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Abstract: It is desirable to know whether correlations for condensation in round tubes can be used for
non-circular channels. To investigate this matter, a number of well-known correlations for mini and
macro channels as well as some for flattened channels were compared to a database for condensation
in non-circular channels. Data included square, rectangular, triangular, semi-circular, drum, N, and W
shaped channels as well as flattened tubes. The data included 15 fluids, hydraulic diameter 0.067 to
1.46 mm, aspect ratio 0.14 to 7, reduced pressure 0.045 to 0.77, and mass flux from 48 to 1000 kgm−2s−1.
None of the correlations worked well for flattened tubes. Data for all other shapes were best predicted
by the Shah correlation with mean absolute deviation of 20.1% with 1120 data points from 22 sources.
None of the other correlations was found satisfactory over the entire range.
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1. Introduction

Mini channels are being widely used in heat exchangers including condensers because they offer
several advantages including compact size, high heat transfer coefficients, and lower cost. They also
reduce the amount of refrigerant in refrigeration systems and thus minimize environmental impact in
case of leakage. Many channels of various shapes are in use or being tried. These include circular,
square, rectangular, triangular, and oval. To ensure proper design, it is important to be able to predict
heat transfer during condensation in channels of all shapes. Several correlations have been published
which are stated to be applicable to circular as well as non-circular channels. These correlations use an
equivalent diameter for application of non-circular channels; no other modification is made. Notable
examples of such correlations are Kim and Mudawar [1], Dorao and Fernandino [2], and Shah [3]. On the
other hand, several theoretical and experimental studies indicate that heat transfer in non-circular
channels is higher than that in circular channels of the same equivalent diameter.

Wang and Rose [4–6] performed theoretical analyses considering gravity, viscous, and surface
tension forces. Liquid film was assumed to be laminar. Channel shapes considered included triangle,
rectangle, and square besides circular. It was found that surface tension causes liquid to collect in
the corners, resulting in thinning of liquid film on the sides thus increasing heat transfer coefficients.
Wen et al. [7] performed numerical investigation of condensation in three round tube and channels of
aspect ratio 2 to 6 produced by flattening these tubes. Mass flux varied from 600 to 1000 kgm−2s−1.
They found that liquid film is thick at the curved sides and thin at the flat sides. Average film thickness
was smaller in flattened tubes compared to the round tubes and heat transfer increased with increasing
aspect ratio. Zhang et al. [8] performed a similar study on flattened tubes made from a 3.78 mm
diameter tube with similar results.

Wilson et al. [9] measured heat transfer during condensation of R-134a and R-410A in a horizontal
tube of 8.9 mm and channels obtained by flattening it. They concluded that flattened tubes have higher
heat transfer than round tubes. Kim et al. [10] condensed R-134a in a 5.1 mm diameter round tube as
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well as in flattened tubes made from it. Heat transfer coefficients in flattened tubes were found to be
higher than given by round tube correlations and they therefore gave a new correlation. Darzi et al. [11]
measured heat transfer coefficients during condensation of R-600a in an 8.7 mm diameter tube and
channels obtained by flattening it. They found heat transfer coefficient to increase with increasing
aspect ratio. Kaewon et al. [12] condensed R-134a in a round tube 3.51 mm diameter and flattened
tubes made from it. They concluded that heat transfer in flattened tubes increases with increasing
aspect ratio and is higher than that from round tube correlations. Solanki and Kumar [13] condensed
R-134a in a round tube of diameter 8.91 mm and two channels made by flattening this tube. They also
concluded that heat transfer in flattened tubes is higher than that predicted by round tube correlations.
They gave a new correlation for flattened tubes. Del Col et al. [14] condensed R-134a in a square channel
of 1.23 mm hydraulic diameter. They compared their data with the data of Matkovic et al. [15] for a
0.96 mm diameter round tube. They concluded that heat transfer at the lowest mass flux was higher in
the square channel. They attributed this to surface tension thinning the liquid film by drawing liquid
into corners. At higher flow rates, they found no difference between the round and square channels.
In contrast, the CFD studies mentioned above found increase in heat transfer at high flow rates.

The theoretical and experimental studies mentioned in the foregoing suggest that correlations for
round tubes are not applicable to non-circular channels. On the other hand, the correlations of Shah [3],
Dorao and Fernandino [2] and Kim and Mudawar [1] were shown to agree with data for both circular
and non-circular channels from numerous sources. Due to this apparent contradiction, it was felt that
there was a need to further investigate this matter and the research reported here was undertaken.
Data for non-circular channels were collected from many sources and compared to several general
correlations as well as correlations developed specifically for non-circular channels. The results of this
comparison are reported and discussed in this paper and recommendations are made for design.

In this paper, channels with hydraulic diameter ≤3 mm are considered mini channels according to
the classification of Kandlikar [16]. Other classifications have been reviewed by Shah [17].

2. Prediction Methods

2.1. Theoretical

Many theoretical studies have been done in which the governing equations were solved numerically
to determine heat transfer coefficient. Several of these were discussed in Section 1. Da Riva et al. [18]
did a numerical simulation of condensation in a 1 mm diameter tube and compared its predictions
with experimental data. Their finding was that the assumption of laminar liquid film gives good
agreement with measurements only at low flow rates; turbulence has to be taken into consideration at
higher flow rates. Mechanistic analysis of Rohsenow et al. [19] showed that in the presence of vapor
shear, liquid film can become turbulent at very low Reynolds numbers. In the analysis by Kim and
Mudawar [20] for condensation in a rectangular channel, liquid film became turbulent at Reynolds
number of 25. This indicates that the theory of Wang and [4–6] which assumed laminar liquid film has
very limited applicability.

Kharangate and Mudawar [21] reviewed the work on numerical modelling by various methods.
They concluded that while much progress has been achieved, accurate and efficient methodology
remains to be developed. None of the published studies have been shown to agree with varied data
from many sources. Hence such methods are as yet not suitable for use in practical design.

2.2. Correlations

Numerous correlations have been published for heat transfer during condensation in channels.
Most of them have been verified with very limited data, usually the authors’ own. Such correlations
fail when compared to a wider data range. However, a few general correlations have been published
which were verified over a very wide range of data. Notable among those for conventional channels
are Dobson and Chato [22], Thome et al. [23], Cavallini et al. [24], and Shah [25,26]. The first three
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mentioned are applicable only to horizontal tubes and use the Nusselt formula for condensation
outside horizontal tubes for calculating heat transfer at low flow rates where heat transfer becomes heat
flux dependent. Heat transfer on the upper part of tube is calculated with the Nusselt equation while
heat transfer of liquid flowing at the bottom is calculated with a forced convection equation. These
correlations require that heat flux be known for comparing them with test data. The Shah correlation
uses the Nusselt formula for condensation in vertical tubes in the heat flux dependent regime and does
it in a way that heat flux is not needed for comparison with test data. The Shah correlation is applicable
to horizontal as well as vertical down flow while the other three are applicable only to horizontal flow.

Many correlations have been proposed specifically for minichannels. These have been reviewed
by Awad et al. [27] and Del Col et al. [28]. Recent correlations for mini channels include those by
Jige et al. [29], Rahman et al. [30], and Keinath and Garimella [31]. Among the numerous correlations
specifically for minichannels, only that of Kim and Mudawar [1] has been validated with wide ranging
data from many sources. It showed good agreement with a wide ranging database that included many
fluids, horizontal and vertical up and down flow, and hydraulic diameters from 0.424 to 6.22 mm.
The data included round and rectangular single channels and multiport channels.

Two correlations have been published which have been validated with wide ranging databases
that included both round and non-circular channels of mini and macro sizes. These are the correlations
of Dorao and Fernandino [2] and Shah [3]. The latter is given in the following.

2.2.1. The Shah Correlation

Shah [32] gave a correlation applicable to both horizontal and vertical tubes of conventional
diameters. It has been widely used but it is limited to moderate pressure and higher flow rates.
Shah [25,26] gave an improved version which is applicable over the entire range of pressures and flow
rates from very low to very high. The data with which it was validated was mostly for macro size tubes.
Further modified versions for application to both macro and mini channels were given in Shah [33,34]
and finally in Shah [3]. The [3] correlation uses the [25,26] correlation in some situations. It is also used
in the correlation of Kim et al. [10] for flattened tubes. The 2013 version is therefore given first.

Shah [25,26] correlation
The correlation uses the following two equations.

hI = hLO

(
1 +

3.8
Z0.95

)( µL

14µG

)(0.0058+0.557pr)

(1)

hNu = 1.32ReLO
−1/3

[
ρL(ρL − ρG)gkL

3

µL2

]1/3

(2)

Equation (2) is the Nusselt equation for condensation in vertical tubes, with the constant multiplied
by 1.2 as recommended by McAdams [35].

This correlation has three regimes, I, II, and III.
In Regime I,

hTP = hI (3)

In Regime II,
hTP = hI + hNu (4)

In Regime III:
hTP = hNu (5)

hLO in Equation (1) is the heat transfer coefficient of the liquid phase flowing alone in the tube. It is
calculated by the following equation:

hLO = 0.023Re0.8
LOPr0.4

L kL/D (6)
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The heat transfer regimes are determined as follows.
Horizontal Tubes:
Regime I occurs when:

Jg ≥ 0.98(Z + 0.263)−0.62 (7)

Regime III occurs when:

Jg ≤ 0.95(1.254 + 2.27Z1.249)
−1

(8)

If neither of the above conditions is satisfied, it is Regime II.
Jg is the dimensionless vapor velocity defined as:

Jg =
xG

(gDρG(ρL − ρG))
0.5 (9)

Equation (8) for the boundary of Regime III was given in Shah [26]. In Shah [25], Regime II
occurred when Equation (7) was not satisfied.

Vertical Downflow:
Regime I occurs when

Jg ≥
1

2.4Z + 0.73
(10)

Regime III prevails when:

Jg ≤ 0.89− 0.93exp
(
−0.087Z−1.17

)
(11)

If the Regime is not determined to be I or III by Equations (10) and (11), it is Regime II.
Shah [3] correlation
Heat transfer regimes are the same as in Shah [25,26] correlation for both horizontal and vertical

downflow if any of the following conditions are applicable:

• Fluid is a hydrocarbon, Regime is I and pr < 0.4
• Fluid is hydrocarbon and Regime is III
• ReLT < 100

If any of the above conditions is fulfilled, the Shah [25,26] correlation is to be used.
If none of the above conditions is applicable, heat transfer regimes are determined as follows.
Horizontal Flow
Regime I occurs if WeGT > 100 and FrLT > 0.012 and:

Jg ≥ 0.98(Z + 0.263)−0.62 (12)

Regime III occurs if FrL > 0.012 and:

Jg ≤ 0.95(1.254 + 2.27Z1.249)
−1

(13)

If it is not Regime I or III, it is Regime II.
Vertical Downflow
Regime I occurs when WeGT > 100 and:

Jg ≥
1

2.4Z + 0.73
(14)

Regime III occurs when:
Jg ≤ 0.89− 0.93exp

(
−0.087Z−1.17

)
(15)

If it is not Regime I or III according to Equations (14) and (15), it is Regime II.
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Further Equation (1) is used when DHYD > 3 mm. When DHYD ≤ 3 mm, the following equation
given by Cavallini et al. [24] is used.

hI = hLT

1 + 1.128x0.817
(
ρL

ρG

)0.3685(µL

µG

)0.2363(
1−

µG

µL

)2.144

PrL
−0.1

 (16)

For non-circular channels, DHYD is to be used as equivalent diameter in Weber and Froude
numbers and DHP in all other places. DHP is defined as:

DHP =
4 x Flow area

Perimeter with heat trans f er
(17)

WeGT is the Weber number assuming all mass to be flowing as vapor, given by:

WeGT =
G2D
ρGσ

(18)

2.2.2. Correlations for Flattened Tubes

A few correlations have been proposed based on data and analysis for flattened tubes. Wen et al. [7]
compared the results of their numerical simulation with round tube correlations and the measurements
of Kaewon et al. [12] in flattened tubes. On this basis they proposed the following correlation:

hTP = hroundA0.08157
r (19)

where hround is the heat transfer coefficient of a round tube with hydraulic diameter of the flattened
tube. They recommended the use of Thome et al. [23] correlation for this purpose.

Based on their own measurements on flattened tubes, Kim et al. [10] proposed the following
modified form of Shah [25] correlation.

If it is Regime I of Shah [25] correlation,

hTP = hIA−0.462
r , (20)

where,
hTP = hIA−0.462

r + hNuA0.449
r (21)

Solanki and Kumar [13] studied condensation of R-134a in a horizontal 8.91 mm diameter tube
and two channels obtained by flattening it. They correlated their data by the following equation.

hTP = 1.635hroundA0.3163
r (22)

They recommend that hround be calculated by the Dobson and Chato [22] correlation. All their
data were in the annular flow regime.

3. Data Analysis

A wide-ranging database was compared to a number of correlations that include general
correlations, correlations specifically for mini channels, and correlations for flattened tubes, as described
in the following.

3.1. Data Collection

A wide-ranging database was available from the author’s previous work Shah [3]. It included
many data sets for non-circular channels. Further literature search resulted in addition of more data
sets. As before, data for oil-containing refrigerants were not considered as oil can significantly affect
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heat transfer. Also, data for mixtures were excluded as their heat transfer is affected by mass transfer
effects. Exception was made for R-404a and R-410A as their temperature glide is so small that they
behave like pure fluids.

The complete range of data analyzed for channels other than flattened tubes is given in Tables 1
and 2. The range of data for flattened tubes is listed in Table 3.

Table 1. Range of data for non-circular channels other than flattened tubes.

Parameter Data Range

Fluids R-22, R-32, R-134a, R-141b, R-236fa, R-245fa, R-410A, R-152a, R-1234ze(E),
propane, carbon dioxide, FC-72, isobutane, HFE-7100, ammonia (15 fluids)

Geometry square, rectangle, semi-circle, triangle, barrel shaped, N-insert, W-insert,
single and multi channels. All sides cooled or one side insulated.

Orientation Horizontal, vertical down

Aspect Ratio, width/height 0.14 to 4.0

DHYD, mm 0.067 to 1.46

Reduced pressure 0.0449 to 0.7738

G, kg m−2 s−1 48 to 1000

x, % 0.01 to 0.99

WeGT 5 to 4195

ReLT 52 to 16,987

Number of data sources 22

Number of data sets 42(41 horizontal, 1 vertical down)

3.2. Correlations Evaluated

The correlations evaluated include those of Kim and Mudawar [1] for minichannels, Dorao and
Fernandino [2], and Shah [3]. These three were included as they were reported to agree with data
for many non-circular channels. The correlations of Wen et al. [7], Solanki and Kumar [13], and
Kim et al. [10] which are based on data for flattened tubes were also included.

It was intended to compare the data with all general correlations which have been verified with
wide-ranging data. However, some of them require heat flux or ∆T to be known. Among these are
Cavallini et al. [24], Thome et al. [23], and Dobson and Chato [22]. Most published data do not include
heat flux or ∆T. These therefore could not be included for evaluation. Among well-known correlation of
the general type those by Akers et al. [36], Ananiev et al. [37], and Moser et al. [38] have been reported
to give good agreement by many researchers and do not require heat flux to be known. These were
therefore also included in the evaluation.
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Table 2. Deviations of various correlations with data for non-circular channels other than flattened tubes.

Source Channel Type
DHYD
(DHP)
mm

AR Fluid pr
G

Kg.
m−2s−1

ReLT WeGT N

Deviation % Mean Absolute Average

Shah [3]
Kim and
Mudawar

[1]

Ananiev
et al.
[37]

Kim et al.
[10]

Solanki
and Kumar

[13]

Wen et al.
[7]

Dorao and
Fern-andino

[2]

Dong and Yang
[39]

Multi, rect., H

0.114
(0.133) 0.4

R-141b 0.0449

200 87 35 20
38.4 40.4 39.9 98.0 84.8 12.7 17.7
32.5 29.7 36.2 96.0 81.3 2.1 10.1

0.092
(0.104) 0.3 200 68 28 11

20.7 28.2 22.0 98.5 45.8 11.9 7.0
16.6 10.6 22.0 98.5 45.8 11.9 −10.8

0.067
(0.08) 0.5 200 52 20 12

14.9 24.1 9.6 16.2 26.2 30.9 26.9
−14.2 −14.5 −9.6 15.9 26.2 −30.9 −26.9

Fronk and
Garimella [40]

Single, sq., H 0.1 1 CO2
0.6871

600
803 114

14
25.7 30.2 29.5 24.5 93.4 24.7 24.7

0.7738 904 150 −25.7 −30.2 −29.5 −24.5 93.4 −24.7 −24.7

Garimella et al.
[41]

Rect., multi, H

0.10 1

R-134a

0.1889 600 371 118
10

71.2 74.1 73.7 67.6 40.5 71.6 71.6
0.4128 800 646 196 −71.2 −74.1 −73.7 −67.6 −40.5 −71.6 −71.6

0.15 3 0.1889 300 245 49 5
75.4 83.4 81.1 86.8 43.1 79.0 80.8
−75.4 −83.4 −81.1 −86.8 −43.1 −79.0 −80.8

0.16 4
0.2494 600 593 188

8
75.5 77.8 77.7 85.4 21.0 73.0 75.9

0.4128 800 1033 313 −75.5 −77.8 −77.7 −85.4 −21.0 −73.0 −75.9

Nakashita [42] Multi, Rect., H
0.76

Un-known R-134a 0.4128

100 614 32
18

21.0 29.8 35.0 40.7 80.1 37.3 37.3
400 2454 519 −4.0 −21.7 −29.6 −11.6 68.6 −22.8 −22.8

1.06
100 856 23

19
11.5 23.9 28.1 29.7 83.9 29.4 29.4

400 3421 372 3.1 −15.3 −16.0 −4.9 79.1 −18.7 −18.7

Jige et al. [29] Multi, rect., H 0.85 0.69

R-1234ze
0.210 100 508 27

37
17.6 26.7 30.3 41.2 63.9 32.7 32.0

0.3499 400 2598 424 −6.5 −21.5 −26.0 6.5 48.2 −30.8 −28.7

R-32
0.4271 100 893 26

33
20.7 32.4 32.3 38.5 96.3 33.3 33.9

0.6780 400 4752 563 4.5 −3.2 −15.3 7.8 90.4 −11.7 −18.0

R-134a
0.2494 100 524 26

53
21.5 27.4 35.2 31.8 55.0 34.7 34.0

0.4128 400 2745 445 −13.3 −21.2 −31.7 −0.1 39.7 −29.9 −27.8

Rahman et al.
[30]

Multi, rect., H 0.81 0.5 R-134a 0.2176
50 235 7

47
25.9 37.9 52.5 29.3 28.0 54.9 52.3

200 940 111 −22.3 −37.9 −52.9 −21.5 −18.2 −54.9 −52.3

Al-Zaidi [43] Multi, rect. H 0.57
(0.67) 0.4 HFE-7100 0.0455

48 91 10
36

25.9 21.2 16.0 18.5 16.2 46.9 42.8
126 240 69 25.9 −0.5 −15.2 18.0 13.9 −46.9 −42.8

Liu et al. [44] Square, H 0.952 1

R-1234ze
0.210 200 1138 124

18
19.9 18.0 17.8 24.0 104.8 17.9 17.9

0.2733 800 5136 1983 −2.7 −11.3 −8.5 9.3 104.8 −12.3 −2.3

R-22 0.3062
350 2399 292

12
8.6 9.7 6.9 17.2 118.2 7.7 7.7

500 3426 526 4.5 −3.3 −6.1 17.2 118.2 2.5 2.5

Propane 0.321 200 2295 238
26

19.9 15.7 17.7 26.4 133.3 18.8 18.8
0.4017 500 6416 1500 6.2 −4.7 −1.5.5 23.1 133.3 0.7 0.7
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Table 2. Cont.

Source Channel Type
DHYD
(DHP)
mm

AR Fluid pr
G

Kg.
m−2s−1

ReLT WeGT N

Deviation % Mean Absolute Average

Shah [3]
Kim and
Mudawar

[1]

Ananiev
et al.
[37]

Kim et al.
[10]

Solanki
and Kumar

[13]

Wen et al.
[7]

Dorao and
Fern-andino

[2]

Park et al. [45] Multi, rect., V 1.43 1.86

R-1234ze 0.2100
0.4417

100 855 51
31

29.9 20.7 21.0 18.9 187.3 24.1 21.7
260 2137 317 22.3 19.3 8.5 −4.5 187.3 8.0 2.7

R-236fa 0.1359
100 604 63

17
40.3 23.4 23.8 15.0 176.8 30.0 15.0

260 1571 423 31.9 23.2 17.9 −2.7 176.8 20.4 −2.7

R-134a 0.2494
100 884 47

16
12.8 8.2 12.6 15.9 149.3 16.0 14.4

260 2295 316 7.4 3.5 −6.3 −15.5 149.3 2.8 −2.9

Agarwal et al.
[46]

Multi, Square,
H

1 0.762

R-134a

0.166
150 861 52

31
25.2 13.3 19.5 40.4 159.8 24.4 24.4

750 4303 1307 25.1 10.0 11.7 39.9 159.8 21.4 21.4

Multi,
W-insert, H 1 0.732 0.366

150 827 50
25

12.2 20.8 21.7 14.5 90.8 14.9 14.9
750 4134 1256 −6.3 −18.9 −17.6 3.1 90.8 −10.6 −10.6

Multi, N-
shape, H 1 0.536 0.3661

300 1211 147
16

22.3 27.8 28.1 18.9 77.2 22.7 22.7
750 3017 919 −15.2 −25.8 −22.9 −3.9 77.2 −16.7 −16.7

Multi, triangle,
H

1 0.839 0.3661
150 948 71

15
14.0 24.7 27.1 45.6 193.1 30.4 25.8

750 16,987 2042 −8.7 −23.2 −26.4 −32.5 193.1 −30.2 −23.8
Multi, barrel,

H
0.799 1.25 0.3661

150 1805 55
150 750

29.2 24.8 31.0 31.1 150.5 29.5 29.0
750 4512 1370 12.7 −2.4 2.0 14.1 150.5 11.2 9.2

Multi, rect., H 0.424 2 0.3661
600 1437 262

10
24.5 26.8 27.6 29.0 140.9 23.4 24.3

750 2394 727 −7.8 −22.2 −15.2 −23.4 140.9 −2.9 −8.3

Belchi et al. [47] Multi, sq., H 1.16 1 Propane 0.2529 175 2129 224
28

21.5 18.8 16.1 33.3 152.1 16.5 16.5
0.4017 350 5472 896 16.6 10.1 7.1 33.1 152.1 7.9 7.9

Shin and Kim
[48]

Single, square,
H

0.494 1
R-134a 0.2494

100 305 16
11

19.0 25.6 30.4 37.1 75.2 31.4 31.4
600 1832 581 −3.6 −20.4 −24.6 −9.1 66.2 −21.8 −21.8

0.972 1
100 601 32

23
28.0 25.8 28.6 37.4 110.6 30.7 30.7

600 3605 1144 7.8 −2.5 −7.2 12.0 106.8 −3.6 −3.6

Liu et al. [49] Single, square,
H

0.952 1 R-152a 0.2005
200 1386 174

21
15.9 13.9 13.1 18.6 115.4 14.9 14.9

600 4157 1567 3.6 −0.8 −2.1 11.3 115.4 −9.5 −9.5

Del Col et al.
[14]

Single, square,
H

1.23 1 R-134a 0.2494
200 1521 161

44
14.8 21.3 22.9 8.8 70.8 20.4 20.4

789 6000 2503 −14.8 −21.3 −22.9 −6.7 70.1 −20.4 −20.4

Del Col et al.
[50]

Single, square,
H

1.23 1 R-32 0.4271
100 1292 37

30
12.0 23.3 32.9 23.5 66.3 27.9 27.9

390 5041 568 −11.9 −23.3 −32.9 −22.1 66.3 −27.9 −27.9
Single, square,

V
1.23 1 R-134a 0.2494

100 760 90
53

10.9 28.7 37.0 24.2 40.2 34.1 34.1
390 2966 610 −10.7 −28.7 −37.0 −23.8 40.2 −34.1 −34.1

Kim &
Mudawar. [20]

Multi, square,
H

1.0
(1.33) 1 FC-72 0.0574

68 141 32
54

20.4 28.4 34.3 30.9 29.6 24.6 24.6
367 763 932 −7.2 −17.0 −34.3 −30.7 22.2 −15.7 −15.7

Derby et al. [51]

Multi, square,
H

1.0
(1.33) 1

R-134a

0.2176 75 579 18
61

10.9 14.2 23.0 20.4 66.7 19.3 19.9
0.2846 450 3946 693 3.1 5.3 −21.9 −2.8 66.7 −15.4 −15.4

Multi,
semi-circle, H

1.0
(1.64) 2 0.2176

75 714 19
31

5.4 10.4 26.0 33.0 93.1 20.5 21.4
450 4282 693 −2.6 5.1 −26.1 −30.0 93.1 −13.3 −18.0

Multi, triang.,
H

1.0
(1.5) 1.16 0.2176

75 653 19
25

9.8 16.6 25.3 22.9 65.4 24.1 24.1
450 3917 693 −2.5 3.6 −25.3 −14.0 65.4 −16.5 −17.5
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Table 2. Cont.

Source Channel Type
DHYD
(DHP)
mm

AR Fluid pr
G

Kg.
m−2s−1

ReLT WeGT N

Deviation % Mean Absolute Average

Shah [3]
Kim and
Mudawar

[1]

Ananiev
et al.
[37]

Kim et al.
[10]

Solanki
and Kumar

[13]

Wen et al.
[7]

Dorao and
Fern-andino

[2]

Cavallini et al.
[52]

Multi, sq., H 1.4 1 R-410A 0.4917
200 2906 168

27
11.1 18.8 14.7 12.1 119.9 10.8 10.8

1000 14,531 4195 −5.8 −17.9 −12.0 4.2 119.9 −6.5 −6.5

Koyama et al.
[53]

Multi, rect, H 0.807 0.3 R-134a 0.4177
273 1791 184

8
11.1 26.1 12.0 90.8 49.3 12.5 10.9

652 4278 1052 2.5 10.8 −11.4 90.8 49.3 −11.7 −2.6

Al-Hajri et al.
[54]

Single, rect., H 0.7 0.14
R-134a

0.1889 50 246 5
15

22.6 26.3 29.0 121.0 18.7 33.1 24.2
0.5197 500 2464 539 −1.1 −18.7 −28.8 121.0 −10.3 −33.1 −21.5

R-245fa
0.0484 50 121 9

14
14.5 20.8 19.7 127.0 20.4 30.1 22.9

0.1663 500 1208 872 −4.2 −15.4 −14.2 127.0 −10.9 −27.6 −15.0

Wang et al. [55] Multi, rect., H 1.46 1.07 R-134a 0.4586
150 1857 102

37
13.0 10.8 12.9 17.8 128.2 11.8 11.6

750 9434 2561 6.8 −5.0 −4.4 15.2 128.2 3.6 3.0

Kim et al. [10] Multi, rect., H 1.4 1.4
R-410A 0.5542

200 3162 177
9

12.0 8.1 8.2 6.5 196.7 14.9 11.8
600 9482 1618 11.8 2.6 3.7 3.1 196.7 14.9 11.8

R-22 0.3453
200 2154 139

10
21.8 9.0 12.9 18.1 187.0 23.7 20.6

600 6461 1254 21.8 8.9 8.4 17.0 187.0 23.7 20.6

All sources
0.067 0.14 0.0449 48 52 5

1120
20.3 24.0 27.4 31.4 84.6 27.2 26.5

1.46 4.0 0.7738 1000 16,987 4195 −1.8 −11.3 −18.4 2.6 78.0 −16.5 −16.0

Table 3. Deviations of various correlations with data for flattened tubes and the round tubes from which they were made.

Source Geometry
DHYD
(DHP)
mm

AR Fluid pr
G

Kg.
m−2s−1

ReLT WeGT N

Deviation, % Mean Absolute Average

Shah [3]
Kim and
Mudawar

[1]

Ana-niev
et al.
[37]

Kim et al.
[10]

Solanki
and Kumar

[13]

Wen et al.
[7]

Dorao and
Fernandino

[2]

Wilson et al.
[9]

Flattened
tube, H 4.88 4.4

R-134a 0.2176
75 1915 85

15
13.5 27.1 27.6 46.5 152.4 20.7 27.3

400 10,213 2409 −4.7 −24.8 −27.6 −38.0 152.4 −3.0 −27.3

R-410A 0.4347
75 3191 71

15
12.8 24.7 27.1 45.6 193.1 17.3 25.8

400 16,987 2042 −0.7 −23.2 −26.4 −32.5 193.1 −17.3 −23.6

Round
tube, H 8.9 1

R-134a 0.2176
75 3873 171

7
43.1 37.8 26.9 43.1 82.8 29.0 29.0

175 9038 933 43.1 27.5 −12.6 43.1 72.0 −14.0 −14.0

R-410A 0.4347
75 6455 143

15
54.7 19.3 25.9 54.7 128.1 28.4 28.4

175 15,038 791 54.7 10.9 −4.5 54.7 127.4 −1.4 −1.4
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Table 3. Cont.

Source Geometry
DHYD
(DHP)
mm

AR Fluid pr
G

Kg.
m−2s−1

ReLT WeGT N

Deviation, % Mean Absolute Average

Shah [3]
Kim and
Mudawar

[1]

Ana-niev
et al.
[37]

Kim et al.
[10]

Solanki
and Kumar

[13]

Wen et al.
[7]

Dorao and
Fernandino

[2]

Kim et al.
[10]

Flattened
tube, H

2.3 6

R-410a

0.5542
100 2579 72

10
58.9 30.2 24.0 39.1 434.4 47.8 28.9

400 10,313 1172 57.3 22.0 20.1 −39.1 434.4 47.8 27.7

3.0 4 0.5542
100 3364 94

10
50.7 21.5 28.8 36.1 392.6 50.8 34.6

400 13,451 1529 50.7 21.5 28.8 4.7 392.6 50.8 34.6

4.1 2 0.5542
100 4597 129

12
32.2 6.4 8.9 30.6 218.2 15.0 9.4

400 18,383 2018 32.2 0.5 4.9 15.7 218.2 15.0 8.6

Round, H 5.0 1 0.5542
100 5606 157

42
29.1 16.0 18.2 29.1 164.1 21.0 21.0

400 22,419 2548 29.1 −7.3 3.2 29.1 164.1 11.0 11.0

Solanki and
Kumar

[13]

Flattened
Tube, H

3.8 5.88

R-134a

0.2176
450 10,001 2654

9
41.0 54.1 44.7 71.4 105.7 35.7 44.4

650 14,446 5536 −41.0 −54.1 −44.7 −71.4 105.7 −35.7 −44.4

6.4 2.72 0.2176
450 16,790 4455

9
24.5 43.6 29.3 47.7 106.3 24.0 28.8

650 24,253 9295 −24.5 −43.6 −29.3 −47.7 106.3 −22.7 −28.8

Round, H 8.9 1
0.2176 550 23,236 6173

19
10.7 34.5 17.3 10.6 78.9 15.5 15.5

0.2846 650 33,607 12,880 −0.6 −34.5 −5.6 −0.6 78.9 −15.0 −15.0

Darzi et al.
[11]

Flattened
tube, H

8.2 1.5

Isobutane

0.1536 155 10,010 1686 7
20.6 35.9 23.3 26.5 81.5 26.3 28.7
−20.6 −35.9 −23.3 −26.5 81.5 −26.3 −28.7

7.29 2.06 0.1536
155 8899 1499

28
29.5 49.2 38.2 49.5 56.9 39.6 43.1

266 15,215 4381 −29.5 −49.2 −38.2 −49.5 56.9 −39.6 −43.1

5.1 3.84 0.1536 155 6226 1049 7
42.0 54.1 49.6 68.8 59.6 47.8 53.2
−42.0 −54.1 −49.6 −68.8 59.6 −47.8 −53.2

Round, H 8.7 1
0.142 155 10,459 1746

28
7.7 30.8 14.6 7.7 73.6 −37.9 −37.9

0.1617 265 18,798 5022 −1.9 −30.8 −14.2 −1.9 73.6 −32.6 −32.6

Kaewon et
al. [12]

Single,
Round, H 3.51 1

R-134a

0.1959 380 7380 1807
31

48.8 15.8 28.8 48.8 168.6 28.9 28.9
0.2944 750 16,150 6486 48.3 9.6 25.8 48.3 168.6 27.0 27.0

Flattened,
H

3.17 0.72 0.2454
400 7779 1666

11
12.1 19.0 15.3 37.6 86.1 12.6 12.4

825 16,045 7088 3.9 −15.1 1.5 37.6 86.1 −2.7 0.0

1.84 3.5 0.2454
400 4515 967

17
15.3 25.7 18.9 38.7 187.2 12.7 15.0

825 9313 4114 −3.2 −17.8 −7.3 −38.7 187.2 3.2 −6.8

1.16 7 0.2454
400 2847 610

18
44.6 48.0 46.1 74.0 109.6 39.7 46.5

825 5871 2594 42.8 −47.3 −45.7 −74.0 109.6 −35.9 −45.3

All Round,
flattened

1.16 0.72 0.1420 75 1915 71
271

29.6 30.8 26.7 40.5 142.8 27.3 28.2
8.9 7.0 0.5542 825 33,607 12,880 8.2 −20.3 −12.6 −12.7 142.6 −7.7 −12.7
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3.3. Calculation Methodology

For the Shah correlation, DHP was used except that DHYD was used in calculating Weber number
and Froude number. The same was also done for other correlations except those of Kim and Mudawar
and Dorao and Fernandino for which DHYD was used in all its equations as this was specified in them.
It is to be noted that for channels cooled on all sides, DHYD = DHP.

Wen et al. [7] correlation recommends the use of Thome et al. [23] correlation for calculating hround.
That correlation is flow pattern based. There is no well-verified method to determine flow patterns
in mini channels or non-circular channels. It was therefore decided to instead use the correlation of
Dorao and Fernadino [2] for this purpose which has been verified with a wide range of data for round
tubes and does not require flow pattern determination.

Properties of FC-72 and HFE-7100 were obtained from their manufacturer, 3-M Corporation.
For all other fluids REFPROP 9.1 was used. All properties were calculated at the saturation temperature.

3.4. Results of Data Analysis

The results of data analysis for flattened tubes are given in Table 3 and for all other non-circular
channels in Table 2. The correlations of Akers et al. and Moser et al. gave large deviations; their results
are not shown in Tables 2 and 3 but are included in Table 4. In these tables,

Table 4. Effect of Weber number on the accuracy of various correlations for data of non-circular channels
other than flattened tubes.

WeGT N

Deviation % Mean Absolute Average

Shah
[3]

Kim and
Mudawar

[1]

Ananiev
et al.
[37]

Kim
et al.
[10]

Solanki
and

Kumar

Wen
et al.
[7]

Dorao and
Fern-andino

[2]

Moser
et al.
[38]

Akers
et al.
[38]

≤ 100 381
21.6 32.6 41.1 40.5 36.0 40.8 40.0 39.3 191.2
−1.6 −19.5 −35.1 −11.5 −21.6 −38.7 −37.2 8.3 190.6

> 100 739
19.7 19.5 20.3 26.7 109.7 20.1 19.5 37.4 129.7
−1.9 −7.1 −9.7 10.1 107.1 −5.1 −5.2 30.6 129.0

All 1120
20.3 24.0 27.4 31.4 84.6 27.2 26.5 38.1 150.7
−1.8 −11.3 −18.4 2.6 78.0 −16.5 −16.0 23.0 150.0

Mean absolute deviation (MAD) δm is defined as:

δm =
1
N

N∑
1

ABS
{(

hpredicted − hmeasured
)
/hmeasured

}
(23)

Average deviation is defined as:

δavg =
1
N

N∑
1

{(
hpredicted − hmeasured

)
/hmeasured

}
(24)

It is seen in Table 2 that almost all data sets for channels other than flattened tubes give good
agreement with the Shah [3] correlation, the MAD for the 1120 data points from 22 sources being
20.3%. The correlations of Kim and Mudawar [1] and Dorao and Fernandino [2] also give fairly good
agreement with MAD of 24.0 and 26.5 percent, respectively. As seen in Table 3, the results with the
flattened tube data are not good for any of the correlations.

4. Discussion

4.1. Channels Other Than Flattened Tubes

Table 2 gives the results of comparison of data for non-circular channels except flattened tubes
with various correlations. It is seen that the best agreement is with the Shah [3] correlation. The only
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data set which gives very large MAD is that of Garimella et al. [41] in rectangular channels. These data
are very high compared to all correlations. Figure 1 shows the MAD of Shah correlation for all data
sets vs channel hydraulic diameter. Three data points have MAD about 70%, much larger than all
other data. These are from Garimella et al. [41]. It is seen that many other data points in the same
diameter range and even smaller diameters are in satisfactory agreement. Results over the extreme
limits of data do not show any increase in deviation.
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Figure 1. Mean absolute deviations of data sets with Shah [3] correlation vs hydraulic diameter for
channels other than flattened tubes.

Figure 2 shows the MAD of the Shah correlation with all data sets as a function of aspect ratio of
channel. Again, three data points have MAD about 70%, much larger than all other data and these are
from Garimella et al. [41]. The figure does not indicate any relation between aspect ratio and deviations.
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Figure 2. Mean absolute deviations of data sets with Shah [3] correlation vs aspect ratio of channels
other than flattened tubes.
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From these observations it may be concluded that the data of Garimella et al. are unique.
Their large deviation cannot be attributed to diameter or aspect ratio. The Shah correlation appears to
be applicable over the entire range of diameter and aspect ratio.

4.2. Flattened Tubes

Table 3 gives the results of comparison of various correlations with the data for flattened tubes.
Also included in this table are the results for the round tubes from which the flattened tubes were
made. It is seen that some data sets give good agreement with the Shah correlation while some have
large deviations. Similar are the results with other correlations. While this may be due to shortcomings
of the correlations, there are some inconsistencies in the data which are now pointed out. It is seen
that the flattened tube data of Wilson et al. [9] show good agreement with the Shah correlation but
their data for round tube has large deviation. In Shah [3] it was shown that this correlation is in good
agreement with a very wide range of data for round tubes. Hence lack of agreement with the round
tube data of Wilson et al. is unexpected. Kaewon et al. [12] state that their data for round tubes is in
good agreement with the correlations of Shah [31] and Akers et al. [36]. During the present analysis it
was found that both correlations over-predict the data by around 50%. It seems that there is some error
in the figures from which the data was obtained for the present analysis.

The CFD analyses for rectangular and flattened channels show similar behavior. Considering that
the Shah correlation gives good agreement with data for channels of rectangular and other shapes, it is
rather surprising that its agreement with flattened channel data is not good. It could be that flattened
tubes involve some phenomena quite different from those in channels of other shapes or the test data
have shortcomings. This matter can be resolved only when more test data become available.

In the following sections, discussions are confined to channels other than flattened tubes except
where stated otherwise.

4.3. Effect of Weber Number

Weber number is the ratio of inertia force to surface tension force. Surface tension force becomes
important at low Weber numbers. According to the Shah [17] correlation, this limit is WeGT < 100.
Table 4 shows the deviations of various correlations at WeGT less than and greater than 100. It is seen
that the MAD of all general correlations except that of Shah are much higher for WeGT < 100 than at
WeGT > 100. For example, the MAD of Kim and Mudawar correlation increases from 19.5 to 32.6%
and that of Dorao and Fernandino from 19.5 to 40%. This confirms that WeGT > 100 is the limit for the
applicability of macro channel correlations for condensation inside channels.

4.4. Accuracy of Various Correlations

The Shah correlation gives good agreement over the entire range of data for all shapes. The correlations
of Kim and Mudawar, Ananiev et al., and Dorao and Fernandino give fairly good agreement with
data for WeGT > 100. The correlations of Wen et al. [7], Solanki and Kumar [13] and Kim et al. [10]
were based on data for flattened tubes. They perform poorly for all shapes including flattened tubes.
The correlation of Solanki and Kumar gives large deviations even with their own data.

Figures 3–7 show the comparison of some test data with various correlations.
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Figure 3. Comparison of the data of Derby et al. [51] in a semi-circular channel with various correlations.
TSAT = 35 K, G = 75 kgm−2s−1, WeGT = 19.
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Figure 4. Data of Derby et al. for a triangular channel compared to various correlations. TSAT = 35 C,
G = 75 kgm−2s−1, WeGT = 19.
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Figure 5. Data of Rahman et al. [30] in a rectangular channel compared to various correlations.
DHYD = 0.81 mm, AR = 0.5, G = 50 kgm−2s−1, TSAT = 35 C.

Inventions 2019, 4, x FOR PEER REVIEW 15 of 21 

 

Figure 5. Data of Rahman et al. [30] in a rectangular channel compared to various correlations. DHYD 

= 0.81 mm, AR = 0.5, G = 50 kgm−2s−1, TSAT = 35 C. 

 

Figure 6. Comparison of the data of Del Col et al. [50] for R-32 in a square channel with various 

correlations. DHYD = 1.23 mm, G = 100 kgm−2s−1, TSAT = 40 C. 

0

1000

2000

3000

4000

5000

6000

7000

8000

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

H
ea

t 
Tr

a
n

sf
er

 C
o

ef
fi

ci
en

t,
 W

m
-2

K
-1

Vapor Quality

Measured

Shah (2018)

Dorao & Fernandino

Kim et al.

0

1000

2000

3000

4000

5000

6000

7000

0.2 0.3 0.4 0.5 0.6 0.7 0.8

H
ea

t 
Tr

a
n

sf
er

 C
o

ef
fi

ci
en

t,
 W

m
-2

K
-1

Vapor Quality

Measured Shah (2018) Kim & Mudawar Wen et al.

Figure 6. Comparison of the data of Del Col et al. [50] for R-32 in a square channel with various
correlations. DHYD = 1.23 mm, G = 100 kgm−2s−1, TSAT = 40 C.
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Figure 7. Comparison of the data of Agarwal et al. [46] for barrel shape channels with various
correlations. TSAT = 55 C, G = 600 kgm−2s−1.

4.5. Effect of Channel Shape

The Shah correlation shows good agreement with data for square, rectangle, triangle, semi-circle,
drum, N, and W shape channels. All these channels have sharp corners. It was shown in Shah [3] that
it also gives good agreement with round tube data over a wide range. This correlation does not have
any factor for the effect of corners. Hence its agreement with both circular and non-circular channels
seems to contradict the results of CFD analyses such as those of Wang and Rose [5–7] which indicate
that heat transfer is higher in channels with corners compared to round channels.

4.6. Effect of Various Parameters

The present study included 15 fluids. In Shah [3], this correlation was validated with data for
43 fluids in round and non-circular channels. Hence the Shah [3] correlation can be expected to all
those fluids for non-circular channels also.

The range of reduced pressure, WeGT and ReLT in the data analyzed in Shah [3] was wider than in
the present study. Caution should be exercised in using the Shah [3] correlation beyond their range in
the present data analysis when applying to non-circular channels.

4.7. Complexity of Correlations

Appendix A gives details of the correlations of Kim and Mudawar, Ananiev et al. and Dorao
and Fernadino. The other correlations that were evaluated are already described in the text. It is
seen that all these correlations are quite simple except for that of Kim and Mudawar which is quite
complex. However, the complexity is not such that it may cause any difficulty in computerized
calculations. The Shah correlation is also somewhat complex but simple compared to the Kim and
Mudawar correlation.

4.8. Design Recommendations

The Shah correlation is recommended for all channel shapes except flattened tubes. No recommendations
are made for flattened tubes.
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5. Conclusions

1. A number of correlations for condensation in channels were compared to wide-ranging data
for non-circular channels.

2. The Shah [3] correlation gave good agreement with data for channels of square, rectangular,
triangular, semi-circular, drum, N, and W shapes, MAD being 20.3% for 1120 data points for 15 fluids
from 22 sources. Other general correlations gave fairly good agreement when WeGT > 100 but had
large deviations when WeGT < 100.

3. Data for flattened tubes from five sources were also compared to the same correlations.
None of the correlations, including those based on flattened tube data, gave satisfactory agreement.
More experimental studies on flattened tubes are needed.

Funding: This research received no external funding.
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Abbreviation

Nomenclature
Ar Aspect ratio, width/height, (-)
Bo Bond number = g(ρL − ρG)D2 σ−1, (-)
D Inside diameter of tube, m
DHP Equivalent diameter based on perimeter with heat transfer, defined by Equation (24), m
DHYD Hydraulic equivalent diameter, m
FrLT Froude number = G2ρL

−2g−1D−1, (-)
G Total mass flux (liquid + vapor), kg m−2s−1

g Acceleration due to gravity, m s−2

h Heat transfer coefficient, W m−2 K−1

hI Heat transfer coefficient Regime I of the Shah correlation, W m−2 K−1

hLO Heat transfer coefficient assuming liquid phase flowing alone in the tube, Wm−2 K−1

hLT Heat transfer coefficient with total mass flowing as liquid, W m−2 K−1

hNu Heat transfer coefficient given by Equation (2), the Nusselt equation, W m−2 K−1

hTP Two-phase heat transfer coefficient, W m−2 K−1

Jg Dimensionless vapor velocity defined by Equation (11)
k Thermal conductivity, W m−1 K−1

MAD Mean absolute deviation, (-)
N Number of data points, (-)
pr Reduced pressure, (-)
Pr Prandtl number, (-)
ReLO Reynolds number assuming liquid phase flowing alone, = G (1 – x)DµL

−1, (-)
ReGO Reynolds number assuming vapor phase flowing alone, = G xDµL

−1, (-)
ReLT Reynolds number for all mass flowing as liquid = GDµL

−1, (-)
TSAT Saturation temperature, C
Tw Wall temperature, C
∆T = (Tw – TSAT), degree C
WeGT Weber number for all mass flowing as vapor, defined by Equation (18), (-)
x Vapor quality, (-)
Xtt Martinelli parameter (-)
Z Shah’s correlating parameter defined by Equation (8), (-)
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Greek
δavg Average deviation, defined by Equation (24), (-)
δm Mean absolute deviation, defined by Equation (23), (-)
µ Dynamic viscosity, Pa. s
ρ Density, kg m−3∑

Mathematical symbol for summation
σ Surface tension, Nm−1

Subscripts
G Vapor
L Liquid
round Round tube

Appendix A

Ananiev et al. [37] gave the following correlation.

hTP = hLT

(
ρ f

ρm

)0.5

(A1)

where ρm is the density of vapor–liquid mixture calculated by the homogeneous model as:

ρm =
ρ fρg

ρg + x
(
ρ f − ρg

) (A2)

Dorao and Fernandino [2] have given the following correlation.

h1 = 0.023(ReLO + ReGO)
0.8Pr0.3

TPk f /D (A3)

h2 = 41.5D0.6(ReLO + ReGO)
0.4Pr0.3

TPk f /D (A4)

hTP =
(
h9

1 + h9
2

)1/9
(A5)

PrTP = Pr f (1− x) + Prgx (A6)

Equations (A1)–(A4) is dimensional; D used in it should be in meter. For non-circular channels, D is to be
replaced by hydraulic equivalent diameter.

Kim and Mudawar [1] developed the following correlation.
For annular flow (smooth annular, wavy-annular, transition) where We* > 7Xtt

2:

hTPD
k f

= 0.048Re0.69
LO Pr0.34

f

φg

Xtt
(A7)

For slug and bubbly flow where We* < 7Xtt
2,

hTPD
k f

=

(0.048Re0.69
LO Pr0.34

f

φg

Xtt

)2

+
(
3.2× 10−7Re−0.38

LO Su1.39
g

)2
0.5

(A8)

φ2
g = 1 + CX ++X2 (A9)

X2 =
(dp/dz) f

(dp/dz)g
(A10)

−

(
dp
dz

)
f
=

2 f f G2(1− x)2

ρ f D
(A11)

−

(
dp
dz

)
g
=

2 fgG2x2

ρ f gD
(A12)
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For Rek < 2000,
fk = 16Re−1

k (A13)

For Rek = 2000 to 20,000,
fk = 0.079Re−0.25

k (A14)

For Rek > 20,000,
fk = 0.046Re−0.2

k (A15)

For laminar flow in rectangular channel.

fkRek = 24
(
1− 1.3553β+ 1.9467β2

− 1.7012β3 + 0.9564β4
− 0.2537β5

)
(A16)

β is the aspect ratio of channel; use its reciprocal if β > 1.
The subscript k denotes for liquid or vapor.

For ReLO ≥ 2000, ReGO ≥ 2000, C = 0.39Re0.03
LT Su0.1

g

(
ρ f

ρg

)0.35

(A17)

For ReLO ≥ 2000, ReGO < 2000, C = 0.00087Re0.17
LT Su0.5

g

(
ρ f

ρg

)0.14

(A18)

For ReLO < 2000, ReGO ≥ 2000, C = 0.0015Re0.59
LT Su0.19

g

(
ρ f

ρg

)0.36

(A19)

For ReLO < 2000, ReGO < 2000, C = 0.000035Re0.44
LT Su0.5

g

(
ρ f

ρg

)0.48

(A20)

In the above equations, DHYD is used in place of D for non-circular channels. The modified Weber number
We* is given by:

For ReLO < 1250, We∗ = 2.45
Re0.64

GO

Su0.3
g

(
1 + 1.09X0.039

tt

)0.4
(A21)

For ReLO > 1250, We∗ = 0.85
Re0.79

GO X0.157
tt

Su0.3
g

(
1 + 1.09X0.039

tt

)0.4

(µg

µ f

)2(ρ f

ρg

)0.084

(A22)

Sug is the Sugomel number defined as,

Sug =
ρgσD

µ2
g

(A23)

For channels heated only on three sides, heat transfer coefficient calculated by the foregoing is corrected
as follows.

hTP =

(
Nu3
Nu4

)
hTP,circular (A24)

where hTP,circular is the heat transfer coefficient for a circular tube calculated by the foregoing equations.

Nu3 =
(
8.235

(
1− 1.833β+ 3.767β2

− 5.814β3 + 5.361β4
− 2.0β5

))
(A25)

Nu4 =
(
8.235

(
1− 2.042β+ 33.085β2

− 2.477β3 + 1.058β4
− 0.186β5

))
(A26)
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