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Micro-condenser using the phase separation concept was investigated in this paper. Lined pin fin arrays
generate liquid passages and vapor passages alternatively in chip width direction. The decreased Gibbs
free energy with gas–liquid interface advancing pin fin throat location is the mechanism to induce liquid
flow from vapor passages to liquid passages. The decreased energy dissipation due to decreased interfa-
cial area between the two phases accounts for pressure drop reduction. Three micro-condensers were
investigated: microchannel condenser (SWM), parallel phase separation condenser (PPS with constant
cross sections of fluid passages) and conical phase separation condenser (CPS with varied cross sections
of fluid passages). Micro-condensers had identical project condensation surface of 25.0 mm by 3.0 mm.
The etched depth was 75 lm.Water-vapor was the working fluid. Compared with SWM, phase separation
condensers increased mass flow rate by 15% at similar pressure drops. PPS condenser enhances heat
transfer at moderate or smaller cooling intensity, but deteriorates heat transfer at large condensed liquid
flow rate, at which over liquid expansion occurs to flood all pin fin side walls. CPS condenser self-adapts
variations of flow rates of the two phases to stabilize vapor–liquid interface near pin fin membrane. Pin
fin side walls facing vapor passage are covered by thin liquid film to eliminate over liquid expansion. CPS
condenser enhances heat transfer over entire operating parameter ranges, increasing condensation heat
transfer coefficients by 74% maximally while pressure drops are decreased. CPS condenser has the best
performance among the three condensers.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Chen et al. [1] published first paper of phase separation tube for
large size condensers in 2012. The tube cross section is divided into
a core region and a near wall region, which are interfaced by a
membrane separator. Condensed liquid is captured by the mem-
brane separator and flows in the core region. Vapor is resisted by
the separator to flow in the near wall region. Thus, condenser tube
wall is covered by ultra-thin liquid film to enhance heat transfer.

Mesh screen with micro-pores was the separator material [1].
The phase separation effect was verified using a horizontal air-
water flow system. The tube had an inner diameter of 13.08 mm
and a length of 2.5 m. A 9.32 mm diameter mesh cylinder, acting
as the membrane separator, was suspended in the tube. Mesh pore
size was �100 lm. Experiments showed that at small liquid con-
tent of the two-phase mixture, all liquids are collected by mesh
cylinder and flow inside, air flows in the near wall region, which
is called the full separation mode. At large liquid content of the
two-phase mixture, mesh cylinder collects part of liquid, but the
tube surface area covered by gas is significantly increased, which
is called the partial separation mode.

Subsequently, experiments were performed on phase separa-
tion tube [2,3]. The separation effect is also effective for vertically
positioned tube [4]. The liquid film thickness can be decreased to
1/6–1/3 of that in a bare tube without inserting a membrane sep-
arator [5]. Xie et al. [6] reported condensation heat transfer in a
horizontal tube with a 14.81 mm diameter and a 1200 mm length,
by suspending a membrane separator, which was formed by pack-
aging two layers of mesh screen surfaces [7]. Measurements
showed that phase separation condenser tube can have condensa-
tion heat transfer coefficients of more than two times of those in a
bare tube, maximally. Meanwhile, the total thermal resistance was
decreased by 45.6%, maximally.

Here, the phase separation tube for large size condensers is
extended to micro-condensers, having wide applications in
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Nomenclature

A interface area (m2)
Ac cross sectional area of flow passages over the entire

condenser width (m2)
Ac,l cross sectional area of liquid passages over the entire

condenser width (m2)
Ac,v cross sectional area of vapor passages over the entire

condenser width (m2)
Ap channel cross sectional area (m2)
As projected surface area of a droplet (m2)
At total side wall area of pin fins (m2)
a ratio of all droplets surface area to the two-phase mix-

ture volume (m�1)
Cd drag coefficient of a droplet in a flowing vapor
Co confinement number
dd droplet diameter (m)
dp channel hydraulic diameter (m)
E energy dissipation (W)
Elg energy dissipation due to interaction between two-

phases (W)
Etp,w energy dissipation for interaction between two-phase

mixture and wall (W)
Fd frictional force between vapor and droplet (N)
Ftp,w frictional force between two-phase mixture and channel

wall (N)
G mass flux (kg/m2 s)
GGibbs,c constant parameter of Gibbs free energy (J)
GGibbs Gibbs free energy (J)
He etched depth (lm)
h condensation heat transfer coefficient (W/m2 K)
k copper thermal conductivity (W/m K)
L curvature radius at the initial location at t1 (m)
Lc channel length (m)
lc capillary length (m)
l1 wetting length (lm)
m mass flow rate (g/s)
mc cooling water flow rate (g/s)
Nd number of droplets
O initial curvature center point
O’ curvature center point at t = t2
P pressure (Pa)
Pe,l, Pe,v exit pressures in liquid passage and vapor passage,

respectively (Pa)
Pin upstream pressure of micro-condenser (Pa)
Pl pressure in liquid passage (Pa)
Pl,a pressure in liquid passage for interface deviating from

pin fin membrane (Pa)
Pl,c pressure in liquid passage of CPS condenser with inter-

face near pin fin (Pa)
Pl,i pressure in liquid passage assuming vapor-liquid inter-

face near pin fin (Pa)
Pl,p pressure in liquid passage of PPS condenser with inter-

face near pin fin (Pa)
Pv pressure in vapor passage (Pa)

Pv,a pressure in vapor passage for interface deviating from
pin fin (Pa)

Pv,c pressure in vapor passage of CPS condenser with inter-
face near pin fin (Pa)

Pv,i pressure in vapor passage assuming vapor-liquid inter-
face near pin fin (Pa)

Pv,p pressure in vapor passage of PPS condenser with inter-
face near pin (Pa)

DP pressure drop across condenser (Pa)
DPCPS, DPPPS pressure difference between vapor passage and liq-

uid passage for CPS and PPS condenser, respectively (Pa)
q heat flux (kW/m2)
Re Reynolds number
r1 radius of interface at t = t1 (lm)
S2 exposed surface area (lm2)
T temperature (�C)
Tsat,i saturation temperature at each section center (�C)
Tw,i wall temperature at the top surface of the copper block

(�C)
t time (s)
t1 initial time before wetting (s)
t2 time when the interface travels a distance of l1 (s)
V vacuum volume not occupied by solid structure (lm3)
v velocity (m/s)
vm velocity of two-phase mixture (m/s)
vs slip velocity between liquid and vapor (m/s)
Wn total width at narrowed location along the flow direc-

tion (m)
x, y, z copper height direction, chip width direction and axial

flow direction (m)
ze exit location

Greek symbols
a half of vertex angle of arc-shaped interface (rad)
b volume ratio of the vapor phase to the two-phase mix-

ture
h contact angle between water and silicon (rad)
g thermal efficiency
c surface tension (N/m)
q density (kg/m3)
stp-w shear stress between two-phase mixture and channel

wall (N/m2)

Subscripts
CPS conical phase separation condenser
g, l, v, s gas phase, liquid phase, vapor phase and solid phase,

respectively
i section number
in condenser inlet
out condenser outlet
PPS parallel phase separation condenser
SWM solid wall microchannel condenser
1, 2, 3 regions in the copper block
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compact energy and power systems. For example, micro-
condenser is an important component of loop heat pipe. It is also
a key component of compact refrigeration or heat pump system,
dissipating heat to environment for electronic cooling applications.

Wall effect is important in small channels [8]. Capillary length lc

is defined as lc ¼
ffiffiffiffiffiffi
clg
gDq

q
. For vapor-water system, lc is �2.5 mm. Dro-

plet confinement number Co is Co = lc/dp. In microchannels, Co is
much larger than 1.0, yielding droplet confinement effect to block
channel. The scale effect makes it more difficult to remove liquid.
How to remove condensed liquid is a big issue.

Table 1 lists condensation heat transfer studies published in
open literature [9–22]. Physically, condensation heat transfer is
related to flow patterns [9]. Liquid film condensation and dropwise
condensation are two frequently encountered modes [10,19]. For
film condensation, liquid film separates cold wall and vapor core
to dominate heat transfer [16,17]. Many factors such as capillary
number, contact angle and heat flux influence the liquid film thick-



Table 1
Microscale condensation studies in the literature.

Reference Micro-condenser test section Working
fluid

Findings and comments

Garimella [9] Parallel channels with 400 lm < dp < 4910 lm,
channel cross section shape is circular, square,
rectangular, triangular and trapezoidal

R134a Intermittent and annular flow regimes become important for
decreased hydraulic diameter

Chen and Cheng [10] Trapezoidal silicon parallel channels with dp = 75 lm
and channel length Lc = 80 mm

Water Annual flow, wavy flow and dispersed flow were not observed. A
droplet condensation heat transfer model was established

Garimella et al. [11] Circular channels with 500 lm < dp < 4910 lm R134a A comprehensive pressure drop model was proposed. Overlap and
transition regions between respective regimes were addressed

Wu and Cheng [12] Trapezoidal silicon parallel channels with dp = 82.8 lm
and Lc = 30 mm

Water Vapor injection flow and its induced condensation instabilities in
microchannels are reported

Zhang et al. [13] Rectangle silicon triple-channel with aspect ratio = 27
dp = 58 lm, Lc = 5 mm

Water Two miniature bubble generation modes were observed: single
vapor thread breakup mode and dual vapor threads breakup mode

Zhang et al. [14] Rectangle silicon single channel with aspect ratio = 27
dp = 58 lm, Lc = 5 mm

Water Bubble shape, size and frequency can be controlled by cooling rate
during condensation

Agarwal and Garimella
[15]

Circular and noncircular channels with
424 lm < dp < 839 lm

R134a A model was proposed to predict condensation pressure drops in
circular and noncircular microchannels. Effect of tube shape on
pressure drop is demonstrated

Nebuloni and Thome [16] Circular, elliptical, flattened, flower shaped single
channel with dp = 10 lm to 3 mm, Lc = 40 mm

R134a,
ammonia

Geometrical shape in conjunction with capillary enhances overall
thermal performance

Kim and Mudawar [17] Square copper parallel channels with dp = 1000 lm
and Lc = 300 mm

FC-72 Notable heat transfer enhancement was observed for annular flow
regions of micro-channel associated with interfacial waves

Ma et al. (2013) [18] Trapezoidal silicon parallel channels with dp = 139 lm,
aspect ratio = 6.7, Lc = 50 mm

Water Effect of non-condensable gas on condensation was investigated

Derby et al. [19] Rectangular copper/teflon patterned parallel channels
with dp = 1060 lm, aspect ratio = 17.1, Lc = 145 mm

Water Dropwise condensation occurs on hydrophobic teflon coated
copper surfaces. High heat transfer coefficients were observed

Zhong et al. [20] Parallel aluminum channels with fins, dp = 1000 lm,
Lc = 650 mm

R134a Phase separation microchannel condenser (LSMC) was compared
with microchannel condenser (PFMC). Better performance of
LSMC was reached

Achkar et al. [21] Single square channel with dp = 553 lm, Lc = 196 mm n-pentane Three flow zones were identified: annular zone, intermittent zone,
and spherical bubbles zone. Relationships were found between
mean displacement and condensation velocities of elongated
bubbles and their length

Mghari and Louahlia-
Gualous [22]

Single rectangle silicon microchannel with
dp = 305 lm, Lc = 225 mm, aspect ratio = 0.97

Water Liquid film thickness is calculated including effects of capillary
number, Boiling number, contact angle, heat flux, vapor pressure,
and hydraulic diameter
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ness [22]. In the downstream part of a condenser, vapor mass qual-
ities are reduced to induce periodic plug flow or bubbly flow
[9,11,12,15,21]. Flow instability may accompany such periodic
flow pattern [12]. Condensation heat transfer can be enhanced by
maintaining higher vapor mass qualities [20].

The phase separation technique is also used for boiling heat
transfer enhancement. Dai et al. [23] investigated single and two-
phase transport phenomena using flow separation in a microgap
with copper woven mesh coatings. Kandlikar [24,25] studied
enhanced macro-convection mechanism with separate liquid–va-
por pathways to improve pool boiling performance, and enhanced
boiling heat transfer by evaporation momentum force. Jaikumar
and Kandlikar [26,27] investigated enhanced pool boiling with
open microchannels and feeder microchannels.

This paper is organized as follows. Section 2 describes test sec-
tion and experimental setup. Section 3 describes results and dis-
cussion, including Section 3.1 for water suction towards pin fin
structure, Section 3.2 for reduced pressure drops in micro con-
densers, Section 3.3 for heat transfer performance of PPS and
SWM condensers, Section 3.4 for heat transfer performance of
three micro condensers and Section 3.5 for comments on micro-
scale phase separation condensers. Conclusions are summarized
in Section 4.
2. Test section and experimental setup

2.1. The three micro-condensers

Three micro-condensers were fabricated by Microelectricalme
chanicalsystem (MEMS) technique. Fig. 1 shows the solid wall
microchannel condenser (SWM condenser), noting that the glass
cover was not shown in Fig. 1. The silicon chip had an overall size
of 37 mm � 8 mm � 0.9 mm including a glass cover. There are 31
parallel microchannels. Each microchannel had a length of 25,000
lm, a width of 78 lm and a height of 75 lm, with a fin width of
22 lm. An inlet fluid plenum was arranged to distribute vapor to
eachmicrochannel. An outlet fluid plenum collected condensed liq-
uid from different microchannels. Two orifices were in the inlet
fluid plenumand outlet fluid plenum, respectively. Each conical ori-
fice had a minimum cross section of 1.0 mm � 1.0 mm. All the
etched structure had a depth of 75 lm, which was measured by
the Surface Profiler (AS500 type) with the measurement uncer-
tainty of 25 Å. Contact angle between water and etched silicon sur-
face was measured to be 66.8�, behaving hydrophilic nature.

Fig. 2 shows the parallel phase separation condenser (PPS con-
denser). The overall size and etched depth are identical to those
shown in Fig. 1. Solid wall fins shown in Fig. 1 are replaced by
pin-fin structure. Connection lines linking independent pin fins
are parallel with each other to form periodic liquid passage and
vapor passage. Each liquid passage and vapor passage had the
width of 79 lm and 121 lm, respectively. Each pin fin had a planar
size of 15 lm � 15 lm. The throat between neighboring pin fins
had a 5 lm gap. Each liquid passage had an inlet pin fin barrier per-
pendicular to the axial flow direction, but outlet of the liquid pas-
sage was open to discharge liquid. The total number of liquid and
vapor passages is the same as the number of microchannels shown
in Fig. 1.

In order to adapt varied flow rates of vapor and liquid phases
along the flow direction, PPS condenser (see Fig. 2) is modified to
yield conical phase separation condenser (CPS condenser shown
in Fig. 3). Along the flow direction, liquid passages are divergent



Fig. 1. Solid wall microchannel condenser (SWM: a coordinate system was
established with y as the chip width direction and z as the axial flow direction,
all dimensions are in lm.)

Fig. 2. Parallel phase separation condenser (PPS, a: 3D drawing of the condenser, b:
entrance region).
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because liquid flow rates are increased, but vapor passages are
convergent because vapor flow rates are decreased. For each liquid
passage, the angle between two connection lines linking indepen-
dent pin fins was 0.246�, yielding an inlet width of 27 lm and an
outlet width of 130 lm. Alternatively, a vapor passage had an inlet
width of 173 lm and an outlet width of 70 lm. Each pin fin had
identical size to that shown in Fig. 2.

Fabrication of micro-condensers was as follows: (1) preparation
of three silicon wafers with each having a 400 lm thickness; (2)
deposition of a 2000 Å thickness SiO2 film on the positive side of
the silicon wafer by Low Pressure Chemical Vapor Deposition
(LPCVD) method; (3) deposition of 1000 Å thickness Si3N4 films
on both sides of the silicon wafer, acting as the protection and elec-
tric insulation layer; (4) selective reactive ion etching (RIE) applied
on the back side of the silicon wafer to form conical shape inlet and
outlet orifices with a depth of 325 lm; (5) on the positive side,
KOH etching of the inlet and outlet fluid plenums with a depth
of 75 lm; (6) RIE etching of the deposited Si3N4 and SiO2 films;
(7) deposition of aluminum film with a thickness of 1000 Å on
the positive side of the silicon wafer; (8) photoresist and litho-
graphic applied to the positive side of the silicon wafer to form
the initial micro-pin-fin pattern, and wet etching applied to
remove the aluminum film in the micro structure regions; (9)
ASE (advanced silicon etching) of the micro structure with a depth
of 75 lm; (10) etching the left aluminum film and rinsing; and (11)
bonding the etched silicon chip with a 7740 glass cover.
2.2. The micro-condenser package

Fig. 4 shows micro-condenser package, consisting of a top 7740
glass cover (1) bonded with a silicon chip (2), a teflon insulation
block (5), a copper block (8) and a bottom copper plate (11). The
silicon chip can be SWM condenser, PPS condenser or CPS con-
denser. All the components are packaged with each other by four
screws. The copper block was tightly embedded in the teflon insu-
lation block. An entrance hole (3) and an exit hole (10) were
arranged in the teflon block to penetrate inlet and outlet capillary
tubes for fluid transfer. There are eleven thermocouple holes with
1.0 mm diameter to penetrate jacket thermocouples, two for fluid
temperature measurements (4 and 6), and others for temperature
measurements of the copper block. During the micro-condenser
operation, cooling water was flowing in the channel of the bottom
copper plate to dissipate heat from the silicon chip. Fig. 4b shows
the copper block with a planar size of 25.0 mm by 3.0 mm, which
is identical to that of the condensation region shown in Figs. 1–3.
The copper block tightly contacted the bottom surface of the sili-
con chip with high thermal conductivity glue filled between them
to decrease interfacial thermal resistance. There are three indepen-
dent regions separated by miniature slots in the copper block with
each slot gap of 0.8 mm. Each region had a specific heat flux q
which is determined by three thermocouples arranged in the
height direction. For example, for the first region, q1 ¼ k � dTdx, where
k is the copper thermal conductivity, dTdx is the temperature gradient
in the height x direction based on the linear correlation of T11, T21
and T31. Similarly, q2 and q3 were processed for the second region
and third region, respectively. Each jacket thermocouple was
tightly inserted in the corresponding hole with the help of the high



Fig. 3. Conical phase separation condenser (CPS, a: 3D drawing of the condenser, b: entrance region, c: exit region).
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thermal conductivity glue. The distance between neighboring lay-
ers of thermocouples was 5.0 mm shown in Fig. 4b.

Because micro-structures are different, suitable criteria should
be developed for comparative comparisons. For the three con-
densers, the etched depths are the same. The total number of
microchannels or passages is also the same. The exposed surface
area (S2), vacuum volume not occupied by solid structure (V) and
surface to volume ratio (S2/V) were examined. Table 2 shows the
three parameters. S2 is the same for CPS and PPS condensers, but
slightly larger than that for SWM condenser. However, the surface
to volume ratio is almost identical for the three condensers. In
other words, Figs. 1–3 are designed so that they have the same sur-
face to volume ratio in the major condensing region. In summary,
the flow and heat transfer data were presented based on the same
surface to volume ratio for the three condensers.
2.3. The forced convection loop for condensation experiment

Fig. 5 shows the forced convection loop, including a pressure
and temperature controlled steam boiler, a micro condenser pack-
age, a microscope bonded with a high speed camera, a post-
condenser and an electronic balance for flow rate measurement
of condensed water. Capillary stainless steel tube connected all
components in the forced convection loop. Along the flow path of
the loop, a 3 lm filter, a pressure transducer (Pin), a differential
pressure transducer (DP) and two miniature thermocouples (Tin
and Tout) were installed consecutively. Because the condensed
water was directly discharged to a beaker at environment pressure
and pressure drop downstream of the micro-condenser is signifi-
cantly small, Pin (superficial pressure, not absolute pressure) is very
close to pressure drop across the micro-condenser (DP). Vapor



Fig. 4. Micro-condenser package (1: 7740 glass cover, 2: micro-condenser chip, 3: vapor inlet line, 4: thermocouple for vapor inlet, 5: teflon block for thermal insulation, 6:
outlet fluid thermocouple, 7: thermocouple hole, 8: copper block, 9: thermal insulation slot, 10: outlet fluid line, 11: bottom copper plate).

Table 2
Parameters characterizing flow and heat transfer performance of the three
condensers.

Micro-condenser S1 (lm2) S2 (lm2) V (lm3) S2/V (lm�1)

CPS 6.88E+07 1.92E+08 5.16E+09 0.0373
PPS 6.88E+07 1.93E+08 5.16E+09 0.0373
SWM 5.92E+07 1.67E+08 4.44E+09 0.0377

Note: S1 is the bottom surface area excluding solid fin walls for SWM and pin fins
for CPS and PPS, S2 is the exposed surface area excluding top surface area of pin fins,
V is the vacuum volume not occupied by solid structure, and S2/V is the ratio of
exposed surface area to vacuum volume not occupied by solid structure. All these
parameters are defined in condensing region with the length of 25.0 mm and width
of 3.0 mm (see Figs. 1–3).

Fig. 5. Experime
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temperature at the condenser inlet was measured by a K-type ther-
mocouple located as close to the condenser as possible. Carefully
designed miniature adapters connected capillary tube and micro
condenser. In order to prevent vapor from condensing before
entering the condenser, a small diameter metallic wire was
wrapped on the capillary tube for heat compensation. The metallic
wire was heated by an adjustable AC power supply. For each run-
ning case, a suitable heating power applied on the metallic wire
was selected so that there was no any droplet observed at the con-
denser inlet. The heat compensation method ensures quasi-
saturation vapor at the micro condenser entrance. The quasi-
saturation vapor was ensured by examining the match of inlet
vapor temperature Tin and saturation temperature corresponding
ntal setup.
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to inlet pressure. For example, at a measured vapor pressure of Pin
= 74.96 kPa, the inlet vapor temperature Tin was measured to be
116.8 �C, which was 0.5 �C higher than the saturation temperature
of 116.3 �C corresponding to Pin.

For condensation experiment, it is important to remove non-
condensable gas in the fluid. Initially, the whole loop was vacu-
umed to remove non-condensable gas. Degassed and deionized
water was charged into the steam boiler. Before formal experi-
ment, heating the water increased pressures in the steam boiler.
A high precision pressure transducer and a safety valve were
installed at the top of the steam boiler. The safety valve was set
at a desired pressure such as about 3 bar. When the pressure
reached the desired value, the safety valve automatically dis-
charged vapor to environment. The discharging process was
stopped until the vapor pressure perfectly matched its saturation
temperature. A post-condenser was arranged downstream of the
condenser, ensuring the two-phase mixture completely condensed
to water. The condensed water was collected by a beaker which
was put on an electronic balance with an uncertainty of 0.02 g.

A cooling water loop dissipated heat from micro condenser. The
cooling water was circulated by a gear pump from a controlled
temperature water tank. Mass flow rate, inlet temperature enter-
ing the copper plate and outlet temperature leaving the copper
plate were measured.

Before condensation experiment, thermal balance between sili-
con chip and cooling water was examined. Calibration experiment
was performed using hot water (not vapor) to flush the silicon
chip. Inlet water temperature entering the silicon chip was in the
range of 71.3–82.8 �C. The cooling water loop was running to dis-
sipate heat from the silicon chip. Thermal efficiency g was defined
as the heat transfer rate based on inlet and outlet cooling water
temperatures divided by that based on inlet and outlet tempera-
tures of the silicon chip. In this study, average value of g reached
about 0.94, indicating the acceptable performance of the whole
experimental setup. The measured data of g for different runs
can be seen in Supplementary Material.

2.4. Instrumentation, measurements and uncertainties

The instruments, ranges and uncertainties of various parame-
ters are shown in Table 3. The flow length was divided into three
independent sections (see Fig. 4b). The determination of heat flux
for each section qi was described in Section 2.2. Condensation heat
transfer coefficient hi was determined using the following
equation:

hi ¼ qi

Tw;i � Tsat;i
ð1Þ

where i is the section number (i = 1, 2 or 3), Tw,i is the wall temper-
ature at the top surface of the copper block such as A1, A2 or A3
Table 3
Instruments, ranges and uncertainties for condensation experiments.

Parameters Explanations Measurements

Ac Cross section area Determined by MEM
G Mass flux in condenser based on narrowed

cross sectional area
Measured by electro

h Condensation heat transfer coefficient Calculated by Eq. (1)
mc Cooling water flow rate Coriolis mass flow m
Pin Inlet superficial pressure of condenser Pressure transducer
DP Pressure drop across condenser Pressure transducer
q Heat flux Determined by temp
Tin, Tout Inlet and outlet temperature of working

fluid across condenser
K-type thermocouple

T11, T12, T13 Copper block temperature K-type thermocouple
shown in Fig. 4b. Tw,i is decided based on the linear extension of
the three measured temperatures in the height direction to the
top surface location. Tsat,i is the saturation temperature at each sec-
tion center, which is decided based on the assumed linear pressure
distribution from condenser inlet to outlet. Eq. (1) computed con-
densation heat transfer coefficients assuming negligible thermal
conduction resistance of silicon substrate and interfacial thermal
resistance between silicon chip and copper block. The condensation
heat transfer coefficient is �104 W/m2 K. Considering the silicon
thermal conductivity of �102/W/m K and the silicon chip thickness
of 10�4 m, the thermal resistance of silicon thermal conduction is
two magnitudes smaller than the thermal resistance of condensa-
tion heat transfer. Thus, the silicon chip has uniform temperature
in the chip thickness direction.

Mass flux G is defined as G ¼ m=Ac, where m is the mass flow
rate determined by the time dependent weight measurement of
condensed water. Ac is the summed cross sectional area of all
microchannels for SWM condenser. For PPS or CPS condenser, Ac

is decided as Ac ¼ WnHe, where Wn is the total width at the nar-
rowed location along the flow direction, and He is the etched depth
of 75 lm. It is noted that for CPS condenser, both Ac,l for liquid pas-
sage and Ac,v for vapor passage are changed along the flow direc-
tion, but the sum of them equals to Ac and is constant along the
flow direction.

Pressures, temperatures and mass flow rate of cooling water
were recorded by a high speed data acquisition system (DL 750,
Yokogawa, Inc., Japan) with 16 channels. The data sampling rates
can reach 10 million samples per second. In this study, the record-
ing rate was selected as 100 samples per second, which is fast
enough to capture the response time of these signals. A high speed
camera (IDT Motion pro Y4) incorporating a stereo microscope
(Nikon SMZ1500) allows for the condensation flow visualization.
A synchronization control hub triggers the function of the high
speed data acquisition system and the flow visualization system
simultaneously, with a time uncertainty of 20 ns. The uncertainties
of various parameters are summarized in Table 3.

3. Results and discussion

3.1. Water suction towards liquid passage

For PPS and CPS condenser, the lined pin fin array with a gap of
5 lm functions as the separation membrane. Before condensation
experiment, water drop attraction experiment was performed to
demonstrate hydrophilic characteristic of pin fin structure. Ini-
tially, the silicon chip (without glass cover) was dry (see Fig. 6a).
A water drop was slowly injected from a 100 lm diameter needle
(see images from 0 to 20.8 ms in Fig. 6a). During the injection pro-
cess, the drop directly contacted with the bottom surface of the
inlet fluid plenum, with the drop interface approaching the pin
Ranges Uncertainties or
relative error

S fabrication technique / 0.001%
nic balance over time 31.73–153.74 kg/m2s 0.11%

1.34 � 103–2.40 � 104 W/m2 K 0.6–2.5%
eter (DMF-1-1AB) 0.16–0.75 g/s 0.6%
(Rosemount-3051) 2.44 � 104–1.35 � 105 Pa 0.1%
(Rosemount-3051) 2.73 � 104–1.37 � 105 Pa 0.1%
erature measurements 124.65–753.93 kW/m2 0.3–1.3%

32.2–124.9 �C 0.3 �C

25.7–91.0 �C 0.3 �C



Fig. 6. Water droplet advancing pin fin structure (a: droplet advancing dry pin fin with quasi-flat ending interface, b: quick suction of water thread towards wet pin fin
structure, the droplet was receding from pin fin after breakup of the suction thread.)
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fin membrane in the period of 20.8–199.8 ms. The drop interface
was finally stopped near the vertically lined pin fin membrane
and did not enter the pin fin envelope anymore.

Fig. 6b shows different situation. Initially, inside the pin fin
envelope was wet, but outside the pin fin envelope was dry. A
water drop was slowly being injected from the pin fin outside.
When the water drop interface approached the pin fin membrane,
a thin water thread was quickly formed and sucked towards the
pin fin envelope. Because the pin finmembrane generates apparent
attracting force, the water thread was instantaneously broken up.
Thus, the bulk drop receded from the pin fin membrane.

Fig. 7a shows the drop interface approaching dry pin fins. Fig. 7b
shows the photo with the finally stabilized gas-liquid interface.
Two neighboring pin fins were considered as a system. Gibbs free
energy was analyzed to explain the interface advancing pin fin
throat location. The gas-liquid interface was initially at t = t1, with
the curvature center point marked as O. The interface travels a dis-
tance of l1 measured on pin fin side wall to be at t = t2, with the cur-
vature center point marked as O0. The parameter l1 is also called the
wetting length. Contact angle is h = 66.8� between water and sili-
con material. Gibbs free energy GGibbs is written as

GGibbs ¼ csgAsg þ cslAsl þ clgAlg ð2Þ
where c is the surface tension, A is the interface area, the subscripts
s, g and l represent solid, gas and liquid, respectively. For the prob-
lem studied in Fig. 7a, another parameter is introduced as GGibbs,c =
csgAt, where At is the total side wall area of pin fins. With the help of
Young’s equation, Eq. (2) becomes

GGibbs ¼ GGibbs;c þ ðAlg � Asl cos hÞclg ð3Þ
At t = t2, the following expressions exist:

Alg ¼ 2ar1He ð4Þ

Asl ¼ 2l1He ð5Þ
where a is the angle shown in Fig. 7a, r1 is the radius from O’ to A,
He is the fin height of 75 lm. The following equation exists by
applying the law of sines to the triangle AOO0.

r1
sin\AOO0 ¼

L� l1
sinðp� aÞ ð6Þ

where L is the curvature radius at the initial location at t1. Substitut-
ing \AOO0 ¼ p=4, a ¼ 3p=4� h, h = 66.8� and L = 18.54 lm into Eq.
(3) yields

r1 ¼ 15:05� 0:78l1 ð7Þ



Fig. 7. Gas-liquid interface advancing pin fin throat (a: back side is initially dry, b: photo showing the finally stabilized interface, c: back side is initially wet, d: photo showing
liquid coalescence from both sides of pin fins).
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It is noted that both r1 and l1 have the unit of micron. Finally,
the Gibbs free energy is

GGibbs ¼ GGibbs;c þ ð34:04� 2:44l1ÞHeclg ð8Þ
Differentiating GGibbs with respect to l1 yields

@GGibbs

@l1
¼ �2:44Heclg < 0 ð9Þ

Eq. (9) indicates decreased Gibbs free energy with the gas-liquid
interface approaching throat location of pin fins. The interface
finally stops at the throat location, marked by the red curvature
shown in Fig. 7a and b. If the back side of pin fin membrane is
wet, gas-liquid interface advancing from the front side yields liquid
coalescence of both sides (see Fig. 7c and d). Duration the opera-
tion of PPS or CPS condensers, liquid passages are occupied by liq-
uid. Condensed liquid in vapor passages can be sucked towards
liquid passage due to the decreased Gibbs free energy, accounting
for the phase separation mechanism. Practically, vapor passages
contain annular flow pattern having vapor core with liquid film
on solid walls. The lined pin fin array attracts liquid film towards
liquid passage. Thus, in vapor passages, liquid film thickness is
decreased to account for the enhanced condensation heat transfer.
Similarly, Michielsen et al. [28] performed the Gibbs free energy
analysis to determine the movement of a drop along a cone fiber.
In summary, the decreased Gibbs free energy with gas-liquid inter-
face advancing pin fin throat accounts for the phase separation
mechanism. Both our analysis and experiments show that vapor
never enters the liquid passage, because a larger capillary pressure
should be overcome if that situation occurs.

3.2. Reduced pressure drops for phase separation condensers

For any micro-condenser, a running case was specified by set-
ting a given upstream pressure of micro-condenser Pin (Pin almost
equals to pressure drop DP across condenser) and a cooling water
flow rate (mc). Mass fluxes are increased by raising inlet pressures,
or say pressure drops, see Fig. 8a–c. In order to identify the phase
separation effect on pressure drops across condensers, GPPS/GSWM,
the ratio of mass flux of PPS condenser with constant cross section
area to that of SWM condenser, was plotted in Fig. 8d. GPPS/GSWM is
larger than 1.0 at mc = 0.167 g/s and 0.472 g/s, indicating that PPS
condenser decreased pressure drops at moderate or smaller cool-
ing water flow rates. But GPPS/GSWM is less than 1.0 at mc = 0.750
g/s. Later it will be shown that increased pressure drops of PPS con-
denser is caused by over liquid expansion at larger cooling intensi-
ties. Fig. 8e shows decreased pressure drops by CPS condenser. At
the same pressure drop, PPS or CPS condensers increase mass
fluxes by about 15%, maximally.

Parmar and Majumder proposed a model to describe hydrody-
namics of microbubble suspension flow in pipes [29]. They
assumed that pressure drop in pipes is related to energy dissipa-
tion between two-phases of liquid and microbubbles, and between
two-phase mixture and pipe wall. Here, such model was extended
to explain the phase separation effect on pressure drops. A channel
contains two-phase mixture of vapor and liquid droplets. No heat
and mass transfer happen in the system. The following equation
exists

DPApvm � E ¼ 0 ð10Þ
where Ap is the channel cross sectional area, vm is the velocity of
two-phase mixture. E is the energy dissipation, containing two
components: energy dissipation due to interaction between vapor
and liquid droplet per unit volume of the two-phase mixture, Elg,
and energy dissipation due to interaction between two-phase mix-
ture and channel wall, Etp,w. That is E = Elg+Etp,w. Elg is dealt with
first. For a single droplet with a diameter of dd, the frictional force
between vapor and droplet is

Fd ¼ CdAs
1
2
qgv2

s ¼ 1
8
pd2

dCdqgv2
s ð11Þ

where As is the projected surface area of the droplet, Cd is the drag
coefficient of a droplet in a flowing vapor, qg is the vapor density, vs
is the slip velocity between liquid and vapor: vs = vg � vl, vg is the
vapor velocity and vl is the droplet velocity. Energy dissipation



Fig. 8. Mass fluxes versus inlet pressures (or say pressure drops) for the three micro-condensers.
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due to interfacial interaction between two-phases is the sum of all
droplets in the system:

Elg ¼ Fdv lNd ¼ 1
8
pd2

dCdqgv2
sv lNd ð12Þ

where Nd is the number of droplets, which can be computed as [29]

Nd ¼ 6ð1� bÞApLc
pd3

d

ð13Þ

where Lc is the channel length, b is the volume ratio of the vapor
phase to the two-phase mixture, which is [29]

a ¼ 6ð1� bÞ
dd

ð14Þ

Thus, Elg is rewritten as

Elg ¼ 1
8
Cdqgv2

sv lApLca ð15Þ

Cd is related to droplet Reynolds number Rewhich is in low or mod-
erate region. Cd is increased with decrease of droplet diameter dd
[30]. Eq. (15) tells us that energy dissipation between vapor and
droplets is increased for small droplets, due to the increased drag
coefficient Cd and interfacial area a when the size of droplets is
decreased. Etp,w is

Etp;w ¼ Ftp;wvm ¼ stp;wpdpLcvm ð16Þ

where stp,w is the shear stress between two-phase mixture and
channel wall, dP is the channel diameter. Combining Eqs. (10),
(15) and (16), the pressure drop gradient along the flow direction is

DP
Lc

¼ Elg þ Etp;w

vmApLc
¼

1
8Cdqgv2

sv lApaþ stp;wpdpvm

vmAp
ð17Þ

Because stp,w is not sensitive to the velocity difference between the
two-phases, stp,w can be computed using the homogeneous two-
phase model [31], assuming the identical velocity of the two-
phases for the energy dissipation between two-phase mixture and
tube wall. For the energy dissipation between the two-phases, the
velocity difference between the two-phases is considered (see
Eqs. (11) and (12)). Because small droplet increases drag coefficient
of droplet and interfacial area between the two-phases, pressure
drops are increased when droplet size is decreased. This finding
explains the reduction of pressure drops in phase separation con-
densers. The dominant mechanism for pressure drop reduction in
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PPS and CPS condensers is the decreased interfacial area to reduce
the energy dissipation between the two-phases.

3.3. Heat transfer performance of PPS and SWM condensers

Heat fluxes q and condensation heat transfer coefficients h are
plotted in Figs. 9 and 10, noting that both q and h are determined
based on the plane surface area. Comparative presentations are
given for PPS (red curves) and SWM (black curves) in Fig. 9. For
each case, q and h are plotted at three axial locations, correspond-
ing to three independent regions (see Fig. 4b). PPS condenser had
larger heat fluxes and condensation heat transfer coefficients at
mc = 0.472 g/s, evidenced by the fact that red curves are above
black curves (see Fig. 9a and b). PPS condenser deteriorated heat
transfer compared with SWM condenser at mc = 0.750 g/s (see
Fig. 9c and d). Fig. 10 plots heat flux ratio of PPS condenser with
respect to SWM condenser, qPPS/qSWM, and heat transfer coefficient
ratio of PPS condenser with respect to SWM condenser, hPPS/hSWM,
which are larger than 1.0 at mc = 0.472 g/s. PPS condenser
increased heat flux by 34% and heat transfer coefficient by 62% at
Pin = 30 kPa, maximally. Atmc = 0.750 g/s, PPS condenser decreased
heat flux by 17% and heat transfer coefficient by 25%, maximally.

The experimental findings are explained here. Microchannel fin
walls (SWM condenser) function as extended heat transfer area.
Condensation heat transfer depends on flow patterns. Phase sepa-
ration condenser changes flow structures. For ideal working condi-
tion, liquid flows in liquid passage, while vapor is condensed in
vapor passage. Liquid film beneath vapor core is attracted by pin
fin structure to flow towards liquid passage. For each pin fin, two
side walls facing liquid passage is immersed in pool liquid, but
the two side walls facing vapor passage are covered by thin liquid
films. Thin liquid films on bottom wall of vapor passage and pin fin
side walls account for heat transfer enhancement in PPS condenser.
Fig. 9. Comparison of local heat fluxes and condensation heat
The above analysis is correct for vapor-liquid interface located
near pin fin membrane, such as encountered in Figs. 9a and b
and 10a and b, under which condensed water flow rate in PPS con-
denser is not large. The degree of heat transfer enhancement is
decreased for larger inlet vapor pressure or cooling water flow rate
(see Figs. 9c and d and 10c and d).

Fig. 11 analyzes ideal phase separation and over liquid expan-
sion. At the exit location, pressures are recorded as Pe,l in liquid
passage and Pe,v in vapor passage, respectively (see Fig. 11a).
Fig. 11b–g compares ideal phase separation and over liquid expan-
sion. For normal condensing, two side walls of pin fins are covered
by thin liquid film to enhance heat transfer (see Fig. 11b, d and f).
At the exit location of z = ze, pressures are the same for vapor pas-
sage and liquid passage. Upstream of the exit location, pressure in
vapor passage Pv is larger than Pl in liquid passage. This is because
vapor passage contains two-phase flow with vapor core sur-
rounded by liquid films, while liquid passage contains pure liquid
flow. Pressure difference Pv � Pl maintains vapor-liquid interface
near pin fin membrane, making pin fins to be useful for condensing
heat transfer. For over liquid expansion, condensing intensity is
large to yield large condensed water flow rate in liquid passage
(see Fig. 11c, e and g). Cross sectional area of liquid passage is
not sufficient to keep vapor-liquid interface near pin fin mem-
brane. In other words, liquid is expanded from liquid passage to
vapor passage to adapt the increased water flow rate. The over liq-
uid expansion expands liquid passage and narrows vapor passage.
This effect not only increases vapor pressure Pv and decreases liq-
uid pressures Pl to stabilize vapor-liquid interface somewhere
away from pin fin membrane, but also increases shear stress on
vapor-liquid interface to pull liquid flowing downstream. Because
all the four side walls of pin fins are flooded by liquid, pin fins
are not useful for condensing heat transfer. In Fig. 11e, Pv,i and
Pl,i are vapor pressure and liquid pressure, respectively, assuming
transfer coefficients between PPS and SWM condensers.



Fig. 10. qPPS/qSWM and hPPS/hSWM at two different cooling water flow rates (pink area and blue area represent the ratio values larger than 1.0 and smaller than 1.0,
respectively.)
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vapor-liquid interface near pin fin membrane. In fact, pressures are
changed to Pv,a and Pl,a for vapor-liquid interface deviating from pin
fin membrane due to over liquid expansion (OLE). Fig. 11f shows
the direct observation of vapor-liquid interface located near pin
fin membrane for moderate cooling intensity. On the contrary,
Fig. 11g illustrates over liquid expansion with the vapor-liquid
interface far away from pin fin membrane when cooling intensity
is enhanced.

3.4. Heat transfer performance of the three condensers

CPS condenser with varied cross section areas of each fluid
phase adapts variations of both liquid flow rate and vapor flow rate
along the flow direction. For phase separation condenser, velocities
are expressed as vv =mv/(qvAc,v) for vapor phase and vl = ml/(qlAc,l)
for liquid phase, where m is the flow rate, q is the density, Ac,v =
WvHe, Ac,l =WlHe,Wv is the width of all the vapor passages at speci-
fic axial location, Wl is the width of all the liquid passages at speci-
fic axial location. Along the flow direction,mv is decreased butml is
increased. CPS condenser keeps suitable slip velocity between the
two phases, under which shear stress is sufficient to maintain
vapor-liquid interface near pin fin membrane, so that pin fin side
walls facing vapor passage are covered by thin liquid film to
enhance heat transfer.

Fig. 12 shows heat fluxes and condensation heat transfer coef-
ficients for CPS condenser compared with SWM condenser. For
each group of inlet pressure Pin (or say pressure drop across con-
denser), red curves are always above black curves, indicating heat
transfer enhancement of CPS condenser over the whole experi-
mental data ranges. Fig. 13 demonstrates qCPS/qSWM and hCPS/
hSWM, which are always larger than 1.0. CPS condenser increased
condensation heat transfer coefficient by 74% compared with
SWM condenser, maximally. By comparing Figs. 10 and 13, one
observes largest condensation heat transfer coefficients for CPS
condenser and smallest condensation heat transfer coefficients
for SWM condenser. An alternative way to compare the thermal
performance of the three condensers is to plot q and h versus
average vapor mass qualities x (see Fig. 14). The phase separation
effect is significant at low or moderate vapor mass qualities. It is
more useful to improve heat transfer at micro-condenser
downstream.

Fig. 15 shows how CPS condenser overcomes over liquid expan-
sion. A quarter of vapor passage is selected due to geometry sym-
metry, including half pin fin height and half vapor passage width.
For PPS condenser, over liquid expansion narrows real vapor flow
passage to flood whole pin fins and deteriorate heat transfer (see
Fig. 15a). CPS condenser keeps vapor-liquid interface near pin fin
structure to keep thin liquid film on two side walls of pin fins
(see Fig. 15b). Fig. 15c presented Ac,v and Ac,l. Fig. 15d shows Pv
and Pl for the two condensers. For PPS condenser, assuming
vapor-liquid interface still located near the pin fin structure, pres-
sures are recorded as Pv,p and Pl,p to show a narrowed band. Prac-
tically, pressure difference in the chip width direction, DPPPS, is not
sufficient to maintain vapor-liquid interface near pin fin structure.
Thus, over liquid expansion happens to raise the pressure differ-
ence between vapor side and liquid side. For CPS condenser, the
decreased vapor passage and increased liquid passage hold suffi-
cient pressure difference between vapor and liquid sides, DPCPS,
to keep vapor-liquid interface near pin fins. CPS condenser has
self-adaptive flow passages responding to flow rate variations
along the flow direction. Fig. 16 shows the phase distribution
image, providing direct evidence that CPS condenser successfully
overcomes the over liquid expansion effect. It is noted that flow
instability was not observed in phase separation condensers, due
to separated flows of vapor phase and liquid phase with quasi-
stable vapor-liquid interface. Stable inlet pressures, vapor temper-
atures and temperatures in the copper block can be seen in Fig. S2
(see Supplementary Material).



Fig. 11. Normal and abnormal condensation for PPS condenser (a: liquid and vapor passages, b: suitable liquid case, c: more liquid case, d: pressures in vapor and liquid
passages for normal condensation, e: pressures in vapor and liquid passages for over liquid expansion, f: photo of the phase distribution for normal condensation, and g:
photo for over liquid expansion. Point A is located at z = 8.33 mm and y = 1.50 mm.)
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3.5. Comments on the phase separation condensers

From hydrodynamic point of view, phase separation condensers
are helpful to reduce pressure drops to decrease pumping powers.
This paper gave a general analysis about this. The phase separation
technique significantly decreases interfacial area between the two-
phases to minimize energy dissipation in condensing systems.
From heat transfer point of view, any micro-structure should act
as extended surface area to enhance heat transfer. Most heat
exchangers use hydrophilic materials such as silicon, copper and
stainless steel. Keeping thin liquid film on such material surface
is an effective way to maintain better heat transfer performance.

Micro-condensers use pin fin structure to function vapor-liquid
separation. The decreased Gibbs free energy for vapor-liquid inter-
face advancing pin fin throat location is the mechanism to separate
two-phases during continuous condensing flow along the flow
direction. For phase separation condenser with constant cross sec-
tions, apparent heat transfer enhancement and pressure drop
reduction are found if the cooling intensity is not too large. How-
ever, such performance is deteriorated for high cooling intensity,
or large condensed liquid flow rate in the condenser. Over liquid
expansion deteriorates the performance. This finding encouraged
us to invent phase separation condenser with varied cross sections.
CPS condenser not only enhances heat transfer, but also reduces
pressure drops, due to vapor-liquid interface successfully modu-
lated near pin fins.

This is the preliminary work on phase separation condenser
with varied cross sections. Many factors, such as condenser geo-
metrical parameters, operating parameters and working fluid
influence condenser performance. More experiment investigations,
numerical simulations and condenser optimization are recom-
mended for future work.

Recently, with the increased availability of micro/nano fabrica-
tion technologies, and new materials, there has been an increased
focus on condensing in micron/nano scale, including modified sur-
face wettability [32]. Heat transfer surfaces are often inspired by
nature, such as the lotus leaf [33]. Understanding surface geometry
and chemistry on droplet dynamics to improve the performance
continues to be a challenge [34]. These surfaces are susceptible
to contamination and long-term degradation effects, introducing



Fig. 12. Local heat fluxes and condensation heat transfer coefficients for CPS and SWM condensers.

Fig. 13. qCPS/qSWM and hCPS/hSWM at two cooling water flow rates (noting that all the ratio values are larger than 1.0).
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new obstacles to overcome before commercial applications [35].
The newly proposed phase separation condenser with varied cross
sections needs micro-structure to fulfill phase separation. Nano
structures on surfaces are not involved. Thus, the condenser can
be reliable and sustain long term operation.
A prospect was made to improve plate type condenser perfor-
mance using the phase separation concept. Large scale plate type
condensers are widely used in energy and power engineering.
These heat exchangers are compact and behave better heat transfer
performance, but pressure drops are relatively larger [36]. The gap



Fig. 14. Condensation heat transfer coefficients (a) and heat fluxes (b) versus vapor
mass qualities.

Fig. 15. Phase and pressure distribution for PPS and CPS condensers (a: pin fin side walls flooded by liquid for PPS over liquid expansion, b: two side walls of pin fin covered
by thin liquid films for CPS, c: cross section areas of vapor and liquid passages for PPS and CPS, d: pressures in liquid and vapor passages for PPS and CPS).

Fig. 16. Observation of over liquid expansion for PPS and ideal interface near pin fin
membrane for CPS (a: Pin = 75 kPa, mc = 0.472 g/s, PPS; and b: Pin = 75 kPa, mc =
0.472 g/s, CPS. point A is at z = 12.50 mm and y = 1.50 mm.)

X. Yu et al. / International Journal of Heat and Mass Transfer 118 (2018) 439–454 453



454 X. Yu et al. / International Journal of Heat and Mass Transfer 118 (2018) 439–454
between neighboring plates is usually in millimeter scale [36]. The
mechanical engineering is able to fabricate suitable micro-
structures in the plate gap to separate vapor-liquid phases. Thus,
the plate type condenser performance can be further improved
using the phase separation concept. Especially, the decrease of
pressure drops in plate type condensers is attractive for industry
applications.
4. Conclusions

Three micro condensers are designed, fabricated and tested. The
core concept is to use lined pin fin arrays to perform phase separa-
tion in condensers. Following conclusions are drawn:

� Gibbs free energy is analyzed for gas-liquid interface advancing
throat location of pin fins. The decreased Gibbs free energy is
the mechanism for pin fin membrane to capture liquid.

� An analysis is performed for energy dissipation of condensing
flow in channels. Energy dissipation is increased for small dro-
plets system. Phase separation condenser decreases interfacial
area between two-phases to decrease energy dissipation,
accounting for pressure drop reduction.

� PPS condenser enhances heat transfer at small or moderate
cooling intensities. Heat transfer is deteriorated at large cooling
intensities. Over liquid expansion occurs to flood whole pin fin
side walls, deviating vapor-liquid interface from pin fin
membrane.

� CPS condenser adapts variations of flow rates of the two phases
along the flow direction. Over liquid expansion never happens,
keeping vapor-liquid interface near pin fins. Half of pin fin side
walls are covered by thin liquid film to enhance heat transfer.

� CPS condenser has the best performance among the three con-
densers. It increases heat transfer coefficients by 74% maximally
while pressure drops are decreased.

� Future work and comments on phase separation condensers are
given in the end of this paper.
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