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Abstract: Condensation heat transfer is involved in many industrial applications. Therefore, it is important
to know the relative accuracy of the available methods for predicting heat transfer. Condensation can
occur with saturated as well as superheated vapors. Predictive methods for both conditions were
evaluated using a wide range of data. Twelve well-known correlations for the condensation of saturated
vapor, including the most recent ones, were compared with data for 51 pure fluids and mixtures from
132 sources in horizontal and vertical channels of many shapes. Channel hydraulic diameters were
0.08-49 mm, the mass flux was 1.1-1400 kg/m?s, and the reduced pressure range was 0.0006-0.949. The
fluids included water, CO,, ammonia, hydrocarbons, halocarbon refrigerants, various chemicals, and
heat transfer fluids. The best predictive technique was identified. The three most commonly used models
for heat transfer during the condensation of superheated vapors were studied. They were first compared
with test data using measured saturated condensation and forced convection heat transfer coefficients to
select the best model. The selected model was then compared with test data using various correlations for
heat transfer coefficients needed in the model. The best correlations to use in the model were identified.
The results of this research are presented, as are recommendations for use in design.

Keywords: condensation; heat transfer; saturated vapors; superheated vapors; inside channels;
correlations

1. Introduction

Condensation in channels occurs in many applications, including refrigeration, power
generation, and chemical processing. Condensation occurs when the wall temperature is lower
than the saturation temperature of the vapor from saturated as well as superheated vapors.
Methods for the accurate prediction of heat transfer during the condensation of saturated and
superheated vapors are needed to ensure the correct sizing of the condensers. Numerous
correlations have been proposed for the condensation of saturated vapors. The best-known
among them were recently evaluated in a paper by the author by comparing them with data
for 51 pure fluids and mixtures from 132 sources in horizontal and vertical channels of many
shapes. The channel hydraulic diameters were 0.08-49 mm, the mass flux was 1.1-1400 kg /m?s,
and the reduced pressures range was 0.0006-0.949. The fluids included water, CO,, ammonia,
hydrocarbons, halocarbon refrigerants, various chemicals, and heat transfer fluids. Some new
correlations verified with wide ranges of data have recently been published; they are said to be
more accurate than other correlations. Therefore, it is desirable to also evaluate their accuracy
along with the other correlations. This has been investigated in the present paper, and its
results are presented in this paper. Several methods have been proposed for the calculation
of heat transfer during the condensation of superheated vapors, but none of them have been
adequately evaluated. A preliminary study by Shah (2023) [1] focused on some of them. In the
present study, three of the most commonly used models were evaluated by comparing them
with a wide range of test data. It was found that one of those models is considerably superior
to the other two. That model was then compared with test data using various correlations for
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saturated condensation and forced convection heat transfer in order to identify the ones that
give the best agreement.

The following paper reviews the previous work on this topic, and the results of the
present study are presented. Recommendations are made regarding the application of the
results to the design of condensers.

Please note that this paper is concerned only with film condensation in commercially
manufactured channels. Dropwise condensation and enhanced surfaces are not within the
scope of this paper.

2. Previous Work
2.1. Condensation of Saturated Vapors

A large number of experimental studies have been conducted on heat transfer during con-
densation in mini and macro channels of various shapes and types. These have been reviewed
and listed in Shah (2021) [2], Shah (2022) [3], Nie et al. (2023) [4], and Marinheiro et al. (2023) [5].

Many correlations have been published, including those by the present author. The
first study, by Shah (1979) [6], continues to be widely used, but it is limited to lower pres-
sures and higher flow rates. Several improved versions have been published. Subsequent
correlations in Shah (2009, 2013) [7,8] were shown to be applicable at pressures close to the
critical pressures and for flow rates ranging from very low to very high. The Shah (2016) [9]
correlation took into account the effects of surface tension, making it applicable to both mini
and macro channels. Further improvements were made in several papers. The final version
is Shah (2022) [10] which differs from that in Shah (2022) [3] only for quality > 0.99. Among
other correlations that have agreed with a wide range of test data are Cavallini et al. (2006) [11],
Dorao and Fernandini (2018) [12], Hosseini et al. (2020) [13], and Moradkhani et al. (2022) [14].
The aforementioned correlations are intended for both mini and macro channels. A number
of correlations have been published, specifically for mini-channels. The most verified among
them is the correlation given by Kim and Mudawar (2013) [15]. In Shah (2022) [3], it was shown
that the Shah correlation was considerably more accurate than the other correlations, especially
when Wegrt < 100; this is the range in which the surface tension effect becomes important.
Most recently, Nie et al. (2023) [4] and Marinheiro et al. (2023) [5] presented correlations that
were shown to align well with wide-ranging databases and were stated to be more accurate
than other correlations. Therefore, it is desirable to also evaluate these new correlations to
determine their merits compared with the other correlations. This has been conducted in the
present research.

The correlation found in the work of Nie et al. (2023) [4] was obtained through the use
of machine learning, and it is based entirely on data for horizontal tubes. It is as follows:

For annular flow,
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The identification of the flow pattern is carried out as follows. Annular flow occurs when
Jg =25 and G > Gy, (6)

Otherwise, the flow is non-annular. G,y is defined as follows:

oy (a5 (050 096 _ 42
Guw = PL(gD) (0'54 Bd2 Bd )
Bd is the Bond number, which is defined as follows:
Bd = g(pp — pg)D* o1 (8)

The correlation of Marinheiro et al. (2023) [5] was based on data relating to both
horizontal and vertical channels, round as well as non-circular. The data included pure
fluids as well as mixtures. It is given in the following equation.

kL

hrp = 0.055Refp Pryp™ Frip ™! 5 )
Rerp = Rers + Regs (10)

Rers and Recg represent the superficial Reynolds numbers of the liquid and vapor
phases, respectively.
Prrp = Prp + Prg (11)

For non-circular channels, the hydraulic diameter is used in this correlation. For
mixtures, they found that the use of Bell and Ghaly [16] correction for mass transfer effects
deteriorated the agreement with the data. Hence, their correlation is to be used without
correction for the effects of mass transfer.

2.2. Superheated Vapors

Various models for superheated condensation were reviewed by Shah (2023). Some of
the text below is taken from this review.

McAdams (1954) [17] studied the data of several researchers for mean heat transfer
during the complete condensation of superheated vapors. These studies showed that the
total heat transfer with superheated vapors was only slightly higher than with saturated
vapors. For example, Merkel (1927) [18] found that for 82 K superheated steam, heat
flux was only 3% higher than with saturated steam. Therefore, McAdams recommended
that calculations can be carried out while neglecting the effect of superheating without
significant error. Thus, the mean heat flux gm for the condenser is given as follows:

qm = hSAT,m(TSAT - Tw,m) (12)

where Ty m, is the mean wall temperature of the condenser.

Altman et al. (1959) [19] performed tests with R-22 superheated up to 23 K. They
concluded that the change in the heat transfer coefficient is not related to the extent of
superheating but is related to ATSAT. They only reported the mean heat transfer coefficient,
and sufficient details have not been provided for their analysis.

Miropoloskiy et al. (1974) [20] performed tests for the condensation of saturated
and superheated steam in tubes. The pressure varied from 4 to 180 bar. They provided
a graphical correlation that agrees with their own data. They did not compare it to any
other data. The data shown in the figures in their paper lack the information needed for
comparison with other correlations.

Lee et al. (1991) [21] condensed R-22 in a horizontal tube. Superheating was un-
dertaken to 65 K, and the pressure ranged from 7.64 to 13.55 bar. They found that their
saturated condensation data were in good agreement with the Shah (1979) [6] correlation.
For the condensation of superheated vapor, they proposed that superheated vapor loses
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heat to the condensate layer via forced convection heat transfer, and the condensate trans-
fers heat to the coolant through the wall in the same way as in the condensation of saturated
vapor. Accordingly, they gave the following relation for the local heat transfer coefficient.

hrp(Tg — Tw) = hsar(Tsar — Tw) + hec(Tg — Tsar) (13)

The forced convection heat transfer coefficient of the superheated vapor was calculated
using the Gnielinski (1976) [22] formula, while the condensing heat transfer coefficient hg st
was calculated using the Shah (1979) [6] correlation. The area for the heat transfer between
the vapor and condensate was calculated, taking into consideration the thickness of the
liquid film, which was estimated based on the calculated void fraction. Good agreement
with their own data was reported.

Webb (1998) [23] argued that heat transfer from the superheated vapor to the con-
densate film involves mass transfer, which causes bulk convection in the superheated
vapor, thus enhancing heat transfer. He modified Equation (13) to take into account this
enhancement to the following form.

hrp(Tsar — Tw) = hsat(Tsar — Tw) + (hrc + q1atCpc/irc)(Te — Tsar) (14)

Webb states that this equation is applicable to all types of condensers, condensation
inside channels or on their external surfaces. He only compared Equation (14) to the data of
Lee et al. (1991) [21] mentioned above and reported good agreement. hSAT was calculated
using the Shah (1979) [6] correlation.

Longo et al. (2015) [24] incorporated the Webb model into their procedure for calculating
the mean heat transfer coefficient for plate-type heat exchangers. They reported good agreement
with the mean heat transfer coefficients for the complete condensation of several fluids.

Karwacki et al. (2011) [25] visually observed the condensation of superheated isobu-
tane and R-507 in an air-cooled tube. They observed a thin liquid film around the tube
which was mixed with oil. They also performed heat transfer tests but have not provided
any heat transfer data.

Kondou and Hrnjak (2012) [26] performed tests in a horizontal 6.1 mm tube with CO,
and R-410A at high pressures up to near-critical levels. To analyze their data, they adopted
the model of Equation (13), but they neglected the thickness of the condensate film. They
used a modified form of the Cavallini et al. (2006) [11] correlation to calculate hgat. For hgc,
they used the Gnielinski (1976) [11] correlation with wall temperature correction carried
out using Pethukov (1970) [27]. The correlation is shown below.

f = |1.82l0g,yRecr — 1.64] > (15)

hec = Fal(ke/D)(f/8)(Recr —1000)Prg)/ [1+12.7(£/8)°* (Pr{* =1) | (16)

Fo = (Ty/Tg) %% (17)

F, is the correction factor, according to Pethukov (1970) [27]. All of the fluid properties
are at the bulk vapor temperature. They reported good agreement with their own data.

Agarwal and Hrnjak (2014, 2015) [28,29] measured heat transfer coefficients dur-
ing the condensation of superheated R-134a, R-32, and R-1234ze in a 6.1 mm horizon-
tal tube. They compared their data with Equation (13). hsar was calculated using the
Cavallini et al. (2006) [11] correlation, and hrc was calculated using the Gnielinski cor-
relation, as given in Equations (15) and (16). Condensate film thickness was taken into
consideration when calculating the heat transfer between the vapor and the condensate
film. A good agreement was found with their own data.

Xiao and Hrnjak (2016) [30] performed tests with superheated R-134a condensing in a
6.1 mm diameter horizontal tube with a mass flux of 50 to 200 kg/ m2s.

Xiao and Hrnjak (2017) [31] presented a model for saturated, superheated, and sub-
cooled condensation based on non-equilibrium throughout the condensation process. It
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uses a film heat transfer coefficient based on the temperature at the interface between the
liquid and the vapor. It involves the calculation of the flow pattern using the Xiao and
Hrnjak (2015) [32] map and void fraction by their own correlation. This model was reported
to be in good agreement with the data of Kondou and Hrnjak (2012) [26] and Agarwal
and Hrnjak (2014, 2015) [28,29], as well as their own data. Good agreement over the entire
range is reported, but the results for the saturated and superheated regions are not given
separately. All these data were obtained using a 6.1 mm horizontal tube.

Sierres et al. (2017) [33] tested condensation in a vertical tube using superheated
R-134a and R-437. Only the average heat transfer coefficients for complete condensation
have been reported.

Jacob and Fronk (2021) [34] performed tests on five zeotropic mixtures of halocarbon
refrigerants in a 4.7 mm diameter horizontal tube. The tests included superheated and
saturated condensation. They proposed a new model specifically for mixtures, which
was in good agreement with their own data. Their model essentially uses Equation (13)
together with the Bell and Ghaly correction for mass transfer. Gnielinski correlation is used
for hgc, and Cavallini et al. correlation is used for hgat. The thickness of the condensate
film is considered negligible. They compared their data with the models of Kondou and
Hrnjak (2012) [26], Agarwal and Hrnjak (2014) [28], and Xiao and Hrnjak (2017) [31], as
described above. To correct for mass transfer effects, Bell and Ghaly correction was applied.
All three models were found to be satisfactory in the superheated region. In the saturated
region, the models of Xioa and Hrnjak and Agarwal and Hrnjak yielded large deviations,
while the Kondou and Hrnjak model was satisfactory.

All of the above-mentioned experimental studies were carried out using plain tubes.
Kondou and Hrnjak (2012) [35] performed tests on the condensation of superheated CO; in
two types of internally finned tubes. The data were correlated using Equation (13) with
hsat and hpc calculated with correlations suitable for such tubes. A satisfactory agreement
was found.

3. Data Analysis
3.1. Saturated Vapor Condensation

A very wide-ranging database was available, as described in Shah (2022a, 2022b) [3,10].
The range of data in the database is given in Table 1. It can be seen that it has 51 fluids (pure
and mixtures), horizontal and vertical flow, various channel types (annuli, round tubes,
channels of various shapes such as rectangular, triangular, etc.), hydraulic diameters from
0.08 to 49 mm, reduced pressures from very low to near critical, and flow rates from very
low to very high. The fluids include water, chemicals, halocarbon refrigerants, cryogens,
carbon dioxide, and ammonia; thus, an extremely wide range of properties is included.

Table 1. Range of data for condensation of saturated vapors that were analyzed. This was modified
from Shah (2022a) [3] to include the data analyzed in Shah (2022b) [10].

Parameter Data Range
Water, R-11, R-12, R-22, R-32, R-41, R-113, R-123, R-125, R-134a, R-141b, R-142b, R-152a, R-161,
R-236ea, R-245fa, R-404A, R-410A, R-448A, R-449A, R-450A, R-502, R-507, R-513A, R-452B,
Fluids R-454C, R-455A, R-1234fa, R-1234yf, R-1234ze(E), DME, butane, propane, carbon dioxide,
methane, FC-72, isobutane, propylene, benzene, ethanol, methanol, toluene, Dowtherm 209,
HFE-7000, HFE-7100, ethane, pentane, Novec 649, ammonia, and nitrogen (51 fluids)
Geometr Round, square, rectangle, semi-circle, triangle, and barrel-shaped single and multi channels.
y All sides cooled or one side insulated. Cooled partly or on all sides. Annuli.
Orientation Horizontal, vertical down
Aspect ratio, width /height 0.14 t0 2.0
Dyyp, mm 0.08 to 49.0
Reduced pressure 0.0006 to 0.949
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Table 1. Cont.

Parameter Data Range
G kgm 257! 1.1 to 1400
X, % 0.01to 1.0

Wegr 0.15 to 79,060

Fry1 for horizontal channels

7.7 x 107 to 4070

Glide of mixtures, K

0.1t09.5

Bond number

0.033 to 2392

Number of data sources

132 (112 Horizontal, 16 vertical down, and 4 both)

Number of data sets

267 (238 horizontal and 29 vertical down)

These data were compared to all the correlations that were evaluated in Shah (2022a,
2022b) [3,10] in addition to the new correlations of Nie et al. (2023) [4] and Marinheiro (2023) [5],
which have been described in Section 2.1.

In calculations with all Shah correlations, Dyp was used to calculate the single-phase
heat transfer coefficient and the Reynolds number. The same was also carried out with other
correlations, except for those of Kim and Mudawar (2013) [15], Dorao and Fernandino (2018) [12],
Hosseini et al. (2020) [13], Moradkhani et al. (2021) [14], and Marinheiro et al. (2023) [5]. For
these correlations, Dyyyp was used as the equivalent diameter in all calculations because that
was specified by these authors. Nie et al. (2023) [4] did not specify the equivalent diameter to be
used; Dyyp was also used in the calculations.

Where the authors reported mean heat transfer coefficient data, they were analyzed
using arithmetic mean quality.

The properties of HFE-7100 and FC-72 were obtained from their manufacturer, the
3M Corporation. The properties of Dowtherm 209 were taken from Blangetti and Schlunder
(1979) [36]. The surface tension of HFE-7000 was taken from Vins et al. (2021) [37]. All of
the other properties were obtained from REFPROP 9.1, Lemmon et al. (2013) [38]. All of
the properties used were at saturation temperature. The deviations in the correlations were
calculated as below.

Mean absolute deviation (MAD) is defined as follows:

1 N
MAD = ﬁ21 ABS{ (hpredicted - hmeasured) /hmeasured} (18)

Average deviation (AD) is defined as follows:

1
AD = Nzll\l{ (hpredicted - hmeasured) /hmeasured} (19)

Tables 2 and 3 give the deviations of various correlations for various conditions. For
all data, the Shah (2022b) [10] correlation has the least MAD of 17.7%. The next best is the
Shah (2009, 2013) [7,8] correlation, with a MAD of 20.3%. Details of the results are discussed
in Section 4.
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Table 2. Deviations of various correlations with data for saturated vapors; effect of orientation, tube diameter, and Weber number.
Deviation, %, MAD (Upper Row), AD (Lower Row)
Orientation Dia. mm Wegr N Kim and Ananiev Dorao and Hosseini Moradkhani Moser et al Traviss Ak tal Marinheiro Nie et al Shah (2009,2013) Shah (2022b)
Mudawar etal. Fernandino etal. etal. oseretal. etal. ers et al. etal. € etal [7,8] [10]
3 <100 788 29.5 40.6 35.0 39.4 27.2 31.8 43.0 150.6 28.6 743 319 20.4
= —-17.5 —37.2 —31.8 —29.8 —-16.3 —5.1 9.8 150.3 —23.6 56.1 —24.1 —2.0
19.4 19.7 19.8 22.3 20.8 34.1 99.4 105.4 21.0 40.7 21.3 185
<3 >100 2083 -85 —82 —74 -35 —6.7 26.3 95.8 103.8 ~11.6 26.7 6.7 -1.9
- Al 2801 223 25.8 263 27.3 229 333 88.1 116.3 232 50.1 242 19.0
= —114 —~165 ~167 —114 ~199 17.5 17.8 114.9 148 349 -19 -19
>3 <100 255 65.0 56.4 38.4 474 38.3 43.8 43.5 36.2 40.6 83.4 29.0 26.1
8.6 —56.4 ~13.2 5.4 —295 —41.6 -10.7 —0.2 —-33.6 77.4 —9.6 6.2
. 27.1 23.9 18.7 28.2 17.4 34.4 118.3 26.8 18.3 424 17.8 16.5
Horizontal >3 100 4606 211 135 0.9 48 24 171 1133 42 ~103 23.8 33 0.6
3 All 4861 29.0 25.6 19.7 28.4 18.6 34.8 113.4 27.6 195 446 18.4 17.0
—-19.6 —15.8 0.1 -1.8 —4.2 16.3 106.7 -2.2 —11.5 26.7 2.6 0.9
383 452 35.9 420 30.9 35.4 413 124.0 316 76.5 31.1 21.8
All <100 1043 —122 —425 —27.2 —226 —209 —140 8.7 115.2 —256 61.3 —-105 —0.1
24.7 26 18.9 263 185 343 111.8 51.1 19.1 419 18.9 17.1
All 100 6639 173 119 “11 15 —40 219 1073 301 ~107 247 43 —02
26.6 25.7 21.2 29.1 20.2 34.0 102.3 61.0 20.8 46.6 20.6 17.8
All All 7682 —~12.6 —16.1 —47 —11 —6.3 16.9 93.9 417 —12.7 29.7 1.0 —0.2
- Al o7 23.7 28.6 25.4 329 19.6 31.3 69.4 128.0 23.1 36.4 20.7 20.7
= 82 —218 ~19.1 —148 24 6.6 66.2 128.0 5.8 189 5.9 5.9
Vertical >3 All 538 40.2 33.8 38.8 40.5 31.1 33.2 60.1 427 329 179.5 15.8 15.8
Downflow 14.1 -15 —354 15.0 6.4 6.4 39.0 4.6 —9.9 179.1 1.9 19
Al Al 810 34.7 32.1 343 37.9 27.2 32,5 63.2 71.3 29.6 1315 174 17.4
6.6 —83 —29.9 5.0 34 6.5 481 46.0 86 121.3 —0.7 —07
00 1271 424 449 35.3 436 31.2 35.7 429 121.1 32,3 82.6 29.3 216
—6.3 —42.3 —24.2 —21.0 —-21.3 —15.4 105 108.9 —24.6 68.7 —-8.3 -1.6
All
Horizontal s100 721 24.7 23.0 19.6 26.8 19.1 33.9 108.3 51.9 19.8 498 18.7 17.0
and Vertical ~158 —106 —06 24 -28 21.6 103.7 30.8 -102 33.5 42 0.0
27.3 263 219 293 209 34.2 985 62.0 21.7 54.7 20.3 17.7
All All 8492 144 ~153 “41 11 54 16.1 89.5 21 123 388 0.8 ~02
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Table 3. Deviation of correlations with the data for saturated condensation of various types of fluids.
Deviation, %, MAD (Upper Row), AD (Lower Row)
Fluid Number of N Ki d A i D d H ini Moradkhani Marinhei Shah (2013) Shah (2022b)
Sources m an naniev 0rao an osseini ora ani Moser et al. Traviss et al. Akers et al. arinheiro Nie et al. a a

Mudawar etal. Fernandino etal. etal. etal. [8] [10]

Water 14 333 38.7 49.3 32.6 43.3 37.3 36.0 84.8 34.8 48.5 146.8 17.8 15.9
4.0 7.2 —24.0 —-3.8 —13.3 —26.9 57.1 —16.2 —48.1 146.7 —-2.0 3.4

Carbon 9 386 31.7 29.8 233 29.4 243 49.5 164.4 431 19.3 34.7 229 20.9
dioxide ~104 —8.0 7.1 —6.0 —6.8 29.0 157.8 36.1 -7.1 6.4 7.8 238
21.9 19.0 221 155 16.2 452 151.8 492 184 459 19.4 17.2
Hydrocarbons 2 1536 113 0.0 105 ~70 51 411 150.8 253 ~189 308 125 9.1
Ammonia 1 79 32.6 414 44.7 544 24.3 46.9 29.0 54.3 42.8 27.3 39.7 34.2

—273 —-383 —41.1 —54.1 162 —452 85 52.8 —3238 16.7 357 —242

Halocarbon 12 5734 28.0 262 20.1 315 20.6 29.6 85.5 67.3 20.7 467 20.3 175
refrigerants —6.6 -19.8 —6.8 2.7 —47 119 75.9 48.7 —11.2 30.0 —14 —2.7
HFEs, FC-72, 6 191 21.9 25.8 40.3 38.3 36.6 57.4 51.7 91.7 254 275.3 21.8 20.9
Dowtherm —129 —13.0 4.6 —-10.3 -3.3 46.2 2.0.0 81.3 —54 275.3 -85 3.0
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3.2. Superheated Vapor Condensation
3.2.1. Evaluation of Models
Models Evaluated

The various models that have been proposed for superheated condensation are dis-
cussed in Section 2.2. The ones selected for evaluation are discussed below.

The model proposed by McAdams, Equation (12), has been widely used due to its
simplicity. It neglects the effect of superheating on condensation heat transfer. It is named
Model 1. In terms of the local heat flux q, it is as below

q = hsar(Tsar — Tw) (20)

Jacob and Fronk (2021) [34] found the models of Xiao and Hrnjak and Agarwal and
Hrnjak to be very inaccurate in the saturated condensation region. While designing a
condenser, it is desirable to use the same formula for hgat in the superheated region as
in the saturated region. Hence, these two models are not considered for evaluation. The
models of Lee et al., Kondu and Hrnjak, and Jacob and Fronk all use Equation (13), the
differences being in some details of the calculation method. Hence, this is one of the models
to be evaluated. It is called Model 2. In terms of local heat flux q, it is written as follows:

q = hsat(Tsar — Tw) + hrc(Te — Tsar) (21)

The Webb model represented by Equation (14) is called Model 3. The local heat flux q
is written as follows:

q = hsar(Tsar — Tw) + (hrc + q1aCpc /irc) (Te — Tsar) (22)
qlat is the heat flux due to phase change alone

Comparison of Models Using Measured hgat and hpc

The predictions of the models described in this Section will vary with the correlations
used to calculate hsat and hgc. To ensure the correct evaluation of the accuracy of the models,
the measured values of hgat and hpc were used. All of the data listed in Table 4 provide
measured hgat at x = 1. Most of the data from the work of Hrnjak and coworkers provide
measured hgc, and in such cases, they show close agreement with the correlation of Gnielinski
described in Section 2. Hence, in the few cases where it was not given in their data figures, hpc
was calculated using the Gnielinski correlation. The data of Lee et al. (1991) [21] gave neither
hsar nor hrc. Hence, it was not included in this comparison.

Table 4. Deviations of various models for the condensation of superheated vapors in tubes using
measured forced convection and condensing heat transfer coefficients. All tubes were horizontal.

Deviation, %, MAD (Upper

Tube Dia., . Reduced G q Superheat  Regr
Source Type mm Fluid Pressure Kg/mz s KW/m?2 K X103 N Row)/AD (Lower Row)
Model 1 Model 2 Model 3
Fujii et al. ) 0.0252 45 10 22 77 439 172 15.1
(1978) [39] Plain 214 R-113 0.0323 115 11 415 211 15 439 ~172 99
Kondou and
Hrnjak (2011, ) 0.678 100 05 33 32.9 17.9 333
2012a, 2012b) Plain 6.1 CO, 0.9492 150 10 169 51 7 —265 11 23.1
[26,35,40]
Kondou and
' ) 0.5493 100 10 02 30 256 137 474
Hrnjak Plain 6.1 R-410A 35
(20120) [26] 0.9468 200 20 36.0 79 —231 55 22
0 44 147 16.4 226
R-134a 0.3247 100 10 193 47 4 147 121 182
Agarwal and ) 17 39 30.7 18.6 273
Hrnjak (2015) [29] Plain 6.1 R-1234ze 02743 100 10 4s e 5 g s 186 273
R-32 05433 100 10 09 39 6 53 176 26.0

252 41 353 10.0 187
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Table 4. Cont.
. Deviation, %, MAD (Upper
Tube Dia., . Reduced G q Superheat  Regr
Source Type mm Fluid Pressure Kg/m?s KW/m?2 K X103 N Row)/AD (Lower Row)
Model 1 Model 2 Model 3
Finned, 0.3 32 31.8 14.2 14.1
Kondou and Type A 0.8137 100 10 6.2 34 4 —31.8 133 52
Hrnjak 7{1 CO,
(2012b) [35] Finned, 0.1 32 145 36 9.1
Type B 0.8137 100 10 38 34 2 145 3.6 9.1
All sources Plain, . 0.0252 45 10 0 30 109 30.9 159 334
Finned 214 0.9492 200 20 41.8 211 —279 0.6 239

Calculations with Model 3 require qy,; the heat flux due to phase change, while the
test data provide the total heat flux, which also includes the heat flux due to condensation.
qlat is calculated using the following equation.

G1at = hsat(Tsar — Tw) (23)

The deviations of each data set are listed in Table 4. These are defined as below.
MAD (mean absolute deviation) is defined as follows:

1
MAD = NZ?] ABS{ (l]predicted - qmeasured) /Qmeasured} (24)

The average deviation (AD) is defined as follows:

1
AD = Nzll\l{ (qpredicted - I]measured) /qmmsmd} (25)

It can be seen that Model 2 is by far the most accurate, its MAD (mean absolute
deviation) being 15.9%, and those of Model 1 and Model 3 are 30.9% and 33.4%, respec-
tively. Model 1 always underpredicts. Model 3, which was proposed by Webb (1998) [23],
overpredicts most data, with its AD being +23.9%.

Model 2 is clearly the best and was chosen for further evaluation.

Evaluation of Model 2 Using Various Correlations

As shown in this Section, Model 2 was found to be the most accurate model. This
conclusion was reached using measured hsar and, in most cases, using the measured
values of hgc. It is now desired to know which correlations for hgat and hpc give the best
performance when using Model 2. This evaluation is limited to plain tubes.

For hgc, two correlations were tried. One was the correlation of Gnielinski (1976) [22]
with the correction by Pethukov (1970) [27], as given by Equations (15)-(17). The other was
the correlation of Dittus and Boelter (1930) [41], which is given by the following formula.

hpc = 0.023Re23.Prdtkc /D (26)

All properties were calculated at the bulk temperature of the vapor. The two corre-
lations were tried together with the various correlations for hga, which were tried. The
deviations using the Gnielinski correlations and the Dittus—Boelter correlation were very
close to each other. All of the results reported were obtained through the use of Gnielinski
correlation, as shown in Equations (15)—(17).

For the condensation of saturated vapors, the most verified correlation is that of Shah
(2022b) [10], as shown in Section 3.1. According to this correlation, surface tension has an
effect when Wegt < 100. It is defined as follows:

2
WeGT = Q (27)
ey
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Considering mini-channels to be those affected by surface tension, channels with
Wegr < 100 are mini-channels, and those with Wegt > 100 are macro or conventional
channels. While Shah (2022b) [10] was found to give the least MAD for both macro and
mini channels, other correlations that had a reasonable agreement with macro channel data
were those of Moradkhani et al. (2021) [14], Dorao and Fernandino (2018) [12], Ananiev et al.
(1961) [42], and Marinheiro et al. (2023) [5]. The correlation of Cavallini et al. (2006) [11]
has been reported to be accurate by these researchers as well as by many other researchers.

The correlations mentioned in the previous paragraph were considered for the calculation of
hgat, which is to be determined at x = 1. The correlations of Shah and Cavallini et al. are
indeterminate at x = 1. Hence, the calculations were carried out using x = 0.999 with all correlations.

The fluid properties were calculated with REFPROP 9.1, as in Lemmon et al. (2013) [38].

The results of the evaluation using various correlations for hg,t are given in Table 5.
The best agreement is with the Cavallini correlation with MAD of 22.0%. The next best is
the Shah correlation, with a MAD of 22.3%. The results are discussed in Section 5.

Table 5. Deviations of Model 2 using various correlations for hgar.

Tube

Dia.,

Deviation, % MAD (Upper Row)/AD (Lower Row) Using Correlation of
Reduced

Data of Type mm Fluid Pressure N Shah Cavallinietal. Dorao and Moradkhani Ananiev Marinheiro
(2022b) [10] (2006) [11] Fernandino etal. et al. etal.

Leeetal (1991)[21]  Plain  7.95 R22 0.1763 1 Z%is Z:i ff_g %i:g 76'6%4 i:g
Fujiietal (1978)[39] Plain 214  R-113 e 15 L et b o e 5
eliamibmy man e co S e BL 1m0 B b3 as

26,35,40]

T e - I N
T A N
e T T O
e o 3, W m m mow

e e 5, e m m L m nm

For Lee et al. data point, G = 250 kg/ m?s; superheat, 21.3 K.

4. Discussion
4.1. Discussion Saturated Condensation
4.1.1. Overall Accuracy of Correlations

The deviations of the correlations that were evaluated are listed in Tables 2 and 3. It
can also be seen that for all data, the Shah (2022b) [10] correlation has the least MAD at
17.3%. The next best is the Shah (2009, 2013) [7,8] correlation, with a MAD of 20.3%. The
correlations of Moradkhani et al., Marinheiro et al., and Dorao and Fernandino have MADs
of 20.9%, 21.7%, and 21.9%, respectively. So, their overall performance is good. The MADs
of Kim and Mudawar and Ananiev et al. correlations are 27.3% and 26.3%, respectively.
The correlations of Moser et al., Nie et al., and Traviss et al. have MADs of 34.2%, 54.7%,
and 98.5%, respectively; hence, these are very unreliable and not discussed any further.

In Shah (2022b) [10], it was shown that the Shah correlation was the most accurate
among the correlations evaluated. The new correlations evaluated during the present
research, Nie et al. and Marinheiro et al., have been found to be less accurate than the Shah
correlation, as well as some other correlations.

4.1.2. Weber Number and the Mini-Macro Channel Boundary

According to the Shah (2022a, 2022b) [3,10] correlation, the Weber number only has
an effect on the horizontal channels. In Table 2, it can be seen that the MADs of all
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correlations except the Shah (2022b) [10] correlation increase drastically when Wegt < 100
in the horizontal channels. For example, the MAD of Marinheiro et al. correlation is 19.1%
when Wegt > 100 and 31.6% when Wegt < 100. The Weber number is the ratio of the
force of inertia to the force of surface tension. These results show that Wegt = 100 is the
transition point between the regions in which surface tension has an effect and those in
which surface tension does not have an effect. Thus, this is the boundary between mini
and macro channels. Usually, D = 3 mm is considered to be the boundary between mini
and macro channels. The results in Table 2 show that the data for D < 3 mm are in good
agreement with the more accurate correlations if Wegt > 100. Hence, D = 3 mm does not
represent the boundary between the presence or absence of the surface tension effect. This
topic is discussed in detail in Shah (2018) [43] and Shah (2021) [2].

It is clear from the results in Table 2 that only the Shah (2022b) [10] correlation should
be used for horizontal channels when Wegt < 100.

Figures 1 and 2 show the comparison of some data for low Weber numbers with some
correlations.

—8— Measured
= % =Shah
++se4eee Dorao & Fernadino
—X: + Moradkhani et al.
—¢- = Marinheiro et al.

Heat Transfer Coefficient, kW/m2K

2T o~ =K
- X
x X /4,5%‘4%*-,*% Tt
+ .-_" X
L L .
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Vapor Quality

Figure 1. Comparison of the data of Bashar et al. (2018) [44] for saturated condensation with various
correlations. R-134a in a horizontal tube: D = 2.14 mm; TgaT = 30 °C; G =50 kg/mzs; and Wegrt = 22.

30
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= » =Shah

[ ==3=-Kim & Mudawar
++s4<e Dorao & Fernadino
20 b — A= Ananievetal.
—- « Marinheiro et al.
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15 |
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5 F  Feeeerr gooeo e ; -—g
O - &
0 1 ) .
0.2 0.4 0.6 0.8 1
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Figure 2. Comparison of correlations with data of Wang and Du (2000) [45] for water in a horizontal
tube: D = 3.95 mm; Tgat = 105 °C; G=11.2 kg/mzs; and Wegr = 12.
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4.1.3. Effect of Flow Orientation

It can be seen in Table 2 that for vertical flow, the Shah correlations have a MAD
of 17.4%, while the deviations of all other correlations are much higher. The next best is
Moradkhani et al., with a MAD of 27.2%. The correlations of Marinheiro et al. and Nie et al.
have MADs of 29.6% and 131.5%, respectively. Only the Shah correlations distinguish
between the horizontal and vertical channels. The phenomena in the two orientations are
different because flows in the horizontal channels are asymmetrical at lower flow rates
due to the effect of gravity, while the flow is symmetrical under vertical flow. Only the
Shah correlations take these effects into account and are, therefore, able to predict heat
transfer correctly. Other correlations do not take these into consideration and, therefore,
fail to predict correctly. Figures 3 and 4 show a comparison of some correlations with the
data in the vertical tubes.

70
X —6— Measured
£97 Shah

= » =Sha
2 X
. 50 | ==+=-Dorao & Fernadino e

=
Q2
&L—:’ 40
@
o
O 30
L
2
s 20
'_
©
& 10
T

O 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5

Vapor Quality

Figure 3. Data of Goodykoontz and Dorsch (1967) [46] for water in a vertical tube compared to
correlations: D = 7.44 mm; Tsat = 110 °C; and G = 265 kg/m?s.

—&— Measured

3 | = » =Shah

—X- = Moradkhani et al.
==+=-Dorao & Fernadino
«eesfe-.- Hosseini et al.

2 F =—0-- Marinheiro et al.

Heat Transfer Coefficient, kW/mZ2K

0.8 0.85 0.9 0.95 1
Vapor Quality

Figure 4. Data of Lilburne and Wood (1982) [47] for R-113 in a vertical tube compared to some
correlations: D = 3.47 mm; Tsat = 52 °C; and G = 50 kg/m?s.
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It may be concluded that only the Shah correlation is applicable to vertical channels
without any limit. Other correlations can only be considered for high flow rates.

4.1.4. Type of Fluids

Table 3 lists the deviations in the correlations with various fluids and fluid types. The
Shah (2022b) [10] correlation gives the best agreement with all fluids. So, only the other
correlations are discussed.

For halocarbon refrigerants, several correlations are in good agreement with the data,
the best among them being Marinheiro et al., Moradkahni et al., and Dorao and Fernandino.
These three are also in fairly good agreement with the data for hydrocarbons and carbon
dioxide. For water, all correlations have large deviations except for the Shah correlations.
The main reason is that the properties of water are very different from those of other fluids,
and most of the databases used for developing these correlations had little or no data for
water. For example, the databases used by Marinheiro et al. and Moradkhani et al. had
water data from only one source each. There were none for water in the databases of Dorao
and Ferandino and Hosseini et al. Therefore, it is not surprising that their correlations do
not agree with most of the data for water. The correlation of Ananiev et al. was based
exclusively on their data for water. However, all their data were at higher pressures and
higher flow rates and were only in vertical tubes. The present database includes low
pressures and flow rates as well as both horizontal and vertical channels. That is why their
correlation has large deviations when all data for water are considered. As was discussed
in Shah (2022a) [3], there is a lack of accurate data for ammonia, but there are reasons to
believe that the Shah correlations are applicable to ammonia.

The conclusion is that the Shah correlations are reliable for all fluids and are to be
preferred over other correlations. The correlations of Marinheiro et al., Moradkahni et al.,
and Dorao and Fernandino can be considered for fluids other than water, keeping in mind
the limitations noted in Sections 4.1.2 and 4.1.3.

4.2. Discussion on Superheated Condensation
4.2.1. Accuracy of Models

A comparison of the predictions of the three models evaluated is shown in Table 4 and
Figures 5-7.

30
== Measured X Model 1
25 A Model 2 + Model 3
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E 20 +
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x 15 | +
=}
o M A + +
5 &—eéﬂ—é—&e—%—e—e
©
L 10 X A X
X X A 4
5 X A
X X
O 1 1 >|< 1 X
0 2 4 6 8 10

Superheat, K

Figure 5. Comparison of predictions of models for superheated vapor condensation using the measured
heat transfer coefficients. Data of Kondou and Hrnjak (2012a) [26] for CO,: pr = 0.949; G = 150 kg/ m?s.
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Figure 6. Comparison of the predictions of superheated condensation models using measured heat
transfer coefficients. Data of Kondou and Hrnjak (2012a) [26] for R-410A: G = 100 kg/m?s; py = 0.949.
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Figure 7. Comparison of the predictions of superheated condensation models using measured heat
transfer coefficients. Data of Agarwal and Hrnjak (2015) [29] for R-1234 ze: G =100 kg/ m?Zs; Tgar = 50 °C.

Model 1, given by Equation (12), neglects the effect of superheating on the conden-
sation heat transfer. As seen in Table 4, this model always underpredicts the local heat
flux, with the AD for all data being —27.9%. Hence, for a condenser in which a large part
of it is involved in superheated condensation, this model is not acceptable as it greatly
underpredicts heat transfer. Its use may be justified in condensers where only a small part
of it has superheated condensation.
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Model 2, given by Equation (13), is seen to be, by far, the most accurate among the four
models tested, with a MAD of 15.9%. On the other hand, Model 3, which was proposed by
Webb (1998) [23], has a MAD of 33.4%. The two models differ only in terms of the mass
transfer enhancement factor introduced by Webb. Webb proposed this model based on the
idea that the single-phase heat transfer of superheated vapor is enhanced by mass transfer
from the superheated vapor to the condensate film. He himself only compared this model
with the data of Lee et al. (1991) [21], which were at a reduced pressure of 0.1763 and found
good agreement. A study of the results of the data analysis showed that while Model 2
predicts higher than Model 2 in most cases, the difference becomes very high near the
critical pressure. This is further evident in Figures 5-7. Close to critical pressure, Model 2 is
seen to grossly overpredict the measured values. This may be attributed to the fact that
the latent heat becomes very small near the critical pressure, resulting in the mass transfer
effect factor in this model becoming very large.

Longo et al. (2015) [24] incorporated the Webb model (Model 3) into their procedure for
calculating the mean heat transfer coefficient for plate-type heat exchangers. They reported
good agreement with mean heat transfer coefficients for complete condensation of several
fluids. However, it should be noted that the area over which superheated condensation
occurs is only a small part of the total area of the heat exchanger. The highest reduced
pressure in the data analyzed by Longo et al. was about 0.5, nowhere close to the range
in which large deviations have been found in the present data analysis. Hence, good
agreement of mean heat transfer coefficients reported by Longo et al. does not provide
clear evidence of the accuracy of the Webb model.

The present data analysis indicates that the Webb model is less accurate than Model 2.
However, the inaccuracy is not large at moderate pressure. At pressures close to critical, it
grossly overpredicts and should not be used.

4.2.2. Choice of Correlations for Use in Model 2

For the calculation of the forced convection heat transfer coefficient of superheated va-
por, two correlations were evaluated. These are the Dittus—Boelter equation, Equation (26),
and the Gnielinski correlation with the Pethukov correction factor, which requires the
insertion of wall temperature. The deviations were about the same using either of the two
correlations. Hence, either of them can be used for the design.

As for the correlations for the condensing heat transfer coefficient, the least deviation
was obtained with the Cavallini correlation, with its MAD being 22.0%. The next best was
the Shah (2022b) [10] correlation, with a slightly higher MAD of 22.3%. Deviations using
other correlations ranged from 23.9% to 27.8% and are thus significantly higher. Hence, the
results suggest that the correlations of Shah and Cavallini et al. are preferable.

The correlation of Cavallini et al. requires inputting the wall temperature in their
AT-dependent regime. As the wall temperature is unknown and is to be determined,
iterative calculations are required that increase the calculation effort. On the other hand,
the Shah correlation does not involve the insertion of the wall temperature as input; hence,
calculations with it are simpler. It should also be noted that Cavallini et al. recommended
their correlation only for p, < 0.8.

As discussed in Section 4, the Shah correlation is the only one that is accurate at
Wegr < 100; all other correlations that were evaluated have large deviations. Further, the Shah
correlation is the only one that gives good agreement with the data for vertical channels.

In view of its simplicity and verified superior accuracy under all conditions, the Shah
correlation appears to be the best choice for use in design. Other correlations may only be
considered for horizontal channels with Wegt > 100 and within their limitations noted in
Section 4.1.

Figures 8-10 show the comparison of the data with Model 2 using various correlations
for hs AT
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Figure 8. Comparison of the predictions of Model 2 using various correlations for hgar. Data of
Kondou and Hrnjak (2022a) [26] for CO,: pr = 0.949; G = 150 kg /m?s.
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Figure 9. Evaluation of Model 2 with hgaT using various correlations. Data of Fujii et al. (1978) [39]
for R-113: G = 115 kg/m?s; Tsat = 50 °C.
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Figure 10. Evaluation of Model 2 with hgat using various correlations. R-1234ze at saturation
temperature of 50 °C, G =100 kg/ m?Zs. Data of Agarwal and Hrnjak (2015) [29]. From Shah (2023) [1].
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4.2.3. Application to Mixtures

The only data for the mixtures analyzed in the present research is for R-410A. As the glide
of this fluid is very small, the results obtained do not shed light on the applicability to mixtures
with significant glide. As was mentioned in Section 2.2, Jacob and Fronk (2021) [34] performed
tests on the condensation of the superheated vapors of five mixtures with a glide up to 6.3 K.
They analyzed the data using Equation (13) with hgat by the Cavallini et al. correlation and
vapor forced convection heat transfer via the Gnielinski correlation. A correction was made for
the mass transfer effect using the method of Bell and Ghaly. Good agreement with the data was
found. Therefore, it can be concluded that Model 2 can be applied to mixtures with Bell-Ghaly
correction, at least for glides up to 6.3 K.

5. Conclusions

1.  Published correlations, including the two latest, for the condensation of saturated
vapors in channels were compared to a very wide-ranging database. It included data
for 51 pure fluids and mixtures from 132 sources in horizontal and vertical channels of
many shapes. The hydraulic diameters of the channels were 0.08-49 mm, with a mass
flux of 1.1-1400 kg/m?s and reduced pressures of 0.0006-0.949. The fluids included
water, CO,, ammonia, hydrocarbons, halocarbon refrigerants, various chemicals, and
heat transfer fluids.

2. The results showed that the Shah (2022b) [10] correlation has the best agreement with
the saturated condensation data of all fluids and channel types/shapes under all
conditions for both horizontal and vertical orientations. Other correlations have larger
deviations, especially for water and vertical channels. All correlations other than
the Shah (2022b) [10] correlation have large deviations in horizontal channels when
WegrT < 100; this is the range in which surface tension has an effect. Further, all correlations
other than those of Shah have large deviations from the data for vertical channels.

3. Three widely used models for condensation from superheated vapors were evaluated
through comparison with test data, using measured heat transfer coefficients for
saturated condensation and single-phase forced convection of superheated vapor. The
models given by McAdams and Webb were found to underpredict and overpredict
the data, respectively. The other model (Model 2), which obtains total heat flux by
adding heat fluxes due to saturated condensation and single-phase forced convection,
was found to be satisfactory.

4. Model 2 for superheated condensation was compared to the data using various corre-
lations for saturated condensation and single-phase forced convection. For saturated
condensation, the correlations of Shah and Cavallini et al. were found to have the best
agreement. For the single-phase forced convection of vapor, the correlations of Gnielinski
and Dittus—Boelter both yielded good results.

5. Model 2 can also be used for mixtures by applying the Bell and Ghaly correction for
the mass transfer effect.
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Nomenclature

AD Average deviation, (-)

Cpg Specific heat of vapor at constant pressure, ] kg*lK*1

D Inside diameter of the tube, m

Dpp Equivalent diameter = (4 X flow area)/(perimeter with heat transfer), m
Dyyp Hydraulic equivalent diameter = (4 X flow area)/(wetted perimeter), m
Frip Froude number = Gzp L2 gil DL, ()

f Darcy friction factor for pipe flow, (-)
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G Total mass flux (liquid + vapor), kg m—2s~!
g Acceleration due to gravity, m s—2
h Heat transfer coefficient, W m~2 K1
hgc Forced convection single-phase heat transfer coefficient of vapor, W m-2K"!
hgs Heat transfer coefficient assuming vapor phase flowing alone in the tube, Wm =2 K~
hgar Heat transfer coefficient of saturated vapor atx =1, W m2K!
hrp Two-phase heat transfer coefficient, W m 2 K1
irg Latent heat of vaporization. kJ kg™
Jg Dimensionless vapor velocity, (-)
k Thermal conductivity, W m 1K1
MAD Mean absolute deviation, (-)
N Number of data points, (-)
pr Reduced pressure, (-)
Pr Prandtl number, (-)
q Heat flux, Wm 2
qlat Heat flux due to phase change only, Wm 2
Re Reynolds number = GDu L, ()
Regg Superficial Reynolds number of vapor = GxDug 1, (+)
Regr Reynolds number for all mass flowing as vapor = GDug L, ()
Rerg Superficial Reynolds number of liquid = G (1 — x)Du. ~?, (-)
T Temperature, K
Tsar Saturation temperature, °C
Tw Wall temperature, °C
AT = (Tsar — Tw), K
Wegr Weber number for all mass flowing as vapor, (-)
Xt Martinelli parameter = (% - 1) (Z—i’ ) 02 (%)0'1, -)
X Vapor quality, (-)
Greek
v Dynamic viscosity, Pa. s
P Density, kg m—3
v Mathematical symbol for summation
o Surface tension, Nm !
Subscripts
G Vapor
L Liquid
m Mean
TP Two-phase
w Wall
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