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has dimensions of 3.23 mm wide by 0.304 mm high by 164 mm long and expands into an
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exit manifold of 1.4 cm diameter oriented 90+ relative to the flow direction. The expansion
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results in an additional 150e400 Pa pressure loss. Visualization of the flow illustrates water
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accumulation at the channel exit with varying behavior, resulting in the range of the
pressure loss. Using the sudden expansion model of Abdelall et al. resulted in a mean
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absolute percent error of 96%. Treating the pressure loss as a result of the 90+ bend, the

Two-phase flow

model of Paliwoda produced a mean absolute percent error of 81%. The combined influence

Microchannel

of the models of Abdelall et al. and Paliwoda predicted the experimental measurement

Sudden expansion

with a mean absolute percent error of 78%.

90-degree bend
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Exit effects

Introduction
Pipe systems inevitably include bends, area contractions/expansions, or other geometric features that produce minor
pressure losses in addition to the major frictional pressure
drop. The prediction of the frictional pressure drop of twophase flows in microchannels has received significant attention in the form of homogeneous [1e6], separated [7e18], and
two-fluid models [4,19e24]. However, the minor pressure
losses associated with two-phase flow have received less
attention. The prevalence of micro-scale devices utilizing twophase flow and experimental constraints to investigate twophase frictional pressure loss necessitates an investigation
of minor pressure losses.

Micro-heat exchangers present one such micro-scale device. Typically micro-heat exchangers consist of multiple
parallel micro-scale channels terminating in an exit manifold
of larger scale [25,26]. The coolant flowing through the
microchannels undergoes a phase change and thus increases
the heat transfer due to the laten heat of vaporization [15,27].
However, the full conversion of the coolant to vapor leads to a
condition of dry-out, decreasing the overall heat transfer coefficient [28]. Therefore, designs will seek to maintain twophase flow throughout the channel. A minor two-phase
pressure loss occurs for each channel as the flow suddenly
expands into the exit manifold. While decreasing the channel
dimensions improves heat transfer, the total pressure drop of
the system increases [15]; additional pressure losses may
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Nomenclature
Acronyms
FFT
Fast-Fourier transform
PEM
Polymer-Electrolyte Membrane
Greek Symbols
a
Void fraction []
Aspect ratio (smallest dimension/largest
a
dimension) []
Mean volumetric liquid entrainment for Schmidt
aE
& Friedel (1996)
b
Homogeneous void fraction []
c
Gas quality []
D
Difference between points
Percent error []
d P
g
Contact angle [deg.]
Downstream pressure correction term of Schmidt
Ge
& Friedel (1996)
k
Resistance coefficient []
m
Dynamic viscosity [kg/m,s]
Two-phase flow multiplier []
f2
r
Density [kg/m3]
0
Density function (Eq. (36)) of Abdelall et al. (2005)
r
Second density function (Eq. (37)) of Abdelall et al.
r00
(2005)
s
Surface tension [N/m]
Area-ratio¼ A1 =A2 []
sA
Y
Correlation (Eq. (19)) of Attou & Bolle (1997)
w
Correlation (Eq. (18)) of Attou & Bolle (1997)
Lockhart-Martinelli parameter []
Xh
Roman Symbols
m_
Mass flow rate per unit area [kg/m2$s]
R
Ratio of bend radius to channel diameter []
D
n
Unit normal []
u
Velocity vector [m/s]
C
Friction correlation constant []
e%
Mean percent error []
A
Area [m2]
B
Bend Coefficient of Chisholm (1980) []
Chisholm parameter []
Ch
d
Diameter [m]
Hydraulic diameter [m]
DH

make the specific design inefficient or impractical. Consequently, optimal heat-exchanger design requires an understanding of all possible pressure loss mechanisms.
Polymer-electrolyte membrane (PEM) fuel cells represent
another example. The gas-supply channels serve to supply the
PEM fuel cell with reactants and to remove excess water
produced by the hydrogen-oxygen reaction. Similar to microheat exchangers, PEM fuel cells consist of several parallel
channels in various configurations [29], which terminate at a
manifold. A minor pressure loss will occur as a result. Additionally, the geometric change from a small channel to a large
channel can result in the local accumulation of water [30e32].
Water accumulation will influence the distribution of

f
fm
G
g
h
K
L
n
P
Q
Re
S
s
U
u
w
Wrel
We
z
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Frication factor []
Syringe pump frequency [Hz]
Total mass flux [kg/m2$s]
Acceleration due to gravity [m/S2]
Height [m]
Correction factor (0.83) of Wadle (1989)
Length [m]
Number of samples []
Pressure [Pa]
Volumetric flow rate [m3/s]
Reynolds number []
Slip ratio []
Saturation []
Superficial velocity [m/s]
Axial velocity [m/s]
Width [m]
Relation in the void fraction of Rouhani (1969)
Weber number []
Downstream distance [m]

Superscripts
r
Correlation exponent (1.4) of Attou & Bolle (1997)
Subscripts
0
Flange location
1
Upstream location
2
Downstream location
3
Exit tap location
b
Bend
c
Cross-sectional
e
Effective condition for Schmidt & Friedel (1996)
exit
Exit
expected Expected
G
Gas
I
Irreversible
L
Liquid
lo
Liquid-only
R
Reversible
sp
Single-phase
tp
Two-phase
Operators
〈〉
Area-averaged quantity
P
Summation

reactants and minor pressure losses will influence the scale of
pumps necessary to supply the reactants. As designers
continue to seek improved PEM fuel cell performance [33],
understanding different loss mechanisms can aid in achieving
this goal.
However, understanding two-phase flow itself introduces
enough complexity that researchers focus on characterizing
the two-phase flow independent of any exit influences. For
example, English & Kandlikar [11] designed the exit of the
microchannel specifically to mitigate its influence on the results and Grimm et al. [34] used rolled up paper at the exit to
prevent water accumulation near the channel exit. At times,
however, experimental measurements require placing
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pressure taps in the inlet/exit manifolds. Accurate determination and assessment of two-phase frictional pressure drop
models requires correcting the data to isolate the two-phase
frictional pressure loss component [18,35,36]. Therefore,
even to investigate two-phase flow in general requires an
understanding of how the minor losses influence the result.
This work investigates the pressure loss associated with a
3.23 mm wide by 0.304 mm high rectangular channel exiting
into a 1.4 cm diameter circular manifold orientated 90+ to the
flow. The typical method to predict the pressure loss caused
by exit effects relies on treating the exit as a sudden expansion and utilizing sudden expansion relations. Section 1.1
introduces the selected two-phase sudden expansion relations used in this work. Beyond Abdelall et al. [37], literature contains little discussion of the sudden expansion
pressure loss for micro-scale channels, especially for rectangular microchannels. Beyond the sudden expansion, other
losses at the exit can occur. Section 1.2 introduces empirical
relations to account for the pressure loss associated with a
90+ bend, which also occurs in this work. An outline of the
experimental method to measure the two-phase pressure
drop and the behavior of the air-water flow follows in Section
2. Section 3.1 discusses the validation of the experimental
method.
To understand the influence of the exit requires not only
investigating the exit but understanding the influence of the
flow before the exit. Investigating the two-phase pressure
drop and the flow behavior before the exit demonstrates that a
pressure loss occurs across the exit (Sections 3.2, 3.3, and 3.4).
Section 3.5 discusses the behavior of the exit pressure loss and
its importance relative to the total frictional pressure drop.
Comparing the measured pressure loss across the channel
exit to the sudden expansion models in Section 3.6 reveals the
loss in this experiment results from other mechanisms
beyond the sudden expansion pressure loss. Extending the
analysis to treat the pressure loss as solely a result of the 90+
bend and as the combination of a sudden expansion-90+ bend
follows in Sections 3.7 and 3.8, respectively.

〈u1 〉A1 ¼ 〈u2 〉A2

ðMassÞ

〈P2 〉  〈P1 〉 ¼ r〈u21 〉sA  r〈u22 〉

(1)
ðMomentumÞ

(2)

arise under the assumptions of steady, incompressible singlephase flow where no viscous losses occur in the control volume and the pressure at the flange (location 0) equals the
upstream pressure (P1 ). The terms u, r, A, and sA represent the
axial velocity, density, cross-sectional area, and area ratio
ðsA ¼ A1 =A2 Þ, respectively. Subscript 1 refers to the upstream
location and subscript 2 the downstream location. To combine
Eqs. (1) and (2) requires relating 〈u〉2 to 〈u2 〉 where:
〈u〉 ¼

1
A

Z
udA

(3)

A

defines an area-averaged axial component of velocity. For
turbulent flows 〈u2 〉=〈u〉2 z1. Combining Eqs. (1) and (2) gives
the general relation for single-phase flow as:
P2  P1 ¼

sA ð1  sA Þ 2
m_
r

(4)

where m_ ¼ r〈u1 〉 and the representation of the area averaging
of the pressure has been dropped for simplicity.
The mechanical energy equation defined as:
Z

Z
1 2
ru u$ndA ¼  Pu$ndA
2

(5)

provides a second approach to relate the pressure change
across the exit to the area ratio. The vectors u and n represent
the velocity vector and the unit normal to the area of the
control volume, respectively. Under the same assumptions as
Eqs. (1) and (2) while also neglecting body forces, Eq. (5) gives:
1
1
r〈u32 〉A2  r〈u31 〉A1 þ 〈P2 u2 〉A2  〈P1 u1 〉A1 ¼ 0:
2
2

(6)

For turbulent flow 〈u3 〉=〈u〉3 z1, allowing for the combination
of Eqs. (1) and (5) to give:



1  s2A 2
m_
2r

Sudden expansion pressure loss

P2  P1 ¼

Minor pressure losses rely on empirical measurements with
the exception of the pressure loss due to a sudden area
change. Defining a control volume (Fig. 1) across an area
expansion and applying the conservation of mass and momentum, the relations [38]:

As sA ð1  sA Þ < ð1  s2A Þ for 0 < sA < 1, Eq. (4) will predict a
lower pressure change than Eq. (7). Experimental measurements agree with Eq. (4), while Eq. (7) represents the possible
reversible pressure change [38].
The simplest extension of the single-phase relations to
two-phase flow follow the standard homogeneous model
approach of defining an equivalent single-phase flow of
weighted properties such that Eq. (4) becomes:

Control
Volume

Flow
1

Locaon
0

DP ¼

2

sA ð1  sA Þ 2
G
rtp

(8)

where DP ¼ P2  P1 and rtp equals the two-phase density
defined as:

rtp ¼

Fig. 1 e Control volume for the sudden expansion analysis.

(7)

c 1c
þ
rG
rL

1
(9)

The subscript tp stands for two-phase. The gas quality, c,
equals:
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c¼

rG QG
rG QG þ rL QL

(10)

with G, the total mass flux, defined as:

G¼

r G QG þ r L QL
Ac

(11)

Eq. (8) uses c and G determined by the conditions in the
smaller channel (location 1). Q and AC stand for the volumetric
flow rate and cross-sectional area, respectively, determined in
the smaller channel. The subscripts G and L stand for the gas
and liquid phase, respectively. Similarly, Eq. (7) becomes:

DP ¼

Comparing the model to experimental data using the void
fraction relation of Rouhani [44], the authors found r ¼ 1:4 for
air-water flows at small gas quality.
By restricting the flow to an annular-mist flow, Schmidt &
Friedel [45] arrived at:


1  s2A 2
m_
2rtp

(12)

DP ¼






sA G
r
1 sA
1
sA
c2 L
þ ð1  cÞ2


DP ¼
1  a1 1  a2
rL
rG a1 a2

(13)

where a, the void fraction, equals the area occupied by the gas
divided by the total cross-sectional area of the channel. Romie
allowed the upstream void fraction (a1 ) to vary from the
downstream (a2 ).
Lottes [40] simplified the analysis by neglecting the gas
phase (c≪1) such that the pressure loss only occurs in the
liquid phase and arrived at:
DP ¼

sA ð1  sA ÞG2

(14)

rL ð1  aÞ2

where the void fraction remains constant across the sudden
expansion.
Collier & Thome [41] followed a similar analysis used to
determine Eqs. (1) and (6), taking into account two phases to
determine:
DP ¼

#

 "
rtp 1  s2A G2 ð1  cÞ3
c3
þ
2
ð1  aÞ2 r2L a3 r2G

(15)

Richardson [42] simplified Eq. (15) by considering only the
liquid velocity such that:
"
#

1  s2A sA G2 ð1  cÞ2
DP ¼
2rL
1a


(16)

While the previously discussed models result from a
generalization of the flow, other authors have applied the
analysis to specific flows. Attou & Bolle [43] treated the sudden
expansion as a conical jet originating from a small circular
cross-section. Applying a momentum balance, the authors
arrive at:
DP ¼ sA ð1  sA Þwr YG2 þ ð1  wr ÞsA ð1  sA Þ
3
w¼
pﬃﬃﬃﬃﬃﬃ
1 þ sA þ sA
c2
ð1  cÞ2
þ
Y¼
arG ð1  aÞrL



s2A
re

 fe re

c
rG ae

 rLð1cÞ
ð1ae Þ



1

pﬃﬃﬃﬃﬃﬃ 2 i
sA

1  Ge ð1  sA Þ

ae ¼ 1 

(20)

2ð1  cÞ2
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1  2c þ 1 þ 4cð1  cÞ rrGL  1

(21)

(22)

aE ¼

"
#
1
1c


1
Se
Re0:05
1  c 1  0:05We0:27
e
e

(23)

Se ¼

cð1  ae ÞrL
ð1  cÞae rG

(24)

Wee ¼ G2 c2

Ree ¼

d rL  rG
rG s rG

(25)

Gð1  cÞd
mL

(26)

Ge ¼ 1  s0:25
A

(27)


fe ¼ 4:9  103 c2 ð1  cÞ2

mL
mG

0:7
(28)

where s, d, and mL stand for surface tension, smaller pipe
diameter, and liquid dynamic viscosity, respectively. The
relation also depends on the effective Reynolds number (Ree ),
the effective Weber number (Wee ), and the effective slip ratio
(Se ). Comparing data for 0 < c < 100% at mass fluxes of
50  16000 kg/m2$s for multiple fluid pairs showed a scatter of
61% about the prediction.
On the other hand, several authors proposed correlations
not directly derived from the conservation equations. Chishom & Sutherland [46] applied the separated flow model
approach of Lockhart & Martinelli [7] and Chisholm [8] to the
two-phase sudden expansion problem, such that the twophase pressure across the sudden expansion equals its
single-phase equivalent multiplied by a scaling factor. The
relation thus equals:
DP ¼

"
#
G2
Ch
1
sA ð1  sA Þð1  cÞ2 1 þ
þ 2
rL
Xh Xh

(29)

Xh ¼

 0:5
rg
ð1  cÞ
c
rL

(30)

(17)

(18)
Ch ¼
(19)

sA
re

2

1
c2
ð1  cÞ2
r aE ð1  ae Þ c
1c
þ L
¼
þ

re rG ae rL ð1  ae Þ
1  aE
rG ae rL ð1  ae Þ

2

G
rL

h

that depends on the relations:

Following a similar analysis as used to define Eqs. (1) and
(2), Romie [39] arrived at the two phase relation:
2

G2


 0:5 ( 0:5  0:5 )
r
rG
rL
1 þ 0:5 1  G
þ
rL
rL
rG

which applies only for turbulent flow in rough tubes.

(31)
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Wadle [47] considered the pressure loss as being proportional to the difference in the dynamic pressure head such
that:
"
#
 m_ 2  c2 ð1  cÞ2

K
þ
(32)
DP ¼ 1  s2A
2
rG
rL
For experimental data at 0 < c < 7% in an area expansion of a
16 mm diameter tube into a 80 mm diameter tube with mass
fluxes of 4500e11000 kg/m2$s, the authors found K equals 0.83
for air-water flows.
The equations for a sudden area expansion presented
above apply to conventional scale channels. In the case of
micro-scale tubes/channels, Abdelall et al. [37] investigated
the pressure loss for air-water flow through a 0.16 mm
diameter tube into a 0.84 mm diameter tube. The authors used
the relations:
DP ¼ DPR þ DPI

DPR ¼

G2
2

1  s2

(33)
!
(34)

ðr00 Þ2

"
#
G2 2rL
rL
sA ðsA  1Þ  rtp 00 2 ðsA  1Þ
DPI ¼
2rL r0
ðr Þ

(35)

where Eq. (34) accounts for reversible pressure loss while Eq.
(35) accounts for irreversible pressure losses. Eqs. (34) and (35)
depend on:

r0 ¼

ð1  c2 Þ
c2
þ
rL ð1  aÞ rG a

"

ð1  cÞ3

1

c3
þ
r ¼
r2L ð1  aÞ2 r2G a2
00

(36)
#0:5
(37)

When using the homogeneous void fraction (b) defined as:
QG
b¼
QG þ QL

(38)

Eq. (33) overestimated the data. However, using the ideal
annular flow slip ratio of S ¼ ðrL =rG Þ1=3 to define the void
fraction as:
QG
a¼
QG þ SQL

(39)

in Eq. (33), the prediction agreed with the experimental data
for liquid-only Reynolds numbers (Relo ) between 2500 and
3530.
With the exception of the models of Chisholm & Sutherland (Eq. (29)), Wadle (Eq. (32)), and the homogeneous model,
the sudden expansion models rely on a correlation for the void
fraction, which acts as a closure model for the sudden
expansion relations. However, several correlations exist. In
addition to Eqs. (38) and (39), Rouhani [44] proposed:

rtp

a¼

þ Wmrel
_

1:18
Wrel ¼ pﬃﬃﬃﬃﬃ ½gsðrL  rG Þ0:25
rL

(40)

0:03b0:5
1  0:97b0:5

(42)

The authors found that the model of Wadle predicted the
experimental data with a mean deviation of 200% at gas
qualities between 0.001 and 0.8 with mass fluxes between 100
and 700 kg/m2$s.

Pressure loss in a 90 degree bend
The sudden expansion in this work also includes the flow
passing through a 90 bend. Unlike the sudden expansion
models, determining the pressure loss resulting from a 90
bend requires purely empirical relations. In single-phase
flows, a loss occurring at a bend follows the relation:
DPb ¼ kb

G2
2r

(43)

where the subscript b stands for bend. The resistance coefficient (k) accounts for the geometry of the bend where experimental measurements determine its value. Predicting the
two-phase pressure loss in a bend typically follows the work
of Lockhart & Martinelli [7] in which the two-phase loss in a
bend equals a scaling factor (f2b ) multiplying the single-phase
loss (Eq. (43)).
Chishom [50] determined f2b;L as:



rL
f2b;L ¼ 1 þ
 1 Bcð1  cÞ þ c2
(44)
rG
where the term B approximates the change in the momentum
flux resulting from a change in velocity ratio between phases
and equals:
2:2

B ¼1þ 
k 2 þ DR

(45)

for a 90+ bend. The term R=D stands from the radius of the
bend divided by the diameter of the channel. Calculating the
two-phase pressure loss from a bend (DPb;tp ) from Eq. (44) requires multiplying Eq. (44) by Eq. (43) using the liquid density.
Chisholm arrived Eq. (44) under the assumptions of horizontal, incompressible, non-evaporating flow approximated as a
homogenous flow with constant changes in the velocity ratio.
Paliwoda [51] sought to provide a generalized loss equation
for conventionally sized pipe system components. In a 90+
bend containing turbulent flow of refrigerants, Paliwoda
proposed:
f2b;G

c
r

G
a ¼ 1þ0:12ð1cÞ

where g equals the acceleration due to gravity. Both Wadle
and Attou & Bolle used Eq. (40) when comparing to experimental data. In evaluating the sudden expansion models for
air-water flow in a rectangular duct of dimensions 3 mm by
6 mm expanding into a rectangular duct of 3 mm by 9 mm,
Chen et al. [48] used the relation defined by Kawahara et al.
[49] as:

"  
 0:25 !#
0:25
rG mL
rG mL
½1  c0:333 þ c2:276
¼
þ 2:7c 1 
r L mG
rL mG
(46)

(41)

As the two-phase flow multiplier depends on the gas conditions, the single-phase loss (Eq. (43)) uses the gas density to
solve for DPb;tp .
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In a private communication with Azzi et al. [52], Kuhn &
Morris [53] proposed the relation:
f2b;L ¼

1

"

ð1  cÞ2

#


rtp
rL
 1 ðB  1Þ
1þc
rtp
rG

(47)

as a modification of the relation proposed by Chisholm.
Other authors have proposed relations based on the homogeneous flow model. Sookprasong et al. [54] proposed:
k
DPb;tp ¼ ½rL UL þ rG UG ðUG þ UL Þ
2

(48)

where U signifies a superficial velocity. Experimental measurements in a 5.08 cm diameter pipe generally followed the
prediction of Eq. (48).

Experimental method
This work follows the experimental method detailed in Lewis
& Wang [55]. The experiment generates flows with liquid
Reynolds numbers (ReL ) of 0.0277, 0.277, 0.55, and 5.55 with gas
Reynolds numbers (ReG ) varying between 18.2 and 197 for each
liquid Reynolds number in the microchannel. The combination of Reynolds numbers produce a liquid-only Reynolds
number (Relo ) between 0.35 and 9.19. These conditions represent typical conditions in a fuel cell. The calculation of
different properties relies on standard fluid properties of
humid air and water at 20+ C shown in Table 1.

Experimental assembly
Fig. 2 shows the experimental set-up for the measurement of
the two-phase pressure and visualization of the flow behavior.
The horizontally aligned microchannel assembly (Fig. 2A)
forms a 3.23 mm by 0.304 mm by 164 mm (w  h  L) rectangular microchannel. The channel consists of three materials:
6061 aluminum for the base with a contact angle (g) of 76+ ±8+ ,
304 full hard stainless steel (g ¼ 82+ ±7+ ) forming the sides,
and polycarbonate (g ¼ 81+ ±7+ ) forming the top. In this work,
the stated uncertainties are at a 95% confidence level.
A syringe pump (New Era Pump System NE-300, Fig. 2B)
supplies room temperature (20+ C±2+ C) deionized water to the
channel through a 365 mm hole in the aluminum base
located 10 mm downstream from the air inlet. Four different
liquid flow rates of 177 mL/hr, 1.77 mL/h, 59:07 mL/min, and
590:7 mL/min produce superficial liquid velocities of 5:0  105 ,
5:0  104 , 1:0  103 , and 1:0  102 m/s, respectively.
MKS 100B mass flow controllers inside a Scribner and Associates 850e Fuel-cell Test Station (Fig. 2C) control the air flow

Table 1 e Fluid properties.
Property

Air
3

Density (kg=m )
Viscosity (kg=m,s)
Surface tension (N/m)

1.19
1:846  105

Water
998.3
1:002  103
72:86  103
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from the main air supply within ±20 mL/min. The air passes
through a bubble humidifier containing 1500 mL of DI-water to
achieve 100% relative humidity (Fig. 2D) before entering the
microchannel. The gas flow rates vary from 30 to 50e325 mL/
min in 25 mL/min increments producing superficial gas velocities between 0.51 and 5.50 m/s.
A 1 cm diameter hole acts as the inlet manifold while a
1.4 cm diameter hole acts as an outlet manifold. The minimum straight distance between the edge of the manifolds
defines the channel length. Fig. 3a illustrates the exit geometry for this experiment. The two-phase flow expands from a
rectangular duct into a circular manifold oriented 90+ relative
to the flow direction. The top of the channel extends over the
exit manifold, while the side walls extend approximately
2 mm over the manifold, before expanding to the full width of
the manifold. Therefore, the flow first sees the bottom of the
channel expand before the sides expand. Using the diameter
of the manifold as the expansion area gives a value of 0.0064
for the area ratio (sA ¼ A1 =A2 ).

Pressure measurement
A Setra 230 differential pressure transducer (Fig. 2E) with a
range of ±0:5 psi (3.447 kPa) measures the difference between
two pressure taps in the microchannel with an accuracy of
±0:0025 psi (17.2 Pascals). The measured pressure difference
occurs between two sets of taps as shown in Fig. 3b. The first
measurement measures the difference over a 154 mm length
of the channel, between Tap 1 located at z ¼ 0 mm and Tap 2
located 12 mm before the exit at z ¼ 152 mmdwhere z denotes a downstream coordinate. This measurement provides
the two-phase pressure drop representative of the flow dynamics. The second measurement takes the pressure difference between the entrance (Tap 1 at z ¼ 0 mm) and a
pressure tap (Tap 3) located in the exit manifold (z ¼
171 mm). This measurement provides a pressure drop that
will include any exit effects. A valve allows switching between the two measurements (Fig. 2). The measurement
between Taps 1 and 2 occurs first followed by a measurement
between Taps 1 and 3.

Visualization and film thickness measurements
The clear polycarbonate sheet forming the top of the channel
allows optical access for a DSLR camera (Canon Rebel T3,
Fig. 2F) to capture images of the entire channel length in 5 s
increments. Under the test conditions, the air and water form
a stratified flow pattern. A MATLAB code processes the images
to extract the location of the water-air interface, defining the
water film thickness. Trapezoidal numerical integration of the
water film thickness along the channel divided by the length
of the film gives an equivalent film thicknessdessentially the
film that has the same area as the experimental data but
produces a flat interface between the fluids. Eighty pixels
compose the width of the channel (3.23 mm), meaning each
pixel represents 0.04 mm. A Kline-McClintock uncertainty
analysis gives the uncertainty of the film thickness as
0.11 mm.
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Fig. 2 e Schematic diagram of the experimental set-up.

Fig. 3 e Detailed diagram of the microchannel assembly.

Results and discussion
Single-phase validation
Single-phase gas flow experiments were conducted for validation of the experimental apparatus. For single phase flow,
the pressure follows:
 
dP
rU2G
¼f
dz
2DH

(49)

where DH represents the hydraulic diameter. The superficial
gas velocity (UG ) equals the gas volumetric flow rate (QG )
divided by the cross-sectional area (Ac ). The Darcy friction
factor (f) depends on the gas Reynolds number and equals:
f¼

C
ReG

(50)

where the correlation constant (CÞ depends on the aspect ratio
of the channel as:

C ¼ 96 1  1:35532a þ 1:9467a2  1:7012a3 þ 0:9564a4

 0:2537a5

(51)

given by Kakac et al. [56] from fitting the exact solutions of
Shah & London [57] for different aspect ratios (a ). The aspect
ratio (a ) equals the smallest dimension divided by the largest
dimension.
Fig. 4a shows the comparison between the experimentally
measured pressure drop and the theoretical value measured
between Taps 1 & 2. The data fall within ±4% for all experiments except for the two lowest. At gas velocities of 0.51 m/s
and 0.85 m/s, the measurements fall below the predicted
value by 17% and 7%, respectively. Fig. 4b shows the comparison between the experimentally measured pressure drop
and the theoretical value measured between Taps 1 & 3. The
experiments fall within ±4:5% for all experiments except for
the two lowest. At 0.51 m/s and 0.85 m/s, the measurements
fall below the predicted value by 17% and 6%, respectively. The
similarity in the deviation from theory for both measurements
indicates that for single-phase flow, the exit accounts for less
than 1% of the deviation. The error bars for pressure in Fig. 4
account for the ±17:2Pa accuracy of the pressure transducer.
The superficial gas velocity equals the volumetric flow rate of
gas divided by the cross-sectional area. Utilizing the KlineMcClintock method for the equation UG ¼ QG =Ac , gives a velocity uncertainty of ±0:34m/s at a gas velocity of 0.51 m/s to
±0:43m/s at 5.5 m/s.
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Fig. 4 e Single-phase pressure drop versus superficial gas velocity.
The location of the first tap (z ¼ 0) means that the pressure
drop will include entrance effects. To account for the entrance
effects, Shah defines an apparent Fanning friction factor [58]
that replaces Eq. (50). The single-phase pressure with
entrance effects results from using four times the apparent
friction factor in Eq. (49). Fig. 4a and b also show a comparison
of the experimental data to the predicted pressure drop with
entrance effects. The entrance effects reduce the difference
between the prediction and the experimental measurements
by 1%; thus, the pressure tap location does not significantly
influence the results.

Two-phase pressure results
The two-phase pressure results indicate a difference between
measurements before the channel exit (Taps 1 & 2) versus
after the exit (Taps 1 & 3). Characterizing the two-phase
pressure drop relies on the gas two-phase flow multiplier
(f2G ) defined as the ratio of the experimentally measured twophase pressure to the gas single-phase pressure. Fig. 5 shows a
comparison between f2G versus superficial gas velocity (UG ) for
measurements taken between Taps 1 & 2 and between Taps 1
& 3. The experimental data points for Tap 2 represent a 30 min
average of the measured two-phase pressure for the three
lowest superficial liquid velocities and 5 min averages for the
UL ¼ 1:0  102 m/s data set. The measurements shown for
Tap 3 represent the average of all the experimental data points
for a given superficial gas velocity. Both measurements show
the same trend of f2G decreasing with increasing superficial
gas velocity and f2G increasing with increasing superficial
liquid velocity. However, the two measurements differ in
terms of the magnitude of f2G . The measurement between
Taps 1 & 3 fall significantly higher than the corresponding
measurements between Taps 1 & 2.
The data for Taps 1 & 3 in Fig. 5 only represent the average
measurement of f2G for clarity. Looking at the individual
experimental data points for f2G reveals an interesting
behavior (Fig. 6). Particularly at the lower superficial gas velocities, the value of f2G varies well outside the uncertainty of
the measurement determined from the Kline-McClintock
method for the equation f2G ¼ Ptp =PG . Consequently, some

physical mechanismdsuch as a change in flow behaviordmust cause the difference between individual measurements and the difference between the two test cases (Taps
1e2 and Taps 1e3).

Flow behavior along the channel
With the test conditions remaining the same, a change in the
flow behavior likely results in the difference between individual measurements for Taps 1 & 3. In the channel, the airwater flow forms as a stratified flow, in which a water film
moves along a side wall, filling the entire height of the channel
but not the entire channel width. Visualization of the water
film showed the film did not change during the duration of an
experiment in the region between Taps 1 and 2. The pressure
signals indicate a steady condition in the channel as well.
Fig. 7 shows 1 minute of a 10 minute sample of the pressure
time trace for UG ¼ 5:08 m/s at UL ¼ 1:0  102 m/s. The signal
remains steady about the mean, a characteristic shared by all
of the experiments. Therefore, after the development of the
stratified flow, the mean pressure signal remains unchanged
throughout the experiment.
The pressure signal, however, does not remain a constant
value; Fig. 7 shows both short and long period oscillations.
Fast-Fourier transforms (FFT) of the single-phase and of the
two-phase pressure signals indicate that the relatively high
frequency oscillation results from the bubble humidifier based
on the frequency of bubble formation. The humidifier introduces a primary frequency of 2 Hz at UG ¼ 0:51m/s to
10 Hz at UG ¼ 5:50m/s. The longer period oscillation results
from the mechanical oscillation from the syringe pump. Zeng
et al. [59] showed that pressure oscillations seen in experiments correspond to the mechanical frequency of the syringe
pump (fm ). The relation for fm proposed by Zeng et al. [59], gives
a period of oscillation equal to 17.5 s. Based on a powerspectral density calculation, the long wavelength in Fig. 7
has a period of 21 s. Therefore, the prediction differs by 3.5 s
but does indicate that the oscillation results from the syringe
pump.
The steady dynamics allowed for the measurement of the
two-phase pressure between Taps 1 & 2 first before
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Fig. 5 e Experimental gas two-phase flow multiplier versus superficial gas velocity comparing data at Tap 2 and Tap 3.

subsequently measuring the two-phase pressure between
Taps 1 & 3 by switching the valve. While ideally the measurements would occur simultaneously, the steady dynamics
of the system allowed for the sequential measurements.
While the water film did not change during an experiment,
the water film did change between different experiments
conducted at the same test conditions. Fig. 8 shows a comparison between water films across several test conditions.
The compressed aspect ratio of Fig. 8 causes the wavy
appearance of the films. Typically, the water film changes the
most around the water inlet. For example, Test 2 showed a
water droplet near the water inlet separate from the water
film whereas Test 1 had a smooth connection to the inlet for
UG ¼ 4:23 m/s at UL ¼ 1:0  102 m/s (Fig. 8b). The films, however, do remain similar. As the measurements between Taps 1
& 2 did not show such extreme variation outside of the uncertainty (Fig. 5) when compared to the variation of measurements between Taps 1 & 3 (Fig. 6), the change in the film

behavior between experiments can neither account for the
variation nor the differences between the two test cases (Taps
1e2 and Taps 1e3).

Isolating the influence of the expansion to the exit manifold
With the behavior of the stratified flow before the exit unable
to account for the variations of the measurements, determining whether the two-phase pressure measurements between Taps 1 & 2 or between Taps 1 & 3 better represent the
pressure loss associated with stratified flow will narrow the
focus to the water accumulation at the channel exit. In a
stratified flow, a distinct boundary exists between the air and
the water. Neglecting the capillary forces would mean each
phase experiences the same streamwise pressure drop. To
first approximation, one could assume that the velocity at the
interface between the fluids equals zerodi.e. a separating
wall. To calculate the two-phase pressure drop would then
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Fig. 6 e Experimental gas two-phase flow multiplier versus superficial gas velocity measured between Taps 1 & 3.

only require calculating the single-phase pressure drop in a
channel of reduced width. Visualization of the water film
allowed for the determination of the water film thickness. By
subtracting the water film thickness from the channel width
gives a single-phase gas flow in a smaller channel. Eqs.
(49)e(51) determine the pressure drop of the channel of
reduced width.
Fig. 9 compares the reduced width calculation to the twophase measurement between Taps 1 & 2. The reduced width
method shows that the two-phase pressure measurements
between Taps 1 & 2 well represent the stratified flow behavior.
The error bars for the pressure measurement account for the
±17:2Pa accuracy of the pressure transducer. The error bars
for the reduced width calculation represent the uncertainty in
the film thickness of ±0:11mm. Even with the uncertainty in
the measurement, the water film does not block off enough of
the channel width to produce the pressure drop seen in the
measurement between Taps 1 & 3. Therefore, a loss must

occur at the exit of the channel as the flow behavior agrees
with the two-phase pressure measurement between Taps 1 &
2.
Investigating the water accumulation at the channel exit
gives insight into the variation of the measured pressure between Taps 1 & 3 for a given test condition. The flow behaved
two ways at the exit: periodic oscillations or stationary. In the
periodic case, water at the exit could periodically block the
channel (Fig. 10a and b) and then break apart (Fig. 10c and d).
Under the same test conditions, the water film would thicken
near the channel/manifold edge (Fig. 11a and b) and remain
stationary for the duration of the experiment. Although the
water appears to block the entire channel exit, the camera
resolution prevents determining how close to the far wall the
water extends. Unfortunately, top down images do not provide information on how the water blocks the channel height
as a function of the channel width. For the test velocities of
UL ¼ 5:0  105 to 1:0  103 m/s between UG ¼ 0:51 & 1.27 m/s,
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pressure measurements. Additionally, as the gas velocity increases, it becomes difficult to discern the flow behavior at the
exit and appears to approach the stationary behavior. The
possibility of different behaviors at the exit could lead to flow
maldistribution in parallel channels.
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As discussed in Sections 3.2, 3.3, and 3.4, the behavior of the
flow in the channel cannot account for the differences between the measurements of Taps 2 and 3. Therefore, the
pressure difference results from a loss associated with the
geometry change from the channel to the manifold. Fig. 12
shows the pressure change across the channel exit (DPexit )
defined as:
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Fig. 7 e Representative pressure time trace shown for UG ¼
5:08 m/s at UL ¼ 1:0  102 m/s.

the periodic case corresponds to the low f2G while the stationary case corresponds to the higher f2G in Fig. 6. In the intermediate range of the gas two-phase flow multiplier both
the periodic and stationary behavior can produce similar

DPexit ¼ P1;3  Pexpected

(52)

where P1;3 equals the experimentally measured pressure drop
between Taps 1 & 3 and the expected pressure with no loss
(Pexpected ) equals:
Pexpected ¼ f2G Psp;3

(53)

where Psp;3 equals the single-phase pressure measurement
between Taps 1 & 3 while f2G equals the gas-two phase flow
multiplier determined from the two-phase pressure

Fig. 8 e Comparison of the film thickness for different experiments (Color).
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Fig. 9 e Comparison of the gas two-phase flow multiplier versus superficial gas velocity determined by experimental
measurement and the reduced width method between Taps 1 & 2.

measurements between Taps 1 & 2. Defining DPexit in this
manner removes the contribution of the frictional two-phase
pressure drop, isolating the pressure increase due to the geometry change at the channel exit.
Interestingly, the data does not show a clear dependence
on the superficial liquid velocity (Fig. 12). Additionally, the exit
pressure data for UL ¼ 1:0  103 and 1:0  102 m/s show a
clear dependence on the superficial gas velocity, showing an
increase with increasing UG but appearing to reach a 400 Pa
plateau after UG ¼ 3:0 m/s. This indicates that if a channel has
sufficient length, the relatively high frictional pressure will
mask the influence of the exit. While this could aide in
experimental design when looking to correlate the two-phase
pressure, ideally models would predict the magnitude of exit
losses.

Based on the behavior of the pressure loss across the exit,
set parameters determine the magnitude of the exit pressure
loss. For this experiment, the exit geometry and the surface
tension remain constant. With only a single fluid pair (airwater), a comment cannot be made on the influence of surface
tension, and will instead focus on the geometric
effectsdparticularly focusing on treating the exit as a sudden
expansion and accounting for the 90 bend.

Comparison of sudden expansion models to the
experimental data
As shown in Fig. 3a, the microchannel ends at a circular
manifold located 90+ relative to the flow path, which equates
to a sudden expansion. Subsection 1.1 introduced several
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Fig. 10 e Observed periodic behavior of the water at the
channel exit viewed top-down (flow left to right; water
indicated as blue). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web
version of this article).

models for the pressure change resulting from a sudden
expansion. Of the selected models, the model of Abdelall et al.
[37] came closest to the experimental data (Fig. 13) with a
mean absolute percent error of 96%. The mean absolute
percent error (je% j) equals:
n 

  1X
d Pi 
e%  ¼
n i¼1

(54)

where n equals the number of data points and d Pi equals the
two-phase pressure drop predicted minus the experimental
two-phase pressure drop, both divided by the experimental
measurement. The other selected correlations predicted
pressures less than those of Abdelall et al., deviating further
from the experimental results. The relation of Lottes, defined
by Eq. (14), stands as an outlier. Eq. (14) holds for c≪1 such that
the void fraction also becomes small. In this case, the gas
phase dominates, making the term ð1  aÞ small, resulting in
unrealistic pressures using Eq. (14) for the lowest superficial

Fig. 11 e Observed stationary behavior of the water at the
channel exit viewed top-down (flow left to right; water
indicated as blue). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web
version of this article).

liquid velocity data set. Thus, the following discussion of the
sudden expansion relations excludes the relation of Lottes.
Several possible explanations could account for the difference between the experimental data and the prediction of
the models. All of the selected models assume a turbulent flow
in a circular pipe. The difference between a laminar or turbulent flow for a sudden expansion comes from the treatment
of the area averaged velocity terms. For single-phase turbulent flow 〈w2 〉=〈w〉2 z1, allowing for the direct substitution of
the continuity equation into the conservation of momentum
equation. Numerically integrating the analytical solution for
the single-phase velocity profile in a rectangular duct for both
〈w2 〉 and 〈w〉2 showed that 〈w2 〉=〈w〉2 z1:2. Therefore a
correction of 20% to the turbulent prediction will account for
laminar flow in a rectangular duct. However, a 20% increase of
the prediction will not account for the difference between the
measurement and the prediction. Abdelall et al. also took into
account the reversible pressure change derived from the energy equation that would scale 2 to 1 for laminar to turbulent
flow, which also cannot increase the prediction to the experimental measurement. Therefore, neither the flow type nor
the geometry can account for the difference.
This leaves the correlations for the void fraction (a) as a
possible reason for the deviation between the measured
pressure loss and the predictions. As detailed in subsection
1.1, several void fraction correlations exist. For this experiment, the flow formed a stratified pattern which allows for the
determination of the void fraction in the channel as:
a ¼ 1  sL

(55)

where sL equals the liquid saturation defined as the ratio of the
volume of liquid to the volume of the channel. For stratified
flow, this equals the ratio of the water film thickness to the
width of the channel. However, using Eq. (55) in the sudden
expansion model defined by Eq. (33) changed the exit pressure
by only 0.1e20 Pa. Thus, the void fraction does not account for
the difference between the prediction and the measurement.
Finally, the scale of the experiments could explain the
difference between the predictions and the experimental results. Of the selected models, only Abdelall et al. [37] tested
geometries with a hydraulic diameter less than 1 mm. As a
consequence, the models neglect any influence of surface
tension which becomes dominant at small scales. Abdelall
et al. also did not need to take into account surface tension
because the test liquid Reynolds numbers fall in the range
where surface tension forces become small. While accounting
for the surface tension would add an additional term to the
momentum equation, the single fluid pair in this experiment
precludes the possibility of analyzing its influence on the
sudden expansion relations.
Based on the comparison of existing models of the sudden
expansion to the measured pressure loss occurring across the
exit of the microchannel, the experiment does not compare
well to the sudden expansion models. However, the comparison itself breaks down. Sudden expansion correlations assume the flow remains horizontal and has achieved fullydeveloped flow at both locations used to determine the pressure difference. As Fig. 3 shows these assumptions break
down. The flow likely has not become fully developed before
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Fig. 12 e Pressure increase resulting from the exit.

reaching Tap 3 due the behavior of the water at the edge of the
manifold (Figs. 10 and 11) and the flow changing direction in
the form of a 90+ bend. A 90+ bend itself carries a pressure loss
that the sudden expansion alone cannot account for.

Comparison of 90 degree bend models to the experimental
data
Section 3.6 considered the pressure loss in this work as a pure
sudden expansion. However, the sudden expansion in this
work also includes the flow turning 90+ , necessitating further
analysis. Subsection 1.2 introduced several models for the
pressure change resulting from a 90 bend. The use of the
models relies on the determination of the resistance coefficient (k) for single-phase flow. Based on the single-phase
measurements across the channel exit and subtracting the

sudden expansion loss as determined by Eq. (4) corrected by
20%, k generally decreases from 12.5 to 1.3 as the superficial
gas velocity increases from 0.51 m/s to 5.5 m/s. The results
follow the trend presented by Maharudrayya et al. [60].
Determining DPb;tp from the selected models shows the
model of Paliwoda [51] produces the largest pressure loss and
compares to the experimental data (Fig. 14) with a mean absolute percent error of 81%. The models of Chisholm [50] and
Sookprasong [54] produce smaller values, respectively. The
model of Kuhn & Morris [53] breaks down at the lowest liquid
velocity due to the inverse relationship of the model to
ð1  cÞ2 . This causes the model of Kuhn & Morris to predict
impossibly large pressure losses at the lowest superficial velocity. Similar to the sudden expansion analysis, the relations
determining DPb;tp cannot predict the experimental
measurements.
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Fig. 13 e Comparison of the measured DPexit to the
prediction of Abdelall et al. [37].

Fig. 15 e Comparison of the measured DPexit to the
combined predictions of Abdelall et al. [37] and Paliwoda
[51].

Combined influence of the sudden expansion and the 90
bend
As neither the models determined for a sudden expansion nor
the models for a 90 bend account for the measured pressure
loss, this section will focus on the combined prediction of both
mechanisms. The combination of the models of Abdelall and
Paliwoda produces a mean absolute percent error of 78%
(Fig. 15).
Thus, the combination of a sudden expansion and a 90
bend may account for a fraction of the measured pressure loss
but the combination of the selected models cannot predict the
total pressure loss. Therefore, measurements of the twophase frictional pressure drop across a geometric change is
not recommended, as it remains unclear how to predict the

Fig. 14 e Comparison of the measured DPexit to the
prediction of Paliwoda [51].

pressure loss resulting from the channel expanding to a
manifold, preventing the isolation of the two-phase frictional
pressure drop. Furthermore, the combination of the sudden
expansion with the 90+ bend convolutes the influence of
either on the measurement.

Conclusion
This work conducted an experimental study of the pressure
loss associated with air-water two-phase flow across an exit of
a microchannel to a larger exit manifold. The microchannel
has dimensions 3.23 mm wide by 0.304 mm high by 164 mm
long and exits into a circular manifold of 1.4 cm diameter
oriented 90+ relative to the flow direction. The major results
include:
1. The majority of the exit pressure loss data fall between
150 Pa and 400 Pa with a slight dependence on superficial
gas velocity but independent of the superficial liquid
velocities.
2. In general, a longer channel should mask the influence of
the exit pressure loss.
3. Treating the exit as a sudden expansion and comparing the
results to models for the pressure loss associated with a
sudden expansion reveals a need for further refinement as
the best sudden expansion model (Eq. (33)) produced a
mean absolute percent error of 96%.
4. Neglecting the sudden expansion to analyze the influence
of the 90+ bend revealed the selected predictions cannot
predict the exit pressure loss, where the best 90 bend
model (Eq. (46)) produced a mean absolute percent error
of 81%.
5. Combining both the sudden expansion model of Abdelall
et al. and the 90+ relation of Paliwoda results in a mean
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absolute percent error of 78% relative to the experimental
measurement of the pressure loss across the exit.
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