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The growth and advection of the vapor phase in two-phase microchannel heat exchangers increase the
system pressure and cause flow instabilities. One solution is to locally vent the vapor formed by capping
the microchannels with a porous, hydrophobic membrane. In this paper we visualize this venting process
in a single 124 um by 98 pm copper microchannel with a 65 pm thick, 220 nm pore diameter hydropho-
bic Teflon membrane wall to determine the impact of varying flow conditions on the flow structures and
venting process during adiabatic and diabatic operation. We characterize liquid velocities of 0.14, 0.36

Keywords: . and 0.65 m/s with superficial air velocities varying from 0.3 to 8 m/s. Wavy-stratified and stratified flow
Phase separation . .. .. . . . L.
Microchannel dominated low liquid velocities while annular type flows dominated at the higher velocities. Gas/vapor

venting can be improved by increasing the venting area, increasing the trans-membrane pressure or
using thinner, high permeability membranes. Diabatic experiments with mass flux velocities of 140
and 340 kg/s/m? and exit qualities up to 20% found that stratified type flows dominate at lower mass
fluxes while churn-annular flow became more prevalent at the higher mass-flux and quality. The diabatic
flow regimes are believed to significantly influence the pressure-drop and heat transfer coefficient in

Adiabatic two-phase flow
Diabatic two-phase flow
Flow regime

vapor venting heat exchangers.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

High performance thermal management for integrated circuits
is a pressing need in the electronics industry. The 2009 and 2010
International Technology Roadmap for Semiconductors (ITRS)
predicts heat fluxes of >100 W/cm? for high performance micro-
processors, device temperatures less than 70 °C and overall de-
vice-to-ambient thermal resistance of less than 0.2 K/W (“2009
ITRS”, 2011; “2010 ITRS Update”, 2011). Thermal management of
hotspots is particularly challenging because the local heat flux is
substantially higher. Additionally, shrinking enclosures and 3D IC
architectures (Koo et al., 2005; Bernstein et al., 2007) require
cooling solutions of the same scale as the chip and which could
potentially be fabricated within the chip itself.

Microfluidic liquid cooling is one of the most promising solu-
tions for meeting these thermal, geometric and fabrication require-
ments. Single phase liquid cooling with microstructured heat
exchangers (Qu and Mudawar, 2002; Garimella and Singhal,
2004; Kandlikar and Grande, 2004) is now a commercialized solu-
tion but requires large, high-power pumps to drive the working
fluid at rates of hundreds of milliliters per minute to provide the
required thermal resistance and maintain temperature uniformity.
Passive two-phase microfluidic solutions such as heat pipes are un-
able to dissipate high heat fluxes and have thermal resistances an

* Corresponding author. Tel.: +1 650 353 1284.
E-mail address: milnespd@us.ibm.com (M.P. David).

0301-9322/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijmultiphaseflow.2011.06.013

order higher than required (Kandlikar et al., 1999). Two-phase
forced convective microfluidics are capable of dissipating the re-
quired heat flux while simultaneously maintaining a more uniform
junction temperature across the device by leveraging the large en-
thalpy change and fixed saturation temperatures during vaporiza-
tion (Jiang and Wong, 2001; Hetsroni et al., 2002).

However, vaporization and the subsequent two-phase flow
leads to a large increase in pressure due to the higher friction of
the vapor phase, the interaction between the phases, and the accel-
eration of the liquid to the vapor phase. The increase in pressure
drop during adiabatic and diabatic flow is well documented in
texts (Carey, 1992; Tong and Tang, 1997a) and literature. The in-
crease in pressure drop during phase-change has been experimen-
tally observed in our recent work in copper microchannels (David
et al., 2008, accepted for publication) and by various authors such
as Zhang et al. (2002), Lee and Garimella (2008) and Qu and Muda-
war (2003). This increased system pressure during two-phase flow
increases the required pumping power and manifests itself as an
additional thermal resistance by shifting saturation conditions
such that the working fluid vaporizes at a higher temperature.

The nucleation and growth of the vapor phase also result in
instabilities. Wu and Cheng (2004) carried out their studies in sil-
icon microchannels with hydraulic diameters of 186 pm and found
multiple types of instabilities with maximum wall temperature
oscillations of the order of hundreds of degrees celsius. Static
Ledinegg instabilities due to the pressure rise during two-phase
flow in parallel channel systems lead to flow maldistribution,
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starving boiling channels of fluid and leading to earlier dry-out; de-
tails of this instability and its impact are described in greater detail
by Tong and Tang (1997b) and Zhang et al. (2009).

We have proposed and developed a cooling solution that ad-
dresses both the pressure drop and instability problem by locally
venting the vapor phase (David et al., 2007, 2008). In this solution
we incorporate a micro/nanoporous hydrophobic membrane on
one side of the microchannels. The hydrophobicity of this mem-
brane stops the liquid phase from leaking out of the system but al-
lows the vapor to escape freely. 1-D flow simulations based on bulk
two-phase pressure drop and heat transfer correlations predict
that the pressure drop would reduce dramatically in the case of
complete venting and thus also eliminate the additional thermal
resistance induced by the increased two-phase system pressure.
3-D FLUENT (ANSYS Inc., USA) simulations also confirm the reduc-
tion in pressure and improvement in device temperatures by
reducing dry-out during bubbly vaporization (Fang et al., 2010).
One of the key drawbacks in the experimental studies of the de-
vices presented by David et al. is the inability to visualize the vent-
ing process due to the opacity of the high temperature
hydrophobic Teflon membrane used. Without this information,
we cannot intelligently troubleshoot the device or optimize the
flow conditions and channel geometries to maximize phase sepa-
ration. Knowledge of the flow regime is also critical in developing
appropriate pressure drop and heat transfer models for vapor vent-
ing devices.

Two recent works in air venting/breathing visualization was
carried out by Meng et al. (2007) and Alexander and Wang
(2009). The work of Meng et al. (2007) focuses on the venting of
gas bubbles from water and methanol solutions at room tempera-
tures with top-down visualization carried out through transparent,
polypropylene membranes. Air is introduced into the venting
structure upstream and vented through the polypropylene mem-
brane at trans-membrane pressures of 3.4-13.8 kPa. The air slugs
were found to shrink in size as they traveled through the channel
due to venting; a bubble evolution model was developed to de-
scribe this phenomenon. Alexander and Wang (2009) carried out
side-visualization of air venting from an air-water mixture in a
microfabricated silicon device with the pores directly fabricated
into the channel side wall. The micron scale pores were surface-
treated to provide hydrophobicity. They carried out visualization
of air-water mixtures at water inlet velocities ranging between
0.5 and 3.8 cm/s and pressures up to 8 kPa and observed air re-
moval rates up to 50 pl/min. They determined that air removal rate
increases with the ratio of the pressure drop across the breather
pores to the pressure drop across the bubble and that this ratio in-
creases with channel aspect ratio and decreases with liquid flow
velocity.

In this paper we discuss the development and testing of a cop-
per visualization device that allows for side-visualization of the
air-water and vapor-water flow structures while using commer-
cially available hydrophobic, nanoporous membranes. This visual-
ization device overcomes the need to have transparent and semi-
transparent membranes or the need to microfabricate them di-
rectly into the structure. Visualization of both adiabatic and dia-
batic two-phase flows help develop a better understanding of gas
and vapor venting from microchannels. The advantage of adiabatic
experiments is the ability to accurately control the inlet quality
and measure the gas venting rate while avoiding the complexities
introduced by evaporation and membrane condensation to the
venting process. This allowed us to carry out a more detailed anal-
ysis of the factors affecting venting rate and help generate design
guidelines for gas and vapor venting devices. The adiabatic results
are also applicable for use in fuel cells and micro chemical reactors
and biological MEMS devices where gas venting is of great interest.
The diabatic vapor venting results help provide a clearer picture of

the impact of phase change in a vapor venting channel and is in-
cluded to highlight some of the key features of vapor venting flow
regimes that are not manifested during adiabatic operation. The
different flow regimes and transient flow regime behavior in com-
parison to those encountered during adiabatic flow can impact
both the pressure drop and heat transfer in the microchannel.
The diabatic experiments also capture the fact that unlike air injec-
tion studies, vapor is generated throughout the device, and this can
impact the spatial evolution of the flow regime as well as the total
vapor removal rates. The observed diabatic flow regimes also help
explain some of the thermal and hydraulic characteristics observed
in a bulk vapor venting copper microchannel heat exchanger, dis-
cussed in detail by David et al. (accepted for publication).

The following section, Section 2, discusses the device fabrication
and experimental setup, Section 3 presents the adiabatic and dia-
batic visualization results and analysis and is followed by Section 4,
which provides some design recommendations based on the
findings.

2. Experimental method
2.1. Device design and fabrication

The device is designed to provide visualization of adiabatic air
and diabatic vapor venting from two-phase flow produced by the
injection of air into a water stream and by heating respectively.
All the materials used in the fabrication were chosen to be ther-
mally stable up to 125 °C. The cross-sectional and top views of
the copper microchannel device are shown in Fig. 1. The device
is assembled from four separate pieces, labeled 1 through 4, that
are screwed together with the membranes sandwiched between
the liquid and vent halves of the device. The copper bodies, pieces
1 and 3, are made from electronics grade, polished copper with the
microchannels end-milled with a high precision CNC facility. The
liquid microchannel, machined in piece 1, has a length of 24 mm,
a width of 124 wum and a depth of 98 um (hydraulic diame-
ter = 110 um). The air injection channel, also machined in piece
1, is 2.5 mm long, 132 pm wide and 40 pm deep, with a hydraulic
diameter of 62 pum. The air injection port needs to have a small
hydraulic diameter to approximate a bubble nucleation site. The
air injection channel intersects the liquid channel 6 mm from the
liquid inlet. The vent microchannel, machined in piece 3, has a
length of 24 mm, a width of 140 um and a depth of 150 pm, with
a corresponding hydraulic diameter of 145 pum.

The gas/vapor separation membrane that faces the liquid carry-
ing microchannel is an isotropically porous, unlaminated, hydro-
phobic Teflon membrane with a 220 nm effective pore diameter
and a thickness of 65 pum =5 pm (Sterlitech Corp., WA, USA and
GE Osmonics, MN, USA). This hydrophobic membrane allows trans-
fer of the gas phase but holds back the liquid phase through surface
tension forces. Assuming straight capillary pores and using the
Young-Laplace equation the leakage pressure for the liquid phase
is given by Eq. (1) (Meng et al., 2007),

AP — 4.0- COS(Z — Oadv,max) (1

where the surface tension, ¢ = 0.072 N/m, the advancing contact an-
gle for water on Teflon, Oqgy,max = 123° (Garcia-Payo et al., 2000) and
manufacturer stated pore diameter, d = 220 nm. The liquid break-
through pressure for the Teflon membrane is found to be in excess
of 700 kPa. The maximum pressure encountered in our current
experiments is less than an eighth of this value. A mechanically stiff,
hydrophilic, carbon-mesh membrane (Toray Carbon Paper, courtesy
of Honda Corp, Japan) with isotropic pores of diameters in the order
of 10’s of microns and a thickness of 170 um = 10 um is added to
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Fig. 1. Cross-sectional side and top views of the copper microchannel device
(figures are not to scale).

provide mechanical support and stop the membrane from deform-
ing and impeding visualization of the venting process.

2.2. Experimental setup

The experimental setup for the adiabatic experiments is shown
in Fig. 2. Distilled water, filtered through 0.5 pm and 20 nm in-line
filters, is pumped into the device using a Shimadzu LC-10AD peri-
stalsis pump. Liquid inlet pressure is measured using an Omega
PX219-30V45G5V pressure sensor with an accuracy of 1 kPa. Li-
quid inlet flow rate is measured using a Sensirion SLG1430-24 flow
meter with an accuracy of 10% of the measured value. Air, filtered
through a single 20 nm in-line filter, is pumped into the device
through the air injection port using a syringe pump fitted with a
100 ml glass syringe. Air pressure is measured using an Omega
PX01C1-015G5T pressure sensor with an accuracy of 0.2 kPa. Air
volumetric flow rate is measured using a Sensirion CMOSense Eco-
Line EM1NL gas flow meter with an accuracy of 0.15 ml/min. All
thermocouples used are Omega 40 gauge, type K thermocouples
and were converted to millivolt signals using Fluke 80TK and Ome-
ga SM(J-K thermocouple-to-voltage converters. The pair of IR slot
sensors is used to determine interface velocities of air slugs in the
outlet tubing. The slot sensors are composed of an IR emitter and
detector. The transparent plastic tubing is inserted between the
emitter and detector. Due to the difference in the angle of refrac-
tion between the plastic and the gas or water, the amount of IR
radiation detected varies with the presence of gas or liquid in the
tubing. The distance between the sensors is 6.45 mm and for a

sampling rate of 200 Hz can resolve interface velocities up to
1.29 m/s. By measuring the front and back interface velocities of
the air plug as well as the total residence time, the volume of each
air slug and the air flow rate in the outlet tubing can be deter-
mined. The clamp on the outlet tubing allows us to raise the total
static pressure of the device. For the diabatic experiments, the air
injection port is blocked and the air-injection equipment is not
used. Vapor is generated by uniformly heating the side opposite
the visualization surface with a 10 W Kapton heater. Device tem-
peratures were measured approximately half way along the main
channel using a thermocouple. The parasitic heat loss for each flow
rate was estimated from inlet and outlet fluid temperatures ob-
tained during sensible heating of the fluid. This heat loss was found
to be approximately 73% at the mass flux of 140 kg/s/m? and 52% at
the mass flux of 340 kg/s/m?. The large heat loss was due to the
comparatively small surface area in the channel involved in forced
convective heat transport as compared to the exposed surfaces of
the device through which conductive (fixturing) and free convec-
tion losses occur. This calculated heat loss was applied during
two-phase flow to estimate the thermodynamic exit quality, x.,
as given by Eq. (2), where m is the mass flow rate of liquid, G,
the heat capacity and AHy, the latent heat of vaporization.

(1 - qloss frac) : qin - m : Cp . (Tsat - Tin)
- (2)
m- AHfg

Xe =

Empirical simulations of two-phase flow in copper devices as
well as previous experimental work by authors such as Steinke
and Kandlikar (2004) suggest that for devices such as the one pre-
sented in this work the channel wall boundary lies between a con-
stant heat flux and constant temperature boundary condition.

For adiabatic air-injection flows the initial inlet quality, x;, is cal-
culated using Eq. (3) where myq is the liquid mass flow rate and mg;
is the air mass flow rate calculated from the volumetric flow rate
and pressure dependant density.

Mgir

Xi=——"—
Mgir + mliq

3)

Videos of the flow structures in the microchannel were re-
corded using a Vision Research Phantom v7.3 high-speed camera
at rates of 5000-20,000 frames per second. Voltage data from the
thermocouples and pressure sensors is collected through a NI
SCB-100 breakout box connected to an E-series NI DAQ card. Nu-
meric data from the Sensirion flow meters were collected through
two COM ports. Data and image collection were carried out on two
separate computers but were triggered simultaneously using Lab-
View. Baseline data was collected at the beginning of every exper-
iment to correct for any offsets in the sensors. Single-phase liquid
flow data was collected at several flow-rates to determine the sin-
gle-phase hydraulic resistance per unit length of the liquid
channel.

2.3. Single phase Poiseuille number and Nusselt number

The Poiseuille number is defined as Po = 0.25 * f x Re, where f is
the Darcy friction factor. The theoretical Po number for our channel
is calculated to be 11.2 using the series solution for a rectangular
duct as described in White (1991). From measurements of the sin-
gle phase pressure drop at water flow-rates of 0.05, 0.1, 0.25 and
0.5 ml/min, the average experimental hydraulic resistance (pres-
sure drop/vol. flow rate) is found to be 7.8e4 Pa/ml/min, and the
average Poiseuille number to be 11.0. Thus the experimental mea-
surements show good agreement with the theoretical calculations.

The theoretical Nusselt number for a rectangular channel with
width/depth ratio of 1.26 is determined to be 3.68 for constant
heat flux boundary condition and 3.04 for constant temperature
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Fig. 2. Experimental setup showing key equipment and close up of channel. T represents a thermocouple, P, a pressure sensor and Q, a flow meter. Liquid is pumped using the
peristaltic pump and air is delivered by the syringe pump. The vent side of the channel is left open to the atmosphere. Non-vented air flow rate in the outlet tubing is
measured using the pair of IR slot sensors that measure air slug velocities and residence times.

boundary condition (Kays and Crawford, 1993). With the assump-
tion of a constant wall temperature boundary condition, the exper-
imental Nu number is found to be only 0.4 and 1.8 at 0.1 and
0.25 ml/min flow rates respectively. Some contributing factors for
this large discrepancy might be: (i) only 2 of the 4 walls are heated
in the experiment which would result in the Nu number being
smaller than theoretically predicted, (ii) actual effective heat trans-
fer area may be smaller than currently calculated if spreading in
the substrate resulted in much of the heat being absorbed by the
fluid in the initial developing region of the channel.

3. Results and discussion
3.1. Adiabatic air-water flow

3.1.1. Visualization of flow-regime

An example of adiabatic air venting through the membrane is
shown in Fig. 3, where the air velocity is 0.32 m/s (5.6 x 10~° kg/
s) and the liquid velocity is 0.36 m/s (4.3 x 10-® kg/s). The se-
quence shows a bubbly type flow that is typically observed at
low inlet air flow rates with the size of the bubbles increasing with
air injection velocity. Bubbly type structures were also often ob-
served downstream at the tail end of many of the other flow struc-
tures, which we attribute to the reduction of superficial air velocity
due to air venting through the membrane.

Fig. 4 provides examples of the other major types of flow struc-
tures that were observed near the air injection port during the
experiments and Fig. 5 summarizes these observations on a super-
ficial velocity regime map. For the liquid velocity range of 0.1-
0.15m/s, as air velocity is increased to approximately 1.2 m/s,
the structure changes from bubbly to wavy (Fig. 4A) where the
wavy flows are essentially several large static coalesced bubbles.
As air velocity is increased to approximately 5.2 m/s we see a
mixed wavy-stratified/stratified type flow that transition from re-
gions that start wavy-stratified, smooth out downstream and then

Fig. 3. Sequence of images showing an example of bubbly air venting at a liquid
velocity of 0.36 m/s and an air injection velocity of 0.32 m/s. As air is injected into
the liquid stream, small bubbles break off the injection port (0 m s) and attach to
the membrane (0.15 m s) through which the air can now escape causing the bubble
to collapse (0.15-0.6 m s) until it eventually disappears (0.75 m s). As air flow rate
is increased the bubbles get larger and move along the membrane surface once
attached.

end with a region of waviness and bubbly type flow. The waviness
near the injection is due to the initial interaction between the air
stream, the liquid stream and membrane, with the air velocity
not sufficiently high to allow the air to uniformly spread across
the membrane. At air velocities of 5.2 m/s and above, smooth strat-
ified flows are observed which then transition to wavy-stratified
flows downstream (Fig. 4B). Stratified flows are only typically ob-
served in horizontal macrochannels due to gravity but are pro-
duced here due to surface tension. Due to the asymmetric
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Fig. 5. Superficial velocity flow regime map for adiabatic air-water two-phase flow
in a microchannel with one porous hydrophobic wall.

structure of the injection port, a corner wedge type flow can be
seen in the initial part of the stratified flow. The corner wedge flow
appears darker due to the curvature of the interface in the depth-
wise direction. Once the air contacts the bottom copper surface the
interface straightens out resulting in a brighter region and a
clearer, more distinct, interface between the liquid and the air.

In the case of liquid velocities in the range 0.35-0.36 m/s, the
structure transitions from bubbly to stratified flow as air velocity
is increased. The corner wedge structure (Fig. 4C) also occasionally
manifests itself at the highest tested air velocity of 7.55 m/s, flow-
ing along the plastic-copper corner rather than the plastic-PTFE
corner as seen in Fig. 4B. This corner wedge structure spatially
transitions to a regular stratified flow downstream, with the air
now flowing along the membrane. The location of the transition
varied, but occurred within 3 mm of the air-injection port.

At the highest liquid velocity of 0.63-0.67 m/s, we again occa-
sionally observed the corner wedge structure which at the lowest
air velocity of 1.6 m/s spatially transitions directly to a regular

stratified flow, but on slight increase to 1.8 m/s, transitions to slug
and then bubbly flows on the membrane instead. As air velocity is
increased from 1.8 to 2.8 m/s, annular-slug (Fig. 4D) structures first
become dominant and then, at velocities greater than 5 m/s,
changes to more continuous annular structures (Fig. 4E). The spa-
tial transition of these annular flows to stratified and bubbly flows
occur several millimeters downstream and increases with the
superficial air velocity. For many of the observed flow regimes
described, particularly for those obtained at superficial air veloci-
ties <4 m/s, all the injected air was vented through the membrane,
leaving single phase liquid at the outlet of the microchannel.

In general, traditional two-phase flow regimes maps developed
for mini and macro scale channels (with diameters larger than a
millimeter or so), such as the widely adopted map and transition
criteria developed by Taitel and Dukler (1976) for gas-liquid flow
in horizontal channels, cannot be applied for two-phase flow in
microchannels due to the impact of surface tension and confine-
ment effects (as indicated by small Bond numbers), which lead to
differing flow regimes. This is described in greater detail along
with a comprehensive summary of previous work in the develop-
ment and application of two-phase flow regime maps by Cheng
et al. (2008). Chung and Kawaji (2004) and Cubaud and Ho
(2004) are recent examples of adiabatic microchannel flow visual-
ization and regime map development. Chung and Kawaji consid-
ered flow in circular glass capillaries of diameters ranging from
50 um to 526 pm, with two phase flow generated by injection of
nitrogen into the water stream at a mixer. They found that flow re-
gimes observed in the 250 um and 526 pm diameter capillaries
were different from those observed in smaller 100 pm and 50 pm
capillaries. Cubaud and Ho looked at two-phase air-water flow in
rectangular, serpentine silicon channels of hydraulic diameters
200 pm and 525 pm and found a unique wedging type flow with
liquid flowing along the corners of the channels.

To more closely mimic gas/vapor formation in real devices such
as fuel cells and heat exchangers the air injection in our device is
asymmetric, using a T-junction, which can lead to differing flow
regimes as compared to coaxial liquid injection, as was used by Cu-
baud and Ho (2004) and Chung and Kawaji (2004) making a direct
comparison between their observations and ours less appropriate.
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As experimentally observed by Garstecki et al. (2006) and simu-
lated by De Menech et al. (2008), T-junction injection can lead to
differing flow regimes with ‘squeezing’ type flows at low Capillary
numbers (seen in Fig. 3), ‘dripping’ flows at intermediate capillary
numbers and ‘jetting’ type flows (seen in Fig. 4D and E) at higher
capillary numbers. Though a comprehensive flow regime map for
T-junction two-phase flows is not currently available, the work
of Garstecki et al. and De Menech et al. indicate that the liquid cap-
illary number and the velocity ratios of the continuous and dis-
persed gas phase play an important role in the type of flow
generated. The size of the structure is dependent on the velocity ra-
tio, with Vg/Viiq < 1 leading to smaller bubbles and V,;/Vj;q > 1 gen-
erally leading to larger structures as seen in Fig. 5. The capillary
number on the other hand determines the type of breakup that oc-
curs as described above. Pressure mediated breakup at low capil-
lary numbers is not considered to be as significant in our work
since the depth of the injection port is smaller than that of the
main channel and the air structures do not fill the cross-section
of the channel as they grow. The ‘squeezing’ type breakup is only
observed during bubbly flow at V/Viiq ~ 1 and Ca = 0.005, about
a factor of two smaller than suggested by Garstecki et al. (2006).
Higher velocity ratios and the hydrophobicity of the membrane
help stave off breakup at higher velocity ratios by creating ‘bridges’
of gas connecting the injection port to the membrane. ‘Jetting’ flow
leading to annular-slug and annular flows structures occurs begins
in the range 0.005 < Ca < 0.009 where the liquid velocity is now
sufficiently high to stop the injected air column from reaching
the membrane and causing it to breakup downstream. This type
of breakup is less amenable to gas venting as it leads to the gas
being surrounded by liquid films that stop the gas from reaching
the membrane and venting.

3.1.2. Air-venting analysis

A closer analysis of venting area, Weber number, flow-regime
and static pressure on air venting rates reveal useful design guide-
lines for heat exchangers and other gas venting devices. The choice
of the appropriate dimensionless parameter for liquid flow can be
determined from the relative magnitude of the Weber, Capillary
and Reynolds numbers. For liquid velocities of 0.14, 0.36 and
0.65 m/s, the Weber number (~inertia/surface tension) is deter-
mined to be 0.03, 0.2 and 0.6, the Capillary number (~viscous/
surface tension) is 0.002, 0.005 and 0.009 and the Reynolds num-
ber (~inertia/viscous) is 15, 38 and 70. Since surface tension
forces > inertial forces > viscous forces, we choose the Weber num-
ber, We = pVﬁth/o. where p is the density of the liquid, o is the
surface tension and Dy, is the hydraulic diameter of the main chan-
nel, as the dimensionless parameter of interest for liquid flow.

Fig. 6 highlights the role of Weber number and flow structure
on the air venting rate at different pressures. At low inlet air flow
rates where the two-phase pressure drop at the injection point is
less than 20 kPa, bubbly and wavy type flows dominate and result
in complete venting of the injected air. As air injection at the two
lower liquid velocities increase, the mass quality increases and re-
sults in an increase in the two-phase pressure drop. The flow-re-
gime also changes to wavy-stratified and stratified. At the
highest flow velocity and Weber number, annular type flows are
dominant. Annular type flows require a much larger pressure to
vent a given amount of vapor as compared to the lower Weber
number flows and the increase in air removal rate with pressure
(slope of the curve) is smaller than for the two lower liquid
velocities.

Figs 7 and 8 help explain the behavior observed in Fig. 6 and
also delineate the role of venting area to the venting performance.
Points marked *, #1 and #2 in these figures and in Fig. 9 are special
flow circumstances that is discussed at the end of this section.
Fig. 7 considers the impact of the Weber number and quality on
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Fig. 6. Air venting rate vs. pressure as measured at the air injection port. The type of
flow-regime experienced influences the rate of air removal through the membrane.
At the two lower Weber number flows, most of the air injected is removed but this
is not the case at the higher Weber number flow, where differing flow regimes and
partial venting result in higher pressure drops.
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Fig. 7. Air venting rate per unit injection point pressure (venting effectiveness) vs.
mass quality. The poor effectiveness of the highest Weber number flow is clearly
seen with a roll-off of around 2 x 10~'2 kg/s/Pa as compared to 6 x 10~'? kg/s/Pa
for the lower Weber number flows. High Weber number flows can result in less
desirable corner-wedge (#1) and annular type flows that delay venting and reduce
the maximum venting effectiveness.

the venting rates by looking at the venting rate per unit system
pressure (as measured at the T-junction) as the inlet quality is in-
creased (by increasing the air injection rate). The venting rate per
unit pressure, i.e. the venting effectiveness, should be maximized.
As mass quality increases, there is initially a linear increase in
the venting effectiveness followed by a roll-off as the venting effec-
tiveness is maximized. For the low and intermediate flow rates this
roll-off occurs at around 6 x 10~!2 kg/s/Pa. However, for the higher
Weber number flow the roll-off occurs much lower at around
2 x 1072 kg/s/Pa. A plot of the normalized venting area with the
quality, shown in Fig. 8, indicates that the slope and roll-off in
Fig. 7 is related to the venting area. The venting area is the contact
area between the air structure and the membrane and is estimated
from the images. This venting area increases linearly with quality
until a value of 3% at which point all the available area has been
utilized and air begins to appear in the outlet tubing. The roll-off
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Fig. 8. Normalized venting area vs. mass quality. Contact area between air and
membrane increases linearly with quality until all area has been utilized. At this
point, the venting effectiveness is maximized and further venting occurs only if
pressure is increased. At increased trans-membrane pressures (*), upstream venting
rate increases, freeing more space for further venting.

in Fig. 7 occurs at approximately the same quality and the slope of
the linear region in Fig. 7 is found to be equal to B x Ayens Where B is
a constant. Thus venting effectiveness continues to rise as long as
there is area to vent through and is maximized when all the area
has been used up. At the highest Weber number, where inertial
forces are now becoming increasingly more important, the forma-
tion of long annular air structures at qualities >1% impedes the air
structures from contacting the membrane until much further
downstream resulting in a much smaller total venting area seen
by the air before reaching the outlet manifold. This results in the
lower roll-off as seen in Fig. 7. These plots indicate that as long
as the air-structure does not result in separation of the gas phase
from the membrane then the venting effectiveness is insensitive
to the Weber number under the tested conditions. The Weber
number is important, however, as it determines the manner of
breakup of the dispersed gas phase during injection, which in turn
determines how effectively the gas phase is brought into contact
with the membrane. From a gas/vapor venting device design
standpoint, it is important to maximize the total potential interac-
tion area between the gas/vapor phase and the membrane, thus
increasing the amount of gas/vapor a channel can support before
its venting effectiveness is maximized. For a gas venting device it
is also important to design the system for smaller Weber numbers
to avoid the formation of annular type flow structures. This design
rule does not necessarily apply for thermal vapor venting devices,
as discussed in Section 3.2.

Since the slope of the linear region in Fig. 7 is directly related to
the venting area, assuming Darcy flow in the membrane, the vent-
ing rate per unit area per unit pressure must be a constant and
equal to the membrane and fluid properties. To verify this it is nec-
essary to determine the actual pressure experienced by the air
structure. To determine this driving pressure, we measured the po-
sition and length of the venting structure, and then eliminated the
single-phase liquid pressure contribution in the section upstream
and downstream of the structure using the experimentally deter-
mined single-phase hydraulic resistance. We use the mean of the
pressure across the structure as the driving pressure for venting,
assuming that the pressure varies linearly along the structure. In
the case of smaller bubbly type flows where curvature is signifi-
cant, we incorporated the additional Laplace pressure with an
average radius estimated from images taken during venting. Since
the PTFE separation membrane is isotropic and the exposed areas

on either side of the membranes are not equivalent (see Fig. 1)
we include a spreading effect in the determination of the venting
area, with the dimension of the venting footprint (approximated
as a rectangle) increased by half the thickness of the membrane
stack. The venting footprint ‘rectangle’ assumes that the air struc-
ture stretches depth-wise through the channel which is valid in
most wavy and stratified flows and some larger bubbly flows.
The result of the calculations is shown in Fig. 9. The venting flow
rate per unit area per unit pressure is almost a constant for the
tested mass qualities but shows a slight upward trend with quality,
believed to be due to an increasing underestimation in the venting
area when the structure spans a large fraction of the channel. To
compare this result with the membrane permeance, we used the
experimentally determined value for the intrinsic permeability of
the Teflon 220 nm membrane of 5 x 10~!> m? (5 milli-Darcy), doc-
umented by Marconnet et al. (2008), and determined the theoret-
ical membrane permeance to be 4.1 x 107 m/s/Pa+ 1.1 x 10~ m/
s/Pa using

Quir Kmem 1
= R 4
AP-A Eimem Hair ( )

d)mem =

The membrane permeance, @, assuming single-phase Darcy
flow in the membrane, depends on just the thickness of the mem-
brane, t, its intrinsic permeability, K, and the fluid dynamic viscos-
ity w. The intrinsic permeability depends on the structure of the
pores, the porosity and typically scales with the square of the pore
diameter. Since the intrinsic permeability of the carbon mesh sup-
port membrane varies between 1 x 10> m? and 12 x 1072 m?
(Pasaogullari et al., 2007; Sinha et al., 2007), its contribution to
the total permeance is neglected. The agreement between the cur-
rent results and that theoretically predicted using Eq. (4) empha-
sizes that air venting is fundamentally limited by the membrane
properties and it is important to choose a membrane that is both
thin and has high gas/vapor permeability.

To study the impact of trans-membrane pressure on the venting
performance we tightened the clamp shown in the setup in Fig. 2
to increase the static pressure on the two-phase side of the device.
The trans-membrane could also be increased by adding a vacuum
to the vent channel on the other side of the membrane. The in-
crease in static liquid pressure resulted in the data point indicated
by the star (x) in Figs. 7-9. The rise in pressure increases the air
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Fig. 9. The venting rate per unit area per unit pressure (permeance) generally
matches the theoretically calculated value of 4.1 x 1076+ 1.1 x 10~ m/s/Pa (--—
and - - respectively). The theoretical value is determined from the membrane
thickness and intrinsic permeability measurements (Marconnet et al., 2008).
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vented at every point in the venting structure, causing the air
structure to shorten and recede back upstream, reducing the nor-
malized venting area from 1 to 0.8 as seen in Fig. 8. In Fig. 7, this
would result in a higher roll-off, since the higher static pressure
in the device has freed up more venting area. Thus, we could in-
crease the maximum venting effectiveness by increasing the
trans-membrane pressure.

The point marked #1 in Figs. 7-9, had a long 2.5 mm corner-
wedge flow before transitioning to a stratified flow. The corner
flow is not ideal for venting by reducing the potential venting area
as seen in Fig. 8, and the venting effectiveness rolls-off at a slightly
lower value than expected for the given Weber number and quality
in Fig. 7. The other data-point of interest, marked #2 in the previ-
ous figures, indicates an unusual flow regime, where instead of
developing a stratified flow, the structure instead resembled a
short corner-wedge flow followed by bubbly/slug type flow. This
flow structure was only observed once during testing.

3.2. Diabatic vapor-liquid flow

3.2.1. Visualization of flow-regime

Though the adiabatic visualization and analysis provides useful
insight for gas and vapor venting devices it is valuable to consider
the types of flow regimes encountered during phase change and
how they might specifically inform heat exchanger design. Figs. 10
and 11 provide examples of the flow regimes that were observed
during diabatic operation. With an average mass-flux velocity of
140 kg/s/m? and thermodynamic exit quality of less than 1%, the
flow structures are initially bubbly type flow (Fig. 10A) with indi-
vidual bubbles nucleating and growing on the copper surface and
then venting through the membrane, similar to the adiabatic vent-
ing sequence shown in Fig. 3. As the wall heat flux and thus quality
increases, we see slug type flow (Fig. 10B) with a distinctive asym-
metric front and back interface due to the non-wetting hydropho-
bic membrane. When the quality exceeds 1%, stratified flow
becomes dominant (Fig. 10C) with the liquid film thickness reduc-
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ing as the heat flux and quality increases. We also observed bubble
nucleation and growth within the stratified region with the bubble
breaking through the liquid film and merging with the vapor film
once it has grown large enough. As quality increases further we be-
gin to observe a cyclical stratified flow. This cycle initially starts
with a wetting phase where liquid slugs initially wet the copper
surface, followed by the establishment of the stratified flow struc-
ture. Over time the film thickness in this stratified region gradually
reduces until eventually there is a dry-out period where there is
only vapor flowing through the channel at the observed location.
At the highest tested quality of 10% this cycle was found to last
approximately 0.1-0.12 s. This cyclical behavior has been experi-
mentally observed in microchannels and the process described
by Kandlikar (2004) and modeled by Thome et al. (2004). However,
in these and other previous work in this field, the cyclical process
involves a liquid only period, followed by a period of annular flow
with thinning liquid films followed by a dry region. Due to the
hydrophobicity of the membrane in our channel, the annular re-
gion is replaced with a stratified region, and liquid slugs that fill
the entire cross-section are replaced with liquid droplets travelling
on just the wetting surfaces.

For the liquid mass flux of 340 kg/s/m?, at low heat fluxes and
qualities, we observe larger bubbly type vapor structures that, un-
like the smaller bubbles formed at the lower mass flux, form on the
membrane rather than the copper surface (Fig. 10D). This may be
due to growth of vapor pockets in the membrane due to evapora-
tion. If the rate of vapor removal through the membrane is smaller
than the rate of vapor generation in these vapor pockets then they
would grow into the channel as observed. Stratified flow is ob-
served at higher heat fluxes and qualities similar to the lower
flow-rate but the liquid films are generally thinner with liquid also
flowing as droplets on the membrane surface. In the quality range
between 6% and 11% we begin to see cyclical behavior, but the flow
structures are quite different from the lower-flow rate case. The cy-
cle begins with wetting liquid rivulets and drops flowing not just
on the copper surface but on the plastic and membrane surfaces

< Membrane
Liquid ®

Vapor Copper Wall

Fig. 10. Examples of the dominant flow regimes observed during diabatic operation with the black arrow indicating direction of liquid flow. (A) Bubbly flow is typically
observed at very low mass qualities <1%. (B) Slug type flows are also only observed at low qualities and have a distinctive asymmetric shape due to the hydrophobicity of the
membrane. (C) Stratified flows are dominant at intermediate qualities up to 10% with cyclical wetting-stratified-dryout behavior observed at G =140 kg/s/m? and
qualities >4%. (D) At the higher mass flux of 340 kg/s/m? and at low qualities larger bubbles are observed forming on the membrane, then coalescing to form stratified and

slug flows.
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Fig. 11. Sequence of images at various times during cyclical churn-annular flow
that is observed only at the higher mass flux of 340 kg/s/m? and at qualities >10%.
Schematics are drawn directly from the images and are included for clarity. Movie is
available on request. Initial wetting by liquid rivulets occurs on the various surfaces
(A) followed by several churning annular slugs (B). These churning annular
structures appear to breakup on the membrane surface leaving behind large
droplets (C) most of which coalesce and are pushed out leaving behind smaller
drops during the dry-out phase when the thin liquid films on the wetting surfaces
evaporate (D). The entire cycle then repeats and found to vary from 0.02s to 0.1s
(f~ 10-50 Hz).

as well (Fig. 11A). This initial period is then followed by a short
period of churning annular type flow (Fig. 11B) with a vapor core
surrounded by a liquid film. The thin liquid film in contact with
the membrane breaks up, with the liquid beading up to leave dis-
tinct liquid droplets on the surface of the membrane (Fig. 11C), and
liquid films on the wetting surfaces that evaporate over time. Sev-
eral more periods of this churning annular slugs (as many as a doz-
en) follow, both removing and leaving new droplets on the
membrane and replenishing the liquid films, until eventually a
long dry-out period is achieved (Fig. 11D) during which the thin
films almost completely evaporate. The entire cycle then repeats
as liquid upstream overcomes the increased pressure in the chan-
nel due to vaporization and rewets the channel. The liquid drop-
lets, depending on the size, number and contact with the copper
and plastic wetting surfaces, either remain on the membrane until
the next cycle or coalesce to form larger drops that are then pushed
out. At the highest tested quality of 20% the cycles were found to
last between 0.02 and 0.1 s in duration.

A diabatic flow regime map for the data is shown in Fig. 12. The
low quality flow regimes of bubbly, slug and plug type flows are
not included because they cannot be accurately associated with a
particular quality due to lack of spatial data. Comparing with the
adiabatic visualization and data points plotted in Fig. 12, we see
that in the diabatic case the wavy, wavy-stratified, corner-wedge
or smooth annular flows are not observed. Hetsroni et al. (2005)
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Fig. 12. Diabatic flow regime map for the vapor separation microchannel at the two
tested mass fluxes. At G =140 kg/s/m? stratified and then cyclical stratified flows
are observed and at G =340 kg/s/m?, stratified type flows give way to a cyclical
mixed stratified and churning-annular type flow which then leads to cyclical churn-
annular type flows at higher qualities. In general the flows at the higher mass flux
were more chaotic.

and more recently Harirchian and Garimella (2009) provide visual-
ization of the different types of diabatic flow regimes encountered
in two-phase water and refrigerant flow in microchannels. Harir-
chian and Garimella (2010) and Revellin and Thome (2007) also
develop new transition criteria, using refrigerant data, to describe
the changes in flow regime with the Bond number, Boiling number,
Reynolds number and Weber number, which together capture the
effect of inertia, heat flux and confinement effects in the micro-
channels. The impact of increasing heat flux on the flow regime
is shown in Fig. 12 and discussed in the given references and can
be considered under two cases: (i) at constant mass flux and (ii)
at constant flow quality. Increasing heat flux at a fixed mass flux
leads to flow transitioning from bubbly/slug type flows to annular
and stratified (with the hydrophobic membrane) type flows. As
heat fluxes continue to rise, partial dryout, and finally complete
dryout is observed. In the second case, to maintain a fixed flow
quality with rising heat flux, the mass quality must rise. As heat
flux and mass flux increase the flow transitions from well behaved,
simple flows such as bubbly and smooth annular to increasingly
more chaotic flows such as churn annular and churn stratified
flows, as seen when comparing the flow regimes at 140 kg/s/m?
and 340 kg/s/m?.

Fig. 13 shows our data plotted on the flow regime map pro-
posed by Harirchian and Garimella (2010) along with their transi-
tion criteria,

Boi x Re = 0.017(Bo®® x Re)®’ (5)

where Boi is the Boiling number and Bo is the Bond number. Below
the line, they found the flow was primarily confined slug flow and
above the line, churn and confined annular type flows. Their predic-
tion of churning annular flow is consistent with our data. Below the
transition line we find stratified flow to be dominant along with
both bubbly and slug flows at very low qualities. The existence of
stratified flow and bubbly flow is not surprising as the hydrophobic
membrane encourages the confined vapor slugs to spread out and
‘wet’ the membrane, forming bubbly flow at low qualities and strat-
ified flows at higher qualities.

3.2.2. Impact of flow-regime on pressure drop and heat transfer
Flow visualization is a key aspect of understanding both the
pressure drop and heat transfer characteristics of two-phase
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Fig. 13. Flow map and transition criteria as proposed by Harirchian and Garimella
(2010). Their reported flow regimes is included (*) for comparison. The curve
indicates when slug type flows become churn/annular in nature. The transition
criteria developed predicts the churn type flows seen in our device quite well, but
the predicted slug type flows are manifested as stratified flow in our device due to
the hydrophobicity of the membrane.

devices. We first consider the difference in the flow regime and
pressure drop between the adiabatic and diabatic experiments pre-
sented in this work. Fig. 12 shows that at a mass flux of 140 kg/s/
m? and quality >4% the adiabatic flows are smooth stratified but
the diabatic flows are cyclical stratified. Liquid film thinning and
periodic dryout, features of the cyclical stratified flow, would alter
the heat transfer from what would have been predicted from the
smooth stratified films observed during adiabatic flow at the same
quality. A comparison of the viscosity scaled two-phase pressure
drop finds the diabatic pressure drop to be higher by an average
of about 8 kPa at the lower mass flux and lower by about 6 kPa
at the higher mass flux of 340 kg/s/m>. Due to the small number
of comparative data points in the current study, firm conclusions
on the nature of this pressure drop difference is currently not avail-
able and is a key area for further study.

The current work can also help explain some of the characteris-
tics of multi parallel-channel vapor venting heat exchangers (David
et al., accepted for publication). In that study we fabricated and
tested a vapor venting copper heat exchanger with nineteen
approximately square channels of hydraulic diameter 133 pm.
We found that at a low mass flux of 102 kg/s/m? the pressure drop
could be well predicted by a correlation based vapor venting two-
phase model but as the mass flux was increased up to 420 kg/s/m?,
the model increasingly under-predicted the pressure drop
improvement. In experiments carried out with a non-venting de-
vice with one of the walls replaced with the hydrophobic mem-
brane, we found an unexpected improvement in pressure drop at
a mass-flux of 420 kg/s/m? but not at 102 kg/s/m?. From a thermal
standpoint, we found that the two-phase heat transfer coefficient
in the venting device at the lowest mass flux was lower than pre-
dicted using the two-phase heat transfer correlations that was
developed from non-venting two-phase flow and even lower than
the non-venting control (no membrane) two phase heat exchanger.
A similar finding was observed in the non-venting, membrane inte-
grated device. However, the heat transfer coefficient improved at
the three higher tested mass fluxes and was comparable or higher
than the non-venting control.

These experimental observations can be explained by the flow
regimes observed here. At the lower mass flux of 140 kg/s/m?,
the flow regime is generally dominated by well behaved stratified
flow but at the higher mass flux of 340 kg/s/m? becomes more cha-
otic and annular in nature. Simulations of stratified and annular

flow find that there is not a significant difference in the pressure
drop for either case, thus explaining the agreement between the
modeled and measured normalized pressure drop at low mass flux.
However, at the higher mass flux, the deposition of liquid droplets
on the non-wetting hydrophobic membrane surface during annu-
lar film breakup helps reduce the pressure drop beyond that cap-
tured by separated flow models since these droplets can more
easily be removed by sliding along the hydrophobic membrane.
Formation of these liquid drops that flow through the channel
without significantly participating in phase change might result
in earlier dry-out as compared to a traditional two-phase heat ex-
changer. Further work is necessary to confirm if this is indeed the
case. For the thermal observations, if we assume that the two-
phase heat transfer coefficient is dominated by thin film evapora-
tion, stratified flow with a single thick liquid film is thermally infe-
rior to annular type flows with thin liquid films on all the walls.
Thus stratified-type flow would result in the poorer than expected
heat transfer coefficients observed at the lower mass flux. As mass
fluxes increase the formation of churn annular type flows in the
venting device results in improved heat transfer coefficients simi-
lar to what would be expected from a traditional two-phase heat
exchanger experiencing a similar flow regime.

The hydraulic and thermal results obtained from the multi-
microchannel heat exchanger study and the differences in the
pressure drop and transient behavior of the flow regime between
adiabatic and diabatic operation of the current single channel de-
vice, highlights the need for diabatic flow regime studies to prop-
erly design and analyze the hydraulic and thermal performance
of vapor venting microfluidic heat exchangers.

4. Design guidelines for venting devices

From the findings in this paper we can make the following gen-
eral recommendations for a gas/vapor venting device:

(i) Increasing the total membrane-channel contact area
increases the maximum quality a channel can support
before maximizing its venting effectiveness.

(ii) Increasing the trans-membrane pressure by addition of an
outlet choke or a vacuum to the vent side of the membrane
also increases the maximum flow quality a channel can sup-
port before maximizing its venting effectiveness.

(iii) Gas and vapor venting effectiveness is fundamentally lim-
ited by the membrane permeance which increases with
membrane permeability and reduces with thickness. Thin,
thermally and mechanically stable membranes, with high
permeability are ideal.

(iv) Gas venting from devices can be improved by reducing the
flow velocity allowing the gas bubbles that form sufficient
time to fill the channel and attach to the membrane before
transitioning to form less desirable annular type venting
flow structures.

(v) In vapor venting heat exchangers, unlike in gas-venting
devices, churn-annular type flows that are dominant at
higher mass fluxes during phase change offer improved heat
transfer coefficients and pressure drop versus stratified type
flows that are more prevalent at lower mass fluxes. Thus, for
diabatic vapor venting heat exchangers higher liquid veloci-
ties may be preferable.

Heat transfer and pressure drop results and correlations, for va-
por venting two-phase flow during flow boiling in microchannels,
have been documented in the work by David et al. (accepted for
publication), and are not presented here due to the relatively small
number of diabatic data points.
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5. Conclusion

In the work presented in this paper we have developed and
tested a single microchannel copper device that allows visualiza-
tion of venting flow structures through a porous hydrophobic Tef-
lon membrane and porous carbon-mesh membrane. Phase
separation and removal through the membranes was studied both
adiabatically and diabatically by injecting air through a T-junction
and by heating until vaporization respectively. Mass qualities of
0.1-7% were achieved in the adiabatic experiments and up to
20% during diabatic experiments. The flow regimes obtained in
each was visualized, mapped and compared to key work in the
field highlighting the differences in observed flow structures when
a hydrophobic membrane is incorporated.

Adiabatically we find bubbly flows at low qualities, changing to
wavy stratified and smooth stratified as air injection rates increase.
At higher liquid flow-rates the behavior changes resulting in ‘jet-
ting’ type breakup and the formation of annular type flows that
are not conducive to air venting. During diabatic operation we find
bubbly and slug type flows at low qualities followed by stratified
and cyclical stratified flows at higher qualities and low liquid flow
rates. As the flow rate is increased we instead see churn-annular
type flows forming at higher qualities. The occurrence of churn-
annular type flows is believed to help improve heat transfer coef-
ficients and two-phase pressure drops.

Analysis of the venting rates during adiabatic operation finds
that the maximum quality the device can support before maximiz-
ing its venting effectiveness can be improved by adding an outlet
choke, reducing vent-side pressure, increasing the membrane-
channel area and using thin membranes with higher permeabili-
ties. We also find that venting effectiveness does not depend on
the Weber number as long as the air-structures interact with the
membrane.

This work represents an important step in the design of a gas
and vapor venting devices, particularly vapor venting heat
exchangers, by generating a preliminary flow-regime map for a
phase separated two-phase flows and experimentally identifying
several factors that help improve venting effectiveness. The work
also highlights the importance of flow regime in explaining mea-
sured heat transfer and pressure drops in bulk vapor-venting heat
exchangers. Improved vapor venting is key to overcoming instabil-
ity issues and increased pressures that currently hinder the imple-
mentation of two-phase microfluidic heat exchangers.
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