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An improved version of the author’s published correlation (Shah 1979), extended to a wider range 
of parameters, is presented. The new correlation has been shown to be in good agreement with 
data ranging from highly turbulent flows to the laminar flow conditions of Nusselt’s analytical 
solutions. The data used for the correlation’s validation includes 22 fluids (water, halocarbon 
refrigerants, hydrocarbon refrigerants, and organics) condensing in horizontal, vertical, and 
downward-inclined tubes. The range of parameters includes tube diameters from 2 to 49 mm, 
reduced pressure from 0.0008 to 0.9, flow rates from 4 to 820 kg/m2·s, all liquid Reynolds numbers 
from 68 to 85,000, and liquid Prandtl numbers from 1 to 18. A total of 1189 data points from 39 
sources are predicted with a mean deviation of 14.4%. Comparisons are also made with some 
other well-known correlations. 

INTRODUCTION
Three decades ago, the author presented a general correlation for heat transfer during film 

condensation inside plain tubes (Shah 1979). It was shown to agree with data for water, refriger-
ants, and organics covering a wide range of conditions in horizontal, vertical, and inclined tubes. 
In a later paper (Shah 1981), the author stated that this correlation will fail at very low flow 
rates, and tentative conservative limits of applicability were provided. 

 Numerous other researchers have compared this correlation with a wide range of data, and, 
with very few exceptions, have reported good agreement (examples include Dobson and Chato 
[1998], Moser et al. [1998], and many others). However, the author decided to further investi-
gate and develop this correlation with the following objectives:

1. Verify/modify the lower limit of applicability.
2. Develop modifications to extend the correlation down to the lowest flow rates (i.e., those in 

which Nusselt’s analytical equations apply).
3. Test the correlation with data for the many new refrigerants that have been developed since 

the correlation was developed.
4. Test the correlation at reduced pressures higher and lower than those in the original database.
5. Modify the correlation as needed if shortcomings are found.

 This paper presents the results of these efforts. As will be seen, the objectives of this research 
have been substantially met. The improved correlation presented here is shown to be in good 
agreement with data from 39 sources for 22 fluids that include water, halocarbon refrigerants 
(chlorofluorocarbons, hydrochlorofluorocarbons, and haloalkane), hydrocarbon refrigerants, 
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and a variety of organics; tube diameters from 2 to 49 mm; flow rates from 4 to 820 kg/m2⋅s, and 
reduced pressures from 0.0008 to 0.9.

THE PUBLISHED SHAH CORRELATION
In 1979, Shah presented the following correlation:

(1)

where hLS is the heat transfer of the liquid phase flowing alone in the tube. It is calculated by the 
following equation:

(2)

Equations 1 and 2 may be combined to give the following equation:

(3)

In Equation 3, hLT is calculated by Equation 2 with the substitution of ReLT for ReLS.
In Shah (1981), the author suggested that until further research provided better criteria, this 

correlation be used only if all of the following conditions were met:

This recommendation was based on several reports. The data satisfactorily correlated by the 
author were at  and . Borchman (1967) reported good agreement of his 
data with the Nusselt equation at , and Chato (1967) reported that his laminar con-
densation analysis applies at . This recommended limit is very conservative.

THE NEW CORRELATION

Heat Transfer Regimes
 Vertical and Inclined Tubes: For vertical and inclined tubes, three heat transfer regimes 

have been identified, as shown in Figure 1.
The boundary between Regimes I and II is given by the following relation. Regime I occurs 

when

. (4)

The boundary between Regimes II and III is given by the following relation. Regime III pre-
vails when:

(5)

Jg is the dimensionless vapor velocity defined as:

(6)
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Horizontal Tubes:   For horizontal tubes, only two regimes have been identified by the pres-
ent data analysis. These are shown in Figure 2. The boundary between Regimes I and II is given 
by the following relation. Regime I occurs when.

. (7)

A third regime is expected at very low flow rates. Analyzable data were not available for such 
conditions. 

Heat Transfer Equations
The new correlation uses the following two heat transfer equations:

(8a)

where:                              

(8b)

The second equation is

. (9)

Equation 9 is the Nusselt equation for laminar film condensation in vertical tubes; the con-
stant has been increased by 20% as recommended by McAdams (1954) on the basis of compari-
son with test data. This equation can also be expressed in terms of heat flux or temperature 
difference instead of Reynolds number. This form has been preferred as it is more convenient 
for this correlation and often it is also more convenient for design calculations.

Figure 1. Heat transfer regimes in vertical tubes, according to the present correlation.
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These two heat transfer equations are used as follows:
For all tube orientations (except upward flow):

In Regime I:

(10)

In Regime II:

(11)

For horizontal tubes, Equation 11 is recommended only if .
For vertical tubes in Regime III

. (12)

DEVELOPMENT OF THE PRESENT CORRELATION
 The development of the present correlation given above involved many trials and errors. 

These efforts are briefly described below.
Comparison of the author’s 1979 correlation with a wide range of data showed that it was fail-

ing for some fluids at high reduced pressures at moderate to high flow rates. The deviations were 
found to be related to the viscosity ratio of phases and reduced pressure. A correction factor was 
developed through data analysis which led to Equation 8a. This equation was found to give good 
agreement with data at higher flow rates for both horizontal and vertical tubes.

 Vertical Tubes
 It is well known that at very low flow rates, heat transfer in vertical tubes can be predicted 

with good accuracy by the Nusselt relation (Equation 9). The author expected that at intermedi-
ate flow rates, heat transfer could be predicted by suitably combining Equations 8a and 9. It was 
found that satisfactory agreement was obtained by simply adding the heat transfer coefficients 
predicted by these two. Thus, Equation 11 was obtained.

Figure 2. Heat transfer regimes in horizontal tubes, according to the present correlation.
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 Thus, it was qualitatively established that Equation 8a applied at high flow rates, Equation 9 
at the lowest flow rates, and Equation 11 at intermediate flow rates. Then, it was necessary to 
quantitatively establish the limits of applicability of these equations. Typically, researchers have 
defined the limits of their formulas in terms of flow patterns (examples include Dobson and 
Chato [1998], Thome et al. [2003]), and many others. However, the author’s correlation (Shah 
1979) has been found to agree with a very wide range of data that must have included many flow 
patterns. Besides, there are significant disagreements among various flow pattern maps. So, it 
was necessary to determine these limits directly through data analysis using dimensionless 
parameters. Jg and Z were selected from many parameters. The former, known as the dimension-
less gas velocity, has been used in many flow pattern maps including those of Breber et al. 
(1980) and Tandon et al. (1982). The parameter Z was introduced by the author in his very suc-
cessful correlation for condensation heat transfer (Shah 1979). Equations 4 and 5 were estab-
lished by analysis of data that used these parameters. In Figure 1, the curves representing these 
equations have been drawn only in the range of data analyzed.

Horizontal Tubes
 Nusselt has also provided an analytical solution for condensation on the outer surface of 

tubes. Hence, that relation will appear to be the correct choice instead of Equation 9, which is for 
vertical tubes. However, the solution for horizontal tubes is based on the condensate being con-
tinuously drained from the bottom of the tube. During condensation inside horizontal tubes, con-
densate accumulates inside the tube, as it does in vertical tubes. Therefore, the author decided to 
attempt a correlation at intermediate flows using a combination of Equations 8a and 9, in the 
same way as used for vertical tubes. Available data were satisfactorily correlated in this way. It 
should be emphasized that this result is empirical; no theoretical merit is claimed. 

The boundary between high and intermediate flow still needed to be established. Analysis of 
data led to Equation 7 becoming the boundary between Regime I and II. In Figure 2, the curve 
representing this equation has been drawn only in the range of data analyzed.

 Analyzable data for horizontal tubes were available only for . Chato (1962) has 
provided an analytical solution for horizontal and slightly inclined (downward) tubes with a 
limit that is stated to be . It is a modification of Nusselt’s solution for condensa-
tion outside of horizontal tubes. Kroger (1976) reported agreement of his data with Chato’s for-
mula. As the present database contained very few data for ReGT  that were well below 35,000, it 
appears advisable to conservatively set the limit of the present correlation for horizontal tubes at 

. For more discussion on horizontal and slightly inclined tubes with very low 
flow, see Shah (1981).

Inclined Tubes
The only analyzable data for inclined tubes were from Tepe and Mueller (1947). The data is 

for tubes inclined downward at 15°. The data show satisfactory agreement with the heat transfer 
regime relations for vertical tubes. Subject to verification with more data, it is recommended 
that heat transfer regimes for tubes inclined downward at 15° and greater be calculated as they 
are for vertical tubes. 

COMPARISON OF PRESENT CORRELATION WITH DATA

Data Search and Selection Criteria
A large amount of literature was reviewed in am attempt to obtain data covering as wide a 

range of parameters as possible. Unfortunately, many of the papers do not present the test in an 
analyzable form. For comparison with the present correlation, flow rate, pressure, and vapor 

ReGT 15,800≥

ReGT 35,000≤

ReGT 35,000>
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quality should be known. Many papers give data only in terms of q vs.  , their correlating 
parameters, or Re vs. , etc. Such data could not be compared with the present correla-
tion, though the last-mentioned type had been compared to the Shah (1979) correlation.

 Only pure fluids, azeotropic mixtures, and near-azeotropic mixture data were considered. 
The near-azeotropic mixtures included were R-404A and R-410A. The temperature glide for 
both is less than 0.5 °C, and so they were treated as pure fluids during the calculations. Only 
those data for refrigerants were considered in which oil content was zero or negligible according 
to the authors of those papers.

 Only data for macrochannels was considered. Macrochannels usually include channels with a 
diameter that is greater than 2 mm. Here, data for diameters including 2 mm were included. 
While presently there is great interest in microchannels, the author of this study felt that those 
needed a separate study, as surface tension effects become important in microchannels.

 Only data for horizontal flow and downward flow have been included, as physical phenom-
ena during upward flow are different in many respects.

 Where the publications provided a large amount of data, data representative of the range were 
taken from them. For example, if the data included mass velocities of 100 to 800 kg/m2⋅s at 
interval of 100, the runs at larger intervals (e.g., 200) were used. Similarly, if the data were for 
qualities from 0 to 1.0 at 0.1 intervals, data were taken at larger intervals, such as 0.2. The pur-
pose was to minimize effort without loss of useful information. It has been the author’s experi-
ence that samples of data collected in this way are sufficient for the purpose of the development 
of a correlation. No data points were deleted from any test run analyzed, even if they had large 
deviations and were suspected to be erroneous.

Fluid Property Data Sources
 The primary source of property data was the University of Ottawa Code UO0694 (obtained 

from the university’s mechanical engineering department). The other major source was the 2005 
ASHRAE Handbook—Fundamentals (ASHRAE 2005). The University of Ottawa code provided 
data for water, R-11, R-12, R-22, R-113, R-123, R-134a, and benzene. ASHRAE (2005) pro-
vided data for R-32, R-125, R-404A, R-410A, R-507, propylene, propane, and isobutane. REF-
PROP Version 8 provided data for R-142b and R-502 (NIST 2007). Beaton and Hewitt (1988) 
provided data for methanol, ethanol, and toluene. The data for Dowtherm 209 was taken from 
Blangetti and Schlunder (1979). The program for data analysis was initially prepared using only 
the University of Ottawa property code; other sources were used as necessary.

 All fluid properties were calculated at the saturation temperature.

Results of Comparison of Data with the Present Correlation
The salient features of the data that were analyzed are listed in Tables 1 and 2. Table 1 lists 

the data for horizontal tubes, and Table 2 includes vertical and inclined tubes. Many of the data 
were for mean heat transfer coefficients over the length of the tubes. Such data were analyzed by 
using the arithmetic average quality in calculations. This is an approximation because actual 
mean quality can be lower than the arithmetic mean quality as was discussed in Shah (1979). 
Hence the author would have preferred to use only local heat transfer data but included mean 
heat transfer data, as local heat transfer data were not available in that range.

Tables 1 and 2 list the mean and average deviations of the present correlation. Mean deviation 
 is defined as

. (13)

TΔ
hTP hLS⁄

δm

δm
1
N
---- ABS

N

1

∑ hpredicted hmeasured–( ) h⁄
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Average deviation is defined as

 . (14)

The mean deviation of all of the horizontal tube data is 14.3% and that of the vertical and 
inclined tubes is 15.9%. The mean deviation of all 1189 data points for all tube inclinations is 
14.4%.

Table 3 gives a breakdown of the data in the three heat transfer regimes. It is seen that the 
agreement with data is satisfactory in all regimes. However, the mean deviation for vertical 
tubes in Regime II is the highest (21.8%). This could be partially attributed to the fact that a few 
data points have very high deviations. Higher deviations also occur near the boundaries between 
the heat transfer regimes.

Table 4 lists the complete range of data over which the present correlation has been verified.

COMPARISON WITH OTHER PREDICTIVE TECHNIQUES

Besides the author’s correlation (Shah 1979), numerous predictive techniques have been pro-
posed, most of them for horizontal tubes. Many of them are analytically derived (examples 
include Moser et al. [1998], Thome et al. [2003], Dobson and Chato [1998], and Traviss et al. 
[1973]). Some are entirely empirical (examples include Cavallini et al. [2006], Akers et al. 
[1959], and Ananiev et al. [1961]). The last mentioned is often called the Boyko-Kruzhilin cor-
relation, which is based on the co-authors of that paper. Among these predictive methods, only 
that of Cavallini et al. has been based on and verified with a wide variety of fluids covering a 
very wide range of parameters. The correlation is intended to be applied to all flow rates, from 
the highest to the lowest. The Dobson-Chato method is also applicable to all flow rates but has 
only been validated with data for halocarbon refrigerants.

The objective of this research was not to evaluate various correlations. But, the data com-
pared with the author’s correlation have also been compared with a few others. The results are 
presented here so that it may be viewed in perspective. The correlations chosen are those of 
Cavallini et al. (2006), Moser et al. (1998), Traviss et al. (1973), Ananiev et al. (1961), and 
Shah (1979). Except for Shah’s correlation, all are stated to be only for horizontal tubes. No 
well-validated correlation for vertical tubes was found. Hence, comparison has been made 
only with horizontal tube data.

As noted earlier, Shah (1979) recommended his correlation only for higher flow rates. Traviss 
et al. (1973) derived their formulas using the annular flow pattern, and hence, should be 
expected to apply only at higher flow rates. The Cavallini et al. (2006) correlation gives two sets 
of formulas: one for higher flow rates and one for lower flow rates. Their formulas for lower 
flow rates require heat flux (or ). For most of the data sets in Tables 1 and 2, heat flux was 
not known. Hence comparison could be made only with their correlation for higher flow rates. 
They call it the heat flux-independent regime. This regime occurs when the following condition 
is met:

 (15)

where

δavg
1
N
---- hpredicted hmeasured–( ) h⁄

measured
N

1

∑=

TΔ

Jg 7.5 4.3Xtt
1.11 1+( )⁄( ) 3– C 3–+[ ] 1 3⁄–≥
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(16)

where C = 1.6 for hydrocarbons and C = 2.6 for all other fluids. It may be noted that Regime I of 
the present correlation is also heat flux independent, but it differs significantly from that of 
Equation 15. 

All prediction methods were tested within the range defined by Equation 15 to ensure that all 
were within their applicable range. Results of this comparison are presented in Table 5. While 
all of the tested correlations performed reasonably well, the Cavallini et al. (2006) correlation 
has the least mean deviation (12.6%). The present correlation has a mean deviation of 13.8%. 
The deviations of other prediction methods are significantly higher.

Table 3. Breakdown of the Results of the Present Correlation 
for Various Tube Orientations and Heat Transfer Regimes

Tube
Orientation

Heat Transfer Regime

I II III

N
Deviation
Percent

N
Deviation
Percent

N
Deviation 
Percent

Horizontal
Mean

726
13.5

205
17.0

N/A N/A
Average –0.4 –9.7

Vertical
Mean

169
15.0

33
21.8

41
15.8

Average 4.0 9.1 –4.5

Inclined
Mean

10
17.4

5
8.7

0
Average –17.4 8.7

Table 4. Complete Range of Parameters in the Data 
Showing Satisfactory Agreement with the Present Correlation

Parameter Range

Fluids
Water, R-11, R-12, R-22, R-32, R-113, R-123, R-125, R-134a, R-142b, 
R-404A, R-410A, R-502, R-507, isobutane, propylene, propane, ben-

zene, ethanol, methanol, toluene, and dowtherm 209

Tube diameter, mm 2 to 49

Tube orientations Horizontal, vertical downwards, 15° downward

Reduced pressure 0.0008 to 0.905

G, kg/m2⋅s 4 to 820

Prf 1 to 18

ReLT 68 to 84827

ReGT 9534 to 523317

x 0.01 to 0.99

Z 0.005 to 20

Jg 0.06 to 20

Xtt
1 x–

x
-----------⎝ ⎠

⎛ ⎞ 0.9 ρg

ρf
----- ⎝ ⎠

⎛ ⎞
0.5 μf

μg
------⎝ ⎠

⎛ ⎞
0.1

=
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Comparisons of some test data with these correlations are shown in Figures 3 through 10. Fig-
ure 6 is especially interesting, as it features a comparison of various correlations with data at a 
reduced pressure of 0.9. In this figure, it’s obvious that the Ananiev et al. (1961) and Cavallini et 
al. (2006) give good agreement. Other predictive schemes, shown in this figure grossly 
over-predict. Data in Figures 3 through 6 display the heat flux-independent regime defined by 
Equation 15, as well as Regime I of the present correlation. Figures 7 through 9 display data in 
Regime II and show the contributions of Equations 8a and 9 to the predicted heat transfer coeffi-
cients.

DISCUSSION 

Type of Fluids

Data for 22 fluids have been analyzed including halocarbon refrigerants, water, hydrocarbon 
refrigerants, and organics. The properties of these fluids differ so greatly that applicability to 
most fluids is likely. The fluids included several that did not exist when the original Shah corre-
lation was developed in 1979 (R-32, R-123, R-125, R-134a, R-142b, R-404A, R-410A, and 
R-507). The data for Dowtherm 209, which has a Prandtl number of 18, was especially interest-
ing, since it was the highest of the 22 fluids.

Efforts were made to find data for cryogenic fluids, as they are a distinct group. While some 
papers reporting experimental studies were found, none of them provided mass flow rate and 
vapor quality, and so they could not be analyzed.

Data for fluid mixtures that have large temperature glide were not analyzed. It is likely that 
they would be in agreement with the present correlation if correction for mass transfer effect 
was applied. The well-known method for correcting mass transfer effects proposed by Bell 
and Ghaly (1973) was successfully used by Cavallini et al. (2006) for adjusting the predic-
tions of their correlation for condensation of mixtures. This could work for the present corre-
lation, as well.

Various Parameters

The range of parameters over which the present correlation was verified was extremely wide, as 
seen in Table 4. The range of reduced pressures (0.0008 to 0.9) covered almost all practical appli-
cations. The tube diameters varied from 2 to 49 mm. Larger diameters were rarely used, and 2 mm 
was the lower limit of the macrochannels. The only limitations of the data were tube inclinations of 
less than 15°, and an ReLT of less than about 16,000 for horizontal tubes. While many tests have 
been completed under those conditions, the publications did not provide analyzable data; those 
data have probably been irretrievably lost to future researchers. Hopefully, more data will be forth-
coming with which this correlation may be tested and further extended.

Table 5. Deviations of Various Correlations for Horizontal Tube Data
in the Heat Flux-Independent Regime as Given by Equation 15

No. of 
Data

Moser et al. 
(1998)

Ananiev et al. 
(1961)

Traviss et al. 
(1973)

Shah 
(1979)

Cavallini et al. 
(2006)

Present

444
Mean 18.6 19.9 29.8 23.2 12.6 13.6

Average –4.0 –16.1 22.1 12.8 –5.4 1.9
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Figure 3. Comparison of the present correlation and that of Moser et al. (1998) with data 
from Tang et al. (2000). R-22 at 40C in a horizontal 8 mm diameter tube. G = 560 kg/m2⋅s.

Figure 4. Comparison of the present correlation and that of Traviss et al. (1973) with 
data from Jung et al. (2003). R-32 in a horizontal 8.8 mm diameter tube. TSAT = 40C, 
G = 300 kg/m2⋅s.
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Figure 5. Comparison of the present correlation and that of Ananiev et al. (1961) 
with data from Lee et al. (2006) for isobutane in a horizontal tube. TSAT = 40C, G = 150 
kg/m2⋅s.

Figure 6. Comparison of the present correlation and those of Ananiev et al. (1961), Shah 
(1979), Traviss et al. (1973), Moser et al. (1998), and Cavallini et al. (2006) with data from 
Jiang and Garimella (2003) for R-404A in a horizontal tube. G = 400 kg/m2⋅s, pr = 0.9.
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Figure 7. Comparison of the data from Varma (1977) for water in a horizontal 49 mm diam-
eter tube. With the present correlation, TSAT = 82.2C, G = 12.6 kg/m2⋅s. Data are in Regime 
II. Hence, predictions are the sum of those by Equations 8a and 9 (the Nusselt equation).

Figure 8. Comparison of the present correlation with data from Jung et al. (2004) for 
R-410A in a horizontal 8.8 mm diameter tube. TSAT = 40C. Data are in Regime II. Hence, 
predictions are the sum of Equations 8a and 9 (the Nusselt equation).
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Figure 9. Comparison of the present correlation with data from Mochizuki et al. (1984) 
for R-11 in a vertical 13.9 mm diameter tube. G = 80.4 kg/m2⋅s, TSAT = 42.4C.

Figure 10. Comparison of the present correlation with data from Jakob et al. (1932) for 
water at atmospheric pressure condensing in a vertical 40 mm diameter tube. All data 
are in Regime I.
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Physical Interpretation of Heat Transfer Regimes
In Regime III, the Nusselt equation applies. As it is based on the assumption of laminar flow, 

it may be appropriate to call it the laminar regime. In Regime I, Equation 8a was used, which 
incorporates Equation 2 and which is based on data for fully turbulent flow. Thus, Regime I may 
be considered to be the turbulent regime. In Regime II, the contributions of the laminar and tur-
bulent equations were added. So, it may be appropriate to call it a transition regime. These inter-
pretations are, of course, purely empirical. Analytical studies are needed for validation. 

CONCLUDING REMARKS

1. The objectives of this research effort have been substantially fulfilled. The author’s published 
correlation (Shah 1979) has been tested, modified, and its range of applicability has been 
widened. The present correlation has been shown to be applicable to vertical tubes at all flow 
rates and to horizontal tubes down to . It has been shown to agree over a 
reduced pressure range of 0.0008 to 0.9, with data for 22 fluids that include water, halocarbon 
refrigerants, hydrocarbon refrigerants, and various organics.

2. The present correlation is the only well-validated general correlation for vertical tubes. For 
horizontal tubes, it provides strong agreement with data over the entire range. Hopefully, this 
correlation will be helpful in the design and analysis of heat exchangers.

3. Further research is needed for validating/extending this correlation to horizontal and slightly 
inclined tubes at . Analyzable data from earlier studies are not available. Further 
checking and refinement of the boundaries between the heat transfer regimes is desirable.

NOMENCLATURE
D = inside diameter of tube
G = total mass flux (liquid + vapor)
g = acceleration due to gravity
h = heat transfer coefficient
hI = heat transfer coefficient given by 

Equation 10
hLS = heat transfer coefficient assuming liq-

uid phase flowing alone in the tube
hLT = heat transfer coefficient assuming all 

mass flowing as liquid
hNu = heat transfer coefficient given by 

Equation 11, the Nusselt relation 
hTP = two-phase heat transfer coefficient
Jg = dimensionless vapor velocity defined 

by Equation 6

N = number of data points
pr = reduced pressure
ReGT = Reynolds number assuming total mass 

flowing as vapor, = 
ReLS = Reynolds number assuming liquid 

phase flowing alone, = 
ReLT = Reynolds number assuming total mass 

flowing as liquid, = 
TSAT = saturation temperature
VGT = vapor velocity assuming all mass flow-

ing as vapor
Xtt = Martinelli’s correlating parameter, 

defined by Equation 18
x = vapor quality
Z = Shah’s correlating parameter,  

Greek Symbols

= Dynamic viscosity = density

Subscripts

f = of liquid g = of vapor
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