞ1=3 þ dP

dz

� 	
gox3 D = 4–392 mm Fluids: air/water, water,

hydrocarbons, refrigerants (9300 data
points)

54.88

Jung and
Radermacher
[43]

ðdP
dz ÞF ¼ ð

dP
dz Þfo/

2
fo ; /2

fo ¼ 12:82X�1:47
tt ð1� xÞ1:8 D = 9.1 mm Annular flow boiling Fluids:

pure and mixtures of R22, R114, R12,
R152a

288.3

Xtt ¼
lf

lg

� �0:1
1�x

x

� 	0:9 tf

tg

� �0:5

Wang et al. [44] For G P 200 kg=m2 s; dP
dz

� 	
F ¼

dP
dz

� 	
g/

2
g ; /2

g ¼ 1þ 9:4X0:62 þ 0:564X2:45 D = 6.5 mm adiabatic fluids: R22, R134a,
R407C

86.19

For G < 200 kg=m2 s; dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f ;/

2
f ¼ 1þ C

X þ 1
X2 ;

C ¼ 4:566� 10�6X0:128Re0:938
fo

tf

tg

� �2:15 lf

lg

� �5:1

Cavallini et al.
[45]

dP
dz

� 	
F ¼

dP
dz

� 	
fo/

2
fo

D > 3.1 mm Condensation Fluids: R22,
R134a, R125, R32, R236ea, R407c, R410A

597.8

For j�g P 2:5;

/2
fo ¼ ð1� xÞ2 þ x2 tg

tf

� �
fgo

ffo

� �
þ � � � þ 1:262x0:6978 tg

tf

� �0:3278 lg

lf

� ��1:181
1� lg

lf

� �3:477
We�0:1458

go

For j�g < 2:5; /2
fo ¼ /2

fo;Friedel

Wego ¼ G2 Dh
qgr

; j�g ¼ Gx
qg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qg

ðqf�qg ÞgDh

q
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compared to the latter. Therefore, the differences in predictions of
total pressure drop in Fig. 8(a) and (b) are due mostly to the
different frictional pressure drop models used.

Given the slightly better predictions in Fig. 6(b) compared to
Fig. 6(a), all subsequent accelerational pressure drop calculations
in Figs. 6(c) and 7(a) and (b) will be based on the general form of
accelerational pressure drop, Eq. (12), using Zivi’s void fraction
relation.

Table 3 provides details of the constant two-phase friction fac-
tor and two-phase viscosity methods as well as their accuracy in
predicting the present data. The accuracy of individual models is
measured by mean absolute error, which is defined as

MAE ¼ 1
M

X jDPpred � DPexpj
DPexp

� 100%: ð18Þ

In general, the homogeneous equilibrium model is better suited to
dispersed two-phase flows such as bubbly flow. The fundamental
premises of this model fall apart for regimes involving separation
between the liquid and vapor phases or large velocity differences
between the two phases. Annular flow is an example of a regime
where the use of the homogenous equilibrium model is generally
avoided. In spite of the fact that annular flow was dominant
throughout the present measurement, Fig. 6(a) and (b) prove that,
when used in conjunction with most two-phase viscosity models,
excepting those of Cicchitti et al. [34] and Owens [35], the homoge-
neous equilibrium model provides fairly accurate predictions of the
present experimental data. Most notably, the viscosity model by
Dukler et al. [36], with a MAE of 15.92%, provides the best predic-
tions among all viscosity relations. In fact, this model provides
better accuracy than all separated flow correlations as discussed
in the next section.

Fig. 6(c) shows the contributions of individual pressure drop
components to total pressure drop using the mixture viscosity
model by Dukler et al. For a condensing flow, the accelerational
two-phase pressure drop term is negative because of the decelera-
tion along the stream-wise direction. In fact, condensation reduces
two-phase pressure drop, as opposed to flow boiling, where two-
phase pressure drop is increased by the stream-wise acceleration,
and the accelerational pressure drop is positive. Fig. 6(c) shows
that the magnitude of DPtot is dictated mostly by two-phase fric-
tion and acceleration. Increasing the mass velocity decreases the
magnitude of DPtp,A/DPtot because of the decreasing amount of
vapor being condensed. The contributions of DPsp,f and DPe to DPtot

are minimal, while those of DPc and DPsp,d are more significant
because of the pure vapor state at the micro-channel inlet.

4.3.2. Separated flow models (SFMs)
Tables 4 and 5 provide a select summary of separated flow fric-

tional pressure drop correlations that have been recommended for
macro-channels [39–45] and mini/micro-channels [46–54],
respectively. These include a mix of correlations for flow boiling
and condensation, adiabatic, flow boiling and condensing flows,
and for isolated tubes and multi-channel heat sinks. Notice that
the correlation of Jung and Radermacher [43] is based on the
assumption of DPtp � DPf because the accelerational component
was found to be small in their flow boiling experiments.

Fig. 7(a) shows that all seven macro-channel correlations over-
predict the present FC-72 condensation data. Notably, the total
pressure drop is highly overpredicted by the correlations of Friedel
[40], Chisholm [41], Jung and Radermacher [43], and Cavallini et al.
[45], with corresponding MAE values of 173.42%, 114.06%, 288.27%,
and 597.75%, respectively.

Fig. 7(b) compares the present FC-72 micro-channel condensa-
tion pressure drop data with predictions using separated flow
correlations for frictional pressure drop in mini/micro-channels.
The correlations of Mishima and Hibiki [46], Lee and Lee [48],



Fig. 7. Comparison of present FC-72 pressure drop data with predictions of separated flow correlations recommended for (a) macro-channels and (b) mini/micro-channels.

Table 5
Two-phase frictional pressure gradient correlation for mini/micro-channels based on the separated flow model, and corresponding MAE in predicting present total pressure drop
data.

Author(s) Equation Remarks MAE
[%]

Mishima and
Hibiki [46]

dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f ;/

2
f ¼ 1þ C

X þ 1
X2

D = 1.05–4.08 mm adiabatic fluid: air/water 27.15

C ¼ 21½1� expð�0:319DhÞ�; Dh [mm]
Tran et al. [47] dP

dz

� 	
F ¼

dP
dz

� 	
fo/

2
fo

Dh = 2.40, 2.46, 2.92 mm Flow boiling Fluids: R134a, R12, R113 276.1

/2
fo ¼ 1þ ð4:3C2 � 1Þ½Nconf x0:875ð1� xÞ0:875 þ x1:75�

Nconf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
gðqf�qg ÞD

2
h

q
Lee and Lee [48] dP

dz

� 	
F ¼

dP
dz

� 	
f /

2
f ; /2

f ¼ 1þ C
X þ 1

X2
Dh = 0.78–6.67 mm adiabatic fluid: air/water 36.26

Cvv ¼ 6:833� 10�8k�1:317w0:719Re0:557
fo ; Ctv ¼ 3:627Re0:174

fo

Cvt ¼ 6:185� 10�2Re0:726
fo ; Ctt ¼ 0:048Re0:451

fo

w ¼ lf jf
r ; k ¼ l2

f

qf rDh

Zhang and Webb
[49]

dP
dz

� 	
F ¼

dP
dz

� 	
fo/

2
fo

D = 0.96–6.20 mm adiabatic multi-channel fluids: R134a, R22, R404a 522.9

/2
fo ¼ ð1� xÞ2 þ 2:87x2P�1

R þ 1:68x0:8ð1� xÞ0:25P�1:64
R ;

PR = P/Pcrit

Chen et al. [50] ðdP
dz ÞF ¼ ð

dP
dz Þfo;FriedelX D = 1.02–9 mm adiabatic fluids: air/water, R410A, ammonia 47.65

For Bo < 2:5; X ¼ 0:0333Re0:45
fo

Re0:09
g ð1þ0:4e�BoÞ

For Bo P 2:5; X ¼ We0:2
tp

ð2:5þ0:06BoÞ ; Bo ¼ gðqf � qgÞ
ðDh=2Þ2

r

Yu et al. [51] dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f ;/

2
f ¼ 1

X1:9
vt

, D = 2.98 mm Flow boiling Fluids: water, ethylene glycol, aqueous
mixtures of ethylene glycol

51.25

Xvt ¼ 18:65ðtf

tg
Þ0:5ð1�x

x Þ
Re0:1

g

Re0:5
f

Nino et al. [52] dP
dz

� 	
F ¼

dP
dz

� 	
go/

2
go

Dh = 1.02, 1.54 mm adiabatic multi-channel fluids: R410A, R134a, air/
water

34.24

/2
go ¼ expð�0:046XannÞ þ 0:22½expð�0:002XannÞ � expð�7XannÞ�

Xann ¼ ½ðXtt þ 1
We1:3

g
Þðtg

tf
Þ0:9�; Weg ¼ ðGxÞ2Dh

rqg

Xtt ¼
lf

lg

� �0:125
1�x

x

� 	0:875 tf

tg

� �0:5

Lee and Mudawar
[53]

dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f ; /2

f ¼ 1þ C
X þ 1

X2
Dh = 0.349 mm Flow boiling Multi-channel Fluids: R134a, water 57.55

Cvv ¼ 2:16Re0:047
fo We0:60

fo ; Cvt ¼ 1:45Re0:25
fo We0:23

fo ;

Wefo ¼ G2 Dh
rqf

Hwang and Kim
[54]

ðdP
dz ÞF ¼ ð

dP
dz Þf /

2
f ; /2

f ¼ 1þ C
X þ 1

X2 ; D = 0.244, 0.430, 0.792 mm adiabatic fluid: R134a 53.95

C ¼ 0:227Re0:452
fo X�0:32N�0:82

conf
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and Nino et al. [52], which are all based on adiabatic air-water
flow, provide fair predictions of the present data, with MAE values
of 27.15%, 36.26%, and 34.24%, respectively. The correlations of Lee
and Mudawar [53] and Tran et al. [47], which are based on micro-
channel flow boiling, overpredict the present data with a MAE of
57.55% and 276.1%, respectively. The large MAE of 522.86% for



Fig. 8. Fundamental differences between annular condensation and annular flow
boiling in micro-channels.
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the Zhang and Webb correlation [49] may be attributed to the rel-
atively low reduced pressure range of the present FC-72 data,
PR = 0.05–0.07, compared to the recommended range of PR > 0.2
for the original correlation.

By closely examining the predictive accuracy of the separated
mini/micro-channels flow correlations, it can be concluded that,
even on a local basis, condensation behavior is fundamentally dif-
ferent from that of flow boiling and perhaps closer to that of adia-
batic two-phase flow. One obvious difference between flow boiling
on one hand, and condensing and adiabatic two-phase flows on the
other, is the relative abundance of entrained droplet in the former
and absence from the latter two, as schematically shown in Fig. 8.
This phenomenon is especially important for mini/micro-channel
flows, where the annular regime is dominant regardless of heating
conditions. As indicated by Qu and Mudawar [16], the transition to
the annular regime in flow boiling occurs far upstream in a micro-
channel, but with an abundance of entrained droplets that are
formed by shattering of liquid from the micro-channel’s upstream.
However, the flow visualization results of the present study show
no droplets are formed in the annular regions of the micro-chan-
nel. This conclusion highlights the need for new models and corre-
lations that can accurately predict condensation behavior in mini/
micro-channels, especially when implemented in a multi-channel
configuration.
5. Conclusions

This study concerns transport phenomena associated with con-
densation in micro-channels. This first part of the study discussed
the construction of the condensation module and flow loop, and
the experimental methods used. High-speed video and photomic-
rographic techniques were used to explore and help categorize
two-phase flow regimes associated with condensation of FC-72
in parallel square channels with Dh = 1 mm. The total pressure drop
measured between the inlet and outlet plenums was compared to
predictions of previous models based on homogenous equilibrium
and separated flow models. Key findings from this study are as
follows:

(1) Five dominant condensation regimes, smooth-annular,
wavy-annular, transition, slug, and bubbly, are identified.
Transitions between these regimes are in general agreement
with those from previous studies.

(2) The total pressure drop increases with increasing mass
velocity due largely to the increased interfacial shear stress
between the vapor core and the annular liquid film. Increas-
ing the flow rate of cooling water decreases the total pres-
sure drop slightly because of increased flow deceleration.

(3) A complete model was constructed for total pressure drop
between the inlet and outlet plenums. To calculate the
two-phase frictional pressure drop portion of the total pres-
sure drop, different homogenous and separated models were
tested. Although annular flow was dominant throughout the
present experiments, most homogeneous models unexpect-
edly provided accurate predictions of the present data. All
separated flow macro-channel correlations overpredicted
the experimental data, some with very large MAE. Among
the separated flow mini/micro-channels correlations, those
that are based on adiabatic and condensing two-phase flows
provide better predictions than those based on flow boiling.
This can be attributed to fundamental differences in local
annular flow behavior between condensing and adiabatic
flows on one hand and evaporating flows on the other. While
entrained droplets play an important role in evaporating
flows, no droplets were observed in the present condensa-
tion experiments. Overall, weak predictions of separated
flow correlations highlight the need of further study and
new predictive tools specifically tailored to micro-channel
condensing flows.
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