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Recent reviews of flow boiling heat transfer in small tubes and channels have highlighted the need for
predictive correlations that are applicable over a wide range of parameters and across different studies.
A composite correlation is developed in the present work which includes nucleate boiling and convective
heat transfer terms while accounting for the effect of bubble confinement in small channels. The corre-
lation is developed from a database of 3899 data points from 14 studies in the literature covering 12 dif-
ferent wetting and non-wetting fluids, hydraulic diameters ranging from 0.16 to 2.92 mm, and
confinement numbers from 0.3 to 4.0. The mass fluxes included in the database range from 20 to
3000 kg m�2 s�1, the heat fluxes from 0.4 to 115 W cm�2, the vapor qualities from 0 to 1, and the satu-
ration temperatures from �194 to 97 �C. While some of the data sets show opposing trends with respect
to some parameters, a mean absolute error of less than 30% is achieved with the proposed correlation.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Heat transfer in minichannels and microchannels has received
significant attention over the last few years, especially for applica-
tion to electronics cooling [1–6]. While single-phase flow in small
channels can easily be described with equations developed for con-
ventional-sized tubes, microchannel flow boiling is significantly af-
fected by the confinement of bubbles [7–10]. Existing heat transfer
correlations are unable to accurately predict the flow boiling heat
transfer coefficient in small channels over a wide range of operat-
ing parameters [1,4,11] as the heat transfer mechanisms are not
fully understood. A recent review of the literature [1] showed that
a pool boiling correlation [12] outperforms dedicated flow boiling
correlations when applied to a large database of results from differ-
ent research groups for channels of hydraulic diameters smaller
than 2 mm. However, even the best predictions showed a mean
absolute error (MAE) of 40% against the large experimental data-
base, and predicted less than half of the measured data to within
a deviation of ±30%. It was also noted in [1] that most of the exist-
ing minichannel and microchannel heat transfer correlations were
developed based on small data sets [13–20]. As a result, these cor-
relations usually performed well in the parameter range over
which they were fit, but did not extrapolate well beyond their of-
ten narrow operating range [1]. One of the only correlations that
was based on a larger set of minichannel and microchannel heat
transfer measurements from several independent sources was
due to Thome et al. [21,22]. While this correlation is fairly success-
ll rights reserved.
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lla).
ful over a broad parameter range, its main drawback lies in its
assumption of a single heat transfer regime, which conflicts with
the observation of multiple flow regimes by several researchers
[5,23–25] as well as the trends of several heat transfer measure-
ments [14,16,19].

In recent years, a large number of well-characterized experi-
ments with small channels have been published [13,14,16,23–36].
These studies cover a wide range of operating parameters, fluids
and physical dimensions, and present a good database against which
to validate existing correlations and to support the formulation of
new correlations.

The aim of the present work is to develop an improved semi-
empirical correlation based on the formulation proposed by Chen
[37]. The Chen correlation is based on a physical superposition ap-
proach and is valid for vapor qualities below 0.7. The original equa-
tion and most later modifications [38–41] were designed for
conventional tubes, but nonetheless extrapolate favorably to small
channels. Due to its sound physical basis and its independence
from specific flow patterns, this approach has been chosen as the
basis for the new correlation presented here, and it has been mod-
ified to account for the effects of small channel size.

2. The experimental database

Table 1 lists data sets on minichannel and microchannel heat
transfer measurements from the literature which have been com-
piled into the database used to develop the composite correlation
in the present work. The database consists of 3899 data points
from 14 studies in the literature covering 12 different wetting
and non-wetting fluids including cryogens and refrigerants.
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Nomenclature

a, b empirical constants in flow boiling equation

Co confinement number Co ¼ r
g�ðql�qv Þ�D

2
h

� �1=2

D diameter, m
F enhancement factor
g gravitational acceleration, m s�2

G mass flux, kg m�2 s�1

h heat transfer coefficient, W m�2 K�1

H channel height, m
k thermal conductivity, W m�1 K�1

L length in flow direction, m
M molecular mass of the fluid, kg kmol�1

MAE mean absolute error, %
n number of data points
N number of microchannels
P pressure, Pa
Pr reduced pressure
Pr Prandtl number
q00 heat flux, W m�2

Re Reynolds number
RP surface roughness parameter (according to DIN 4762),

lm
S suppression factor
T temperature, �C

W channel width, m
x vapor quality

Greek symbols
l viscosity, kg s�1 m�1

q density, kg m�3

r surface tension, N m�1

H percentage of predictions which agree with measure-
ments to within ±30%

U ratio of calculated to measured heat transfer coefficient

Subscripts
calc calculated
conv convective
FB flow boiling
h hydraulic
l liquid
min minimum
meas measured
NB nucleate boiling
r reduced
sat saturation
tp two-phase
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Hydraulic diameters covered in this database range from 0.16 mm
to 2.92 mm with corresponding confinement numbers of 0.3 to 4.0,
covering minichannels and microchannels. Data on conventional-
sized tubes with lower bubble confinement are not included. The
database covers mass fluxes from 20 to 3000 kg m�2 s�1, heat
fluxes from 0.4 to 115 W cm�2, and saturation temperatures
from �194 to 97 �C. The results extend over the complete two-
phase range with vapor qualities from 0 to 1. Round tubes and
rectangular channels are included, in arrangements of single
tubes and multiple parallel channels. While the channels in most
of the studies are oriented in a horizontal direction, three of the
studies include data for vertical tubes. Some of the studies in-
cluded also reported the occurrence of flow instabilities in some
of the experiments, while others did not observe any instability
in the flow.
3. Development of the proposed correlation

Following the basic form of the Chen correlation [37], we start
by representing the flow boiling heat transfer coefficient as an
addition of weighted nucleate boiling and convective heat transfer
terms

hFB ¼ hNB � Sþ hconv;tp � F ð1Þ

where S is a suppression factor applied to the nucleate boiling term
to account for dryout as the vapor quality increases, while the con-
vective heat transfer term is multiplied by factor F to account for the
enhanced convection due to higher flow velocities at increased va-
por qualities.

We first choose appropriate equations for the nucleate boiling
and the convective heat transfer terms. The Cooper correlation
[12] developed for pool boiling is an appropriate choice for hNB

since it has been shown to provide good predictions of experimen-
tal heat transfer coefficients in microchannels [1]. This correlation
is given by

hNB ¼ 55 � P0:12�0:2�log10Rp
r � ð�log10PrÞ�0:55 �M�0:5 � ðq00Þ0:67

: ð2Þ
in which it is recommended that the surface roughness measure RP

(according to DIN 4762) should be set equal to 1 in cases where the
surface roughness is unknown. The convective heat transfer coeffi-
cient is calculated as the average of the convective heat transfer
coefficients for pure liquid and pure vapor, with a linear depen-
dence on the vapor quality, x:

hconv;tp ¼ hconv;l � ð1� xÞ þ hconv;v � x: ð3Þ

The Hausen correlation for developing laminar flow [42] is used for
convective heat transfer in the liquid and vapor due to the low Rey-
nolds numbers usually encountered in microchannels and their rel-
atively short length in the flow direction. This correlation, for liquid
flow, is given by

hconv;l ¼ 3:66þ
0:0668 � Dh

L � Re � Pr

1þ 0:04 � Dh
L � Re � Pr
h i2=3

0
B@

1
CA � kl

Dh
: ð4Þ

with the vapor-only expression differing only in that properties of
saturated vapor are used instead. The Reynolds numbers for satu-
rated liquid and saturated vapor are, respectively, defined using
the total mass flux as

Rel ¼
G � Dh

ll
and Rev ¼

G � Dh

lv
: ð5Þ

Once the nucleate boiling and convective heat transfer coeffi-
cients are calculated, the suppression factor S and the enhance-
ment factor F need to be determined. The heat-flux dependence
and mass-flux dependence are, respectively, addressed in the
nucleate boiling and the convective heat transfer correlations.
The effect of vapor quality, on the other hand, is not represented.
Also, the role of channel size and the resulting confinement of bub-
bles are not accounted for. Both the vapor quality and the confine-
ment of bubbles have been shown to play an important role in
determining the heat transfer coefficient in several studies [1,2,4].

Past formulations of the Chen correlation [37–40] corrected the
nucleate boiling term with a suppression factor S (61) to account
for the suppression of nucleate boiling with an increase in vapor



Table 1
Database of studies from which heat transfer coefficients are used in the correlation development.

Reference Fluid, substrate, orientation, and geometry Parameter range G [kg m�2 s�1], q00

[W cm�2], P [kPa], T [�C]
Number of data
points

Agostini et al. [28] R-134a in aluminum rectangular (N = 11, 18) vertical, Dh = 0.77, 2.01 mm,
Wmin = 0.72, 1.47 mm, Co = 0.5–1.1

G = 83–467 From paper
207 pointsq00 = 0.44–1.5

Psat = 405–517
x = 0.0–1.0

Agostini et al. [35,36] R236fa and R245fa rectangular (N = 67) horizontal, Dh = 0.34 mm, Wmin = 0.22 mm,
Co = 2.9

G = 281–1501 From paper
1392 pointsq00 = 0.7–42

x = 0.02–0.78
Psat = 141–273
Tsat = 25–43

Bao et al. [26] R11, R123 in copper circular (N = 1) horizontal, D = 1.95, Co = 0.4–0.5 G = 50–1800 From paper
166 pointsq00 = 0.5–20

P = 200–500
x = 0.0–0.9

Bertsch et al. [23,34] R134a, R245fa in copper rectangular (N = 17, 33) horizontal, Dh = 0.54, 1.09 mm,
Wmin = 0.38, 0.76 mm, Co = 0.7–1.9

G = 20–350 Original data set
332 pointsq00 = 5–22

Tsat = 8–30
x = 0–0.95

Chen and Garimella
[33]

FC-77 in copper and silicon rectangular (N = 10, 24) horizontal, Dh = 0.84, 0.39 mm,
Wmin = 0.38, 0.54 mm, Co = 0.8–1.6

G = 63.5–440 Original data set
115 pointsq00 = 2–80

Tsat = 97
x = 0.01–0.99

Harirchian and
Garimella [24]

FC-77 in silicon rectangular (N = 2–60) horizontal, Dh = 0.16–0.57 mm,
Wmin = 0.1–0.4 mm, Co = 0.8–4.0

G = 250–1600 Original data set
327 pointsq00 = 0–30

Tsat = 90–93
x = 0–1

Lee and Lee [14] R113 in stainless steel rectangular (N = 1) horizontal, Dh = 0.78–3.63 mm,
Wmin = 0.4–2.0 mm, Co = 0.3–1.3

G = 50–200 From paper
553 pointsq00 = 0.0–1.5

x = 0.15–0.75
Psat = 100

Lin et al. [27] Water and R-141b circular (N = 1) vertical, D = 1 mm, Co = 1.1 G = 300–2000 From paper
133 pointsq00 = 1–115

Tsat = 39–56
x = 0–1

Qi et al. [31] Nitrogen in stainless circular (N = 1) vertical, D = 0.53–1.93 mm, Co = 0.5–1.6 G = 440–3000 From paper
181 pointsq00 = 5–21

Tsat = �194
x = 0–0.9

Saitoh et al. [29] R-134a circular (N = 1) horizontal, D = 0.51, 1.12, 3.1 mm, Co = 0.3–1.8 G = 150–450 From paper
164 pointsq00 = 0.5–3.9

Tsat = 5–15
x = 0.0–1.0

Tran et al. [30] R12 in brass circular (N = 1) horizontal, D = 2.46 mm, Co = 0.3 G = 89–300 From paper
62 pointsq00 = 0.7–5.9

x = 0.2–0.8
Psat = 825

Wambsganss et al.
[32]

R113 in copper circular (N = 1) horizontal, D = 2.92 mm, Co = 0.3 G = 50–300 From paper
92 pointsq00 = 0.9–9.1

x = 0–0.9

Yan and Lin [13] R-134a in copper circular, (N = 28) horizontal, D = 2.0 mm, Co = 0.4–0.5 G = 50–200 From paper
133 pointsq00 = 0.5–2.0

Tsat = 5–31
x = 0.05–0.85

Yun et al. [16] R410A in aluminum rectangular (N = 7, 8) horizontal, Dh = 1.36, 1.44 mm,
Wmin = 1.2 mm, Co = 0.6

G = 200–400 From paper
101 pointsq00 = 1–2

Tsat = 0, 5, 10
x = 0.0–0.85

Total 12 fluids, Dh = 0.16–2.92 mm, Wmin = 0.1–2.92 mm, Co = 0.3–4.0 G = 20–3000 14 data sets
3899 pointsq00 = 0.4–115

Tsat = �194–97
x = 0–1
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quality which inhibits bubble growth and leads to dryout at high
vapor qualities. Suppression of the bubbles appears to be largely
independent of channel diameter [1,25,30]. The formulation
chosen for the present work assumes a linear decrease of the
nucleate boiling heat transfer coefficient with increasing vapor
quality
S ¼ f ðxÞ ¼ 1� x; ð6Þ

which is the simplest functional form that still recovers physically
correct values at the extremes of vapor quality: in the saturated li-
quid case (x = 0) pool boiling is not suppressed and in the case of
saturated vapor (x = 1) nucleate boiling is absent.



Fig. 1. Variation with vapor quality of the contributions to the total heat transfer
coefficient (hFB) from nucleate boiling (hNB) and convective heat transfer (hconv,tp);
top: q00 = 10 W cm�2, bottom: q00 = 3 W cm�2 (note the difference in y-axis scale in
the two plots).
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Unlike the suppression factor, the enhancement factor F is influ-
enced by the confinement of bubbles in small channels, which is
the primary reason for the observed differences in the heat transfer
for conventional tubes, minichannels and microchannels. In con-
ventional tubes the heat transfer coefficient at high vapor qualities
is usually enhanced in the annular flow regime [37,40,41,43]. For
small channels, on the other hand, the enhancement of the heat
transfer coefficient with increasing vapor quality is shown to be
far smaller [1,9,23,24,32]. The enhancement factor must reduce
to 1 for pure liquid and pure vapor, and be greater than 1 within
the two-phase regime. Therefore the following structure is
adopted:

F ¼ 1þ f ðCo; xÞ ¼ 1þ a � e�b�Co � ðx2 � x6Þ: ð7Þ

A higher confinement number leads to a smaller enhancement fac-
tor and the effect of the thermodynamic vapor quality is captured
using a polynomial dependence.

Substituting Eqs. (6) and (7) into Eq. (1) we arrive at the final
equation

hFB ¼ hNB � ð1� xÞ þ hconv;tp � ½1þ a � ðx2 � x6Þ � e�b�Co� ð8Þ

where a and b are fitting parameters to be determined from the
database of experimental results. Under saturated liquid conditions
(x = 0) the liquid convection and pool boiling are simply added, with
no enhancement or suppression. At saturated vapor conditions
(x = 1), pool boiling is absent and the heat transfer coefficient is
determined directly by the vapor-only convective heat transfer.
Greater confinement leads to a smaller enhancement of the convec-
tive heat transfer compared to unconfined flow.

Using the database discussed in Section 2, the constants a and b
were determined to be 80 and 0.6, respectively, leading to the fol-
lowing proposed correlation

hFB ¼ hNB � ð1� xÞ þ hconv;tp � ½1þ 80 � ðx2 � x6Þ � e�0:6�Co� ð9Þ

with the nucleate boiling and convective heat transfer coefficients
given by Eqs. (2) and (3)–(5).

Fig. 1 illustrates the contribution of the different constituent
terms to the variation in overall heat transfer coefficient with va-
por quality. The contributions of the nucleate boiling and convec-
tive heat transfer terms to the total heat transfer coefficient
calculated from Eq. (9) as a function of thermodynamic vapor qual-
ity are shown. The representative calculations are conducted for
refrigerant R-134a at a saturation temperature of 30 �C in a rectan-
gular channel with a length of 0.2 m and a channel height-to-width
aspect ratio of 1. The confinement number was set to values of 0.3,
1.0, and 3.0 which lie within the range encountered for minichan-
nels and microchannels, and lead to hydraulic diameters of 2.7, 0.8,
and 0.27 mm, respectively. The mass flux in these calculations was
set to 300 kg m�2 s�1, while the heat flux was chosen as 10 W cm�2

in the top graph and to 3 W cm�2 in the bottom graph in Fig. 1.
With the heat flux set at 10 W cm�2, the nucleate boiling term

decreases linearly with increasing vapor quality, but clearly domi-
nates the convective contribution to heat transfer. The convective
heat transfer term becomes significant only at high vapor qualities.
The overall heat transfer coefficient decreases steadily but is al-
most constant over the vapor quality range of 0.2–0.6. Similar
behavior was found in the experimental data [16,26,30,32]. The ef-
fect of convection is relatively small and leads to a more pro-
nounced decrease in the overall heat transfer coefficient for the
larger confinement numbers (smaller channels).

With a lower heat flux of 3 W cm�2, the contributions from
nucleate boiling and convective heat transfer are more compara-
ble. In this case the heat transfer coefficient increases slightly at
intermediate vapor qualities before dropping sharply towards the
onset of dryout at high vapor qualities. This behavior again is con-
sistent with the observations in conventional channels, where the
heat transfer increases as the vapor quality increases due to the
transition to annular flow, and then drops at the onset of dryout.
The convective part of the heat transfer coefficient at a vapor qual-
ity of 0 is the largest for the highest confinement. This is due to the
increase in convective heat transfer with decreasing hydraulic
diameter for a given mass flux.

It is interesting to note that, averaged over the complete data-
base assembled for this work, nucleate boiling accounts for 57%
of the heat transfer while convection accounts for 43%. As the va-
por quality decreases, nucleate boiling becomes increasingly sig-
nificant compared to convective heat transfer.
4. Comparison against the experimental database and other
correlations

As a first assessment of the proposed correlation, representative
data from four different studies are compared with predictions
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from the correlation in Fig. 2. Fig. 2(a) shows data from Bertsch
et al. [34] for measurements on R-134a in parallel rectangular
channels with an aspect ratio of 2.5 and a hydraulic diameter of
0.54 mm, resulting in a confinement number of 1.7. At low vapor
qualities the measured data show an increase in heat transfer coef-
ficient with increasing vapor qualities. At intermediate vapor qual-
ities the transfer coefficient stays nearly level before it drops off at
vapor qualities above 0.6. The correlation follows the trend quite
well, but slightly underestimates the heat transfer coefficient val-
ues, by approximately 15% on average.

Fig. 2(b) considers data from Lee and Lee [14] for flow boil-
ing measurements of R-113 in a single stainless steel channel
with a hydraulic diameter of 1.9 mm (Co = 0.52). The trend of
measured heat transfer coefficient versus vapor quality in this
case is the opposite of that in Bertsch et al. [34], showing a
strong increase in the heat transfer coefficient with increase
in vapor quality. At medium and low vapor qualities, the corre-
lation predicts both the trend and magnitudes (�10% difference)
Fig. 2. Comparison between trends in the measurements and those from the proposed c
and (d) Qi et al. [31].
of heat transfer coefficient well; at high vapor qualities, the
predictions drop off somewhat in comparison to the measure-
ments. Most of the heat transfer in this case is determined by
convection due to the low confinement number and low heat
fluxes.

Measurements from Lin et al. [27] with R-141b in a single, ver-
tical tube of diameter 1 mm (Co = 1.06) are compared to the pre-
dictions in Fig. 2(c). At the lowest heat flux, the measured heat
transfer coefficient first drops slightly and then increases towards
medium vapor qualities. The correlation captures this trend in
the case of high heat flux. Overall, it overestimates the magnitudes
by approximately 20%. Finally, Fig. 2(d) shows data from Qi et al.
[31] for measurements on nitrogen in a single vertical stainless
steel tube. The measurements were carried out in tubes of diame-
ter 0.8–1.9 mm resulting in confinement numbers between 1.5 and
0.5. Although the trend of the heat transfer correlation shows a
steady decrease in all cases, the absolute values are captured with
a deviation of less than 20%.
orrelation for data from (a) Bertsch et al. [34], (b) Lee and Lee [14], (c) Lin et al. [27],



Table 2
Flow boiling heat transfer correlations considered in this work and their ranges of applicability.

Reference Fluid, channel geometry Parameter range G [kg m�2 s�1], q00 [W cm�2], P [kPa]

Bennett and Chen [38] Water, methanol, pentane, heptane, benzene,. . . P = 55–3500
Bennett et al. [39] q00 = 0.6–240

x = 0.01–0.71

Gungor and Winterton [46] Water, R11, R12, R113,. . ., Dh = 2.95–32.0 mm G = 67–61518
q00 = 0.11–228
x = 0.0–1.0

Kandlikar and Balasubramanian [45] Water, R113, R123, R141b,. . ., Dh = 0.19–2.92 mm G = 50–570
q00 = 0.5–9.1
x = 0.00–0.98

Lazarek and Black [47] R113, Dh = 3.1 mm G = 125–750
q00 = 1.4–38
x = 0.0–0.6

Liu and Garimella [18] Water, Dh = 0.38, 0.59 mm G = 221–283
q00 = 0–129
x = 0–0.2

Liu and Winterton [44] Water and refrigerants, Dh = 2.95–32.0 mm G = 12.4–8157
q00 = 0.35–262
x = 0.0–0.95

Saitoh et al. [19] R134a, Dh = 0.5–11.0 mm

Thome et al. [21,22] R11, R12, R113, R123, R134a, R141b, CO2,
R245fa, R236fa, Dh = 0.7–3.1 mm

G = 50–502
q00 = 0.5–17.8

Agostini et al. [36] x = 0.01–0.99

Cooper (pool boiling) [12] Water, refrigerants, organic fluids, cryogens q00 = 0.01–60

Gorenflo (pool boiling) [48] Several refrigerants, water and cryogenics q00 = 0–30

Table 3
Mean absolute error (MAE), and the percentage of predictions (H) which fall within ±30% of the measurements from each data set.a

Database Correlation

Bennett
and
Chen [38]

Gungor and
Winterton
[46]

Kandlikar and
Balasub-ramanian
[45]

Lazarek
and
Black [47]

Liu and
Garimella
[18]

Liu and
Winterton
[44]

Saitoh
et al.
[19]

Thome
et al.
[21,22]

Cooper
[12]

Gorenflo
[48]

Proposed
new
correlation

Agostini et al. [28] MAE = 81 48 47 60 60 59 58 51 61 59 50
H = 16 43 27 11 9 10 12 22 10 11 18

Agostini et al. [35,36] 48 98 43 33 52 34 26 37 44 26 29
48 11 23 59 41 47 72 28 13 70 48

Bao et al. [26] 37 33 40 8 78 31 13 12 23 14 33
30 45 40 100 4 38 99 93 93 98 39

Bertsch et al. [24,34] 63 158 93 61 60 34 57 84 27 70 15
52 4 23 34 13 65 36 30 72 24 92

Chen and Garimella
[33]

65 443 111 61 69 30 143 48 28 116 44
3 1 31 7 13 36 0 30 41 1 23

Harirchian and
Garimella [24]

190 475 105 151 132 77 214 45 8 157 18
2 0 29 0 24 30 0 38 98 0 81

Lee and Lee [14] 41 25 39 61 31 34 31 67 61 56 19
34 66 39 3 52 45 53 2 4 12 77

Lin et al. [27] 305 263 16 74 80 128 135 20 38 39 47
2 0 95 7 28 5 4 83 43 41 24

Qi et al. [31] 74 151 90 189 71 37 54 55 38 26 29
35 6 22 2 1 50 45 14 50 61 63

Saitoh et al. [29] 158 107 55 47 55 37 43 45 53 50 34
24 29 50 53 30 53 74 36 13 29 51

Tran et al. [30] 25 22 63 27 52 29 9 7 20 11 22
65 68 5 60 32 56 100 100 97 100 69

Wambsganss et al. [32] 50 73 46 14 36 27 25 16 16 24 20
39 13 21 88 42 74 62 92 91 65 82

Yan and Lin [13] 52 44 54 33 40 31 24 41 33 31 27
40 47 5 42 37 50 76 59 44 59 60

Yun et al. [16] 49 38 76 64 78 68 59 46 70 68 64
8 26 0 0 0 0 0 16 0 0 0

Total MAE = 88 149 66 74 65 46 71 51 39 65 28
H = 27 29 31 24 25 41 41 35 46 29 61

a The two numbers for each correlation represent MAE the mean absolute error and H the percentage of predictions which fall within ±30% of the measurements. Numbers
in bold indicate MAE below 20%, or more than 60% of the data predicted within ±30% of the measurement.
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Fig. 3. Ratio of calculated to measured heat transfer coefficient U as a function of thermodynamic quality using correlations proposed by Bennett and Chen [38], Liu and
Winterton [44], Thome et al. [21,22], Kandlikar and Balasubramanian [45], Cooper [12], and the proposed correlation.
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From these comparisons, it is apparent that the proposed correla-
tion is relatively successful at capturing the major trends in heat
transfer coefficient with respect to vapor quality, mass flux, heat flux
and bubble confinement from diverse experimental studies.
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To provide a global quantitative measure of the performance of
the new correlation, two characteristic parameters were evalu-
ated: the mean absolute error defined as

MAE ¼ 1
n

X
n

khcalc � hmeask
hmeas

ð10Þ

and H, defined as the percentage of predicted data points that
agree with the corresponding measured values to within 30%.
Using these two measures, the proposed correlation was evalu-
ated against the experimental database and also compared to
several other correlations from literature. Many more correlations
were compared in an extensive literature review by Bertsch et al.
[1] and only the most applicable and the most commonly used
correlations are considered here. Table 2 lists all 10 correlations
along with their appropriate ranges of application. Of these, eight
are flow boiling heat transfer correlations while the other two are
pool boiling equations that were shown to outperform most of
the flow boiling correlations [1]. For data sets where the channel
wall roughness was known, the given roughness value was used
in all the correlations; otherwise a wall roughness of 1 lm was
assumed as recommended by Cooper [12].

Table 3 lists the MAE and H for all 10 correlations with respect
to each data set. The total over all the data sets is included in the
last row. Out of all the correlations considered from the literature,
Cooper [12] results in the lowest MAE of 39% and the highest H of
46%. Other correlations that perform well are those of Liu and Win-
terton [44] and Thome et al. [21,22]. All other correlations show an
MAE of more than 65%. In comparison, the proposed correlation
from the present work shows a 28% MAE and predicts more than
60% of the data with an uncertainty of less than 30%. Predictions
from the proposed correlation represent all but one of the data sets
with MAEs below 50%. The only exception is the data set from Yun
et al. [16], which is also predicted very poorly by all other
equations.

The proposed correlation provides good predictions for hori-
zontal and vertical channels, single and parallel arrangements
and also for a wide range of heat fluxes and mass fluxes. The ef-
fects of channel diameter and confinement are accounted for as
well.

As a final comparison to the literature, the ratio

U ¼ hcalc

hmeas
ð11Þ

was calculated for all the measurements in the experimental
database with the correlations listed in Table 2, as well as the
proposed correlation. Fig. 3 shows semi-logarithmic plots of this
ratio for representative correlations chosen for being the most
commonly used or for their best agreement with the database.
The Bennett and Chen [38] correlation, which was developed
for conventional channels and is valid for x < 0.7, works best for
moderate vapor qualities but tends to overestimate the heat
transfer coefficient in small channels. The Kandlikar and Bala-
subramanian [45] correlation, which was proposed for minichan-
nels and microchannels, shows a far wider spread over the whole
vapor quality range. The Liu and Winterton [44] correlation im-
proves upon the Chen correlation in that it shows a fairly small
deviation similar to the Thome et al. [21,22] correlation. Clearly
the best agreement out of all the correlations in the literature
is achieved by the Cooper [12] correlation, which was developed
only for pool boiling. The proposed correlation further improves
on the low deviation of Cooper and shows very good agreement
up to vapor qualities of 0.8. At higher vapor qualities, the trends
of several measurements show clearly opposing trends which
lead to a slightly larger deviation between some measurements
and the correlation.
5. Conclusions

A composite heat transfer correlation is proposed for minichan-
nels and microchannels and validated against a database contain-
ing 3899 data points from 14 studies in the literature. The new
semi-empirical correlation is based on a superposition of nucleate
boiling and convection contributions, and shows very good agree-
ment with the magnitudes and trends of variation of the heat
transfer coefficient from most data sets with a mean absolute error
of 28%. It also predicts over 60% of the measurements with an
uncertainty of less than ±30%, and more than three-quarters of
the measurements to within ±40%. The proposed correlation is
applicable to saturated flow boiling in channels with confinement
numbers between 0.3 and 4.0. The correlation covers vertical and
horizontal flow, single and multiple parallel channel arrangements,
as well as wetting and non-wetting fluids. The effects of heat flux,
mass flux, vapor quality and bubble confinement are considered,
and the correlation is consistent with physical limits at the ex-
treme values of all its parameters.
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