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Previous models and correlations for the prediction of pressure drop in adiabatic and condensing mini/
micro-channel flows have been validated for only a few working fluids and relatively narrow ranges of
relevant parameters. A universal predictive approach for these flows must be capable of tackling many
fluids with drastically different thermophysical properties and very broad ranges of all geometrical
and flow parameters of practical interest. To achieve this goal, a new consolidated database of 7115 fric-
tional pressure gradient data points for both adiabatic and condensing mini/micro-channel flows is
amassed from 36 sources. The database consists of 17 working fluids, hydraulic diameters from 0.0695
to 6.22 mm, mass velocities from 4.0 to 8528 kg/m2 s, liquid-only Reynolds numbers from 3.9 to
89,798, flow qualities from 0 to 1, and reduced pressures from 0.0052 to 0.91. It is shown that, while a
few prior models and correlations provide fair predictions of the consolidated database, their predictive
accuracy is highly compromised for certain subsets of the database. A universal approach to predicting
two-phase frictional pressure drop is proposed by incorporating appropriate dimensionless relations in
a separated flow model to account for both small channel size and different combinations of liquid
and vapor states. This approach is shown to provide excellent predictions of the entire consolidated data-
base and fairly uniform accuracy against all parameters of the database. This approach is also capable of
tackling single and multiple channels as well as situations involving significant flow deceleration due to
condensation.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Advances in many modern technologies are facing unprece-
dented challenges stemming from the need to remove large, highly
concentrated heat loads. In applications such as high performance
computers, electrical vehicle power electronics, avionics, and di-
rected energy laser and microwave weapon systems, there has
been a fairly steady rise in heat dissipation per unit volume at both
the device and system levels [1,2]. Phase change cooling schemes
are ideally suited for these applications, given their ability to deli-
ver orders of magnitude enhancement in boiling and condensation
heat transfer coefficients. This attribute has led to a surge in the
number of published studies addressing means for capitalizing
on the cooling merits of phase change using a variety of configura-
tions, including spray [3–5], jet [6–9], and micro-channel cooling
schemes [2,10–13], as well as techniques to enhance surface
micro-structure [14].
ll rights reserved.

: +1 765 494 0539.
awar).
dawar).
Condensers utilizing mini/micro-channels are especially suited
for applications demanding high heat dissipation in a limited vol-
ume. These condensers maintain mostly annular flow to take
advantage of the large condensation heat transfer coefficients asso-
ciated with thin liquid films. A very thin film is initiated in the up-
stream region of the channel, driven by shear stresses exerted by
the vapor core. Decreasing the channel diameter increases both va-
por velocity and the interfacial shear stress, which causes a thin-
ning of the annular film and increases the condensation heat
transfer coefficient. As the vapor is gradually converted to liquid,
the film thickness increases along the micro-channel, which even-
tually leads to a collapse of the annular regime and successive for-
mation of slug, bubbly, and liquid flow regimes.

Unfortunately, the heat transfer benefits of decreasing the chan-
nel diameter are realized at the expense of higher pressure drop,
which may adversely influence the overall efficiency of a two-
phase system. Therefore, the design of high performance mini/mi-
cro-channel condensers requires accurate predictive tools for both
pressure drop and condensation heat transfer coefficient. The pres-
ent study concerns pressure drop prediction.

Recently, the authors of the present study [15] examined the
predictive accuracy of mini/micro-channel separated flow pressure
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Nomenclature

Bo Bond number
Bo⁄ modified Bond number
C parameter in Lockhart–Martinelli model
Ca Capillary number
D tube diameter
Dh hydraulic diameter
Fr Froude number
f Fanning friction factor
G mass velocity
g gravitational acceleration
Ga Galileo number
J superficial velocity
L length
MAE mean absolute error
N number of data points
Nconf Confinement number
P pressure
Pcrit critical pressure
PR reduced pressure, PR = P/Pcrit

DP pressure drop
Re Reynolds number
Su Suratman number
u mean velocity
v specific volume
vfg specific volume difference between saturated vapor and

saturated liquid
We Weber number
X Lockhart–Martinelli parameter
x thermodynamic equilibrium quality
z stream-wise coordinate

Greek symbols
a void fraction
b channel aspect ratio (b < 1)
h percentage predicted within ±30%
k mean absolute error
l dynamic viscosity
n percentage predicted within ±50%
q density
�q mixture density
r surface tension
/ two-phase multiplier; channel inclination angle
Subscripts
A accelerational
exp experimental (measured)
F frictional
f saturated liquid
fo liquid only
G gravitational
g saturated vapor
go vapor only
k liquid (f) of vapor (g)
pred predicted
sat saturation
tp two-phase
tt turbulent liquid–turbulent vapor
tv turbulent liquid–laminar vapor
vt laminar liquid–turbulent vapor
vv laminar liquid–laminar vapor
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Fig. 1. Fundamental differences between annular condensation (also annular
adiabatic flow, on a local basis) and annular flow boiling in mini/micro-channels
[15].
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drop correlations and concluded that, on a local basis, mini/micro-
channel condensing flow is closer in flow structure to adiabatic
two-phase flow than boiling flow. As illustrated in Fig. 1, one obvi-
ous difference between flow boiling on one hand, and condensing
and adiabatic two-phase flows on the other, is the relative abun-
dance of entrained droplets in the former and absence from the lat-
ter two. This phenomenon is especially important for mini/micro-
channel flows, where the annular regime is dominant regardless of
heating conditions. As indicated by Qu and Mudawar [16], the
transition to the annular regime in flow boiling occurs far up-
stream in a micro-channel, with an abundance of entrained drop-
lets formed by shattering of liquid from the micro-channel’s
upstream. However, recent video imaging results show no droplets
are formed in the annular condensation region of a micro-channel
[15]. These obvious differences suggest that different pressure drop
predictive tools be developed for condensing and adiabatic flows
on one hand compared to those for boiling flow.

Studies on two-phase adiabatic and condensing flows in mini/
micro-channels [17–52] have resulted in different approaches to
predicting pressure drop. The vast majority of studies concerning
two-phase pressure drop prediction are based on the homoge-
neous equilibrium model [53–59] or semi-empirical correlations
[21,39,60–70]. However, these methods have been validated only
for specific flow configurations and relatively narrow ranges of
operating conditions. Of the different condensation regimes, annu-
lar flow is accurately modeled by the control-volume-based ap-
proach. This approach proved highly effective in predicting a
variety of complex two-phase flow configurations including pool
boiling [71,72], and vertical separated flow boiling along short
walls [73,74] and long heated walls [75–78]. Recently, the authors
of the present study used the control volume approach to construct
a new model for annular condensation in mini/micro-channels



3248 S.-M. Kim, I. Mudawar / International Journal of Heat and Mass Transfer 55 (2012) 3246–3261
[79]. Unlike this latter study, the primary objective of the present
study is to develop a generalized predictive tool for pressure drop
in both adiabatic and condensing mini/micro-channel flows appli-
cable to all condensation regimes.
Table 1
Two-phase mixture viscosity models employed in the homogeneous equilibrium
model.

Author(s) Equation

McAdams et al. [53] 1
ltp
¼ x

lg
þ 1�x

lf

Akers et al. [54] ltp ¼
lf

ð1�xÞþx
tg
tf

� �0:5
� �

Cicchitti et al. [55] ltp ¼ xlg þ ð1� xÞlf

Owens [56] ltp = lf

Dukler et al. [57] ltp ¼
x tg lgþð1�xÞ tf lf

x tgþð1�xÞ tf

Beattie and Whalley [58] ltp ¼ xlg þ ð1�xÞ ð1þ 2:5xÞlf

x ¼ x tg

tfþx tfg

Lin et al. [59] ltp ¼
lf lg

lgþx1:4 ðlf�lg Þ

Table 2
Two-phase frictional pressure gradient correlations.

Author(s) Equation

Lockhart and
Martinelli [60]

ðdP
dz ÞF ¼ ð

dP
dz Þf /

2
f ; /2

f ¼ 1þ C
X þ 1

X2 ; X2 ¼ ðdP=dzÞf
ðdP=dzÞg

Cvv = 5, Ctv =

Friedel [61] dP
dz

� �
F ¼

dP
dz

� �
fo/

2
fo

/2
fo ¼ ð1� xÞ2 þ x2 tg

tf

� �
fgo

ffo

� �
þ 3:24x0:78 ð1� xÞ0:224 tg

tf

� �0:91

Frtp ¼ G2

g Dh q2
H
; Wetp ¼ G2 Dh

rqH
; qH ¼ 1

x tgþð1�xÞ tf

Muller-Steinhagen
and Heck [62]

dP
dz

� �
F ¼

dP
dz

� �
fo þ 2 ðdP

dz Þgo � dP
dz

� �
fo

h i
x

n o
1� xð Þ1=3 þ dP

dz

� �
gox3

Mishima and Hibiki
[64]

dP
dz

� �
F ¼

dP
dz

� �
f /

2
f ;/

2
f ¼ 1þ C

X þ 1
X2

For rectangular channel, C ¼ 21 ½1� expð�0:319DhÞ�; Dh½
For circular tube, C ¼ 21 ½1� expð�0:333DÞ�; D ½mm�

Wang et al. [63] For G P 200 kg=m2s
dP
dz

� �
F ¼

dP
dz

� �
g/

2
g ;/

2
g ¼ 1þ 9:4X0:62 þ 0:564X2:45

For G < 200kg=m2s; dP
dz

� �
F ¼

dP
dz

� �
f /

2
f ;/

2
f ¼ 1þ C

X þ 1
X2

C ¼ 4:566� 10�6 X0:128 Re0:938
fo

tf

tg

� �2:15 lf

lg

� �5:1

Yang and Webb [21] dP
dz

� �
F ¼ �0:87Re0:12

eq ffo
G2

eq tf

Dh
; Reeq ¼ G ð1� xÞ þ x ðqf

qg
Þ0:5

h i
D
l

Yan and Lin [65] dP
dz

� �
F ¼ �996:6Re�1:074

eq
G2

eq tf

Dh

Lee and Lee [66] dP
dz

� �
F ¼

dP
dz

� �
f /

2
f /2

f ¼ 1þ C
X þ 1

X2 ; w ¼ lf jf
r ; k ¼ l2

f

qf r Dh

Cvv ¼ 6:833� 10�8 k�1:317 w0:719 Re0:557
fo ; Ctv ¼ 3:627Re0:17

fo

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

fo

Chen et al. [67] dP
dz

� �
F ¼

dP
dz

� �
fo;FriedelX; Bo� ¼ g ðqf � qgÞ

ðDh=2Þ2
r

For Bo� < 2:5X ¼ 0:0333 Re0:45
fo

Re0:09
g 1þ0:4 e�Bo�ð Þ

For Bo�P 2:5X ¼ We0:2
tp

ð2:5þ0:06 Bo�Þ

Hwang and Kim [39] dP
dz

� �
F ¼

dP
dz

� �
f /

2
f ; /2

f ¼ 1þ C
X þ 1

X2 ; C ¼ 0:227Re0:452
fo X�0:32 N

Sun and Mishima
[68]

dP
dz

� �
F ¼

dP
dz

� �
f /

2
f ; /2

f ¼ 1þ C
X þ 1

X2 ; C ¼ 1:79 ðReg

Ref
Þ0:4 ð1�x

x Þ
0:5

Li and Wu [69] dP
dz

� �
F ¼

dP
dz

� �
f /

2
f ; /2

f ¼ 1þ C
X þ 1

X2

For Bo 6 1:5;C ¼ 11:9Bo0:45

For 1:5 < Bo 6 11;C ¼ 109:4 ðBoRe0:5
f Þ

�0:56

Zhang et al. [70] dP
dz

� �
F ¼

dP
dz

� �
f /

2
f ; /2

f ¼ 1þ C
X þ 1

X2

For adiabatic liquid–gas flow,C ¼ 21 ½1� expð�0:674=Nco

For adiabatic liquid–vapor flow, C ¼ 21 ½1� expð�0:142=
Only a few studies have been published that address the devel-
opment of a generalized correlation for two-phase frictional pres-
sure drop for mini/micro-channels [68–70]. But what is still
lacking is a predictive tool that is applicable to a wide range of
working fluids, mass velocities, pressures (atmospheric to near-
critical pressures), and channel diameters (tens of micrometers
to a few millimeters). As discussed in Ref. [2], the development
of this predictive tool is the primary motivation for a series of stud-
ies that have been recently initiated at the Purdue University Boil-
ing and Two-Phase Flow Laboratory (PU-BTPFL), including the
present study, to (1) consolidate world databases for condensation
and flow boiling in mini/micro-channels, and (2) develop predic-
tive approaches for both pressure drop and heat transfer coeffi-
cient. The approach used here follows closely the methodology
adopted in a previous series of studies at PU-BTPFL addressing
the prediction of flow boiling critical heat flux (CHF) [80–83].

Most of the published works recommended for the prediction of
micro/micro-channel pressure drop [39,63,64,66,68–70] are based
on the Lockhart–Martinelli [60] method. To account for the influ-
ence of small channel diameter on pressure drop, the parameter C
of the Lockhart–Martinelli model, whose magnitude depends on a
Remarks

10, Cvt = 12, Ctt = 20 Dh = 1.49–25.83 mm, adiabatic,
water, oils, hydrocarbons
D > 4 mm, air–water, air–oil, R12
(25,000 data points)

lg

lf

� �0:19
1� lg

lf

� �0:7
Fr�0:045

tp We�0:035
tp

D = 4–392 mm, air–water, water,
hydrocarbons, refrigerants (9300 data
points)
D = 1.05–4.08 mm, adiabatic, air–
water

mm�

D = 6.5 mm, adiabatic, R22, R134a,
R407C

h

f

Dh = 1.56, 2.64 mm, adiabatic, R12,
Refo > 2500
D = 2.0 mm, condensation, R134a,
Reeq > 2000
Dh = 0.78–6.67 mm, adiabatic, air–
water

4

D = 1.02–9 mm, adiabatic, air–water,
R410A, ammonia

�0:82
conf

D = 0.244, 0.430, 0.792 mm, adiabatic,
R134a, Refo < 2000
Dh = 0.506–12 mm, air–water,
refrigerants, CO2 (2092 data points)
Dh = 0.148–3.25 mm, adiabatic,
refrigerants, ammonia, propane,
nitrogen (769 data points)

Dh = 0.07–6.25 mm, adiabatic, air/N2–
water, air/ethanol, refrigerants,
ammonia, water (2201 data points),
not recommended for turbulent
liquid–turbulent vapor (tt) flow

nf Þ�
Nconf Þ�
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combination of possible vapor and liquid laminar/turbulent flow
states, is replaced by a function of relevant dimensionless groups.

In the present study, published pressure drop databases for
both adiabatic and condensing mini/micro-channel flows are
amassed from 36 sources. The data are compared to predictions
of previous homogeneous equilibrium models, and semi-empirical
correlations for both macro-channels and mini/micro-channels. A
new generalized correlation for two-phase frictional pressure drop
is derived that is proven capable of predicting the data for very
broad ranges of operating conditions and many working fluids
with high accuracy.
Table 3
Two-phase frictional pressure drop data for both adiabatic and condensing mini/micro-ch

Author(s) Channelgeometry* Channel material Dh [mm]

Hinde et al. [17] C single, H Copper 4.57

Wambsganss et al.
[18]

R single, H Plexiglas 5.44

Fujita et al. [19] R single, H Acrylic, nickel 0.39, 2.14,
Hirofumi and Webb

[20]
C/R multi, H Aluminum 0.96–2.13

Yang and Webb [21] R multi, H Aluminum 2.64
Triplett et al. [22] C/semi triangular

single, H
Pyrex glass, acrylic 1.088, 1.09

1.447
Bao et al. [23] C single, H Copper 1.95
Coleman [24] C single/multi, R

multi, H
Aluminum 0.761–4.91

Coleman [24] C/R multi, H Aluminum 0.424–1.52

Wang et al. [25] C single, H Copper 3.0
Zhang and Webb [26] C single/multi, H Copper, aluminum 2.13, 3.25,
Nino et al. [27] R multi, H Aluminum 1.02, 1.54
Nino et al. [27] R multi, H Aluminum 1.02, 1.54
Adams et al. [28] R multi, H Aluminum 1.02, 1.54
Monroe et al. [29] R multi, H Aluminum 1.66
Pehlivan [30] C single, H Glass 0.8, 1.0, 3.0
Jang and Hrnjak [31] C single, H Copper 6.10
Shin [32] C/R single, H Copper 0.493–1.06

Tu and Hrnjak [33] R single, H PVC 0.0695–0.3
Cavallini et al. [34] R multi, H Aluminum 1.4
Chen et al. [35] C single, H Copper 3.25
Mitra [36] C single, H Copper 6.22

Andresen [37] C single/multi, H Aluminum, copper 0.76, 1.52,

English and Kandlikar
[38]

R single, H Lexan 1.018

Hwang and Kim [39] C single, H Stainless steel 0.244, 0.43
0.792

Yun et al. [40] R multi, H Stainless steel 1.437
Field and Hrnjak [41] R single, H Aluminum 0.148

Park and Hrnjak [42] C single/multi, H Aluminum, copper 0.89, 3.5, 6
Revellin and Thome

[43]
C single, H Glass 0.517

Yue et al. [44] R single, H PMMA 0.667
Quan et al. [45] trapezoidal multi, H Silicon wafer, glass

cover
0.109, 0.14
0.151

Dutkowski [46] C single, H Stainless steel 0.64–2.30
Marak [47] C single, VU Stainless steel 1.0

Park and Hrnjak [48] C multi, H Aluminum 0.89
Huang et al. [49] C single, H Copper 1.6, 4.18

Choi et al. [50] R single, H Glass 0.143, 0.32
0.490

Ducoulombier et al.
[51]

C single, H Stainless steel 0.529

Tibirica and Ribatski
[52]

C single, H Stainless steel 2.32

Total

* C: circular, R: rectangular, H: horizontal, VU: vertical upward.
2. Previous predictive two-phase pressure drop methods

The two-phase pressure drop can be expressed as the sum of
frictional, gravitational and accelerational (or decelerational)
components,

DPtp ¼ DPtp;F þ DPtp;G þ DPtp;A� ð1Þ

For flow boiling, DPtp,A is the result of steam-wise acceleration along
the channel and DPtp,A > 0. However, in condensing flows, the
flow decelerates along the channel and DPtp,A < 0. This means
annel flows included in the consolidated database.

Fluid (s) G [kg/m2s] Test mode Data
points

R134a, R12 149–298 Condensation
Dx = 0.1–0.35

45

Air–water 50–500 Adiabatic 112

3.33 N2–water, N2–ethanol 32–815 Adiabatic 167
R134a 194–1404 Adiabatic 58

R12, R134a 400–1400 Adiabatic 64
7, Air–water 23–6010 Adiabatic 192

Air–water 110–435 Adiabatic 135
0 R134a 150–750 Adiabatic 245

4 R134a 150–750 Condensation
Dx = 0.05–0.1

261

R410A, R407C, R22 400 Adiabatic 45
6.20 R134a, R22, R404A 400–1000 Adiabatic 72

R410A, R134a 50–300 Adiabatic 364
Air–water 55–220 Adiabatic 121
CO2, ammonia, R245fa 50–440 Adiabatic 245
R134a 49–402 Adiabatic 32
Air–water 236–2252 Adiabatic 130
CO2 198–406 Adiabatic 54

7 R134a 100–600 Condensation
small Dx

247

047 R134a 102–785 Adiabatic 264
R410A, R134a, R236ea 200–1400 Adiabatic 51
R410A 300–600 Adiabatic 26
R410A 400–800 Condensation

Dx = 0.21 (avg)
118

3.05 R410A 200–800 Condensation
Dx = 0.32 (avg)

291

Air–water 4–32 Adiabatic 40

0, R134a 140–950 Adiabatic 77

R410A 200–400 Adiabatic 19
R134a, R410A, propane,
ammonia

290–590 Adiabatic 67

.1 CO2, R410A, R22 100–600 Adiabatic 146
R134a, R245fa 309–1926 Adiabatic 1331

CO2–water 91–1020 Adiabatic 105
2, Water 90–288 Condensation

small Dx
65

Air–water 139–8528 Adiabatic 465
Methane 162–701 Condensation

Dx = 0.04 (avg)
135

CO2 200–800 Adiabatic 52
R410A 200–600 Condensation

Dx = 0.2
35

2, N2–water 65–1080 Adiabatic 920

CO2 200–1400 Adiabatic 292

R245fa 100–500 Adiabatic 27

7115
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Fig. 2. Laminar/turbulent flow distribution of 7115 data points of consolidated
database for two-phase frictional pressure drop in mini/micro-channels based on
superficial liquid and vapor Reynolds numbers.
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deceleration provides the benefit of decreasing the two-phase pres-
sure drop. The accelerational pressure gradient can be expressed as

� dP
dz

� 	
A
¼ G2 d

dz
tg x2

a
þ tf ð1� xÞ2

ð1� aÞ

" #
ð2Þ

where the void fraction, a, can be expressed in terms of flow quality,
x, using Zivi’s correlation [84],

a ¼ 1þ 1� x
x

� 	 qg

qf

 !2=3
2
4

3
5
�1

ð3Þ

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

a ¼ 1þ 1� x
x

� 	 qg

qf

 !" #�1

ð4Þ

The gravitational pressure gradient is expressed as

� dp
dz

� 	
G

¼ aqg þ ð1� aÞqf

h i
g sin / ð5Þ

where / is the channel’s inclination angle; �(dp/dz)G = 0 for
horizontal flows. Gravitational effects are negligible for mini/
micro-channels compared to macro-channels, given the large shear
stresses encountered in the former.

The two-phase frictional pressure drop, DPtp,F, is the result of
wall frictional forces exerted upon the flow. The homogeneous
equilibrium model treats the two-phase mixture as a pseudo fluid
possessing properties that are dictated by local flow quality. In the
homogeneous equilibrium model, the two-phase frictional pres-
sure gradient can be determined from [85]

� dP
dz

� 	
F
¼

2f tp �qu2

Dh
¼

2f tp tf G2

Dh
1þ x

tfg

tf

� 	
ð6Þ

where

ftp ¼ 16Re�1
tp for Retp < 2000; ð7aÞ

ftp ¼ 0:079Re�0:25
tp for 2000 6 Retp < 20;000; ð7bÞ

and

ftp ¼ 0:046Re�0:2
tp for Retp P 20;000: ð7cÞ

Table 1 provides several two-phase mixture viscosity models that
are used to calculate the two-phase Reynolds number, Retp.

Table 2 provides a summary of select two-phase frictional pres-
sure drop correlations that have been recommended for macro-
channels [60–63] and mini/micro-channels [21,39,64–70]. These
include a mix of correlations for adiabatic and condensing flows.
As discussed earlier, the two-phase frictional pressure drop corre-
lations for flow boiling are excluded due to fundamental differ-
ences in droplet entrainment between condensing and adiabatic
flows on one hand, and boiling flows on the other. Most of the cor-
relations in Table 2 are based on the semi-empirical separated flow
model (mostly Lockhart–Martinelli type [60]), where the two-
phase frictional pressure gradient is expressed as the product of
the frictional pressure gradient for each phase and a corresponding
two-phase pressure drop multiplier

dP
dz

� 	
F

¼ dP
dz

� 	
f

/2
f ¼

dP
dz

� 	
g

/2
g ð8Þ

where the frictional pressure drop for each phase is based on the ac-
tual flow rate for the same phase,
� dP
dz

� 	
f

¼
2f f tf G2 ð1� xÞ2

Dh
ð9aÞ

� dP
dz

� 	
g
¼

2f g tg G2x2

Dh
ð9bÞ

In Eqs. (9a) and (9b), the Reynolds number and friction factor for
each phase are also based on the actual flow rate for the same
phase.

Ref ¼
G ð1� xÞDh

lf
for liquid; ð10aÞ

Reg ¼
GxDh

lg
for vapor; ð10bÞ

fk ¼ 16 Re�1
k for Rek < 2000 ð11aÞ

fk ¼ 0:079Re�0:25
k for 2000 6 Rek < 20;000 ð11bÞ

and

fk ¼ 0:046 Re�0:2
k for Rek P 20;000 ð11cÞ

where the subscript k denotes f or g for liquid and vapor, respec-
tively. For laminar flow in rectangular channel, the two-phase fric-
tion factor can be obtained from [86]

fkRek ¼ 24 ð1� 1:3553bþ 1:9467b2 � 1:7012b3

þ 0:9564b4 � 0:2537b5Þ ð12Þ

The correlations of Friedel [61] and Müller-Steinhagen and Heck [62]
are widely adopted in the prediction of two-phase frictional pressure
drop in macro-channels because they were derived from very large
databases, 25,000 and 9300 pressure drop data points, respectively.
The correlation of Mishima and Hibiki [64], which is based on adia-
batic air–water flow in 1–4 mm diameter circular tubes, shows good
predictions of the mini/micro-channel pressure drop data of Kim et
al. [15], Pehlivan [30], Tu and Hrnjak [33], Yun et al. [40], Field and
Hrnjak [41], and Quan et al. [45]. Notice that the correlations in Table
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2 are valid only for the working fluids and ranges of operating condi-
tions of the databases they are based upon.

Additionally, some correlations are recommended for specific
laminar or turbulent flow states. For example, the correlations of
Yang and Webb [21] and Yan and Lin [65], which are based on the
equivalent Reynolds number Reeq proposed by Akers et al. [54], are
applicable only to turbulent flows (Refo > 2500 for [21], and
Reeq > 2000 for [65]). The correlation of Hwang and Kim [39] is based
on pressure drop data for microtubes with diameters of 0.244, 0.430,
and 0.792 mm corresponding to Refo < 2000. The correlation of
Zhang et al. [70], which is a modified form of Mishima and Hibiki’s
[64], is not recommended for turbulent liquid–turbulent vapor flow.

Notice that the correlations in Table 2 are used to determine the
two-phase frictional pressure gradient. The two-phase pressure
drop can be determined by integrating Eqs. (2), (5), (6), and (8)
numerically along the streamwise direction,

DPtp ¼
Z Ltp

0
� dP

dz

� 	
F

� dP
dz

� 	
G

� dP
dz

� 	
A

� �
dz ð13Þ
3. New consolidated mini/micro-channel database

In the present study, a total of 7115 frictional pressure
drop data points for both adiabatic and condensing flows in
(a) 

=49.1 
=38.2 
=76.7 

vv=684.8
vt=132.1
tv=29.8 
tt=23.5 

vv=88.7 
vt=34.1 
tv=28.6 
tt=36.1 

vv=41.6 
vt=30.3 
tv=31.0 
tt=29.6 

=243.7 
=49.3 
=65.0 

=33.2 
=50.1 
=86.3 

0 

1000 

2000 

3000 

4000 

0 

1000 

2000 

3000 

4000 

0 

1000 

2000 

3000 

4000 

0 1000 2000 3000 4000 1000 20

0 1000 2000 3000 40

0 1000 2000 3000 40

dP
/d

z F
 (

pr
ed

) 
[k

P
a/

m
]

+30% 

-30%

dP
/d

z F
 (

pr
ed

) 
[k

P
a/

m
]

dP
/d

z F
 (

pr
ed

) 
[k

P
a/

m
]

dP/dzF (exp) [kPa/m]

dP/dzF (exp) [kPa/m]

dP/dzF (exdP/dzF (exp) [kPa/m] (b) 

(d) 

(f) 

+30% 

-30%

+30% 

-30% 

Fig. 3. Comparison of 7115 experimental data points with predictions of homogeneous m
[56], (e) Dukler et al. [57], (f) Beattie and Whalley [58], and (g) Lin et al. [59].
mini/micro-channels were amassed from 36 sources [17–52]. This
database includes 2387 adiabatic gas–liquid data points from 10
sources, 3531 adiabatic liquid–vapor data points from 20 sources,
and 1197 condensation data points from 8 sources.

Table 3 provides detailed information on individual databases
incorporated into the consolidated database in chronological order
along with the number of data points actually adopted. Some of the
data are purposely excluded because they do not contribute to the
development of a generalized pressure drop predictive method. For
example, only pure liquid data from the databases of Hinde et al.
[17], Fujita et al. [19], English and Kandlikar [38], Field and Hrnjak
[41], Marak [47], and Huang et al. [49] are included in Table 3; all
binary mixture, oil mixture, or surfactant solution data are ex-
cluded. Also excluded are all enhanced tube (e.g., micro-fin tube)
data from the databases of Yang and Webb [21], Zhang and Webb
[26], and Monroe et al. [29], as well as barrel and N-shaped chan-
nels from Coleman [24], and U-type wavy tube data from Chen
et al. [35]. For the Jang and Hrnjak [31] database, only horizontal
data are included in Table 3.

Since the effects of surface roughness are not considered in this
study, most of the data in the consolidated database, especially
those for turbulent flow, are for smooth tubes with a relative
roughness range of 0.001–0.0001. To exclude rough surfaces, 56
out of 191 data points from Marak [47] are excluded because their
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relative roughness exceeds 0.0024. The consolidated database also
excludes hydrophobic (nonwetting) surfaces (e.g., air–water flow
on Teflon or Polytetrafluoroethylene (PTFE) surfaces) with a static
contact angle larger than 90�.

A thorough inspection of the individual databases by the pres-
ent authors identified duplicate data; which are also excluded from
the consolidated database. Other data points are excluded because
of their strong departure from the majority of comparable data.
These include 77 of 562 data points from Nino et al. [27] corre-
sponding to very low qualities or mass velocities, 568 data points
for D = 0.803 mm from Revellin and Thome [43] (1331 data for
D = 0.517 mm from the same source have been included). Also ex-
cluded for the same reason are the condensation data of Yan and
Lin [65], Agarwal [87], and Bohdal et al. [88]. It should be noted
that the database was closely inspected by relying on published
data from original sources.

All condensation data included in Table 3 correspond to a rela-
tively small quality decrement, Dx. Therefore, an average of the in-
let and outlet qualities is used in the development of a pressure
drop correlation based on the assumption of linear quality varia-
tion along the channel. Also, due to the small quality decrements,
the contribution of the deceleration term to total pressure drop
is found to be quite small for most of the data. For example,
DPtp,A/DPtp is about less than 2.0% for the Coleman data [24]. When
calculating the deceleration term, Coleman [24], Mitra [36], Andre-
sen [37], and Marak [47] used Baroczy’s [89] void fraction relation,
while Huang et al. [49] used Rouhani and Axelsson’s [90] void frac-
tion relation,

a ¼ 1þ 1� x
x
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respectively. In case of a significant quality decrement, such as
high-flux micro-channel condensing flows, deceleration contributes
an appreciable fraction of total pressure drop due to the increasing
amount of vapor being condensed. The effect of using different void
fraction models to determine the accelerational pressure drop is
examined later based on prior experimental FC72 condensation
data by the present authors [15].

Unlike prior databases that have been used to correlate frictional
pressure drop in mini/micro-channels, the present consolidated
database includes a broad range of reduced pressures, from 0.0052
to 0.91. Included here are databases covering high reduced pressure
values beyond 0.5 by Zhang and Webb [26] (PR = 0.21–0.51), Adams
et al. [28] (PR = 0.07–0.69), and Ducoulombier et al. [51] (PR = 0.36–
0.54). Also included are two-phase frictional pressure drop data
approaching critical pressure by Mitra [36] (PR = 0.8–0.9), Andresen
[37] (PR = 0.8–0.9), and Marak [47] (PR = 0.14–0.91).

In all, the new consolidated database includes 7115 frictional
pressure drop data points with the following coverage:

– Working fluid: air/CO2/N2–water mixtures, N2–ethanol mixture,
R12, R22, R134a, R236ea, R245fa, R404A, R410A, R407C, pro-
pane, methane, ammonia, CO2, and water

– Hydraulic diameter: 0.0695 < Dh < 6.22 mm
– Mass velocity: 4.0 < G < 8528 kg/m2 s
– Liquid-only Reynolds number: 3.9 < Refo ¼ GDh=lf < 89798
– Superficial liquid Reynolds number: 0 < Ref ¼ G ð1� xÞDh =lf <

79202
– Superficial vapor (or gas) Reynolds number: 0 < Reg ¼ GxDh=

lg < 253810
– Flow quality: 0 < x < 1
– Reduced pressure (for 4728 condensing and adiabatic liquid–

vapor data): 0.0052 < PR < 0.91

Fig. 2 shows all 7115 data points in a plot of superficial liquid
Reynolds number versus superficial gas Reynolds number. With a
transition Reynolds number value of 2000, 1919 data points are
laminar liquid–laminar vapor (vv), 2721 laminar liquid–turbulent
vapor (vt), 394 turbulent liquid–laminar vapor (tv), and 2081 tur-
bulent liquid–turbulent vapor (tt).

4. Evaluation of previous correlations

Figs. 3–5 compare the 7115 frictional pressure drop data points
for both adiabatic and condensing mini/micro-channel flows with
predictions of previous homogeneous equilibrium models [53–
59], and semi-empirical correlations for both macro-channels
[60–63] and mini/micro-channels [21,39,64–70], respectively.
Thermophysical properties for liquid and vapor in Figs. 3–5 and
all subsequent calculations are based on REFPROP 8.0 software
from NIST [91].

The accuracy of individual models is evaluated by h and n which
are the percentages of data points predicted within ±30% and ±50%,
respectively, and mean absolute error, defined as

MAE ¼ 1
N

X jdP=dzF;pred � dP=dzFexpj
dP=dzF;exp

� 100% ð16Þ

The percentage value of MAE is indicated in Figs. 3–5 as k, with kvv,
kvt, ktv and ktt indicating MAE percentage values for laminar liquid–
laminar vapor (vv), laminar liquid–turbulent vapor (vt), turbulent
liquid–laminar vapor (tv), and turbulent liquid–turbulent vapor
(tt), respectively.
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As shown in Fig. 3, most of the homogeneous equilibrium mod-
els overpredict the pressure drop data in the laminar–laminar (vv)
and laminar–turbulent (vt) regimes. Most noticeable are the mod-
els of McAdams et al. [53], Akers et al. [54], and Lin et al. [59]
highly overpredicting the data in the laminar–laminar (vv) regime,
and those of Cicchitti et al. [55] and Owens [56] highly overpredict-
ing the data in both the laminar–laminar (vv) and laminar–turbu-
lent (vt) regimes. Among all homogeneous equilibrium models,
only those of Dukler et al. [57] and Beattie and Whalley [58] show
relatively fair predictions for all flow regimes, with MAE values of
36.2%, and 33.2%, respectively.

Fig. 4 shows the frictional pressure drop correlations recom-
mended for macro-channels overpredict most of the consolidated
frictional pressure gradient database. The correlations by Lock-
hart and Martinelli [60] and Friedel [61] show the greatest
departure, with MAE values of 81.4% and 182.3%, respectively.
The Wang et al. correlation [63] shows large scatter for all flow
regimes. Most notably, the correlation of Müller-Steinhagen and
Heck [62], which is based on macro-channel data with diameters
larger than 4 mm, provides the best predictions among all previ-
ous models and correlations in Figs. 3–5, evidenced by a MAE of
30.1%, although its predictions are less favorable in the laminar–
laminar (vv) regime.
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Fig. 5. Comparison of 7115 experimental data points with predictions of semi-empirical c
Yang and Webb [21], (c) Yan and Lin [65], (d) Lee and Lee [66], (e) Chen et al. [67], (f) Hw
[70]. Data indicated (⁄) correspond to Refo > 2500 for Yang and Webb [21] , Reeq > 2000 f
and data excluding turbulent liquid–turbulent vapor (tt) for Zhang et al. [70].
As shown in Fig. 5, frictional pressure drop correlations in-
tended for mini/micro-channels provide fair to poor predictions
of the consolidated database. Notice that for the correlations of
Yang and Webb [21], Yan and Lin [65], Hwang and Kim [39], Li
and Wu [69], and Zhang et al. [70], only the pressure drop data cor-
responding to their validity range are considered. The correlations
of Yan and Lin [65] and Lee and Lee [66] show significant scatter,
with MAE values of 178.0%, and 101.6%, respectively. The correla-
tions of Mishima and Hibiki [64] and Sun and Mishima [68] show
poor predictions in the turbulent–turbulent (tt), and laminar–lam-
inar (vv) regimes, respectively. While Zhang et al. correlation,
which is a modified correlation of Mishima and Hibiki, provides a
better overall MAE than that Mishima and Hibiki’s, its predictions
are worse for three flow regimes (vv, vt, and tv). Among all previ-
ous mini/micro-channel correlations, Yang and Webb’s shows the
best predictions when applied to data with Refo > 2500 as recom-
mended by the original authors.
5. New predictive two-phase pressure drop method

The new universal approach to predicting two-phase frictional
pressure drop for adiabatic and condensing mini/micro-channel
flows utilizes the original formulation of Lockhart and Martinelli
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Table 5
New pressure drop correlation for mini/micro-channels in both single- and multi-
channel configurations.

dP
dz

� 	
F
¼ dP

dz

� 	
f
/2

f

where

/2
f ¼ 1þ C

X
þ 1

X2 ; X2 ¼
ðdP=dzÞf
ðdP=dzÞg

� dP
dz

� 	
f

¼
2f f tf G2 1� xð Þ2

Dh
; � dP

dz

� 	
g

¼
2f g tg G2x2

Dh

fk ¼ 16 Re�1
k for Rek < 2000

fk ¼ 0:079Re�0:25
k for 2000 6 Rek < 20;000

fk ¼ 0:046Re�0:2
k for Rek P 20;000

for laminar flow in rectangular channel,

fkRek ¼ 24 ð1� 1:3553bþ 1:9467b2 � 1:7012b3 þ 0:9564b4 � 0:2537b5Þ

where subscript k denotes f or g for liquid and vapor phases, respectively,

Ref ¼
G ð1� xÞDh

lf
; Reg ¼

GxDh

lg
; Refo ¼

GDh

lf
; Sugo ¼

qg rDh

l2
g

Liquid Vapor (gas) C
Turbulent Turbulent

0:39Re0:03
fo Su0:10

go
qf

qg

� �0:35

Turbulent Laminar
8:7� 10�4Re0:17

fo Su0:50
go

qf

qg

� �0:14

Laminar Turbulent
0:0015Re0:59

fo Su0:19
go

qf

qg

� �0:36

Laminar Laminar
3:5� 10�5Re0:44

fo Su0:50
go

qf

qg

� �0:48

3254 S.-M. Kim, I. Mudawar / International Journal of Heat and Mass Transfer 55 (2012) 3246–3261
[60], modified with new dimensionless groups that account for small
channel hydraulic diameter, and validated against the new consoli-
dated database. In particular, the constant C in the Lockhart–Marti-
nelli parameter is replaced by a function of appropriate
dimensionless groups that capture the influence of small channels.

Table 4 summarizes the dimensionless groups that have been used
in the past to predict two-phase frictional pressure drop. These groups
are mostly different combinations of inertia, viscous force, surface ten-
sion force and body (or buoyancy) force. What distinguishes mini/mi-
cro-channels from macro-channels is the significance of surface
tension and viscosity effects and negligible body force effects for the
former as discussed by Qu and Mudawar [16] and Kim and Mudawar
[79]. Notice that the Froude, Bond, Confinement, and Galileo numbers
in Table 4 are measures of body force effects and as such, not appropri-
ate for mini/micro-channel predictions. To account for the net influ-
ence of interactions among inertia, viscous force, and surface tension,
choices of dimensionless parameters include combinations of Rey-
nolds, Weber, Capillary, and Suratman numbers. Density ratio is also
considered to both cope with different working fluids, such as air/
CO2/N2-water mixtures, refrigerants, propane, methane, ammonia,
CO2, and water, and broad variations in reduced pressure.

Using the entire consolidated database, C functions of various
combinations of Reynolds, Weber, Capillary, and Suratman num-
bers and density ratio were attempted for each of the four combi-
nations of flow regimes (tt, tv, vt, and vv). Table 5 provides a
summary of the functions yielding the least MAE versus the data-
base. A relatively simple function of liquid-only Reynolds number,
Refo, vapor-only (or gas-only) Suratman number, Sugo, and density
ratio, qf/qg, provides good predictions for each of the four flow re-
gimes. Fig. 6 shows the new two-phase frictional pressure drop
correlation, which is summarized in Table 5, predicts the entire
7115 experimental mini/micro-channel database quite accurately,
with MAE values of 26.3%, 22.4%, 26.8%, and 21.1% for the laminar–
laminar (vv), laminar–turbulent (vt), turbulent–laminar (tv), tur-
bulent–turbulent (tt) flow regimes, respectively.
Table 4
Dimensionless groups that have been employed in the prediction of two-phase pressure g

Parameter Definition

Liquid- or gas-only Reynolds Refo ¼ G Dh
lf

number Rego ¼ G Dh
lg

Superficial liquid or gas Reynolds Ref ¼ G ð1�xÞDh
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number Reg ¼ G x Dh
lg

Density ratio qf

qg

Weber number We ¼ G2Dh
qf r
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qf r ð¼ We
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Þ

Liquid- or gas-only Suratman number Sufo ¼
qf r Dh

l2
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Notice that for the turbulent–laminar (tv) flow regime, relatively
good overall predictions over the entire database are achieved using
the models or correlations by Dukler et al. [57], Müller-Steinhagen
radient.

Interpretation

Inertia
Viscous force based on total flow rate

Inertia
Viscous force based on actual flow rate for each phase

Liquid density
Vapor density

Inertia
Surface tension force

Viscous force
Surface tension force

–

Inertia
Body force

Bouyancy force
Surface tension forceffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Surface tension force
Body force

q
–

Based on laminar liquid–laminar turbulent (vv), laminar liquid–turbulent
vapor (vt), turbulent liquid–laminar vapor (tv), turbulent liquid–turbulent
vapor (tt), where ff and fg are given by Eqs. (11a), (11b), (11c)
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and Heck [62], Mishima and Hibiki [64], Chen et al. [67], Li and Wu
[69], and Zhang et al. [70], with MAE values of 27.1%, 26.1%, 26.3%,
27.7%, 25.1%, and 27.4%, respectively. Successful predictions of
these model and correlations for this specific regime (tv) can be
attributed largely to the fact that most data points corresponding
to this regime (214 of 394 points) come from a single source,
Dutkowski’s [46]. For most of the other individual databases, the
new correlation shows the best predictions in the turbulent–lami-
nar (tv) flow regime compared to afore-mentioned models and cor-
relations. A key attribute of the present method is its ability to
predict data quite accurately for all individual databases.

Achieving low overall values for MAE is by no means the only
definitive means for ascertaining the effectiveness of the new pre-
dictive approach. It is also vitally important that the correlation be
evenly successful at predicting data over relatively broad varia-
tions of individual flow parameters. As discussed in [82,83], this
notion is often overlooked in the literature when assessing the
effectiveness of new correlations.

To explore this issue, it is also important to examine the distri-
bution of number of available data points relative to the individual
parameters. Fig. 7 shows, for each parameter, both a lower bar
chart distribution of number of data points, and corresponding
upper bar chart distribution of MAE in the predictions of the new
frictional pressure drop correlation. The distribution of the entire
7115 point database is examined in this manner relative to
Fig. 6. Comparison of predictions of new frictional pressure drop correlation with 7115
(vt), (c) turbulent–laminar (tv), and (d) turbulent–turbulent (tt) flow regimes.
working fluid, hydraulic diameter, Dh, mass velocity, G, liquid-only
Reynolds number, Refo, quality, x, and reduced pressure, PR. The
database consists of 2387 adiabatic liquid–gas data points from
10 sources, 3531 adiabatic liquid–vapor data points from 20
sources, and 1197 condensation data points from 8 sources, and in-
cludes 17 different working fluids. Overall, the new correlation
shows excellent predictions for most parameter bins with MAE val-
ues around 20%, indicating that the accuracy is not compromised
over the ranges of individual parameters.

Another measure of the predictive accuracy of the new correla-
tion is the ability to provide evenly good predictions for individual
databases comprising the consolidated database. Table 6 compares
individual mini/micro-channel databases from 36 sources with
predictions of the present correlation as well as select previous
models and correlations that have shown relatively superior pre-
dictive capability as discussed earlier. Akers et al. [54] model
shows good prediction of some of the turbulent data such as those
of Hirofumi and Webb [20], Cavallini et al. [34], and Park and
Hrnjak [48]. The model by Dukler et al. [57] shows good prediction
of some of the data for adiabatic liquid–gas flow such as those of
Fujita et al. [19], Nino et al. [27], Adams et al. [28], and Dutkowski
[46]. Although the correlation of Müller-Steinhagen and Heck [62]
provided the best overall predictions among the previous models
and correlations, it shows poor predictions against most adiabatic
liquid–gas flow databases. Table 6 shows the new correlation
mini/micro-channel data points for: (a) laminar–laminar (vv), (b) laminarturbulen
t
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provides good predictions for all individual databases, with 19 dat-
abases predicted more accurately than any of the previous models
or correlations, and the best overall MAE of 23.3%.

Another measure of the predictive capability of the new correla-
tion is to evaluate its predictions versus three separate subsets of the
consolidated database: adiabatic liquid–gas flow, adiabatic liquid–
vapor flow, and condensing flow. Table 7 compares the predictions
of the new correlation to those of the previous models and correla-
tions for each of the three subsets. Most of the viscosity models used
in conjunction with the homogeneous equilibrium model, excepting
those of Dukler et al. [57] and Beattie and Whalley [58], show poor
predictions for the adiabatic liquid–gas flow data. The correlations
of Mishima and Hibiki [64] and Lee and Lee [66], which are based
on adiabatic air–water flow, provide poor predictions of both adia-
batic liquid–vapor and condensation data. The correlation of Sun
and Mishima [68] provides poor predictions overall, especially for
adiabatic liquid–gas flow, with a MAE value of 108.1%. Overall, rela-
tively good predictions are shown by the viscosity model of Dukler
et al. and correlation by Mishima and Hibiki for adiabatic liquid–gas
data (MAE values of 33.7% and 34.1%, respectively), and Akers et al.
[54], Beattie and Whalley [58] and Müller-Steinhagen and Heck [62]
for adiabatic liquid–vapor data (MAE values of 32.4%, 33.2%, and
26.0%, respectively), Akers et al., Beattie and Whalley [58]
Müller-Steinhagen and Heck [62], Yang and Webb [21], and Sun
and Mishima [68] for condensation data (MAE values of 27.2%,
27.6%, 23.6%, 23.6%, and 23.0%, respectively). However, these previ-
ous models and correlations fail to provide evenly good predictions
Fig. 7. Distributions of number of data points and MAE in predictions of new correlation
diameter, (c) mass velocity, (d) liquid-only Reynolds number, (e) quality, and (f) reduce
for all three data subsets. The new correlation shows the best pre-
dictions for all three subsets of adiabatic liquid–gas flow, adiabatic
liquid–vapor flow, and condensing flow, with MAE values of 25.7%,
23.7%, and 17.5%, respectively. The results for the new correlation
are also illustrated graphically in Fig. 8.

Fig. 9 shows predictions of the new correlation compared to two
subsets of the entire consolidated database: multi-channel flow
and flow in single channels. For the 1661 multi-channel data sub-
set, the MAE is 18.7%, with 82.2% and 94.9% of the data falling with-
in ±30% and ±50% error bands, respectively. The MAE for the 5454
single-channel data subset is 24.7%, with 69.0% and 93.9% of the
data falling within ±30% and ±50% error bands, respectively. The
overall MAE based on the entire 7115 point database is 23.3%, with
72.1% and 94.1% of the data falling within ±30% and ±50% error
bands, respectively.

As indicated earlier, the accelerational pressure gradient is neg-
ligible for most condensation databases included in Table 3. One
exception is situations involving high-flux condensation and appre-
ciable axial variations in flow quality between the micro-channel
inlet and outlet. This is the case with a recent database obtained
by the authors [15]. This database involved condensation of FC72
along parallel 29.9-cm long micro-channels with a hydraulic diam-
eter of 1 mm, that were machined into the top surface of a solid
copper plate, which showed significant quality change between
the micro-channel inlet and outlet, from 0.4 to 1.0. To isolate the
frictional pressure gradient from the measurements, the decelera-
tional pressure gradient is determined using Eq. (2) and Zivi’s [84]
method for entire 7115 point database relative to: (a) working fluid, (b) hydraulic
d pressure (for 4728 condensing and adiabatic liquid vapor data).
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void fraction relation, Eq. (3). Fig. 10(a) compares the experimental
frictional pressure gradient with predictions of both the new corre-
lation and two correlations that showed the best predictions among
the previous models and correlations. The new correlation shows
the best overall predictions, with a MAE of 25.4%, compared to
54.9% for Müller-Steinhagen and Heck [62], and 27.2% for Mishima
and Hibiki [64].

Fig. 10(b) compares the same FC72 data [15] with the predic-
tions of the new frictional pressure drop correlation, but with the
accelerational pressure gradient (negative for condensing flows)
determined using different void fraction models. Despite the
appreciable axial changes in quality between the channel inlet
and outlet, Fig. 10(b) shows that using the different void fraction
Table 6
Comparison of individual mini/micro-channel frictional pressure drop databases with pre

Database
author(s)

Fluid(s) Test mode Mean absolute error (%

Akers
et al. [54]

Dukler
et al. [57

Hinde et al. [17] R134a, R12 Condensation 44.6 54.3
Wambsganss

et al. [18]
Air–water Adiabatic 44.7 38.5

Fujita et al. [19] N2–water, N2–ethanol Adiabatic 182.3 27.6
Hirofumi and

Webb [20]
R134a Adiabatic 13.8 23.9

Yang and Webb
[21]

R12, R134a Adiabatic 35.3 45.4

Triplett et al. [22] Air–water Adiabatic 80.0 32.7
Bao et al. [23] Air–water Adiabatic 39.3 42.8
Coleman [24] R134a Adiabatic 22.8 36.8
Coleman [24] R134a Condensation 17.3 31.1
Wang et al. [25] R410A, R407C, R22 Adiabatic 43.0 54.2
Zhang and Webb

[26]
R134a, R22, R404A Adiabatic 18.7 32.2

Nino et al. [27] R410A, R134a adiabatic 18.8 32.4
Nino et al. [27] Air–water Adiabatic 67.9 21.4
Adams et al. [28] CO2, ammonia, R245fa Adiabatic 29.0 24.9
Monroe et al. [29] R134a Adiabatic 29.3 48.4
Pehlivan [30] Air–water Adiabatic 58.3 45.5
Jang and Hrnjak

[31]
CO2 Adiabatic 27.0 39.4

Shin [32] R134a Condensation 29.9 44.4
Tu and Hrnjak

[33]
R134a Adiabatic 78.9 23.2

Cavallini et al.
[34]

R410A, R134a, R236ea Adiabatic 23.7 31.8

Chen et al. [35] R410A Adiabatic 24.3 35.0
Mitra [36] R410A Condensation 39.5 44.0
Andresen [37] R410A Condensation 19.9 26.7
English and

Kandlikar [38]
Air–water Adiabatic 135.6 18.4

Hwang and Kim
[39]

R134a Adiabatic 40.1 32.1

Yun et al. [40] R410A Adiabatic 27.4 43.7
Field and Hrnjak

[41]
R134a, R410A,
propane, ammonia

Adiabatic 42.9 18.7

Park and Hrnjak
[42]

CO2, R410A, R22 Adiabatic 31.7 41.2

Revellin and
Thome [43]

R134a, R245fa Adiabatic 33.1 47.1

Yue et al. [44] CO2–water Adiabatic 115.0 54.6
Quan et al. [45] Water Condensation 39.1 27.3
Dutkowski [46] Air–water Adiabatic 45.5 29.5
Marak [47] Methane Condensation 28.6 37.7
Park and Hrnjak

[48]
CO2 Adiabatic 13.1 17.0

Huang et al. [49] R410A Condensation 39.6 48.6
Choi et al. [50] N2–water Adiabatic 218.3 33.4
Ducoulombier

et al. [51]
CO2 Adiabatic 24.9 37.2

Tibirica and
Ribatski [52]

R245fa Adiabatic 18.6 42.8

Total 64.4 36.2
relations of Zivi [84], Baroczy [89], and Rouhani and Axelsson
[90] provides fairly similar results, evidenced by MAE values of
25.4%, 25.3%, and 25.5%, respectively. However, the void fraction
relation derived from the homogeneous equilibrium model, Eq.
(4), slightly overpredicts the experimental data compared to the
other void fraction relations, with a MAE of 29.1%, especially for
mass velocities in the range of 248 to 367 kg/m2 s. It can therefore
be concluded that, in situations involving appreciable quality
changes, the choice of void fraction relation in determining accel-
erational pressure gradient is relatively insignificant compared to
the choice of frictional gradient correlation.

Despite the success of the present correlation method in pre-
dicting the two-phase frictional gradient for mini/micro-channels,
dictions of present correlation and select previous models and correlations.

)

]
Beattie and
Whalley [58]

Müller-Steinhagen
and Heck [62]

Mishima and
Hibiki [64]

New
correlation

47.2 35.4 62.7 31.3
39.5 48.5 57.7 27.4

52.9 34.5 67.1 33.9
18.1 21.2 55.1 25.3

36.7 19.7 50.1 14.6

24.2 36.6 37.0 21.8
21.3 27.1 25.3 19.5
28.4 14.6 41.0 15.7
21.0 18.8 19.3 14.0
47.8 26.2 27.3 25.0
23.9 11.7 80.4 16.3

24.8 21.4 22.6 14.8
22.5 73.0 44.1 22.6
25.6 44.4 46.4 29.8
41.1 16.7 23.3 24.2
51.9 52.4 28.8 30.9
31.4 10.6 95.2 24.7

36.5 16.1 24.8 23.4
46.7 29.9 21.3 18.2

30.9 33.4 52.2 32.9

28.5 9.6 76.6 21.3
37.5 26.3 148.2 23.0
16.8 14.9 103.5 11.7
11.0 35.6 59.7 8.1

38.1 51.5 25.0 31.4

35.5 12.1 18.9 11.8
26.5 47.5 17.8 15.2

36.2 25.9 58.2 31.0

36.9 27.6 49.8 29.1

25.7 25.8 33.0 25.6
26.1 115.3 16.7 20.5
32.7 32.1 34.1 32.1
30.7 17.6 37.8 16.2
13.1 29.2 23.1 33.7

40.5 21.5 56.0 18.4
40.7 40.6 24.3 22.9
29.2 15.3 25.4 14.3

34.0 14.3 22.8 15.7

33.2 30.1 41.8 23.3



(a)

(c)

(b)

Fig. 8. Comparison of predictions of new correlation with three subsets of the consolidated database corresponding to: (a) adiabatic liquid–gas flow, (b) adiabatic liquid–
vapor flow, and (c) condensing flow.

Table 7
Assessment of present correlation and previous models and correlations with two-phase frictional pressure gradient databases for adiabatic liquid–gas flow, adiabatic liquid–
vapor flow, and flow condensation (bracketed values stand for number of data used for evaluation).

Author(s) Adiabatic liquid–gas (total 2387 data) Adiabatic liquid–vapor (total 3531 data) Condensation (total 1197 data)

k(%) h (%) n (%) k (%) h (%) n (%) k (%) h (%) n (%)

McAdams et al. [53] 75.0 44.8 61.7 35.2 35.8 83.2 38.4 32.3 87.6
Akers et al. [54] 130.5 37.4 49.6 32.4 50.9 89.6 27.2 57.9 95.2
Cicchitti et al. [55] 412.1 27.9 38.7 41.1 59.0 85.8 65.0 60.0 92.1
Owens [56] 571.3 25.9 36.8 71.6 59.2 76.3 98.1 66.6 87.9
Dukler et al. [57] 33.7 48.6 77.8 38.1 29.6 73.7 35.9 31.0 86.2
Beattie and Whalley [58] 36.1 58.2 78.5 33.2 43.7 88.9 27.6 53.0 94.2
Lin et al. [59] 150.4 35.9 50.5 34.1 40.7 88.2 40.2 38.8 89.4
Lockhart and Martinelli [60] 47.1 44.2 70.9 83.6 32.1 42.7 142.9 17.0 26.1
Friedel [61] 422.9 14.7 24.5 62.2 60.3 76.0 56.7 72.3 85.6
Muller-Steinhagen and Heck

[62]
39.3 50.6 73.9 26.0 68.8 90.1 23.6 79.2 93.7

Wang et al. [63] 63.1 32.7 55.8 59.1 40.2 58.9 83.5 19.4 33.2
Mishima and Hibiki [64] 34.1 54.9 85.0 41.5 41.8 65.3 58.3 46.8 65.4
Yang and Webb [21] 40.3 [398] 37.2 [398] 59.5 [398] 34.6 [1781] 43.1 [1781] 76.4 [1781] 23.6 [789] 68.9 [789] 89.7 [789]
Yan and Lin [65] 247.9 [752] 19.8 [752] 27.7 [752] 173.3 [3056] 15.2 [3056] 26.3 [3056] 142.2 [1070] 20.9 [1070] 35.0 [1070]
Lee and Lee [66] 44.9 33.8 56.5 86.6 29.4 44.6 258.9 13.6 20.7
Chen et al. [67] 39.2 38.7 66.3 55.7 13.7 33.4 52.0 24.1 45.4
Hwang and Kim [39] 44.0 [1917] 31.4 [1917] 53.1 [1917] 37.4 [1541] 52.8 [1541] 71.3 [1541] 27.1 [333] 69.1 [333] 88.3 [333]
Sun and Mishima [68] 108.1 24.7 42.2 35.7 55.5 86.5 23.0 72.8 95.0
Li and Wu [69] 37.0 48.5 82.0 39.6 [3019] 58.6 [3019] 77.9 [3019] 40.8 [777] 49.8 [777] 69.5 [777]
Zhang et al. [70] 35.2 [2230] 52.6 [2230] 80.8 [2230] 39.7 [2252] 36.1 [2252] 67.0 [2252] 33.1 [552] 42.2 [552] 87.0 [552]
New correlation 25.7 67.5 92.3 23.7 70.8 93.7 17.5 85.0 99.2
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future work must pursue mechanistic, theoretical models that
capture the important influences of small channel size. To achieve
this goal, different models must be constructed for different flow
regimes. For the annular condensation regime, models must ad-
dress the important influence of interfacial waves. Past studies
involving adiabatic, heated and evaporating liquid films have
shown that waves can have a profound influence on mass,
momentum and heat transfer in the film [15,92–98]. Another
important issue is the dampening of turbulent fluctuations near
the vapor–liquid interface due to surface tension forces [79,99].
Understanding these phenomena will require more sophisticated
diagnostic techniques for measurement of annular film thickness
and interfacial waves [98,100]. Similar efforts must also be pur-
sued to both understand the interfacial instabilities responsible
for the transition from annular to slug flow, and better describe
the shape, size and motion of slug flow bubbles in pursuit of the-
oretical means for predicting pressure drop and heat transfer for
slug flow.
(a) (

Fig. 9. Comparison of predictions of new correlation with two subsets of the conso

Fig. 10. (a) Comparison of FC72 experimental data [3] with predictions of the new an
gradient determined using the Zivi [60] void fraction relation. (b) Effect of void fraction r
the new frictional pressure drop correlation.
6. Conclusions

A new universal approach to predicting two-phase frictional
pressure drop for adiabatic and condensing mini/micro-channel
flows is developed based on a consolidated database consisting
of 7115 data points from 36 sources. The consolidated database
is used to both assess the accuracy of prior models and correlations
and develop the new universal correlation. Key findings from the
study are as follows:

(1) Only a few prior models and correlations show relatively fair
predictions of the consolidated database. These include the
homogeneous equilibrium viscosity models of Dukler et al.
[57] and Beattie and Whalley [58] and the macro-channel
correlation by Müller-Steinhagen and Heck’s [62]. However,
the predictive capability of these models and correlations is
compromised for specific subsets of the consolidated
database.
b)

lidated database corresponding to: (a) multi-channels and (b) singlechannels.

d previous frictional pressure drop correlations, with the accelerational pressure
elation used to determine the accelerational pressure gradient on the predictions of
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(2) A new approach to predicting two-phase frictional pressure
drop for adiabatic and condensing mini/micro-channel flows
is proposed that accounts for the effects of small channel
diameter by modifying the original Lockhart–Martinelli
model with appropriate dimensionless parameters specific
to each combination of liquid and vapor states. This
approach provides excellent predictive capability against
the entire consolidated database, with an overall MAE of
23.3%, and fairly uniform accuracy over broad ranges of all
relevant parameters.
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