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A new universal approach to predicting the condensation heat transfer coefficient for mini/micro-channel
flows is proposed that is capable of tackling many fluids with drastically different thermophysical prop-
erties and very broad ranges of all geometrical and flow parameters of practical interest. This is accom-
plished by first amassing a consolidated database consisting of 4045 data points from 28 sources. The
database consists of single-channel and multi-channel data, 17 different working fluids, hydraulic diam-
eters from 0.424 to 6.22 mm, mass velocities from 53 to 1403 kg/m2 s, liquid-only Reynolds numbers
from 276 to 89,798, qualities from 0 to 1, and reduced pressures from 0.04 to 0.91. An exhaustive assess-
ment of prior correlations shows only two correlations, that are actually intended for macro-channels,
provide relatively fair predictions, while mini/micro-channel correlations generally show poor predic-
tions. Two new correlations are proposed, one for predominantly annular flows, and the second for slug
and bubbly flows. This approach shows very good predictions of the entire consolidated database, with an
overall MAE of 16.0%. It is shown this accuracy is 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.

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

The quest for more compact designs in many modern electronic,
defense and aerospace applications has lead to unprecedented in-
creases in the amount of heat dissipation per unit volume. Exam-
ples of these applications include high performance computers,
electrical vehicle power electronics, avionics, and directed energy
laser and microwave weapon systems [1,2]. Both single-phase
and two-phase cooling solution have been sought, but the single-
phase options are dwindling as heat dissipation densities are
exceeding the capabilities of the most promising single-phase
cooling solutions.

This limitation explains the recent shift to two-phase cooling
solutions. By capitalizing upon a liquid coolant’s latent heat rather
than sensible heat alone, two-phase cooling schemes can deliver
orders of magnitude enhancement in heat transfer coefficient com-
pared to their single-phase counterparts. This explains the recent
increase in the number of studies addressing two-phase solutions
using a variety of cooling schemes, such as spray [3–5], jet [6–9],
and micro-channel [2,10–13], as well as means to enhance surface
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micro-structure [14]. Nonetheless, two-phase solutions do suffer
some shortcomings, including the potential for high pressure drop,
susceptibility to flow instabilities, and high cost.

Condensers utilizing mini/micro-channels are an important part
of the arsenal of two-phase cooling solutions for applications
requiring removal of large, concentrated heat loads. Most condens-
ers are designed to operate in the annular flow regime consisting of
a thin liquid film that travels along the walls of a flow channel, dri-
ven by shear forces exerted by a central vapor core. Using a small
channel diameter serves to increase vapor velocity for a given flow
rate, which increases the vapor shear stress, resulting in a thinner
liquid film. With sufficient conversion of vapor to liquid along the
channel, the increase in liquid film thickness eventually leads to a
collapse of the annular regime. In a recent study involving conden-
sation of FC-72 along square micro-channels [15], five distinct flow
regimes were identified: smooth-annular, wavy-annular, transi-
tion, slug, and bubbly. These regimes are depicted in Fig. 1 in a plot
of mass flux versus flow quality. The smooth-annular regime con-
sists of a very thin and fairly smooth annular film that is shear dri-
ven by the central vapor core. In the wavy-annular regime, the
liquid film is thicker and marred by appreciable interfacial wavi-
ness. The transition to slug flow is characterized by intermittent
bridging of liquid ligaments from the annular film across the vapor
core.

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2012.09.032
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Nomenclature

Bo Bond number
C coefficient in Lockhart–Martinelli parameter
C1, C2 empirical coefficients
cp specific heat at constant pressure
D tube diameter
Dh hydraulic diameter
Fr Froude number
Fr⁄ modified Froude number
f Fanning friction factor
G mass velocity
g gravitational acceleration
Ga Galileo number
h heat transfer coefficient
hfg latent heat of vaporization
Ja Jakob number
J�g dimensionless superficial vapor velocity
Ka Kapitza number
MAE mean absolute error
N number of data points
N1–N5 empirical exponents
Nu Nusselt number
P pressure
Pcrit critical pressure
PR reduced pressure, PR = P/Pcrit

Pr Prandtl number
PrT turbulent Prandtl number
q00 heat flux
q00w heat flux based on micro-channel’s cooled perimeter
Re Reynolds number
Su Suratman number
Tþd dimensionless boundary layer temperature
u⁄ friction velocity
v specific volume
We Weber number
We⁄ modified Weber number
X Lockhart–Martinelli parameter
x thermodynamic equilibrium quality
Dx quality change

y+ dimensionless distance normal to the wall, yu⁄/f

z stream-wise coordinate

Greek Symbols
b channel aspect ratio (b < 1)
d thickness of condensing film
d+ dimensionless thickness of condensing film, du⁄/f

em eddy momentum diffusivity
h percentage predicted within ±30%
l dynamic viscosity
m kinematic viscosity
n percentage predicted within ±50%
q density
r surface tension
sw wall shear stress
/ two-phase multiplier

Subscripts
3 based on three-sided heat transfer in rectangular chan-

nel
4 based on four-sided heat transfer in rectangular channel
ann annular flow
cir based on uniform circumferential cooling
exp experimental (measured)
f saturated liquid
fo liquid only
g saturated vapor
go vapor only
non-ann slug and bubbly flow
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
w wall
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Fig. 1. Two-phase flow regime boundaries for condensation of FC-72 in square
micro-channels with Dh = 1 mm [15].
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Achieving very high condensation heat transfer coefficients is
by no means the sole concern in arriving at an acceptable cooling
scheme. Unfortunately, decreasing channel diameter in pursuit of
a higher heat transfer coefficient also increases the condenser’s
pressure drop, which may compromise overall thermal efficiency.
Therefore, the design of a high performance mini/micro-channel
condenser demands predictive tools for both pressure drop and
condensation heat transfer coefficient. The present study concerns
prediction of the condensation heat transfer coefficient.

Studies on two-phase condensing flow in mini/micro-channels
[16–43] have resulted in different approaches to predicting the
condensation heat transfer coefficient. The vast majority of these
studies involve the use or development of semi-empirical correla-
tions [39,41,44–53]. However, these methods have been validated
only for specific flow configurations and relatively narrow ranges
of operating conditions. Of the different condensation regimes,
annular flow has received the most attention. Because annular flow
consists of predominantly two separated phases (vapor core and
annular liquid film), it lends itself better to theoretical modeling
than dispersed flow regimes such as slug and bubbly flows. One
method that has shown great promise in modeling annular flow
is the control volume approach, where conservation relations are
applied separately to the liquid and vapor phases. This approach
proved effective in modeling other two-phase flow configurations,
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including pool boiling [54,55], and vertical separated flow boiling
along short walls [56,57] and long heated walls [58–61]. Recently,
the authors of the present study used the control volume approach
to construct a new model for annular condensation in mini/micro-
channel flows [62]. Unlike this latter study, the primary goal of the
present study is to develop a generalized predictive tool for con-
densation heat transfer coefficient for mini/micro-channel flows
applicable to other condensation regimes as well, including wavy
laminar, transition to slug, slug, and bubbly.

No study has been published that addresses the development of
a generalized correlation for condensation heat transfer coefficient
in mini/micro-channels covering a wide range of working fluids
with drastically different thermophysical properties, and broad
ranges of mass velocity, pressure (atmospheric to near-critical pres-
sures), and channel diameter (tens of micrometers to a few millime-
ters). As discussed in Ref. [2], development of this predictive tool is
the primary motivation for a new initiative at the Purdue University
Boiling 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 universal
predictive approaches for both pressure drop and heat transfer coef-
ficient. The approach used here is modeled along the methodology
adopted in a previous series of studies at PU-BTPFL concerning the
prediction of flow boiling critical heat flux (CHF) [63–66].

In the present study, published condensation heat transfer dat-
abases for mini/micro-channel flows are amassed from 28 sources
Table 1
Condensation heat transfer database for mini/micro-channel flows included in the consoli

Author(s) Channel
geometry*

Channel
material

Dh (mm)

Dobson et al. (1993a) C single, H Copper 4.57
Dobson et al. (1993b) C single, H Copper 4.57
Dobson (1994) C single, H Copper 3.14
Hirofumi and Webb

(1995)
C/R multi, H Aluminum 0.96–2.13

Zhang (1998) C single/multi, H Copper,
aluminum

2.13, 3.25, 6.20

Wang (1999) R multi, H Aluminum 1.46
Yan and Lin (1999) C multi, H copper 2.0
Baird et al. (2003) C single, H Copper 1.95
Kim et al. (2003) R multi, H Aluminum 1.41

Jang and Hrnjak (2004) C single, H Copper 6.10
Cavallini et al. (2005) R multi, H Aluminum 1.4

Mitra (2005) C single, H Copper 6.22
Shin and Kim (2005) C/R single, H Copper 0.493–1.067
Andresen (2006) C single/multi, H Aluminum,

copper
0.76, 1.52, 3.05

Bandhauer et al. (2006) C multi, H Aluminum 0.506, 0.761,
1.524

Agra and Teke (2008) C single, H Copper 4.0
Kim et al. (2009) C single, H Copper 3.48
Marak (2009) C single, VU Stainless steel 1.0
Matkovic et al. (2009) C single, H Copper 0.96

Park and Hrnjak (2009) C multi, H Aluminum 0.89
Agarwal et al. (2010) R multi, H Aluminum 0.424, 0.762
Bortolin (2010) C/R single, H Copper 0.96, 1.23
Del Col et al. (2010) C single, H Copper 0.96

Huang et al. (2010) C single, H Copper 1.6, 4.18
Oh and Son (2011) C single, H Copper 1.77

Park et al. (2011) R multi, VD Aluminum 1.45

Derby et al. (2012) R multi, H Copper 1.0
Kim and Mudawar

(2012)
R multi, H Copper 1.0

Total

* C: circular; R: rectangular; H: horizontal; VU: vertical upward; VD: vertical downwar
[16–43]. The data are compared to predictions of previous semi-
empirical correlations for both macro-channels and mini/micro-
channels. A new generalized correlation technique is proposed,
which is shown to predict data for very broad ranges of operating
conditions and various working fluids with high accuracy.

2. New consolidated mini/micro-channel database

In the present study, a new consolidated database consisting of
a total of 4045 condensation heat transfer data points for mini/mi-
cro-channels is amassed from 28 sources [16–43]. The database
includes 1964 single-channel data points from 17 sources, and
2081 multi-channel data points from 13 sources.

Table 1 provides key information on the individual databases
incorporated in 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 predictive method. For exam-
ple, only pure liquid data form the databases of Dobson et al.
[16,17], Marak [33], and Huang et al. [39] are included in Table
1; any binary mixture, or oil mixture data are excluded. Also
excluded are all enhanced tube (e.g., micro-fin tube) data from
the databases of Zhang [20], Kim et al. [24], Jang and Hrnjak [26],
and Kim et al. [32], as well as barrel, triangular, W-shaped, and
N-shaped channels from Agarwal et al. [36], and triangular and
semi-circular channels from Derby et al. [42].
dated database.

Fluid(s) G (kg/
m2s)

Test mode Data
points

R134a, R12 75–653 Clocal h Dx = 0.1–0.2 76
R22 75–509 Quasi-local h Dx = 0.24 (avg) 32
R134a, R22 53–807 Quasi-local h Dx = 0.23 (avg) 165
R134a 200–

1403
Quasi-local h Dx = 0.12 (avg) 62

R134a, R22, R404A 200–
1000

Quasi-local h Dx < 0.25 80

R134a 79–761 Local h 748
R134a 100–200 Quasi-local h small Dx 78
R123 170–570 Local h 143
R410A, R22 200–600 Quasi-local h q00 = 0.5–1.5 W/

cm2
19

CO2 197–406 Quasi-local h small Dx 85
R410A, R134a 200–

1400
Quasi-local h Dx = 0.2–0.3 59

R410A 200–800 Quasi-local h Dx = 0.21 (avg) 144
R134a 100–600 Quasi-local h small Dx 237
R410A 200–800 Quasi-local h Dx = 0.32 (avg) 315

R134a 150–750 Quasi-local h small Dx 128

R600a 57–118 Quasi-local h small Dx 50
CO2 200–800 Quasi-local h small Dx 48
Methane 162–701 Quasi-local h Dx = 0.04 (avg) 129
R134a, R32 100–

1200
Local h 161

CO2 200–800 Quasi-local h Dx < 0.3 113
R134a 150–750 Quasi-local h small Dx 43
R245fa, R134a 67–789 Local h 309
R1234yf 200–

1000
Local h 66

R410A 200–600 Quasi-local h Dx = 0.2 35
R22, R134a, R410A 450–

1050
Local h 108

R134a, R236fa,
R1234ze(E)

100–260 Local h 204

R134a 75–450 Quasi-local h Dx < 0.3 140
FC-72 118–367 Local h 268

4045

d.
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The generalized correlation sought in this study concerns
smooth surfaces, therefore, most of the data in the consolidated
database are for smooth surfaces with a relative roughness of
0.001–0.0001. For turbulent flow in particular, only data with a rel-
ative roughness of 0.001–0.0001 are included in the consolidated
database, therefore, 50 of 179 data points from Marak [33] having
relative roughness values in excess of 0.0024 are excluded. Also ex-
cluded are hydrophobic (nonwetting) surfaces (e.g., air–water flow
on Teflon or Polytetrafluoroethylene (PTFE) surfaces) with a static
contact angle larger than 90�.

Also excluded from the consolidated database are any duplicate
data in the original databases. Data points were also excluded
because of their strong departure from the majority of comparable
data, including the condensation data of Bohdal et al. [53] and
Agarwall [67]. It should be noted that the database is closely
inspected by relying on published data from original sources.

The condensation data included in Table 1 consist of local or qua-
si-local heat transfer coefficient data. The data of Wang [21], Baird et
al. [23], Matkovic et al. [34], Bortolin [37], Del Col et al. [38], Oh and
Son [40], Park et al. [41], and Kim and Mudawar [43] correspond to
local heat transfer values. The other condensation data in Table 1
correspond to quasi-local heat transfer coefficient averaged over
the flow channel. These latter data were measured mostly in short
channels or channels associated with lower heat fluxes and there-
fore small quality decrements along the channel. The average qual-
ity value between inlet and outlet of the channel is used to
determine the quasi-local heat transfer coefficient value based on
the assumption of linear quality variation along the channel. For
the quasi-local heat transfer data, the quality change between inlet
and outlet of the channel is provided in Table 1, and these values are
less than 30% for most individual databases.

Unlike prior databases that have been used to correlate the con-
densation heat transfer coefficient in mini/micro-channels, the
present consolidated database includes a broad range of reduced
pressures, from 0.04 to 0.91. Included here are databases covering
high reduced pressure values above 0.4 by Dobson et al. [16]
(PR = 0.20–0.41), Hirofumi and Webb [19] (PR = 0.24–0.47), Zhang
[20] (PR = 0.21–0.49), Wang [21] (PR = 0.42–0.48), Kim et al. [24]
(PR = 0.35–0.56), Cavallini et al. [25] (PR = 0.25–0.49), Matkovic et
al. [34] (PR = 0.25–0.43), Huang et al. [39] (PR = 0.49), Oh and Son
[40] (PR = 0.25–0.49), and Park et al. [41] (PR = 0.14–0.44). The con-
solidated database also includes data approaching critical pressure
by Mitra [27] (PR = 0.80–0.90), Andresen [29] (PR = 0.80–0.90), and
Marak [33] (PR = 0.14–0.91).

In all, the new consolidated database includes 4045 condensation
heat transfer coefficient data points with the following coverage:

Working fluid: R12, R123, R1234yf, R1234ze(E), R134a, R22,
R236fa, R245fa, R32, R404A, R410A, R600a, FC72, methane,
and CO2

Hydraulic diameter: 0.424 < Dh < 6.22 mm
Mass velocity: 53 < G < 1403 kg/m2s
Liquid-only Reynolds number: 276 < Refo = GDh/lf < 89,798
Superficial liquid Reynolds number:
0 < Ref = G(1 � x)Dh/lf < 79,202
Superficial vapor Reynolds number: 0 < Reg = GxDh/lg < 247,740
Flow quality: 0 < x < 1
Reduced pressure: 0.04 < PR < 0.91

3. Evaluation of previous correlations

As discussed in [43], experimental mini-/micro-channel
condensation data corresponding to annular flow (smooth-annu-
lar, wavy-annular, and transition to slug) satisfy the relation
We� > 7X0:2

tt , which will be discussed later in this paper. As
indicated earlier, transition to slug flow is characterized by
intermittent bridging of liquid ligaments from the annular film
across the vapor core. Figs. 2 and 3 compare 3332 of the 4045 data
points of the consolidated database corresponding to annular flow
with predictions of previous empirical correlations for both macro-
channels [44–49] and mini/micro-channels [39,41,50,51,53],
respectively. Thermophysical properties for liquid and vapor used
in these figures and all subsequent calculations are based on REF-
PROP 8.0 software from NIST [68].

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

MAE ¼ 1
N

X jhtp;pred � htp;expj
htp;exp

� 100%: ð1Þ

Table 2 provides a summary of select condensation heat transfer
correlations for annular flow. These correlations can be classified
into the following categories: two-phase multiplier-based correla-
tions [44,46,48], and boundary layer-based correlations
[39,41,45,47,49–51]. Notice that the correlations of Koyama et al.,
Huang et al., and Park et al. are based on Haraguchi et al. formula-
tion. The correlations of Wang et al., Koyama et al., and Park et al.
are based on data for multi-port mini/micro-channel test sections.

Since the correlations in Table 2 are intended for uniform cir-
cumferential cooling in circular tubes or rectangular channels with
four-sided cooling, a multiplier is adopted when applying these
correlations to condensation data in rectangular channels with
three-sided wall cooling, such as Derby et al. [42] and Kim and
Mudawar [43], Table 1. Following a technique adopted in Refs.
[43,69,70] to correct for three-sided heat transfer, the condensa-
tion heat transfer coefficient for three-sided cooling is related to
that obtained from that for uniform circumferential cooling by
the relation

htp ¼
Nu3

Nu4

� �
htp;cir; ð2Þ

where htp,cir is the local heat transfer coefficient based on uniform
circumferential cooling obtained from Table 2, and Nu3 and Nu4

are Nusselt numbers for thermally developed laminar flow with
three-sided and four-sided heat transfer [71], respectively,

Nu3 ¼ 8:235ð1� 1:833bþ 3:767b2 � 5:814b3 þ 5:361b4 � 2:0b5Þ
ð3aÞ

and

Nu4¼8:235ð1�2:042bþ3:085b2�2:477b3þ1:058b4�0:186b5Þ:
ð3bÞ

Fig. 2 shows the macro-channel correlations of Cavallini and
Zecchin [45] and Haraguchi et al. [47] highly overpredict the consol-
idated database. The correlations of Shah [46] and Dobson and
Chato [48] overpredict a large fraction of the database, especially
for high reduced pressures. Among the macro-channel correlations,
those of Akers and Rosson [44] and Moser et al. [49] show relatively
good predictions, with MAEs of 27.3%, and 27.7%, respectively.
However, Akers and Rosson’s correlation underpredicts the data in
general, while Moser et al. overpredicts the data corresponding to
high reduced pressures.

Fig. 3 shows the consolidated mini/micro-channel database
highly underpredicted by Koyama et al. [51] and Park et al. [41],
and highly overpredicted by Huang et al. [39] and Bohdal et al.
[53]. The correlation of Wang et al. [50] provides relatively good
predictions compared to the other mini/micro-channel correla-
tions, although it shows some scatter.

Figs. 2 and 3 highlight an observation made in a previous
study by the authors [43]: previous correlations intended for
macro-channels generally show better predictions of annular flow
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data that those for mini/micro-channels. This suggests that, un-
like non-annular flow regimes, there are no major differences in
condensation behavior between small and large channels in the
annular regime, which consists of a liquid film that sheathes
the channel walls, driven by the shear force exerted by the vapor
core.



Table 2
Previous annular flow condensation heat transfer correlations.

Author (s) Equation Remarks

Akers and
Rosson
(1960)

htp Dh
kf
¼ 0:026Pr1=3

f G ð1� xÞ þ x
qf
qg

� �0:5
� �

Dh
lf

	 
0:8 D = 19.05 mm R12, propane

Reg
lg

lf

� �
qf

qg

� �0:5
> 20;000;Ref > 5;000

Cavallini and
Zecchin
(1974)

htp Dh
kf
¼ 0:05Re0:8

f Pr0:33
f 1þ qf

qg

� �0:5
x

1�x

� �� �0:8 R12, R22, R113 7000 6 Refo 6 53;000

Shah (1979) htp Dh
kf
¼ 0:023Re0:8

fo Pr0:4
f ð1� xÞ0:8 þ 3:8x0:76ð1�xÞ0:04

P0:38
R

h i
D = 7–40 mm water, R11, R12, R22, R113,
methanol, ethanol, benzene, toluene,
trichloroethylene

Haraguchi
et al.
(1994)

htp Dh
kf
¼ 0:0152ð1þ 0:6Pr0:8

f Þ
/g

Xtt
Re0:77

f Xtt ¼
lf

lg

� �0:1
1�x

x

� �0:9ðtf

tg
Þ0:5/g ¼ 1þ 0:5 Gffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gqg ðqf�qg ÞDh

p
� �0:75

X0:35
tt

D = 8.4 mm R22, R123, R134a

Dobson and
Chato
(1998)

htp Dh
kf
¼ 0:023Re0:8

f Pr0:4
f 1þ 2:22

X0:89
tt

� �
D = 3.14–7.04 mm R12, R22, R134a, R32/R125

Moser et al.
(1998)

htp Dh
kf
¼

0:0994C1 Re
C2
f

Re
1þ0:875C1
eq Pr0:815

f

ð1:58lnReeq�3:28Þð2:58lnReeqþ13:7Pr2=3
f
�19:1Þ

C1 ¼ 0:126Pr�0:448
f ;C2 ¼ �0:113Pr�0:563

f ;Reeq ¼ /8=7
fo;FriedelRefo

D = 3.14–20 mm R11, R12, R125, R22, R134a,
R410A

Wang et al.
(2002)

htp Dh
kf
¼ 0:0274Prf Re0:6792

f x0:2208 /g

Xtt
/2

g ¼ 1:376þ 8X1:665
tt

Dh = 1.46 mm R134a multi-channel

Koyama et al.
(2003)

htp Dh
kf
¼ 0:0152ð1þ 0:6Pr0:8

f Þ
/g

Xtt
Re0:77

f /2
g ¼ 1þ 21½1� expð�0:319DhÞ�Xtt þ X2

tt
Dh = 0.80, 1.11 mm R134a multi-channel

Huang et al.
(2010)

htp D
kf
¼ 0:0152ð�0:33þ 0:83Pr0:8

f Þ
/g

Xtt
Re0:77

f /g ¼ /g;Haraguchi
D = 1.6, 4.18 mm R410A, R410A/oil

Bohdal et al.
(2011)

htp D
kf
¼ 25:084Re0:258

f Pr�0:495
f P�0:288

R
x

1�x

� �0:266 D = 0.31–3.30 mm R134a, R404A

Park et al.
(2011)

htp D
kf
¼ 0:0055Pr1:37

f
/g

Xtt
Re0:7

f /2
g ¼ 1þ 13:17ðqg

qf
Þ0:17 1� expð�0:6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðqf�qg ÞD

2
h

r

q
Þ

� �
Xtt þ X2

tt
Dh = 1.45 mm R134a, R236fa, R1234ze(E) multi-
channel
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4. New predictive method

4.1. Annular flow regimes (smooth annular, wavy-annular and
transition to slug)

For a shear-dominated annular condensing flow, the local con-
densation heat transfer coefficient of the liquid film can be ob-
tained from the following relation [43],

hann ¼
q00w

Tsat � Tw
¼

qf cp;f u�

Tþd
; ð4Þ
Table 3
Dimensionless groups employed in the prediction of condensation heat transfer.

Parameter Definition Inter

Nusselt number Nuk ¼ hDh
kk
; k = f or g Condu

Convec

Liquid- or vapor-only
Reynolds number

Refo ¼ GDh
lf

Rego ¼ GDh
lg

Ine
Viscou

Superficial liquid or
vapor Reynolds
number

Ref ¼ Gð1�xÞDh
lf

Reg ¼ GxDh
lg

Ine
Viscou

Prandtl number Prk ¼
lk cp;k

kk
; k = f or g Momen

Therm

Density ratio qf

qg

Liquid
Vapor

Weber number We ¼ G2 Dh
qf r Surface

Liquid- or vapor-only
Suratman number

Sufo ¼
qf rDh

l2
f
¼ Re2

fo

We

� �
Sugo ¼

qgrDh

l2
g
¼ Re2

go

We

� �
–

Froude number Fr ¼ G2

gDhq2
f

Inert
Body f

Bond number Bo ¼ gðqf�qg ÞD
2
h

r
Bouy

Surface

Galileo number Ga ¼ qf gðqf�qg ÞD
3
h

l2
f

–

Kapitza number Ka ¼ l4
f

g

qf r3
–

Jakob number Ja ¼ cp;f ðTsat�TwÞ
hfg

Sensib
Laten

Lockhart–Martinelli
parameter

Xvv ¼
lf

lg

� �0:5
1�x

x

� �0:5 qg

qf

� �0:5

Xvt ¼ ff

fg

� �0:5
1�x

x

� �1:0 qg
qf

� �0:5
Xtv ¼ ff

fg

� �0:5
1�x

x

� �1:0 qg
qf

� �0:5

Xtt ¼
lf

lg

� �0:1
1�x

x

� �0:9 qg

qf

� �0:5

Base
turbu
fg are
where the friction velocity and dimensionless boundary layer tem-
perature are defined, respectively, as

u� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
sw=qf

q
; ð5Þ

and

Tþd ¼
Z dþ

0

q00

q00w

1
Prf
þ 1

PrT

em

mf

� ��1

dyþ: ð6Þ
pretation

ction resistance
tion resistance

rtia
s force based on total flow rate

rtia
s force based on actual flow rate for each phase

tum diffusivity
al diffusivity

density
density

Inertia
tension force

ia
orce

ancy force
tension force

le heat
t heat

d on laminar liquid–laminar turbulent (vv), laminar liquid–turbulent vapor (vt),
lent liquid–laminar vapor (tv), turbulent liquid–turbulent vapor (tt), where ff and
given by Eq. (13).



Table 4
New condensation heat transfer correlation method for mini/micro-channels in both single and multi-channel configurations. The pressure drop predictions are based on Ref.
[75].

For annular flow (smooth-annular, wavy-annular, transition) where We� > 7X0:2
tt :

hann Dh
kf
¼ 0:048Re0:69

f Pr0:34
f

/g

Xtt
:

For slug and bubbly flows where We� < 7X0:2
tt :

hnon�annDh
kf

¼ ½ð0:048Re0:69
f Pr0:34

f
/g

Xtt
Þ2 þ ð3:2� 10�7Re�0:38

f Su1:39
go Þ

2�0:5:

where Xtt ¼
lf

lg

� �0:1
1�x

x

� �0:9 qg

qf

� �0:5

/2
g ¼ 1þ CX þ X2; X2 ¼ dP=dzð Þf

dP=dzð Þg
,

� dP
dz

� �
f ¼

2f f tf G2ð1�xÞ2
Dh

;

� dP
dz

� �
g ¼

2f gtg G2 x2

Dh
,

fk ¼ 16Re�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 (b < 1),

fkRek ¼ 24ð1� 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 Gð1�xÞDh
lf

;Reg ¼ GxDh
lg

;Refo ¼ GDh
lf
; Sugo ¼

qgrDh

l2
g

.

Liquid Vapor (gas) C
Turbulent Turbulent

0:39Re0:03
fo Su0:10

go
qf

qg

� �0:35
for Ref P 2000;Reg P 2000 (tt)

Turbulent Laminar
8:7� 10�4Re0:17

fo Su0:50
go

qf

qg

� �0:14
for Ref P 2000;Reg < 2000 (tv)

Laminar Turbulent
0:0015Re0:59

fo Su0:19
go

qf

qg

� �0:36
for Ref < 2000;Reg P 2000 (vt)

Laminar Laminar
3:5� 10�5Re0:44

fo Su0:50
go

qf

qg

� �0:48
for Ref < 2000;Reg < 2000 (vv)

h t
p (

pr
ed

) [
kW

/m
2 K

]

htp (exp) [kW/m2K]
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3332 annular flow data 
MAE = 15.9% (  = 87.4%,  = 97.9%)

Fig. 4. Comparison of predictions of new annular flow condensation heat transfer
correlation, Eq. (16), with 3332 data points of the 4045 point consolidated database
corresponding to annular condensation (smooth-laminar, wavy-laminar, transition
to slug) in mini/micro-channels (We� > 7X0:2

tt ).
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The wall shear stress can be expressed as a function of the single-
phase frictional pressure gradient based on gas flow using Lockhart
and Martinelli’s [72] two-phase multiplier approach,

sw ¼ �
dP
dz

� �
g

Dh

4
/2

g ¼ 0:023Re�0:2
g G2x2tg/

2
g : ð7Þ

Assuming the dimensionless temperature Tþd is a function of Ref and
Prf, which is based on the functional forms proposed by Dobson and
Chato [48] and Traviss et al. [73], yields the following general form
for local heat transfer coefficient for annular condensing flow,

hannDh

kf
¼ C1ReN1

f PrN2
f

/g

Xtt
; ð8Þ

where the two-phase pressure drop multiplier based on gas flow
and the conventional turbulent–turbulent Lockhart–Martinelli
parameter are given by

/2
g ¼ 1þ CX þ X2; ð9Þ

and

Xtt ¼
lf

lg

 !0:1
1� x

x

� �0:9 qg

qf

 !0:5

; ð10Þ

respectively. Note that Eq. (9) uses the general definition of the

Lockhart–Martinelli parameter, X ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðdP=dzÞf =ðdP=dzÞg

q
, and not

Xtt. The general expression for X is based on the frictional pressure
gradients based on actual flow rates for the individual phases,

� dP
dz

� �
f
¼

2f f tf G
2ð1� xÞ2

Dh
ð11aÞ

and � dP
dz

� �
g
¼

2f gtgG2x2

Dh
; ð11bÞ

and the Reynolds number and friction factor are determined sepa-
rately for each phase, also based on the actual flow rate of the indi-
vidual phase.
Ref ¼
Gð1� xÞDh

lf
for liquid; ð12aÞ

Reg ¼
GxDh

lg
for vapor; ð12bÞ

fkRek ¼ 16 for Rek < 2;000; ð13aÞ

fk ¼ 0:079Re�0:25
k for 2;000 6 Rek < 20;000; ð13bÞ

and

fk ¼ 0:046Re�0:2
k for Rek P 20;000; ð13cÞ
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with: (a) new correlation for slug and bubbly flow, Eq. (18), and (b) Shah [52].
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where the subscript k denotes f for liquid or g for vapor. For laminar
flow in rectangular channels, the two-phase friction factor can be
obtained from [71],

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

� 0:2537b5Þ: ð14Þ

Table 3 summarizes dimensionless groups that have been used in
the past in the prediction of the condensation heat transfer coeffi-
cient. Most of these groups are essentially different combinations
of inertia, viscous force, surface tension force and body (or buoy-
ancy) force. What distinguishes mini/micro-channels from macro-
channels is the strong influence of surface tension and viscosity,
and negligible body force effects for the former as pointed out by
Qu and Mudawar [74] and Kim and Mudawar [62]. This implies that
the Froude, Bond, and Galileo numbers in Table 3 must be excluded
from consideration when correlating mini/micro-channel conden-
sation data.

Using the original formulation of Lockhart and Martinelli [72],
Kim and Mudawar [75] proposed a new universal approach to
predicting two-phase frictional pressure drop for adiabatic and
Table 5
Comparison of individual mini/micro-channel condensation heat transfer databases with

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

Annular flow data*

Datapoints Akers and Rosson
(1960)

Moser e
(1998)

Dobson et al.
(1993a)

R134a, R12 73 28.7 17.6

Dobson et al.
(1993b)

R22 29 36.8 17.1

Dobson (1994) R134a, R22 150 40.4 12.8
Hirofumi and Webb

(1995)
R134a 61 12.9 39.1

Zhang (1998) R134a, R22,
R404A

79 31.0 10.5

Wang (1999) R134a 524 13.4 30.0
Yan and Lin (1999) R134a 60 40.3 12.1
Baird et al. (2003) R123 140 24.3 24.1
Kim et al. (2003) R410A, R22 19 13.1 28.5
Jang and Hrnjak

(2004)
CO2 78 16.1 32.9

Cavallini et al.
(2005)

R410A, R134a 56 30.3 12.7

Mitra (2005) R410A 144 24.1 56.2
Shin and Kim

(2005)
R134a 160 37.5 19.6

Andresen (2006) R410A 312 23.8 55.2
Bandhauer et al.

(2006)
R134a 116 25.9 15.1

Agra and Teke
(2008)

R600a 50 46.6 16.6

Kim et al. (2009) CO2 42 15.8 39.1
Marak (2009) Methane 124 14.9 24.2
Matkovic et al.

(2009)
R134a, R32 131 32.7 14.0

Park and Hrnjak
(2009)

CO2 78 13.1 43.5

Agarwal et al.
(2010)

R134a 38 23.9 25.2

Bortolin (2010) R245fa, R134a 241 43.1 13.6
Del Col et al. (2010) R1234yf 56 27.5 8.6
Huang et al. (2010) R410A 35 37.7 15.7
Oh and Son (2011) R22, R134a,

R410A
108 31.4 24.1

Park et al. (2011) R134a, R236fa,
R1234ze

117 20.0 30.8

Derby et al. (2012) R134a 72 24.2 28.0
Kim and Mudawar

(2012)
FC-72 239 44.7 30.4

Total 3332 27.3 27.7

* Annular flow data (smooth-annular, wavy-annular and transition to slug) correspondi
condensing mini/micro-channel flows, replacing the constant C in
the Lockhart–Martinelli parameter with a function of dimension-
less groups from Table 4 that capture the influence of small chan-
nel size. The pressure drop predictions in [75] were validated
against a consolidated database consisting of 7115 frictional pres-
sure drop data points from 36 sources. The pressure drop correla-
tions from [75] are provided in Table 4.

Kim and Mudawar [43] proposed that condensing flow in mini/
micro-channels is annular (smooth-annular, wavy-annular, and
transition to slug) for We� > 7X0:2

tt and slug for We� < 7X0:2
tt , where

the modified Weber number is defined by Soliman [76] as

We� ¼ 2:45
Re0:64

g

Su0:3
go ð1þ 1:09X0:039

tt Þ0:4
for Ref 6 1250; ð15aÞ

and

We� ¼ 0:85
Re0:79

g X0:157
tt

Su0:3
go ð1þ 1:09X0:039

tt Þ0:4
lg

lf

 !2
tg

tf

� �2
4

3
5

0:084

for Ref > 1250: ð15bÞ
predictions of present and select previous correlations.

Slug and bubbly flow data

t al. Wang et al.
(2002)

New correl.
Eq. (16)

Data
points

Shah
(2009)

New correl.
Eq. (18)

29.8 13.3 3 19.2 2.9

44.0 20.8 3 13.9 8.7

44.3 27.3 15 15.3 16.2
12.3 14.6 1 29.9 5.1

33.0 21.3 1 3.8 1.8

9.4 7.4 224 42.0 12.7
21.0 11.3 18 18.5 13.9
47.8 30.0 3 7.1 7.4
16.8 8.9 – – –
32.1 10.8 7 7.7 13.0

33.4 19.1 3 7.0 13.6

34.6 12.0 – – –
20.6 17.7 77 31.4 26.0

47.9 16.0 3 69.1 68.1
15.1 10.0 12 30.6 15.6

17.5 13.3 - - -

25.9 15.6 6 31.2 12.6
32.0 12.4 5 25.3 8.3
34.5 15.6 30 26.6 11.4

13.9 26.7 35 39.1 20.9

13.5 13.5 5 51.6 24.4

30.0 22.4 68 20.9 17.7
16.3 9.1 10 12.8 10.0
48.0 31.6 – – –
33.6 25.1 – – –

18.4 19.1 87 21.3 15.0

10.1 12.9 68 30.8 22.1
86.6 11.8 29 19.4 19.6

31.5 15.9 713 30.8 16.7

ng to We� > 7X0:2
tt .
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Based on 3332 data points from the consolidated 4045 point con-
densation heat transfer mini/micro-channel database correspond-
ing to We� > 7X0:2

tt , the following new correlation for local annular
condensing flow is obtained by fitting values for the coefficient
and two exponents of Eq. (8),

hannDh

kf
¼ 0:048Re0:69

f Pr0:34
f

/g

Xtt
: ð16Þ

Fig. 4 shows this new annular correlation predicts the 3332 annular
data points with a MAE of 15.9%, with 87.4% and 97.9% of the data
falling within ±30% and ±50% error bands, respectively. Detailed
relations needed to determine /g in Eq. (16) according to [75] are
provided in Table 4.

4.2. Slug and bubbly flow regimes

For the slug and bubbly flows, the following functional form for
local condensation heat transfer coefficient is proposed,

hnon�annDh

kf
¼ hannDh

kf

� �N3

þ ðC2ReN4
f SuN5

go

�N3

" #1=N3

; ð17Þ

which is a superposition of the Churchill and Usagi [77] type of the
new annular flow heat transfer correlation presented earlier, Eq.
(16), and a dimensionless function of the superficial liquid Reynolds
number, Ref, and vapor-only Suratman number, Sugo.

Based on the present 713 of the 4045 data points of the consol-
idated database corresponding to We� < 7X0:2

tt , regression analysis
yielded the following condensation heat transfer correlation for
the slug and bubbly flow regimes,

hnon�annDh

kf
¼ 0:048Re0:69

f Pr0:34
f

/g

Xtt

� �2

þ 3:2� 10�7Re�0:38
f Su1:39

go

� �2
" #0:5

:

ð18Þ

Fig. 5(a) and (b) compare the 713 slug and bubbly flow data points
from 23 sources with predictions of the present correlation, Eq. (18),
and Shah’s [52] popular condensation heat transfer correlation,
respectively. The Shah correlation is a modified version of his origi-
nal annular flow correlation [46], covering a broader range of
parameters and including slug and bubbly flows and high reduced
pressures. Fig. 5(a) shows the present correlation predicts the slug
and bubbly flow data with a MAE of 16.7%, with 83.9% and 97.5%
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Fig. 7. Comparison of predictions of new correlations summarized in Table 4 with tw
(b) single-channels.
of the data falling within ±30% and ±50% error bands, respectively.
The corresponding values for the Shah correlation are a MAE of
30.8%, with 56.8% and 76.4% of the data falling within ±30% and
±50% error bands, respectively, indicating far greater deviation from
the data compared to the new correlation.

Achieving low MAE values is an incomplete measure of the
effectiveness of a correlation. A more definitive measure is predic-
tive accuracy over broad ranges of individual flow parameters. As
discussed in [65,66], this notion is overlooked in most studies
involving the development of two-phase pressure drop and heat
transfer correlations.

Fig. 6 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 prediction of the new condensa-
tion heat transfer correlations, which are summarized in Table 4.
The distribution of the entire 4045 point database is examined
relative to working fluid, hydraulic diameter, Dh, mass velocity, G,
liquid-only Reynolds number, Refo, quality, x, and reduced pres-
sure, PR. Overall, the new correlation shows very good predictions
for most parameter bins, with MAE values generally smaller than
20%. This shows that the accuracy of the new correlations 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 5 compares
individual mini/micro-channel databases from 28 sources with
predictions of the present correlations as well as select previous
correlations that have shown relatively superior predictive capa-
bility as discussed earlier. For the annular flow data, the correlation
of Moser et al. [49] provides good predictions compared to the pre-
vious correlations, but shows poor predictions of high reduced
pressure data. The new annular flow correlation, Eq. (16), provides
good predictions for all individual databases, with 14 databases
predicted more accurately than by any of the previous correlations,
and the best overall MAE of 15.9%. For the slug and bubbly flow re-
gimes, the new correlation, Eq. (18), provides good predictions for
all individual databases, with MAE values less than 20%, and the
best overall MAE of 16.7%. One exception to this predictive accu-
racy is the 3 slug and bubbly flow data points of Andresen [29].
However, it should be noted that some of Andresen’s low flow rate
data show strong departure from the majority of comparable data.

Fig. 7(a) and (b) show predictions of the new correlations com-
pared to two subsets of the consolidated database: multi-channel
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flow and flow in single channels, respectively. The MAE for the
2081 multi-channel data subset is 13.7%, with 90.2% and 97.8% of
the data falling within ±30% and ±50% error bands, respectively.
The corresponding values for the 1964 single-channel data subset
are a MAE of 18.5%, and 83.1% and 97.8% of the data falling within
±30% and ±50% error bands, respectively. The overall MAE based on
the entire 4045 point database is 16.0%, with 86.8% and 97.8% of
the data falling within ±30% and ±50% error bands, respectively.

To further explore the accuracy of the new slug and bubbly flow
correlation, the effects of different flow regime boundaries are
examined. Fig. 8 compares the predictive accuracy of the new cor-
relation against slug and bubbly flow data corresponding to differ-
ent flow regime boundaries by Soliman [78], Dobson and Chato
[48], and Cavallini et al. [79], respectively. Soliman proposed that
the annular flow occurs when Fr⁄ > 7, and slug and wavy flows
when Fr⁄ < 7 based on condensation data for R12, R113, and water
along 4.8–15.9 mm horizontal tubes, where the modified Froude
number is defined by Soliman as

Fr� ¼ 0:025
Re1:59

f

Ga0:5

1þ 1:09X0:039
tt

Xtt

 !1:5

for Ref 6 1250; ð19aÞ
and

Fr� ¼ 1:26
Re1:04

f

Ga0:5

1þ 1:09X0:039
tt

Xtt

 !1:5

for Ref > 1250: ð19bÞ

Based on experimental data corresponding to Fr⁄ < 10 for condensa-
tion of binary refrigerant mixtures along 3.14–7.04 mm horizontal
tubes, Dobson and Chato [48] developed a heat transfer correlation
for slug and wavy flows. Based on previous flow regime maps,
Cavallini et al. [79] proposed that condensing flows are annular
for J�g > 2:5, and turn slug and wavy-stratified for J�g < 2:5, where
the dimensionless superficial vapor velocity is defined as

J�g ¼ Gx
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qgðqg � qgÞgDh

q.
: ð20Þ

Fig. 8 shows that there is no significant difference in predictive
accuracy of the new slug and bubbly flow correlation when using
the present boundary (We� < 7X0:2

tt ) for transition from annular to
slug flow versus the previous transition boundaries. The number
of slug and bubbly flow data based on We� < 7X0:2

tt is slightly larger
than that based on Soliman [78] and smaller than those based on
Dobson and Chato [48] and Cavallini et al. [79]. The new correlation
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provides excellent predictions of slug and bubbly flow data regard-
less of the transition boundary used.

With the success of the present correlation method in predict-
ing the condensation heat transfer coefficient for mini/micro-
channels, future efforts must pursue theoretical models that
accurately capture both the influences of small channel size and
detailed interfacial behavior of condensing flows. This will require
constructing different models for the different condensation flow
regimes. For the annular regime, models must address the influ-
ence of interfacial instabilities. Past studies involving adiabatic,
heated and evaporating liquid films have shown that interfacial
waves can have a profound influence on mass, momentum and
heat transfer in the film [80–85]. A second fundamental issue is
the dampening of turbulent fluctuations near the vapor–liquid
interface [62,86]. These modeling efforts will require more sophis-
ticated diagnostic techniques that can accurately measure annular
film thickness and characterize interfacial waves [85,87]. For slug
flow, new models are needed to better predict the shape, size
and propagation velocity of slug flow bubbles.
5. Conclusions

The primary goal of this study is to develop a universal tech-
nique to predicting the condensation heat transfer coefficient for
mini/micro-channel flows. This goal is accomplished by first
amassing a consolidated database consisting of 4045 condensation
data points for mini/micro-channels from 28 sources. The database
consists of 2081 multi-channel data points from 13 sources and
1964 single-channel data points from 17 sources, and includes
17 different working fluids. Parameter ranges include hydraulic
diameters from 0.424 to 6.22 mm, mass velocities from 53 to
1403 kg/m2s, liquid-only Reynolds numbers from 276 to 89,798,
qualities from 0 to 1, and reduced pressures from 0.04 to 0.91.
Key findings from the study are as follows:

(1) The consolidated database was compared to predictions of
previous condensation heat transfer correlations for both
macro-channel and mini/micro-channel flows. Only the
macro-channel correlations by Akers and Rosson [44] and
Moser et al. [49] show fair predictions of the consolidated
database, with MAE values of 27.3%, and 27.7%, respectively.
However, the Akers and Rosson correlation generally under-
predicts the data, while that of Moser et al. overpredicts the
high reduced pressure data. Interestingly, prior correlations
for mini/micro-channel flows generally show poor predic-
tions of the data.

(2) A universal approach to predicting the condensation heat
transfer coefficient for mini/micro-channel flows is proposed.
Two separate correlations are derived, one for predominantly
annular flows (smooth annular, wavy-annular, and transi-
tion), and the second for slug and bubbly flows. This approach
shows excellent predictive capability, with an overall MAE of
16.0% for the entire 4045 point database, and 86.8% and 97.8%
of the data falling within ±30% and ±50% error bands, respec-
tively. Moreover, the accuracy is 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.
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