
International Journal of Heat and Mass Transfer 58 (2013) 718–734
Contents lists available at SciVerse ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate / i jhmt
Universal approach to predicting two-phase frictional pressure drop for
mini/micro-channel saturated flow boiling

Sung-Min Kim, Issam Mudawar ⇑
Boiling and Two-Phase Flow Laboratory (BTPFL), Purdue University International Electronic Cooling Alliance (PUIECA), Mechanical Engineering Building, 585 Purdue Mall,
West Lafayette, IN 47907-2088, USA

a r t i c l e i n f o
Article history:
Received 22 April 2012
Received in revised form 6 November 2012
Accepted 14 November 2012
Available online 23 December 2012

Keywords:
Pressure drop
Flow boiling
Evaporation
Mini-channel
Micro-channel
0017-9310/$ - see front matter � 2012 Elsevier Ltd. A
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2012.11

⇑ Corresponding author. Tel.: +1 765 494 5705; fax
E-mail address: mudawar@ecn.purdue.edu (I. Mud
URL: https://engineering.purdue.edu/BTPFL (I. Mu
a b s t r a c t

This paper is a part of a recent series of studies by the authors to develop universal predictive tools for
pressure drop and heat transfer coefficient for mini/micro-channel flows that are capable of tackling flu-
ids with drastically different thermophysical properties and very broad ranges of all geometrical and flow
parameters of practical interest. In this study, a new technique is proposed to predict the frictional pres-
sure gradient for saturated flow boiling. To both develop and validate the new technique, a consolidated
database consisting of 2378 data points is amassed from 16 sources. The database consists of 9 working
fluids, hydraulic diameters from 0.349 to 5.35 mm, mass velocities from 33 to 2738 kg/m2s, liquid-only
Reynolds numbers from 156 to 28,010, qualities from 0 to 1, reduced pressures from 0.005 to 0.78,
and both single-channel and multi-channel data. Careful examination of many prior models and correla-
tions shows clear differences in frictional pressure gradient predictions between non-boiling (adiabatic
and condensing) versus boiling mini/micro-channel flows that are caused by differences in flow structure,
especially droplet entrainment effects. A separated flow technique previously developed by the authors
for non-boiling mini/micro-channel flows is modified to account for these differences. The new technique
shows very good predictions of the entire consolidated database, evidenced by an overall MAE of 17.2%
and even predictive accuracy for different working fluids, and over broad ranges of hydraulic diameter,
mass velocity, quality and pressure, and for both single and multiple mini/micro-channels.

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

In the early days of electronic device development, tackling heat
removal used to be an afterthought since power densities were
miniscule and the heat removal could therefore be handled by
rather simple natural or forced air convection techniques. As
power densities began to escalate appreciably during the 1980s,
device developers were confronted with a new reality where the
heat removal became an integral part of the design process. The re-
cent developments in applications such as high performance com-
puters, electrical vehicle power electronics, avionics, and directed
energy laser and microwave weapon systems, have led to unprec-
edented increases in power density, rendering obsolete all air cool-
ing and even some of the most aggressive single-phase liquid
cooling schemes. These increases necessitated a transition to
two-phase cooling schemes, which capitalize upon the coolant’s la-
tent heat content to achieve orders of magnitude enhancement in
boiling and condensation heat transfer coefficients [1]. Two-phase
cooling solutions come in a variety of configurations, including
ll rights reserved.
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pool boiling [2], spray [3–5], jet [6–9], and mini/micro-channel
[2,10–13], as well as surface enhancement techniques [14].

Of the many phase-change cooling options, two-phase mini/mi-
cro-channel heat sinks have gained the most popularity among de-
vice and system manufacturers because of a number of attributes,
including simple construction, compactness, low coolant inven-
tory, and ability to achieve very large heat transfer coefficients.
The attractive thermal performance of two-phase mini/micro-
channel heat sinks is largely the result of small coolant passage
diameter. Unfortunately, small diameter can also be the cause for
high pressure drop, which may comprise the efficiency of the en-
tire cooling system. Therefore, the design of high performance
mini/micro-channel heat sinks demands accurate predictive tools
for both pressure drop and boiling heat transfer coefficient.

Recently, the authors of the present study proposed that pres-
sure drop predictive models and correlations for mini/micro-chan-
nel flows must address fundamental differences in flow structure
between flow boiling on one hand and condensing and adiabatic
flows on the other [15]. As illustrated in Fig. 1(a), this difference
is manifest in the existence of entrained droplets in the vapor core
for boiling flows and their absence from both condensing and adi-
abatic flows. For flow boiling in micro-channels, bubbles coalesce
very quickly in the upstream region of the channel, causing rapid
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Nomenclature

Bd Bond number
Bd⁄ modified Bond number
Bo Boiling number, q00H=Ghfg
C parameter in Lockhart–Martinelli correlation
D tube diameter
Dh hydraulic diameter
Fr Froude number
f Fanning friction factor
G mass velocity
g gravitational acceleration
hfg latent heat of vaporization
Jf superficial liquid velocity, Jf = G(1 � x)/qf

Jg superficial vapor velocity, Jg = Gx/qg

L length
MAE mean absolute error
N number of data points
Nconf Confinement number
P pressure
Patm atmospheric pressure
Pcrit critical pressure
PF wetted perimeter of channel
PH heated perimeter of channel
PR reduced pressure, PR = P/Pcrit

DP pressure drop
q00H heat flux based on heated perimeter of channel
Re Reynolds number
Ref superficial liquid Reynolds number, Ref = G(1 � x)Dh/lf

Refo liquid-only Reynolds number, Refo = GDh/lf

Reg superficial vapor Reynolds number, Reg = GxDh/lg

Rego vapor-only Reynolds number, Rego = GDh/lg

Su Suratman number
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) or 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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transition to annular flow, and liquid shattered from upstream
forms small droplets that are entrained in the vapor core [16]. This
behavior is evident from video images in Fig. 1(b), which show mi-
cro-channel walls sheathed with a thin liquid film, with droplets
clearly entrained in the vapor core [17]. However, recent images
of annular condensing flow in micro-channels, which are also de-
picted in Fig. 1(b), show no evidence of droplet entrainment in
the vapor core [15]. Clearly, different predictive tools must be
developed for pressure drop in boiling flows compared to those
for condensing and adiabatic flows.

Researchers have used different approaches with various levels
of complexity to predict flow boiling pressure drop in mini/micro-
channels [18–33]. These approaches can be grouped mostly into
two general categories, those that are based on the homogeneous
equilibrium model [34–40] and those that utilize semi-empirical
correlations [41–57].

But there are also a few theoretical models for two-phase pres-
sure drop. Being the most prevalent in mini/micro-channels, annu-
lar flow has been the target of more theoretical modeling efforts
than all other flow regimes combined. These modeling efforts rely
mostly on the control volume approach, where conservation rela-
tions are applied separately to the liquid and vapor phases. This ap-
proach has shown great versatility in tackling a wide variety of
two-phase flow configurations, including pool boiling [58,59], ver-
tical separated flow boiling along short walls [60,61] and long
heated walls [62–65], in addition to annular condensation in
mini/micro-channels [66].
Only a few prior studies have explored the development of a
generalized predictive approach for flow boiling pressure drop in
mini/micro-channels that is suitable for all possible flow boiling re-
gimes [54–57]. In fact, no accurate predictive tools presently exit
that can tackle a wide range of working fluids, mass velocities,
pressures, and channel diameters. The development of this type
of predictive tool is the primary motivation for a series of studies
that have been initiated at the Purdue University Boiling and
Two-Phase Flow Laboratory (PU-BTPFL), which involve systematic
consolidation of world databases for condensation and flow boiling
in mini/micro-channels, and development of universal predictive
tools for both pressure drop and heat transfer coefficient, following
very closely a methodology that was adopted earlier at PU-BTPFL
to predict flow boiling critical heat flux (CHF) for water flow in
tubes [67–70].

Recently, the authors of the present study used this approach to
develop a universal predictive tool for pressure drop in condensing
and adiabatic mini/micro-channel flows [71], which showed high
accuracy in predicting data spanning very broad ranges of all key
flow parameters. The present study follows the same systematic
methodology to develop a universal approach to predicting pres-
sure drop for flow boiling in mini/micro-channels. To accomplish
this goal, flow boiling pressure drop databases are amassed from
16 sources into a single consolidated database. The database is
compared to predictions of previous homogeneous equilibrium
models and semi-empirical correlations for both macro-channels
and mini/micro-channels. A new universal correlation for
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Fig. 1. (a) Fundamental differences between annular condensation (also annular adiabatic flow, on a local basis) and annular flow boiling in mini/micro-channels [15]. (b)
Representative photographs (left) and schematics (right) of annular condensing [15] and annular boiling [17] flow regimes.
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two-phase frictional pressure drop is derived and its accuracy val-
idated over broad ranges of operating conditions and many work-
ing fluids.

2. Previous predictive two-phase pressure drop methods

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

DPtp ¼ DPtp;F þ DPtp;G þ DPtp;A: ð1Þ

The accelerational pressure gradient can be expressed as

� dP
dz

� �
A

¼ G2 d
dz

tgx2

a
þ tf ð1� xÞ2

ð1� aÞ

" #
; ð2Þ

where the void fraction, a, is expressed in terms of flow quality, x,
using Zivi’s correlation [72],

a ¼ 1þ 1� x
x

� � qg

qf

 !2=3
2
4

3
5
�1

; ð3Þ

or derived using the homogeneous equilibrium model,

a ¼ 1þ 1� x
x

� � qg

qf

 !" #�1

: ð4Þ

The gravitational pressure gradient is expressed as

� dp
dz

� �
G
¼ ½aqg þ ð1� aÞqf �g sin/; ð5Þ

where / is the channel’s inclination angle and �(dp/dz)G = 0 for hor-
izontal flows. Unlike macro-channel flows, where gravitational
effects can be significant, especially for low mass velocities, these
effects are far less significant for mini/micro-channel flows, which
are dominated by high velocities and large shear stresses.

The two-phase frictional pressure drop, DPtp,F, can be predicted
according to either the homogeneous equilibrium model or semi-
empirical correlations. Using the homogeneous equilibrium model,
the two-phase frictional pressure gradient can be determined from
[73]

� dP
dz

� �
F

¼
2f tp �qu2

Dh
¼

2f tptf 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

Different predictions of DPtp,F are possible, depending on which
mixture viscosity model, Table 1, is used to calculate the two-phase
Reynolds number, Retp, which is defined as GDh/ltp.

Table 2 provides a summary of two-phase frictional pressure
drop correlations that have been recommended previously for
macro-channels [41–45] and mini/micro-channels [46–57] for adi-
abatic, condensing, and boiling flows. Most of these correlations
are formulated in accordance with a Lockhart–Martinelli type
[41] separated flow model, with the two-phase frictional pressure
gradient expressed as the product of the frictional pressure gradi-
ent for each phase (based on actual flow rate for the individual
phase) and a corresponding two-phase pressure drop multiplier.



Table 1
Two-phase mixture viscosity models employed in the homogeneous equilibrium
model.

Author(s) Equation

McAdams et al. [34] 1
ltp
¼ x

lg
þ 1�x

lf

Akers et al. [35] ltp ¼
lf

ð1�xÞþx
tg
tf

� �0:5
� �

Cicchitti et al. [36] ltp = xlg + (1 � x)lf

Owens [37] ltp = lf

Dukler et al. [38] ltp ¼
xtglgþð1�xÞtf lf

xtgþð1�xÞtf

Beattie and Whalley [39] ltp = xlg + (1 �x)(1 + 2.5x)lf

x ¼ xtg

tfþxtfg

Lin et al. [40] ltp ¼
lf lg

lgþx1:4ðlf�lg Þ
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dP
dz

� �
F
¼ dP

dz

� �
f
/2

f ¼
dP
dz

� �
g
/2

g ; ð8Þ

where

� dP
dz

� �
f

¼
2f f tf G2ð1� xÞ2

Dh
ð9aÞ

and

� dP
dz

� �
g
¼

2f gtgG2x2

Dh
: ð9bÞ

The friction factor for phase k (which denotes f for liquid or g for va-
por) in Eqs. (9a) and (9b) is given by

fk ¼ 16Re�1
k for Rek < 2000; ð10aÞ

fk ¼ 0:079Re�0:25
k for 2000 6 Rek < 20;000; ð10bÞ

fk ¼ 0:046Re�0:2
k for Rek P 20;000; ð10cÞ

Rek ¼ Ref ¼
Gð1� xÞDh

lf
for liquid; ð11aÞ

and

Rek ¼ Reg ¼
GxDh

lg
for vapor: ð11bÞ

For laminar flow in rectangular channels, the two-phase friction
factor can be obtained from [74]

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

� 0:2537b5Þ: ð12Þ

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
according to

DPtp ¼
Z Ltp

0
� dP

dz

� �
F
� dP

dz

� �
G
� dP

dz

� �
A

� �
dz: ð13Þ

It should be emphasized that the correlations in Table 2 were de-
rived for specific fluids and ranges of operating conditions. Notice
that the macro-channel correlations are generally based on larger
databases than correlations developed specifically for mini/micro-
channel flows. For example, the popular macro-channel correlations
of Friedel [42] and Müller-Steinhagen and Heck [43] are derived
from two-phase frictional pressure drop databases consisting of
25,000 and 9300 data points, respectively. The correlation of Mishi-
ma and Hibiki [46], which is based on data for adiabatic air–water
flow in 1–4 mm diameter circular tubes, has shown good predic-
tions of mini/micro-channel pressure drop data for both adiabatic
flows [15] and boiling flows [22,25]. The correlations of Li and
Wu [55,57] are based on 769 adiabatic two-phase pressure drop
data points for refrigerants, ammonia, propane, and nitrogen with
hydraulic diameters from 0.148 to 3.25 mm.

Additionally, some correlations are recommended for specific
laminar or turbulent flow states. For example, the correlation of
Yang and Webb [47] is applicable only to turbulent flows
(Refo > 2500), and the correlation of Hwang and Kim [53] for
Refo < 2000. The correlation of Zhang et al. [56], which is a modified
form of Mishima and Hibiki’s [46], is not recommended for turbu-
lent liquid-turbulent vapor flow.

3. New consolidated mini/micro-channel database

In the present study, a total of 2378 two-phase pressure drop
data points for flow boiling in mini/micro-channels are amassed
from 16 sources [18–33]. The database consists of 2033 single-
channel data points from 12 sources, and 345 multi-channel data
points from 4 sources.

Table 3 provides key information on the individual databases
incorporated in the consolidated database. Notice that some of
the data are purposely excluded from individual databases. These
include enhanced (e.g., micro-fin) tube data such as those of Mon-
roe et al. [21], and oil mixture data such as those of Hu et al. [26].
The generalized correlation sought in this study concerns smooth
surfaces, therefore, most of the data in the consolidated database
are for surfaces with a relative roughness of 0.001–0.0001, except
for the data by Ducoulombier [28] and Maqbool et al. [33], which
have relative roughness values of 0.0015 and 0.0021, respectively.
Also excluded are data points displaying strong departure from the
majority of comparable data, such as those of Yan and Lin [48].

The consolidated database includes 1883 frictional pressure
drop data points from 11 sources and 495 total pressure drop data
points from 5 sources. The 1883 frictional pressure drop data were
determined by the original authors by subtracting the accelera-
tional component from the measured total pressure drop. As indi-
cated in Eq. (2), calculating the acceleration pressure drop requires
a relation for void fraction. Huo [23] used Lockhart and Martinelli’s
[41] void fraction relation,

a ¼ 1þ 0:28
1� x

x

� �0:64 qg

qf

 !0:36
lf

lg

 !0:07
2
4

3
5
�1

; ð14Þ

Hu et al. [26], Quibén et al. [27], Ducoulombier [28], Tibiriçá and
Ribatski [29] and Tibiriçá et al. [30] used Rouhani and Axelsson’s
[75] relation,

a¼ x
qg
f1þ0:12ð1�xÞg x

qg
þ1� x

qf

 !
þ

1:18ð1�xÞfgrðqf �qf Þg
0:25

Gq0:5
f

" #�1

;

ð15Þ

Maqbool et al. [33] used Woldesemayat and Ghajar’s [76] relation,

a¼
Jg

Jg 1þ Jf

Jg

� � qg
qf

� �0:12
4

3
5þ2:9 gDhrð1þcos/Þðqf�qg Þ

q2
f

� �0:25

ð1:22þ1:22sin/Þ
Patm

P

;

ð16Þ

and Tran [19], Pettersen [20], and Owhaib et al. [25] used Zivi’s [72]
void fraction relation, Eq. (3). Wu et al. [31] neglected the accelera-
tional pressure drop because of the short length of their test section.

As will be shown later in this study, using the void fraction rela-
tion derived from the homogeneous equilibrium model, Eq. (4),



Table 2
Two-phase frictional pressure gradient correlations.

Author(s) Equation Remarks

Lockhart and Martinelli [41] dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f ;/

2
f ¼ 1þ C

X þ 1
X2 ;X

2 ¼ ðdP=dzÞf
ðdP=dzÞg

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

Cvv = 5, Ctv = 10, Cvt = 12, Ctt = 20
Friedel [42] dP

dz

� 	
F ¼

dP
dz

� 	
fo/

2
fo

D > 4 mm, air–water, air-oil, R12 (25,000
data points)

/2
fo ¼ ð1� xÞ2 þ x2 tg

tf

� �
fgo

ffo

� �
þ 3:24x0:78ð1� xÞ0:224 tg

tf

� �0:91 lg

lf

� �0:19
1� lg

lf

� �0:7
Fr�0:045

tp We�0:035
tp

Frtp ¼ G2

gDhq2
H
;Wetp ¼ G2Dh

rqH
;qH ¼ 1

xtgþð1�xÞtf

Müller-Steinhagen and
Heck [43]

dP
dz

� 	
F ¼

dP
dz

� 	
fo þ 2 ðdP

dz Þgo � dP
dz

� 	
fo

h i
x

n o
ð1� xÞ1=3 þ dP

dz

� 	
gox3 D = 4–392 mm, air–water, water,

hydrocarbons, refrigerants (9300 data
points)

Jung and Radermacher [44] dP
dz

� 	
F ¼

dP
dz

� 	
fo/

2
fo;/

2
fo ¼ 12:82X�1:47

tt ð1� xÞ1:8, D = 9.1 mm, annular flow boiling, pure and
mixed refrigerants

Xtt ¼
lf

lg

� �0:1
1�x

x

� 	0:9 qg

qf

� �0:5

Wang et al. For G P 200 kg=m2s, D = 6.5 mm, adiabatic, R22, R134a, R407C
[45] dP

dz

� 	
F ¼

dP
dz

� 	
g/

2
g ;/

2
g ¼ 1þ 9:4X0:62 þ 0:564X2:45

For G < 200 kg/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

Mishima and Hibiki [46] dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f ;/

2
f ¼ 1þ C

X þ 1
X2

D = 1.05–4.08 mm, adiabatic, air–water

For rectangular channel, C = 21 [1 � exp(�0.319Dh)];Dh(mm)
For circular tube, C = 21[1 � exp(�0.333D)];D(mm)

Yang and Webb [47] dP
dz

� 	
F ¼ �0:87Re0:12

eq ffo
G2

eq tf

Dh
;Reeq ¼ Geq Dh

lf
;Geq ¼ G ð1� xÞ þ x

qf
qg

� �0:5
� �

Dh = 1.56, 2.64 mm, adiabatic, R12,
Refo > 2500

Yan and Lin [48] dP
dz

� 	
F ¼ �0:22Re�0:1

eq
G2

eqtf

Dh

D = 2.0 mm, boiling, R134a

Tran et al. [49] dP
dz

� 	
F ¼

dP
dz

� 	
fo/

2
fo;Nconf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r

gðqf�qg ÞD
2
h

q
¼

ffiffiffiffi
1

Bd

q� �
Dh = 2.40–2.92 mm, boiling, refrigerants

/2
fo ¼ 1þ 4:3 ðdP=dzÞgo

ðdP=dzÞfo
� 1

h i
½Nconf x0::875ð1� xÞ0:875 þ x1:75�

Chen et al. [50] dP
dz

� 	
F ¼

dP
dz

� 	
fo;FriedelX;Bd� ¼ gðqf � qgÞ

ðDh=2Þ2
r

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

For Bd⁄ < 2.5, X ¼ 0:0333 Re0:45
fo

Re0:09
g ð1þ0:4e�Bd� Þ

For Bd� P 2:5;X ¼ We0:2
tp

ð2:5þ0:06Bd� Þ

Lee and Lee [51] 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 rDh

Dh = 0.78–6.67 mm, adiabatic, air–water

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

fo

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

fo

Yu et al. [52]
dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f ;/

2
f ¼ 18:65 tf

tg

� �0:5
1�x

x

� 	 Re0:1
g

Re0:5
f

� ��1:9 D = 2.98 mm, boiling, water

Hwang and Kim [53] 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�0:82
conf

D = 0.244, 0.430, 0.792 mm, adiabatic,
R134a, Refo < 2000

Sun and Mishima [54] For Ref < 2000 and Reg < 2000, Dh = 0.506–12 mm, air–water, refrigerants,
CO2 (2092 data points)

dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f ;/

2
f ¼ 1þ C

X þ 1
X2,

C ¼ 26 1þ Ref

1000

� �
1� exp �0:153

0:27Nconfþ0:8

� �h i
For Ref P 2000 or Reg P 2000,

dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f ;/

2
f ¼ 1þ C

X1:19 þ 1
X2 ;C ¼ 1:79 Reg

Ref

� �0:4
1�x

x

� 	0:5

Li and Wu [55] dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f ;/

2
f ¼ 1þ C

X þ 1
X2 ;Bd ¼ g ðqf�qg ÞD

2
h

r
Dh = 0.148–3.25 mm, adiabatic,
refrigerants, ammonia, propane, nitrogen
(769 data points)

For Bd 6 1.5, C = 11.9Bd0.45

For 1:5 < Bd 6 11;C ¼ 109:4ðBdRe0:5
f Þ

�0:56

For Bd > 11, Beattie and Whalley (1982) correlation is recommended
Zhang et al. [56] dP

dz

� 	
F ¼

dP
dz

� 	
f /

2
f ;/

2
f ¼ 1þ C

X þ 1
X2 ;C ¼ 21½1� expð�0:142=Nconf Þ� 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

Li and Wu [57] For Bd < 0.1, Same data as Li and Wu [55]
dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f ;/

2
f ¼ 1þ C

X þ 1
X2 ;C ¼ 5:60Bd0:28

For Bd P 0:1 and BdRe0:5
f 6 200,

dP
dz
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F ¼

dP
dz

� 	
fo/

2
fo;/

2
fo ¼ ð1� xÞ2 þ 2:87x2P�1

R þ 1:54Bd0:19 qf�qg

qH

� �0:81

For BdRe0:5
f > 200, Beattie and Whalley (1982) correlation is recommended
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Table 3
Two-phase frictional pressure drop data for mini/micro-channel boiling flows included in the consolidated database.

Author(s) Channel geometry* Channel material Dh (mm) Fluid(s) G (kg/m2s) Data type Data points

Lezzi et al. [18] C single, H Stainless steel 1.0 Water 776–2738 DPtp 86
Tran [19] C single, H Brass 2.46 R12, R134a 33–832 DPtp,F 439
Pettersen [20] C multi, H Aluminum 0.81 CO2 190–570 DPtp,F 57
Monroe et al. [21] R multi, H Aluminum 1.66 R134a 99–402 DPtp 37
Qu and Mudawar [22] R multi, H Copper + Lexan cover 0.349 Water 135–402 DPtp 164
Huo [23] C single, VU Stainless steel 2.01, 4.26 R134a 400–500 DPtp,F 74
Lee and Mudawar [24] R multi, H Copper + Lexan cover 0.349 R134a 128–657 DPtp 87
Owhaib et al. [25] C single, VU Stainless steel 0.826, 1.224, 1.7 R134a 100–400 DPtp,F 53
Hu et al. [26] C single, H – 2.0, 4.18 R410A 200–620 DPtp,F 48
Quibén et al. [27] R single, H Copper 3.5, 3.71, 4.88, 5.35 R22, R410A 150–500 DPtp,F 264
Ducoulombier [28] C single, H Stainless steel 0.529 CO2 400–1200 DPtp,F 268
Tibiriçá and Ribatski [29] C single, H Stainless steel 2.32 R245fa 199–701 DPtp,F 142
Tibiriçá et al. [30] C single, H Stainless steel 2.32 R134a 100–600 DPtp,F 49
Wu et al. [31] C single, H Stainless steel 1.42 CO2 300–600 DPtp,F 254
Kharangate et al. [32] R single, H/VU Copper bottom + Lexan 3.33 FC72 177–1652 DPtp 121
Maqbool et al. [33] C single, VU Stainless steel 1.224, 1.70 Ammonia 100–500 DPtp,F 235
Total 2378

* C: circular, R: rectangular, H: horizontal, VU: vertical upward.

Table 4
Thermophysical properties of saturated FC-72.

Tsat

(�C)
Psat

(kPa)
qf (kg/
m3)

qg (kg/
m3)

hf (kJ/
kg)

hfg (kJ/
kg)

lf (kg/m s) r
(mN/
m)

68 146.12 1562.5 19.03 108.77 91.00 3.85 � 10�4 7.2351
72 164.89 1552.1 21.40 113.34 89.61 3.71 � 10�4 6.8436
76 185.51 1541.6 24.01 117.95 88.20 3.57 � 10�4 6.4522
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generally overpredicts experimental data compared to other void
fraction relations. Therefore, any frictional pressure drop data
points from original sources that are determined by subtracting
the accelerational pressure drop from the measured total pressure
drop using the homogeneous void fraction relation are excluded
from the consolidated database. For the total pressure drop data
points, the frictional pressure gradient in the present study is iso-
lated by subtracting the accelerational pressure gradient deter-
mined using Eq. (2) and Zivi’s [72] void fraction relation, Eq. (3).
Notice that acceleration can contribute an appreciable fraction of
total pressure drop, especially in high-flux micro-channel boiling
flows corresponding to large axial quality gradients. The effect of
using different void fraction models to determine the acceleration-
al pressure drop will be discussed later.

Unlike prior databases that have been used to correlate fric-
tional pressure drop in mini/micro-channels, the present consoli-
dated database includes a broad range of reduced pressures,
0.005 to 0.78. The high pressure data include those of Pettersen
[20], PR = 0.47–0.78, Ducoulombier [28], PR = 0.36–0.47, and Wu
et al. [31], 0.14–0.47.

Overall, the new consolidated database consists of 2378 pres-
sure drop data points with the following coverage:

- Working fluid: R12, R134a, R22, R245fa, R410A, FC-72, ammo-
nia, CO2, and water

- Hydraulic diameter: 0.349 < Dh < 5.35 mm
- Mass velocity: 33 < G < 2738 kg/m2s
- Liquid-only Reynolds number: 156 < Refo = GDh/lf < 28,010
- Superficial liquid Reynolds number: 0 < Ref = G(1 � x)Dh/

lf < 16,020
- Superficial vapor Reynolds number: 0 < Reg = GxDh/lg < 199,500
- Flow quality: 0 < x < 1
- Reduced pressure: 0.005 < PR < 0.78.

4. Evaluation of previous correlations

When comparing the consolidated database to the predictions
of previous models or correlations, the thermophysical properties
for different fluids are obtained using NIST’s REFPROP 8.0 software
[77], excepting those for FC-72, which are obtained from 3M Com-
pany. Table 4 provides representative values of the thermophysical
properties of FC-72 over the ranges of interest. Three different
parameters are used to assess the accuracy of individual models
or correlations. h and n are defined as the percentages of data
points predicted within ±30% and ±50%, respectively, and MAE
the mean absolute error, which is determined according to

MAE ¼ 1
N

X dP=dzF;pred � dP=dzF; exp

�� ��
dP=dzF;exp

� 100%: ð17Þ

Figs. 2–4 compare the 2378 frictional pressure gradient data points
for mini/micro-channel flow boiling with predictions of previous
homogeneous equilibrium models [34–40], semi-empirical correla-
tions for macro-channels [41–45], and semi-empirical correlations
for mini/micro-channels [46–57], respectively. In each figure, the
percentage MAE is indicated as k, with kvv, kvt, ktv and ktt indicating
MAE values for the laminar liquid-laminar vapor (vv), laminar li-
quid-turbulent vapor (vt), turbulent liquid-laminar vapor (tv), and
turbulent liquid-turbulent vapor (tt) regimes, respectively.

In a recent study of the authors [71] concerning the develop-
ment of a universal correlation for pressure drop in condensing
and adiabatic mini/micro-channel flows, using the the homoge-
neous equilibrium model in conjunction with the viscosity models
of McAdams et al. [34], Akers et al. [35], Cicchitti et al. [36], Owens
[37], and Lin et al. [40] highly overpredicted data in the laminar-
laminar (vv) regime, while most of the models showed fair predic-
tions for the other flow regimes (vt, tv, tt), excepting those of Cic-
chitti et al. [36] and Owens [37], which highly overpredicted
some of the data in the laminar-turbulent (vt) regime. For the pres-
ent flow boiling pressure drop data, similar trends are observed for
the laminar-laminar (vv) regime. As shown in Fig. 2, the viscosity
models of McAdams et al., Akers et al., Cicchitti et al., Owens,
and Lin et al. highly overpredict the flow boiling pressure drop data
in the laminar-laminar (vv) regime. However, all of the models
[34–40] (especially those of McAdams et al. [34], Dukler et al.
[38], Beattie and Whalley [39], and Lin et al. [40]) underpredict
the data in the other flow regimes (vt, tv, tt). The difference in pre-
dictive accuracy between condensing and adiabatic mini/micro-
channel flows [71] on one hand and mini/micro-channel
boiling flows, Fig. 2, on the other highlight the aforementioned



(a) (b)

(d) (e)

(f) (g)

(c)

Fig. 2. Comparison of 2378 experimental data points with predictions of homogeneous equilibrium model using viscosity models of: (a) McAdams et al. [34], (b) Akers et al.
[35], (c) Cicchitti et al. [36], (d) Owens [37], (e) Dukler et al. [38], (f) Beattie and Whalley [39], and (g) Lin et al. [40].
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fundamental differences in flow structure, especially in regards to
droplet entrainment. Droplet entrainment effects appear to be
more significant at high mass velocities and turbulent flows than
laminar flow, which is evidenced by the flow boiling data being
underpredicted by the models in the vt, tv, and tt regimes, while
the condensing and adiabatic data are predicted with fair accuracy
for the same regimes.

Fig. 3 shows the frictional pressure gradient correlations recom-
mended for macro-channels provide poor predictions for most of
the consolidated database. The correlation of Lockhart and Marti-
nelli [41] overpredicts the data in general, especially for the tt re-
gime, while those of Friedel [42], Müller-Steinhagen and Heck [43],
Jung and Radermacher [44], and Wang et al. [45] highly overpre-
dict the data in the vv regime. Excluding the vv regime, the corre-
lations of Friedel, and Müller-Steinhagen and Heck provide fair
predictions, married by some scatter and underprediction by the
latter. It is interesting to note that most data with diameters below
1 mm are overpredicted by Jung and Radermacher and Wang et al.,
which are intended for macro-channels.
As shown in Fig. 4, frictional pressure gradient correlations in-
tended for mini/micro-channels show large scatter against most
of the consolidated database. Notice that for the correlations of
Yang and Webb [47], Hwang and Kim [53], and Zhang et al. [56],
only the pressure gradient data corresponding to their validity
range are considered. The correlations of Yan and Lin [48], Tran
et al. [49], Chen et al. [50], Lee and Lee [51], and Yu et al. [52] show
significant scatter; with significant overprediction of most of the
data by Yan and Lin and Tran et al., and significant underprediction
by Chen et al. and Yu et al. Most of the consolidated database is
underpredicted by Hwang and Kim [53], Sun and Mishima [54],
and Li and Wu [55,57], while micro-channel data with diameters
smaller than 1 mm are predicted by Li and Wu with fair accuracy.

Among all previous models and correlations in Figs. 2–4, the
correlation of Mishima and Hibiki [46] provides the best predic-
tions, evidenced by a MAE of 27.6%, although this correlation
underpredicts the data corresponding to dP/dzF > 10 kPa/m, and
overpredicts the data corresponding to dP/dzF < 10 kPa/m. Interest-
ingly, the correlation by Zhang et al., which is a modified form of



(a)

(d) (e)

(b) (c)

Fig. 3. Comparison of 2378 experimental data points with predictions of semi-empirical correlations recommended for macro-channels: (a) Lockhart and Martinelli [41], (b)
Friedel [42], (c) Müller-Steinhagen and Heck [43], (d) Jung and Radermacher [44], and (e) Wang et al. [45].
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the Mishima and Hibiki’s correlation, underpredicts most of the
consolidated database by a large margin.
5. New predictive two-phase pressure drop method

Using the original formulation of Lockhart and Martinelli [41],
Kim and Mudawar [71] proposed a universal approach to predict-
ing two-phase frictional pressure gradient for condensing and adi-
abatic mini/micro-channel flows, replacing the constant C in the
Lockhart–Martinelli parameter with a function of dimensionless
groups from Table 5 that capture the influence of small channel
size. The pressure drop predictions in [71] were validated against
a consolidated database consisting of 7115 frictional pressure drop
data points from 36 sources. Fig. 5 shows the pressure drop corre-
lation from [71] provides excellent predictions for all three sepa-
rate subsets of the consolidated database: adiabatic liquid–gas
flow, adiabatic liquid–vapor flow, and condensing flow, evidenced
by MAE values of 25.7%, 23.7%, and 17.5%, respectively. The pres-
sure gradient correlations for adiabatic liquid–gas, adiabatic li-
quid–vapor, and condensing flows (denoted as non-boiling flows
hereafter) from [71] are provided in Table 5, where function C in
the Lockhart–Martinelli correlation is denoted as Cnon-boiling.

As discussed earlier, the previous models and correlations show
a consistently different trend in predicting non-boiling mini/mi-
cro-channel data [71] versus the present consolidate database for
mini/micro-channel flow boiling. Moderate or sometimes signifi-
cant underprediction of the present consolidated flow boiling data-
base is observed compared to the non-boiling data. Most notably,
the homogeneous equilibrium viscosity models by Dukler et al.
[38] and Beattie and Whalley [39], and the correlation by Müller-
Steinhagen and Heck [43] underpredict the present flow boiling
database, despite their good predictions of the non-boiling data.
Deviations in the prediction of flow boiling versus non-boiling data
when using the same model or correlation is intensified with
increasing heat flux. To compensate for this deviation, the C
function in the Lockhart–Martinelli parameter is modified by the
Weber and Boiling numbers, which are defined, respectively, as

Wefo ¼
G2Dh

qf r
; ð18Þ

and

Bo ¼ q00H
Ghfg

; ð19Þ

where q00H is the effective heat flux averaged over the heated perim-
eter of the channel. The ratio of the flow channel’s heated to wetted
perimeters, PH/PF, is also considered to cope with three-sided wall
heating [22,24] as well as one-sided wall heating [32]. Using the en-
tire consolidated database for flow boiling, the following correla-
tions for the C function are derived based on their ability to yield
the least MAE values for two different ranges of Ref, turbulent and
laminar,

C ¼ Cnon-boiling 1þ 60We0:32
fo Bo

PH

PF

� �0:78
" #

for Ref P 2000; ð20aÞ

and

C ¼ Cnon-boiling 1þ 530We0:52
fo Bo

PH

PF

� �1:09
" #

for Ref < 2000;

ð20bÞ

respectively.
Fig. 6 shows the new two-phase frictional pressure gradient

correlation for flow boiling, which is summarized in Table 5, pre-
dicts the entire 2378 consolidated mini/micro-channel flow boiling
database quite accurately, with MAE values of 13.7%, 18.1%, 22.6%,



(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 4. Comparison of 2378 experimental data points with predictions of semi-empirical correlations recommended for mini/micro-channels: (a) Mishima and Hibiki [46], (b)
Yang and Webb [47], (c) Yan and Lin [48], (d) Tran et al. [49], (e) Chen et al. [50], (f) Lee and Lee [51], (g) Yu et al. [52], (h) Hwang and Kim [53], (i) Sun and Mishima [54], (j) Li
and Wu [55], (k) Zhang et al. [56], and (l) Li and Wu [57]. Data marked (⁄) correspond to Refo > 2500 for Yang and Webb, Refo < 2000 for Hwang and Kim, and exclude turbulent
liquid-turbulent vapor (tt) for Zhang et al..
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and 16.4% for the laminar-laminar (vv), laminar-turbulent (vt), tur-
bulent-laminar (tv), turbulent-turbulent (tt) flow regimes,
respectively.
Achieving low overall MAE values is by no means the only
definitive means for ascertaining the effectiveness of the new
predictive approach. It is also crucial that the correlation is evenly



Table 5
New boiling pressure drop correlation for flow boiling in mini/micro-channels in both single- and multi-channel configurations.
The non-boiling pressure drop correlations for adiabatic and condensing flows are based on Ref. [71].
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successful at predicting data over relatively broad ranges of all rel-
evant parameters [69–71].

Fig. 7 shows, for each parameter, both a lower bar chart distri-
bution of number of data points, and corresponding upper bar
chart distribution of MAE in the predictions of the new correlation.
The distributions of the entire 2378-point database are examined
relative to working fluid, hydraulic diameter, Dh, mass velocity, G,
liquid-only Reynolds number, Refo, quality, x, and reduced pressure,
PR. Overall, the new correlation shows very good predictions for
most parameter bins, evidenced by MAE values mostly below 20%.

Another equally crucial measure of the predictive accuracy of
the correlation is the ability to provide evenly good predictions
for individual databases comprising the consolidated database. Ta-
ble 6 compares individual databases from 16 sources with predic-
tions of the present correlation as well as select previous
correlations that have shown relatively superior predictive capa-
bility as discussed earlier. Unlike the non-boiling data discussed
in [71], all the viscosity models used in conjunction with the
homogeneous equilibrium model show poor predictions of the
present flow boiling data. Of the previous predictive tools, only
the correlation of Mishima and Hibiki [46] shows fair accuracy in
predicting the consolidated data, although it underpredicts diame-
ters below 1 mm. Table 6 shows the new correlation provides
excellent predictions for all individual databases, with 9 databases
predicted more accurately than any of the previous models or cor-
relations, and the best overall MAE of 17.2%. The accuracy and lim-
itations of previous correlations are assessed by comparing
predictions over the entire range of hydraulic diameters as shown
in Fig. 8. Notice how the correlations intended for macro-channels
(Friedel [42], Müller-Steinhagen and Heck [43], Wang et al. [45])
provide poor predictions for most diameters below 1 mm. The cor-
relation of Li and Wu [57], which is based on Dh = 0.148–3.25 mm,
provides acceptable predictions only diameters below 2 mm. In
contrast, the new correlation shows good predictions over the en-
tire range of diameters.

Fig. 9(a) and (b) show predictions of the new correlation tech-
nique compared to two subsets of the consolidated database: mul-
ti-channel flow and flow in single channels, respectively. The MAE
for the 345 multi-channel data subset is 18.1%, with 89.6% and
97.4% of the data falling within ±30% and ±50% error bands,
respectively. The corresponding values for the 2033 single-channel
data subset are MAE of 17.1%, and 85.3% and 97.3% of the data fall-
ing within ±30% and ±50% error bands, respectively. The overall
MAE based on the entire 2378 point database is 17.2%, with
85.9% and 97.4% of the data falling within ±30% and ±50% error
bands, respectively.

One concern in using any two-phase pressure drop model or
correlation is the determination of thermophysical properties.
While many predictive methods require accounting for property
variations along the flow channel, end users often prefer to use
constant properties to simplify calculations. These two different
approaches to predicting the frictional pressure gradient are com-
pared using the new correlation technique. Fig. 10(a) and (b) com-
pare 495 total pressure drop data points to predictions of the new
correlation technique, with the thermophysical properties based
on the average saturation temperature between the channel’s inlet
and outlet, and with the saturation temperature varying along the
channel, respectively. To isolate the frictional pressure gradient
from the experimental data, the accelerational pressure gradient
is determined using Eq. (2) and Zivi’s [72] void fraction relation,
Eq. (3). Despite appreciable pressure changes between the channel
inlet and outlet for high-flux data, Fig. 10(a) and (b) show the two
different property calculation methods yield very close results. The
predictive differences between the two methods are quite small:
1.08%, 0.21%, 0.38%, 0.09%, and 0.45% for the data of Lezzi et al.
[18], Monroe et al. [21], Qu and Mudawar [22], Lee and Mudawar
[24], and Kharangate et al. [32], respectively. Therefore, all calcula-
tions presented in this study are based on mean thermophysical
properties unless indicated otherwise.

Table 7 compares the 495 total pressure drop data points
[18,21,22,24,32] with the predictions of the new frictional pressure
drop correlations, but with the accelerational pressure gradient
determined using different void fraction models. Despite the
appreciable axial changes in quality between the channel inlet
and outlet, Table 7 shows that using the different void fraction
relations of Lockhart and Martinelli [41], Zivi [72], Baroczy [78],
Rouhani and Axelsson [75], and Woldesemayat and Ghajar [76]
provides fairly similar results, evidenced by MAE values of 15.5%,
15.7%, 15.8%, 15.1%, and 16.3%, respectively. However, the void
fraction relation derived from the homogeneous equilibrium



(a) (b)

(c)

Fig. 5. Comparison of predictions of Kim and Mudawar’s [71] correlation with three subsets of the consolidated database [71] corresponding to: (a) adiabatic liquid–gas flow,
(b) adiabatic liquid–vapor flow, and (c) condensing flow.
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model, Eq. (4), overpredicts the experimental data with a MAE of
49.6%, which is appreciably higher than those of the other void
fraction relations. It can therefore be concluded that, in situations
involving appreciable axial quality changes, the choice of void frac-
tion relation in determining the accelerational pressure gradient
(excluding the homogeneous equilibrium model) is relatively
insignificant compared to the choice of frictional gradient
correlation.

Despite the success of the present correlation technique in pre-
dicting the two-phase frictional gradient for mini/micro-channels,
it is crucial that future studies pursue theoretical models that accu-
rately capture interfacial interactions in small diameter channels.
Because of drastic differences in interfacial behavior among differ-
ent flow regimes, different models must be customized to tackle
the specifics of the flow regime in question. For example, models
for the annular regime must address the important influences of
interfacial waves. As indicated in [71], past studies at PU-BTPFL
involving adiabatic, heated and evaporating liquid films have
shown that waves can have a profound influence on mass, momen-
tum and heat transfer in the film [15,79–85]. Another important
concern is accurate modeling of the dampening of turbulence near
the vapor–liquid interface due to surface tension forces [66,86].
The advancement of modeling efforts can also benefit greatly from
the use of sophisticated diagnostic techniques for measurement of
annular film thickness and interfacial waves [85,87], albeit for
small channel diameters. Models must also be developed that cap-
ture the transitions from bubbly to slug flow, and from slug to
annular flow. Such models will play a major role in the develop-
ment of new predictive techniques for both pressure drop and heat
transfer coefficient for the individual flow regimes.
6. Conclusions

This study resulted in the development of a universal technique
to predicting the two-phase frictional pressure gradient for



(a) (b)

(c) (d)

Fig. 6. Comparison of predictions of new frictional pressure drop correlation with 2378 mini/micro-channel flow boiling data points for: (a) laminar-laminar (vv), (b)
laminar-turbulent (vt), (c) turbulent-laminar (tv), and (d) turbulent-turbulent (tt) flow regimes.
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saturated flow boiling in mini/micro-channels based on a new con-
solidated database consisting of 2378 data points from 16 sources.
Key findings from the study are as follows:

(1) Poor predictions of the consolidated database are achieved
with all viscosity models used in conjunction with the
homogeneous equilibrium model. Among all the previous
predictive tools, only the Mishima and Hibiki correlation
[46] shows fair predictions (MAE = 27.6%).

(2) Previous models and correlations for the frictional pressure
gradient show different trends for non-boiling versus boiling
mini/micro-channel flows because of fundamental differ-
ences in flow structure, especially in regards to droplet
entrainment. Therefore, different predictive tools must be
developed for boiling flows compared to those for non-boil-
ing flows.

(3) A new universal correlation for frictional pressure gradient
for flow boiling in mini/micro-channels is constructed by
modifying the authors’ previous correlation [71] for non-
boiling mini/micro-channel flows with dimensionless mul-
tipliers that account for the differences in flow structure
between the two flow types. The new correlation shows
excellent predictive capability, with an overall MAE of
17.2% for the entire database, and 85.9% and 97.4% of
the data falling within ±30% and ±50% error bands, respec-
tively. The predictive accuracy of this correlation is also
fairly even for different working fluids, and over broad
ranges of hydraulic diameter, mass velocity, quality and
pressure, and for both single and multiple mini/micro-
channels.

(4) The new predictive correlation technique can be used with
thermophysical properties based on the average saturation
temperature between the channel’s inlet and outlet, or on
saturation temperature that varies along the channel. The
two property calculation methods yield very close predic-
tions, therefore calculations can be performed using the sim-
pler average temperature method without compromising
predictive accuracy.



Table 6
Comparison of individual mini/micro-channel frictional pressure drop databases with predictions of present correlation and select previous correlations.

Author(s) Fluid(s) Dh (mm) Mean absolute error (%)

Friedel [42] Müller-Steinhagen
and Heck [43]

Wang et al. [45] Mishima and
Hibiki [46]

Li and
Wu [57]

New
correlation

Lezzi et al. [18] Water 1.00 12.0 13.3 40.3 18.8 14.2 15.6
Tran [19] R12, R134a 2.46 33.2 32.6 39.1 32.0 44.6 20.0
Pettersen [20] CO2 0.81 28.0 37.7 55.7 29.4 29.8 29.7
Monroe et al. [21] R134a 1.66 20.3 19.4 33.2 24.3 33.5 24.2
Qu and Mudawar [22] Water 0.349 360.0 88.1 68.9 18.4 21.6 13.6
Huo [23] R134a 2.01, 4.26 51.4 61.0 42.6 31.0 67.9 20.2
Lee and Mudawar [24] R134a 0.349 31.1 26.8 19.2 42.9 37.8 16.2
Owhaib et al. [25] R134a 0.826, 1.224, 1.70 32.3 26.6 39.5 19.0 43.8 18.1
Hu et al. [26] R410A 2.00, 4.18 16.0 18.8 30.3 16.5 46.3 15.2
Quibén et al. [27] R22, R410A 3.5, 3.71, 4.88, 5.35 18.5 21.8 18.8 25.8 43.4 20.2
Ducoulombier [28] CO2 0.529 14.1 13.3 72.6 27.7 24.4 13.4
Tibiriçá and Ribatski [29] R245fa 2.32 16.6 13.6 11.9 20.3 30.0 7.9
Tibiriçá et al. [30] R134a 2.32 24.7 34.9 13.9 19.8 48.3 12.3
Wu et al. [31] CO2 1.42 20.2 30.6 17.2 29.5 18.9 19.0
Kharangate et al. [32] FC72 3.33 36.7 42.5 43.0 30.5 47.2 15.5
Maqbool et al. [33] Ammonia 1.224, 1.700 23.0 27.3 16.6 30.9 24.6 17.1
Total 47.6 31.2 35.7 27.6 34.1 17.2

(a) (b) (c)

(d) (e) (f)

Fig. 7. Distributions of number of data points and MAE in predictions of new correlation method for entire 2378 point database relative to: (a) working fluid, (b) hydraulic
diameter, (c) mass velocity, (d) liquid-only Reynolds number, (e) quality, and (f) reduced pressure.
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Fig. 9. Comparison of predictions of new correlation with two subsets of the new consolidated database corresponding to: (a) multi-channels and (b) single-channels.
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Table 7
Influence of void fraction relation used to determine the accelerational pressure gradient on the predictions of the new frictional pressure drop correlation.

Author(s) Fluid(s) Dh (mm) Mean absolute error (%)

Homogeneous Lockhart and
Martinelli [41]

Zivi [71] Baroczy [78] Rouhani and
Axelsson [74]

Woldesemayat and
Ghajar [75]

Lezzi et al. [18] Water 1.00 17.6 15.3 15.6 15.4 15.5 13.8
Monroe et al. [21] R134a 1.66 22.8 24.4 24.2 24.4 24.4 24.7
Qu and Mudawar [22] Water 0.349 116.8 12.1 13.6 13.2 11.7 11.6
Lee and Mudawar [24] R134a 0.349 11.3 17.2 16.2 16.9 17.0 19.4
Kharangate et al. [32] FC72 3.33 17.0 16.5 15.5 16.2 15.2 19.5
Total 49.6 15.5 15.7 15.8 15.1 16.3

(a) (b)

Fig. 10. Comparison of 495 total pressure drop data points with predictions of the new correlation, with the thermophysical properties based on (a) average saturation
temperature between the channel’s inlet and outlet, and (b) local saturation temperature.
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