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SUMMARY

Condensation of humid air is an important process in thermal and process engi-
neering and a subject of many currently research-intensive scientific domains,
such as atmospheric water harvesting and seawater desalination. The nature of
(water) vapor condensation in the presence of non-condensable gas (NCG) such
as air differs significantly from the case with the pure, quiescent vapor condensa-
tion. In the literature, simple models that describe the forced flow condensation
of water vapor in the presence of air on a series of vertical flat plates are hard to
find. Here we present a simple and computationally efficient semi-empirical cor-
relation describing forced flow condensation from humid air inside vertical chan-
nels formed by flat plates. The correlation accounts air as a non-condensing gas,
different heights of vertical plates, and different thermal-hydraulic parameters.
The correlation has been experimentally validated and shows excellent agree-
ment, as 90% of theoretically predicted values are within G12% of experimental
data.

INTRODUCTION

Condensation process plays an important role in several engineering applications and processes, spanning

from power generation (Uchida et al., 1965), advanced treatment of desulfurized flue gasses (Cao et al.,

2021), removal of PM particles from ambient air (Xu et al., 2017), refrigeration and air conditioning

(Wang et al., 2018), and process industry (Chen et al., 2020) to emerging research areas, such as seawater

desalination (Ma et al., 2021; Zanganeh et al., 2020; Zhang et al., 2021) and atmospheric water harvesting

(AWH) (Ejeian andWang, 2021; Wang et al., 2021), and is becomingmore important in the booming field of

daytime radiative cooling (Farooq et al., 2021; Haechler et al., 2021; Trosseille et al., 2021).

A theory of the film condensation in the case of pure quiescent vapor condensation on a vertical flat surface

was analytically solved by Nusselt in 1916 (Nusselt, 1916). The derived equation that allows the calculation

of the Nusselt number for that case with several assumptions is well known (Nusselt, 1916). However, when

the vapor contains two or more species, for instance, in the case of the gaseous mixture of water and air

representing humid air, only water vapor condenses. The air as a non-condensing gas (NCG) does not

condense. Owing to water vapor diffusion into the liquid condensate (thereby W2,i < W2,b), the mass

fraction of air increases near the liquid-vapor interface (W1,i > W1,b), as shown in Figure 1, Details A and

B. According to the phase rule, the temperature of the mixture decreases from the bulk temperature

Ta,b (corresponding to the bulk flow humid air temperature) to the temperature at the liquid-vapor interface

Ta,i (Fujii, 1991), which is schematically shown in the Figure 1, Detail B. The reduction of the water vapor

saturation temperature at the interface due to the presence of the air leads to the reduction of the conden-

sation heat transfer and mass flow rates in comparison with the case with the pure water vapor condensa-

tion with the same cooling surface (Tw) and bulk flow temperatures (Ta,b).

The influence of NCG on condensation has been experimentally confirmed in 1929 by Othmer (Othmer,

1929). When the volume fraction of air in steam-air mixture increased from 0% to 0.5%, the condensation

heat transfer coefficient reduced by nearly 50%. More recently, the influence of air on condensation was

experimentally studied by Bum-Jin et al. (2004). A large detrimental effect on heat transfer rate was demon-

strated in the case of small air mass concentrations (1.6%–6.5%). For the drop-wise condensation,
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Figure 1. Condensation of water vapor in the presence of air as a non-condensing gas

Condensation of water vapor (index 2 in Detail B) in the presence of air as a non-condensing gas (index 1 in Detail B)

during the humid air flow over cold vertical flat plates forming vertical channels.
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significantly higher heat flux reductions were observed in comparison with the film-wise. The condensation

heat transfer reduction was confirmed also with the presence of other NCG. Ge et al. (2016) experimentally

investigated convection film condensation of steam in the presence of CO2 on a vertical plate. The increase

of CO2 mass fraction from 23.3% to 74.8% led to a significant reduction in heat flux (by about five times).

Aside from experimental studies, the condensation process in the presence of NCG has also been exten-

sively theoretically studied by researchers. The developed theoretical models span from simple semi-

empirical correlations (Asano et al., 1979; Corradini, 1984; Fujii, 1991; Kim and Corradini, 1990; Liao and

Vierow, 2006) to complex and computationally extensive numerical models (Charef et al., 2017; Ganguli

et al., 2008; Karkoszka, 2007; Li and Li, 2011; Naylor and Friedman, 2010; Saraireh et al., 2010; Siow

et al., 2002, 2004, 2007; Yi et al., 2015). Simple models provide relatively accurate results within the appli-

cable ranges, defined by their corresponding theoretical and experimental study. In the case of more com-

plex geometries, physical models, and operating conditions, numerical models can be applied, where fully

resolved numerical simulations of a fluid flow are required. This leads to increased computational time and

costs and inherently increases overall model complexity. The main drawback of complex numerical models

is the limited application range, typically valid for specific geometry-based case.

The simplest known semi-empirical correlations that consider NCG have been reported by Uchida and Ta-

gami in 1965 (Tagami, 1965; Uchida et al., 1965). Both correlations (Uchida: hUchida = 379(mair/msteam)
�0.707

[W m�2 K�1], for mair/msteam < 20; Tagami: hTagami = 11.4 + 284(msteam/mair) [W m�2 K�1], for 0 < msteam/

mair < 1.4) are based on steady-state data and were correlated as a function of only the air to steam

mass ratio. The developed correlations were used extensively in nuclear industry, particularly for the light

water reactor (LWR) licensing calculations (Corradini, 1984). As research activities related to the safety of
2 iScience 25, 103565, January 21, 2022
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LWR intensified, Corradini (1984) and Kim et al. (Kim and Corradini, 1990) proposed models based on the

stagnant filmmodel. Their models predicted the condensation rates in the presence of an NCG in a reactor

containment and were in good agreement with the experimental data. An alternative model, based on

generalized diffusion layer approach has been proposed by Liao et al. (Liao and Vierow, 2006). The new

model improves the existing diffusion layer model (Peterson et al., 1992) by expressing the Fick’s law of

diffusion on a mass basis rather on a molar basis. A thorough theoretical analysis for the case of film

condensation of binary and multi-component vapors containing NCG on vertical plate has been published

by Fujii (1991). This was achieved by solving the equations of the two-phase boundary layer theory with the

use of the similarity transformation. The same method has been applied by Asano et al. (1979), who inves-

tigated forced convection film condensation of different vapors (water vapor, methanol, benzene, and

carbon tetrachloride) on vertical plate in the presence of air. Relatively good agreement between experi-

mental data and theoretical model has been observed, as deviations were smaller than 30%.

A rather complex mathematical model, built upon the boundary layer equations that were transformed with

nondimensional coordinates and solved using finite difference method, was presented by Cheng et al. (Li

and Li, 2011). Naylor et al. (Naylor and Friedman, 2010) analyzed the laminar film condensation on a vertical

flat plate in a crossflow of humid air using an approximate numerical method. Karkozska (2007) investigated

forced and free convection condensation of water vapor in the presence of air (binary) and air with helium

(ternary mixture) on vertical and horizontal plates. This was done theoretically by using a similarity method

and computational fluid dynamics. Ganguli et al. (2008) developed a theoretical model for free convection

film condensation of steam on a vertical flat plate in the presence of air and helium for both laminar and turbu-

lent regimes. This model was based on diffusion layer theory and numerically solved using an iterative proced-

ure. For the case of both laminar and turbulent regimes, Yi et al. (2015) presented numerical simulation using the

Volume of Fluidmodel of the humid air filmcondensationon vertical plate for inlet air mass fractions in the range

5%–50%. All authors reported reasonable agreement with existing numerical and/or experimental data.

In some cases, pairs of vertical plates represent vertical channelswith the humid air flowing in between. TheNus-

selt numbers for convection film condensation of pure vapors in such cases can be easily obtained (Kakac et al.,

1987; Roetzel et al., 2019). For the case of multi-component vapors containing NCG, Siow et al. (2002, 2004,

2007) investigated film condensation of steam-air mixtures for horizontal, vertical, and inclined channels. A nu-

merical model was provided by solving boundary-layer equations using a fully coupled implicit numerical

approach. A similar study was performed by Charef et al. (2017) for laminar film condensation of humid air along

an inclined channel, where boundary layer equations were solved using the implicit finite differencemethod. By

using the finite control volume approach, Ait Hssain provided a numerical solution of laminar convective

condensation in the presence of NCG in the case of downward flowing humid air (Ait Hssain et al., 2019). Be-

sides, the author also investigated the influence of copper nanoparticles presence on the condensation perfor-

mance (Ait Hssain et al., 2021). Saraireh et al., 2010 modeled laminar and turbulent film condensation of pure

steam and air-steammixture flow in a vertical channel. The obtained differential equations were discretized us-

ing finite difference approach and solved using the fourth-order Runge-Kutta method. Obtained solutions

showed satisfactory agreement with the presented experimental data.

Upon a comprehensive literature study, we observed lack of simple models related to humid air flow over a

series of vertical flat plates forming vertical channels. Several complex models describing the condensation

of humid air on vertical plates do exist but are predominantly computationally demanding (Charef et al.,

2017; Ganguli et al., 2008; Karkoszka, 2007; Li and Li, 2011; Naylor and Friedman, 2010; Saraireh et al.,

2010; Siow et al., 2002, 2004, 2007; Yi et al., 2015). Moreover, there is no study, either theoretical or exper-

imental, related to the condensation of water vapor in presence of air on a series of vertical flat plates that

form hollow channels. Recently a paper related to the condensation of humid air on vertical flat plates with

the height of 74 mm and on horizontal tubes with the outer diameters of 15 and 40 mm has been published

(Poredo�s et al., 2021b). The main goal was to evaluate existing semi-empirical correlations from the liter-

ature and to provide the corrected empirical coefficients using the power regression data analysis based

on experimental values. As the study was of applicable nature with the aim to provide simple correlations to

support the tumble dryer’s condensation geometry evaluation, the theoretical insight into the condensa-

tion process and the correlation development was limited.

Herein, we present an in-depth theoretical and experimental study that considers water vapor condensation in

thepresenceofair asa non-condensablegasona seriesof vertical flatplates forming vertical channels, as is sche-

matically shown in Figure1. The focus of this studywas to comprehensively investigate the condensationprocess
iScience 25, 103565, January 21, 2022 3
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on vertical flat plates forming vertical channels, emphasizedwith the following unique features: (1) The designed

condensation test sections consist of vertical flat plates with three different heights (30, 50, and 74mm) that form

hollow vertical channels. Inside the channels a cooling water provides cooled condensation surface at nearly

isothermal conditions. The proposed design of the test section therefore allows harnessing of the condensation

latent heat, released during the water vapor condensation. In addition, owing to the geometry of the proposed

test sectionsweevaluated the condensationon its sidewalls. (2)Wediscuss the importanceof the humid air flow

classification inside the vertical channels. Our analysis of velocity, thermal and concentration boundary layers

thicknesses versus inter-channel dimensions provides a crucial design consideration, which defines either inter-

nal orexternal fluidflowexistswithin thechannel. (3) Thepresented semi-empirical correlation, basedonexternal

humid air flow assumption is computationally efficient, easy to implement in computer program and has been

experimentally validated, showing excellent agreement between calculated and experimental values. Here

we note that the presented correlation is not valid for condenser geometries with densely packed vertical plates

but is valid only for condenser geometrieswhere the distance between the plates is larger from the point of view

ofboundary layer existence. (4) The study focusedoncharacteristicsof condensationheat transferwith respect to

different heights of vertical flat plates and thermal-hydraulic parameters. (5) The applicability and the usability of

the new semi-empirical correlation is demonstrated by evaluation of the potential condenser performance dur-

ing the fresh water generation (seawater desalination and adsorption-based atmospheric water harvesting).

RESULTS

The development of a new semi-empirical correlation

The presented new semi-empirical correlation separately considers (1) the condensate flow, which accounts the

shear stress at the liquid-vapor interface; (2) bulk flow of humid air as a laminar flow of a fluid over an isothermal

plate neglecting viscous dissipation in the bulk flow; and (3) the account of the non-condensable component in

the bulk flow. The correlation, valid for the calculationof thewater vapor condensation in thepresenceof air on a

series of vertical flat plates forming vertical channels has been made with the following assumptions:

1. Film condensation on vertical plates.

2. The entire condensing surface is covered by condensate; hence a completely wet copper surface is

assumed and no condensate movement in the form of rivulets exists. This assumption is backed up

by the typical equilibrium contact angle of a water droplet on a copper surface in the presence of air

at 20�C to be �60–70� (Chougule and Sahu, 2016; Martinez-Urrutia et al., 2018). Furthermore, as the

water surface tension decreases with increasing water temperature, so does the contact angle (Song

and Fan, 2021).

3. The condensate film thickness is significantly smaller compared with the distance between two

neighboring vertical plates forming a vertical channel and the width of the plate.

4. The distance between two neighboring vertical plates forming a vertical channel is significantly

larger compared with the velocity, thermal and concentration boundary layer thicknesses (see

STAR Methods and Figure S4). Therefore, the external flow of humid air over a flat vertical plate

has been considered.

5. The wall temperature is assumed to be constant over the entire height and width of the vertical plate.

6. Homogeneous process parameters (temperature, velocity, and water vapor mass fraction) of the hu-

mid air at the test section inlet cross section.

7. The density of the condensate is significantly larger compared with the density of the humid air.

8. Shear stress at the liquid-gas interface is equal to the wall shear stress.

9. Heat losses to the ambient are disregarded.

The film condensation assumption is backed up by the fact that a small amount of condensate on the plate

spurs film condensation (Fujii, 1991), where �10�1 mm is listed as a typical order of magnitude of film

thickness.

Condensate mass flux calculation

The detailed presentation of the new semi-empirical correlation development along a nomenclature is pre-

sented in STAR methods.
4 iScience 25, 103565, January 21, 2022
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The mass conservation in the case of the condensation process is always assumed, as no mass is produced

or destroyed. Hence, the condensate mass flux can be calculated by knowing the mass flux of a water vapor

diffusing into condensate (Stephan and Laesecke, 1980), also considering the correction factor F account-

ing the air as a non-condensable gas (see STAR Methods):

n00
2;x = ra;i b2;x F (Equation 1)

where b2;x is a local mass transfer coefficient and ra;i is the density of humid air at the interface. The

mass transfer coefficient is related to the Sherwood number by the following relation: Sh = bx=D. Insert-

ing this equation into Equation 1, integrating n002;x with respect to x from 0 to L, also considering Equa-

tions 25 and 27 from STAR Methods, the condensate mass flow rate per unit height of plate can be ob-

tained as:

GðLÞ=
Z L

0

n00
2;xdx = 0:604ra;iD2�1;i

0
BB@ 2:5

1:5+ W1;i

W1;b

1
CCA

m�
W1;i �W1;b

W1;b

�0:931

Sc1=3a;i Re
1=2
a;b (Equation 2)

Within Equation 2,D2-1,i is the mass diffusivity of water vapor in air and Sca,i is the Schmidt number of humid

air. Both variables are defined at the liquid-gas interface temperature. The Schmidt number at the interface

was calculated as:

Sca;i =
ma;i

ra;iD2�1;i
(Equation 3)

where ma,i is dynamic viscosity of the humid air at the interface. Mass diffusivity of water vapor in air at the

interface was determined according to the empirical correlation, as proposed by Fuller (1966):

D2�1;i =
10�3T1:75

a;i ð1= ~M1 + 1= ~M2Þ1=2

ptot

h
V 1=3
1 +V1=3

2

i2 (Equation 4)

where ~M1 and ~M2 are molar masses of air and water, respectively, whereas V1 and V2 represent atomic diffu-

sion volumes of air and water, respectively. Finally, the theoretical condensate mass flux can be calculated

using the following equation:

GðLÞ=m00
avg;th L (Equation 5)

One of the most important parameters that is difficult to obtain through experiments is the temperature at

the liquid-gas interface, Ti. The calculation of Ti starts with the assumption of temperature equality between

interface and the wall, i.e., Tw = Ti. However, as the Ti > Tw is always true, later iterations of the calculation

are based on the following equation: Ti = Tw + (Ti - Tw)avg,new.

Using Equation 21 from STARMethods, and knowing that dGðLÞ=dx = n002;x , the temperature difference can

be expressed as:

ðTi � TwÞðxÞ=
hfgn

00
2;xd

kc
(Equation 6)

The condensate thickness d can be calculated combining Equation 19 from STARMethods and Equation 2,

where the second term in Equation 19 can be omitted. This step has been justified by comparing the left

and right parts of Equation 19. Before that, we also determined the order of magnitude of a shear stress

at the interface for a plate height 0.05 m according to the Equation 23 from STAR Methods. With the

average value of experimentally determined velocity of the humid air y 1m s�1, it follows U
3=2
a;b � 100,

whereas the order of magnitudes of the humid air density and viscosity are 100 and 10�5, respectively.

The order of magnitude of the shear stress at the interface is therefore 10�2. Using this approximate num-

ber denoting shear stress on the right-hand side of Equation 19 and also by knowing the order of magni-

tude of the following variables: g�101, rc�103, d�10�4, mc�10�3, the approximate values of left and right

sides of Equation 19 are Gy 10�3 + 10�8. Consequently, the condensate thickness has the following

equation:

d= 1:26

�
mcra;iD2�1;i

gr2c

�1
3

Sc1=9
a;i Re

1=6
a;b F

1
3 (Equation 7)
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Figure 2. Flowchart of the condensate mass flux calculation procedure
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To calculate the average temperature difference (Ti - Tw)avg,new, we integrated Equation 6 with respect to x

from 0 to L. If we also divide by L, the final form of the equation is then:

ðTi � TwÞavg;new =
3

2

�
0:418ra;iD2�1;ihfg

kc

� 
mcra;iD2�1;i

gr2cL
3

!1=3

Sc4=9a;i Re
2=3
a;b F

4=3 (Equation 8)

By considering Equation 2, Equation 8 can be also expressed as:

ðTi � TwÞavg;newy1:082

�
hfg

kc

� 
mc

gr2cL
3

!1=3

GðLÞ4=3 (Equation 9)

Variables defined in Equation 8 are dependent on the temperature at the interface Ti. This equation is

solved iteratively, where first we assume Ti = Tw and the first value of (Ti - Tw)avg,new is obtained. Then,

new temperature Ti can be calculated and used to solve Equation 8. This procedure is repeated until

the convergence is obtained, which in our case is up to 10 iterations. The properties of the condensate

(kc, mc, and rc) were evaluated at the reference temperature Tc, as defined by Denny et al. (Denny and Mills,

1969):

Tc =Tw +
1

3
ðTi � TwÞ (Equation 10)

To reduce the complexity of the condensate mass flux calculation based on the described semi-empirical

correlation, the entire process of the condensate mass flux calculation is shown in Figure 2. Variables that

need to be either calculated or determined are highlighted within blue squares.
6 iScience 25, 103565, January 21, 2022



Figure 3. Experimental validation of the presented semi-empirical correlation

Comparison of theoretical and experimental condensate mass flux ratios for vertical flat plates with three different heights

L = 30, 50, and 74 mm with respect to experimental condensate mass flux.
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The applicable range of the presented semi-empirical correlation with respect to L, Ta,b, Tw, W1,b,

Rea,b, Red, and Sca,i is 0.03–0.074 m, 29.5–77.3�C, 10.5–58.9�C, 0.683–0.974, 1,362–5,180, 0.06–2.51, and
0.622–0.630, respectively. The calculation procedure of values Rea,b and Red can be found in STAR

methods.

During our theoretical study, all the thermodynamic properties of humid air and water were calculated us-

ing the CoolProp functions—HAPropsSI function for humid air and PropsSI function for water and dry air

(Bell et al., 2014).
Experimental validation of new semi-empirical correlation

An experimental validation of the proposed new semi-empirical correlation was performed by comparison

of the predicted and experimental condensate mass fluxes. The experimental setup used for condensate

mass flux measurements is presented in detail in STARmethods and Figures S1–S3 and Table S1. To ensure

validity of experimental results, we performed two additional tasks: (1) evaluation of the condensation rate

without the test section within the experimental setup (see STAR Methods) and (2) evaluation of the

condensation process on test section’s side walls (see STARMethods and also see Figures S7 and S8, Table

S2 and Table 4 in Poredo�s et al. [2021a]).

Figure 3 shows condensate mass flux ratiosm’’avg,th/m’’avg,exp in relation to experimental condensate mass

fluxes. The validation encompasses all 78 experimental points with all three heights of the vertical plates L=

30, 50, and 74 mm.

Considering all values, the agreement between the predicted and measured values is excellent, as 90% of

theoretical values lies betweenG12% of the mentioned ratio. This indicates that the presented correlation

successfully accounts different thermal-hydraulic parameters, different heights of the vertical flat plates,

and different air mass fractions inside the humid air in the bulk flow. The root-mean-square error (RMSE)

of the correlation with respect to experimental values in the case of L = 30, 50, and 74 mm was 7.2%,
iScience 25, 103565, January 21, 2022 7



Figure 4. Comparison between the theoretical and experimental condensate mass fluxes predicted by existing

correlations from the literature and new correlation
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4.4%, and 8.1%, respectively. Overall, the results of an experimental validation of the correlation also jus-

tifies temperature measurements of a test section’s side wall in the case of 50 mm height. The RMSE in the

case of 30 and 74 mm heights is not far off from experimental values, confirming this decision.

Slightly larger discrepancies between theoretical and experimental values at lowmass fluxes, i.e., below 5 g

s�1 m�2 in comparison with the discrepancies above this value can be observed, regardless of the plate

height. The main culprit for larger deviations could be lower temperature differences between humid air

and the vertical plates. Lower temperature difference leads to lower condensate mass flux values, but

the main contribution for larger deviations could be larger relative measurement uncertainties related to

mentioned small temperature differences.

Tabulated experimental values denoting condensate mass flux at different operating conditions, i.e., tem-

perature of humid air bulk flow (Ta,b), temperature difference between humid air bulk flow and the walls of

hollow channels (Ta,b - Tw), and volume flow of humid air ð _Va;bÞ for all three heights of vertical plates, 74, 50,

and 30 mm, are available in Tables 1–3 in Poredo�s et al. (2021a).
Comparison with existing correlations from the literature

A new correlation, presented in this study was evaluated against existing correlations from the literature that

studied the condensate mass flux calculation on the vertical flat plate. The existing correlations are listed in

ourpreviouswork related to thecondensationofhumidaironvertical flatplatesandonhorizontal tubes (Poredo�s

et al., 2021b) along with their applicable ranges of operating conditions. All the existing correlations were eval-

uated by also considering the condensation of humid air on side walls of the test section (see STAR Methods).

Three main observations based on the data in Figures 4 and 5 can be made. First, all the existing correla-

tions underpredict the condensate mass flow fluxes, with the following range of RMSE encompassing all

data: 12.7%–73.5% (Figures 4 and 5 and Table 1). Second, according to Figure 5 the predicted values based

on existing correlations demonstrate worse agreement in the case of extremely high air mass fractions in-

side the bulk of humid air, i.e., W1,b > 0.9. Third, all correlations demonstrate lower agreement with the

lower height of the vertical flat plates. Range of RMSEs for the height of 74 mm 8.8%–66.0% with the

average value of 38% confirms this observation, as the range of RMSEs for the height of vertical flat plates

of 30 mm is larger 11.6%–78.8% with the average value of 49%.
8 iScience 25, 103565, January 21, 2022



Figure 5. Condensate mass flux ratio with respect to air mass fraction in the bulk humid air, calculated by existing

correlations from the literature and presented correlation
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According to Figure 4, the evaluation of existing correlations from the literature shows that the problem of the

humid air condensation on a series of vertical flat plates can be reasonably predicted by Fujii’s numerical model

(Fujii, 1991) (RMSE encompassing all data: 12.7%, Table 1). The second important consideration related to Fujii’s

numerical model is also a more complex definition of the temperature at the liquid-gas interface, which inher-

ently increases computational time in comparison with our presented approach to calculate this value. Also,

the presented correlation shows better agreement with the experimental data with the RMSE covering all

data: 6.5%, Table 1, especially in the case of significantly higher air mass fractions inside the bulk of humid air,

as demonstrated in Figure 5. These results confirm that the presented correlation, coupled with the experimen-

tally extended factor that accounts the non-condensing component (air) in humid air (see Figures S5 and S6),

significantly improves the prediction accuracy compared with the baseline non-extended correlation.

Correlations based on the stagnant diffusion film layer model, proposed by Corradini (1984) and Kim (Kim

and Corradini, 1990), deviate significantly more with the overall RMSE of 34.1% and 57.8%. The Corradini

correlation is sometimes in good agreement with experimental data, as some predicted values are

withinG20% of the mass flux ratio,m’’avg,th/m’’avg,exp. Finally, very simple semi-empirical correlations, pro-

posed by Uchida (Uchida et al., 1965) and Tagami (1965), show a dissatisfactory agreement between

experimental and theoretical values, with the overall RMSEs of 57.1% and 73.5%, respectively. As both cor-

relations only consider the air to steam mass ratio (hUchida = 379(mair/msteam)
�0.707 and hTagami = 11.4 +

284(msteam/mair)), larger discrepancies are expected. Also, both simple correlations consider only free con-

vection; therefore, in the case of water vapor condensation in circumstances with forced convection both

mentioned correlations should be omitted from any analysis. Peterson (1996) argued that, even though the

correlation by Uchida has been extensively used in the nuclear industry for the condensate mass flux rates

calculations, the good performance of this correlation was found to be an artifact.
DISCUSSION

In this study, the condensation of water vapor in the presence of air as anNCGwas theoretically and experimen-

tally studied. The theoretical part of the study involved the development of a new semi-empirical correlation that

describes condensation of humid air on a series of vertical flat plates forming vertical channels in circumstances

with forced convection. The presented correlation separately considers the condensate flow, bulk flow of humid

air as a laminar flow of a fluid over an isothermal plate, and the air as a non-condensing component of humid air.

The experimental part of the study was performed on a custom-made experimental setup, based on a closed air

loop. The main highlight of the setup were custom-made test sections with water-cooled 30-, 50-, and 74-mm
iScience 25, 103565, January 21, 2022 9



Table 1. RMSE [%] of the present and existing correlations from the literature

Experiment

Correlation

Fujii (Fujii,

1991)

Kim et al.

(Kim and

Corradini,

1990)

Corradini

(Corradini,

1984)

Uchida et al.

(Uchida et al.,

1965)

Tagami

(Tagami,

1965)

Present

study

30 mm 14.3 61.8 39.8 67.1 78.8 7.2

50 mm 11.9 57.2 33.6 57.2 74.3 4.4

74 mm 11.7 53.8 26.8 42.8 66.0 8.1

All data 12.7 57.8 34.1 57.1 73.5 6.5
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vertical flat plates that could allow the re-use of the condensing heat. Main contributions of this study are sum-

marized with the following key points:

1. Existing correlations that account air as a non-condensing gas are not accurate in the case of higher

values of air mass fractions inside the bulk flow of humid air. Here we successfully demonstrated an

extension of applicable range of the existing correlations from the literature, with the extension of air

mass fractions from 0.906 to 0.974. Such conditions exist often in the air conditioning domain; hence

the proposed study could contribute an important insight into the humid air condensation process in

real-world air-conditioning applications.

2. The literature lacks simple, practical, easy to implement, and computationally efficient correlations

that consider condensation of humid air in the presence of air on a series of vertical flat plates form-

ing vertical channels in circumstances with forced convection.

3. Within the paper we discuss the importance of the humid air flow classification inside the vertical

channels. The test sections used in the experimental part of the study were designed by considering

the velocity, thermal and concentration boundary layers thicknesses versus inter-channel dimen-

sions. Therefore, we successfully demonstrated that the condensate mass flux of humid air on vertical

flat plates forming vertical channels can be theoretically determined with a satisfactory agreement by

considering external flow of humid air over the cooled vertical flat plates forming a vertical channel,

only if the boundary layers do not merge between two neighboring plates. Namely, at a certain dis-

tance between two plates, the flow and related boundary layers along a particular plate correspond

to external flow, as the bulk flow of humid air between two plates exists.

4. The presented new semi-empirical correlation, based on external humid air flow assumption, accurately

predicts condensate mass fluxes in the case of different heights of vertical plates and thermal-hydraulic

parameters, as 90% of predicted values are within G12% (m’’avg,th/m’’avg,exp) of the experimental data.

5. The evaluation of existing correlations that consider condensation of water vapor in the presence of

air on vertical flat plates revealed a wide range of accuracies, from 12.7% to 73.5% in terms of root-

mean-square error (RMSE) encompassing all experimental data of this study.

The applicable range of this theoretical and experimental study with respect to plate height, temperatures

of humid air and plate’s wall, air mass fraction in humid air, Reynolds and Schmidt numbers of humid air is

0.03–0.074 m, 29.5–77.3�C, 10.5–58.9�C, 0.683–0.974, 1,362–5,180, and 0.622–0.630, respectively.

The main advantages of the presented correlation are its simplicity, ease of implementation in computer

code, and short computational times. The correlation can be therefore easily used for a wide range of

real-world applications, where the condensation of humid air plays important role in practical and also

more complex situations.
Potential applications of the new correlation

The proposed semi-empirical correlation is generalized, thereby it can be used within various scientific and

industrial applications where water vapor condensation occurs. Within this article we focus on the demon-

stration of the potential condenser performance that could be used for fresh water generation during the
10 iScience 25, 103565, January 21, 2022



Figure 6. Performance of the potential condenser for the application of the seawater desalination

Performance of the potential condenser during the seawater desalination with similar operating conditions, as found

during the outdoor experiment with the ten-stage thermally localized multistage solar still prototype (Xu et al., 2020).
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seawater desalination and adsorption-based AWH. For this purpose, we relied on the data from two recent

experimental studies in mentioned scientific research areas (LaPotin et al., 2021; Xu et al., 2020). Even

though the focus of listed research studies was on the development of small-scale laboratory devices,

the newly proposed concepts of fresh water generation, either from seawater or atmosphere, might be de-

ployed in future medium- to large-scale applications. In that case the condensation of water vapor could be

intensified by leveraging the force convection condensation.

To evaluate the potential condenser performance in circumstances with the force convection, the temper-

ature of the humid air bulk flow (Ta,b) and the temperature of the cold wall (Tw) were determined from both

studies. According to Figure 2, the calculation of the condensate mass fluxes requires two additional vari-

ables: the heights of vertical flat plates (L) and the velocity of the humid air bulk flow (Ua,b). We have chosen

two heights, 30 and 74 mm, and the velocity at 1 m/s. In all cases the saturated air is assumed.

Here we note that the operating conditions during the fresh water generation during seawater desalina-

tion and adsorption-based AWH may largely deviate from the real-world applications. The temperature

gradient among the stages could differ significantly owing to different geometry of the whole system,

vapor generation system, and considered condensation in circumstances with forced convection.

Therefore, the main purpose of this article is to show the possible application and the usability of the

developed semi-empirical correlation that can accurately predict the performance of the proposed

condenser.

Condenser performance evaluation for seawater desalination application

The temperatures of the humid air bulk flow and the cold wall were determined from Figure 6C in (Xu et al.,

2020), which shows the outdoor experimental setup and the corresponding results of the ten-stage ther-

mally localized multistage solar still prototype. We have chosen a single time point at approximately 1.8

h. The temperature gradient among all ten stages were determined and are listed in Table 2.

Based on the listed temperatures, Figure 6 shows the performance of the potential condenser with two

different heights of vertical flat plates during the desalination process in circumstances with forced convec-

tion. As is evident from Figure 6, the main driving force behind the condensate mass flux rates are the tem-

peratures of the humid air bulk flow (Ta,b). The temperatures show a near-linear trend; however, the mass

flux rates show a clear power functional relation across the stages.

The condensate mass flux rates in stages seven to ten are almost identical with small difference. A slight

increase of condensation rate between the mentioned stages can be observed, as stage ten shows higher

mass flux rate (0.83 g s�1 m�2) in comparison with stages seven, eight, and nine at 0.75, 0.78, and 0.70 g s�1
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Table 2. Temperatures of the humid air bulk flow (Ta,b) and the cold wall (Tw) during the outdoor experiments with

the ten-stage thermally localized multistage solar still prototype

Stage number Ta,b [�C] Tw [�C]

1 65.2 59.6

2 59.6 55.8

3 55.8 52.3

4 52.3 49.5

5 49.5 46.7

6 46.7 44.0

7 44.0 41.9

8 41.9 39.6

9 39.6 37.4

10 37.4 34.2

Xu et al. (2020).
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m�2, respectively, for the case of the vertical flat plates height of 74 mm. The main reason is relatively low

temperature of the humid air bulk flow, as in this case the condensate mass flux rates are highly sensitive to

the temperature difference between humid air and the cold surface (Ta,b - Tw). Even though the tempera-

ture of the humid air in stage seven is considerably larger at 44.0�C in comparison with stage ten with the

humid air temperature 37.4�C, the higher temperature difference for the case of stage ten prevails (tenth

stage: 3.2�C versus seventh stage: 2.1�C).

If the height of the vertical flat plates is reduced from 74 to 30 mm, the overall condensate mass flux refer-

ring to all ten stages increases by 57% (10.2 g s�1 m�2 for 74 mm versus 16.0 g s�1 m�2 for 30 mm).

Condenser performance evaluation for adsorption-based AWH application

Figure S9 in LaPotin et al. (2021) shows the temperature distribution across the dual-stage adsorption-

based AWH device during the outdoor experiments. The evaluation of the potential condenser perfor-

mance was performed for four different points at the following times: 10:00, 12:00, 14:00, and 16:00. Table

3 shows the corresponding temperatures of the humid air bulk flow (Ta,b) and the temperature of the cold

wall (Tw).

Similar to findings described for the seawater desalination application, the largest impact on the condensate

mass flux rates is related to the temperature of the humid air bulk flow, as demonstrated in the Figure 7. Rela-

tive differences for the first stage between 12:00, 14:00, and 16:00 are enormous in terms of mass flux rates at

131%, 253%, and 100%, respectively, while the temperatures of the humid air at mentioned time points are

84.1�C, 91.3�C, and 80.2�C. The relative differences are averaged based on the results for 30 and 74 mm

heights of the vertical flat plates of the potential condenser. The main reason is the water vapor capacity
Table 3. Temperatures of the humid air bulk flow (Ta,b) and the cold wall (Tw) during the outdoor experiments with

the dual-stage adsorption-based atmospheric water harvesting device

Time Stage number Ta,b [�C] Tw [�C]

10:00 1 36.8 30.2

10:00 2 29.4 27.4

12:00 1 84.1 60.9

12:00 2 58.6 32.6

14:00 1 91.3 65.1

14:00 2 62.8 32.1

16:00 1 80.2 57.2

16:00 2 55.7 30.2

LaPotin et al. (2021)
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Figure 7. Performance of the potential condenser for the application of the adsorption-based atmospheric water

harvesting

Performance of the potential condenser during the adsorption-based atmospheric water harvesting with similar

operating conditions, as found during the outdoor experiment with the dual-stage adsorption-based atmospheric water

harvesting device (LaPotin et al., 2021).
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of air at certain humid air temperatures, increasing significantly with higher air temperatures. Thereby at

moderately lower humid air temperatures at 58.6�C, 62.8�C, and 55.7�C, corresponding to the same time

points as before, the second stage demonstrates considerably lower relative differences of condensate

mass flux rates at 116%, 152%, and 100% (again averaged values based on the results for 30 and 74 mm).
Limitations of the study

The first limitation of the study is the relatively low maximum temperature of the humid air bulk flow at

77.3�C, which is inherently related to the used experimental setup. In the future upgrade of the presented

experimental setup could be performed, with the temperatures of the humid air bulk flow reaching 95�C. As
demonstrated within the article related to the potential applications of the new correlation, in real-world

applications the temperatures of the humid air can clearly exceed 90�C. Knowing that the condensate

mass flux is significantly higher at humid air temperatures reaching 95�C, future studies should focus

more on this aspect.

Besides, the test section’s side walls are made of copper and in direct contact with the cold vertical flat

plates, thereby increasing the condensate mass flux rates on side walls. However, to increase the con-

denser’s ability in terms of latent heat re-use, the majority of the humid air condensation should occur

on vertical flat plates that form a hollow channel with the cooling water flowing inside. The key to improve

the amount of recycled latent heat lies in material science, as two solutions are possible: (1) to consider the

low thermally conductivematerial for the side walls, where the contact between this material and the hollow

copper channels is possible; (2) superhydrophobic coating for anti-condensation properties for side walls.

The latter property is of high importance for the future systems dealing with high-temperature humid air, as

adequate thermal insulation backed up by anti-condensation coating could provide the highest possible

re-use of the latent heat, released during the condensation process in real-world applications.
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KEY RESOURCES TABLE
RESOURCE SOURCE IDENTIFIER

Deposited data

Note: The complete experimental dataset can be

found in (Poredo�s et al., 2021a)

(Poredo�s et al., 2021a) Mendeley Data: https://doi.org/10.17632/8zb3trjjgk.1

Software and algorithms

CoolProp version 6.4.1 CoolProp http://www.coolprop.org/index.html

Python 3.8. Python Software Foundation https://www.python.org/

Other

Type K thermocouple XF-1256-FAR https://si.farnell.com/labfacility/z2-k-2-x-5/sensor-t-

couple-k-z2-pk5/dp/8598150?st=type%20k%

20thermocouple

Differential pressure transmitter DDPT 20 https://www.materm.si/Prodajni_program/

Diferencni_tlacni_pretvorniki

Digital humidity sensor SHT85 (RH/T) SHT85 https://www.sensirion.com/en/environmental-sensors/

humidity-sensors/sht85-pin-type-humidity-sensor-

enabling-easy-replaceability/

Desktop scale FKB 30K1A https://www.kern-sohn.com/

National instruments NI-9214 https://www.ni.com/sl-si/support/model.ni-9214.html

National instruments NI-9219 https://www.ni.com/sl-si/support/model.ni-9219.html
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Prof. Dr. Andrej Kitanovski (andrej.kitanovski@fs.uni-lj.si).

Materials availability

This study did not generate new unique materials.

Data and code availability

d Experimental data have been deposited at Mendeley Data and are publicly available as of the date of

publication. DOI is listed in the key resources table. Additional data reported in this paper will be shared

by the Lead Contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

Lead Contact upon request.
METHOD DETAILS
Nomenclature and units

A surface area [m2]

cp specific heat of condensate [J kg-1 K-1]

C distance between the isothermal side walls and the first and last flat plate [m]

C concentration [mol m-3]

D mass diffusivity [m2 s-1]

(Continued on next page)
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Continued

D distance between two neighboring plates [m]

F correlation accounting for non-condensing gas [/]

G gravitational acceleration = 9.81 m s-2

H specific enthalpy [J kg-1]; condensation heat transfer coefficient [W m-2 K-1]

J diffusive vapor flux [kg s-1 m-2]

K thermal conductivity [W m-1 K-1]

L plate height [m]

M exponential function [/]; mass [kg]

_m mass flow [kg s-1]

m’’ mass flux [kg s-1 m-2]

M molecular mass [kg mol-1]

N vapor mass flux [kg s-1 m-2]

P pressure [kPa]

q’’ condensate heat flux [J m-2]

R Ratio of condensate and vapor properties [/];

T temperature [�C, K]

U velocity [m s-1]

V atomic diffusion volume [m3 mol-1]

_V volume flow [m3 s-1]

W mass fraction [/]

x coordinate of two-dimensional Cartesian coordinate system [/]

y coordinate of two-dimensional Cartesian coordinate system [/]

Y mass fraction-difference ratio

Greek letters

b constant [/]; mass transfer coefficient [m s-1]

G mass flow of condensate per unit width of the plate [kg s-1 m-1]

d condensate thickness [m]; boundary layer thickness [m]

m dynamic viscosity [kg s-1 m-1]

n kinematic viscosity [m2 s�1]

r density [kg m-3]

t shear stress [Pa]

4 constant [/]

Subscripts, superscripts

1 non-condensable gas (air)

2 condensing component (water vapor)

a humid air; absolute

amb ambient

avg average

b bulk

c condensation; condensate

C concentration

cont contact

dew dew-point

edge edge

(Continued on next page)
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Dimensionless quantities

Nu Nusselt number

Pr Prandtl number

Re Reynolds number

Sc Schmidt number

Sh Sherwood number

Continued

error error

exp experimental

fg vaporization

i liquid-gas interface

in inlet

m exponential function

main main

mid middle

new new

out outlet

p1-3 part one to three

R ratio of air mass fractions

side-w side wall

t thermal

th theoretical

tot total

up up

v velocity

V humid air inside the vapour boundary layer

w plate wall
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Experimental setup

Experimental part of the study has been performed on a custom-made experimental setup, based on a

closed air loop, as shown in Figures S1 and S2. It consists of the following parts: 1 - test section, 2 - humid-

ifier chamber, 3, 6 - air heater, 4 – orifice meter, 5 – radial ventilator, 7 – condensate collector with high pre-

cision weighing scale and 8 – temperature-controlled water bath.

Humid air was flowing in the downward direction over the cooled vertical flat plates within the test section (1),

as demonstrated in Figure S3B). Condensate was collected on the bottom of the setup and weighted by the

high precision weighing scale (Desktop scale, FKB 30K1A) with the accuracy of G0.05 g (7). Dehumidified air

was then heated for the first time by air heater (Veab, model CV, nominal heating power 2.7 kW) (6). The vol-

ume flow of the dehumidified air was determined using the orifice meter (4) according to SIST EN ISO 5801

(EN ISO 5801:2017) and SIST EN ISO 5167-2 (SIST EN ISO 5167-2:2004). The diameter ratio b and accuracy of

the orifice meter were 0.596 and G0.8%, respectively. Approximately 0.13 m before the orifice meter, one

combined temperature and humidity sensor (SHT85) was placed with the temperature and humidity accu-

racies of G0.3 K and G1.8%, respectively. The corresponding pressure drop before and after the orifice me-

ter was measured using differential pressure transmitters (DDPT 20) with the measuring range 0–250 Pa and

accuracy of G0.8%. The dehumidified air was heated for the second time by additional air heater (Veab,

model CV, nominal heating power 2.7 kW) (3) and then humidified within the humidifier chamber (2) consist-

ing of a high pressure and a fine nozzle orifice. The relative humidity of the humid air at the inlet at the test

sections was 100%. As the system produced water droplets with an estimated diameter of 10 - 15 mm, the

removal of larger water droplets was handled by drift eliminators before the inlet at the test sections. The

cooling water was prepared in a temperature-controlled water bath and circulated in a closed loop. All

the measurements have been performed at ambient pressure, i.e. pamb = 101.325 kPa.
iScience 25, 103565, January 21, 2022 19
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A measurement console (National Instruments, NI-9214 and NI-9219) was used to acquire the temperature

measurements of humid air and condensing walls of vertical plates on 11 measuring points with the K-type

bare-wire thermocouples (XF-1256-FAR) with outer diameters of 0.2 mm and measurement uncertainty

ofG0.2 K. To measure the humid air temperature, eight thermocouples were positioned at the test section

inlet and outlet locations [Figure S3A)]. Condensing wall temperature measurements were acquired in the

middle of vertical flat plate, as shown in [Figure S3A)].

During the experiments air was used as a non-condensable gas. The air mass fraction was determined

based on the fixed value of relative humidity, which was always 100%. The controller of the humidifier cham-

ber was measuring the relative humidity of the humid air and adjusted the amount of generated water

droplets accordingly.

The test sections were made of four copper side walls with the inner dimensions of 3123 212mm2 (Figure S3).

Four copper hollowchannelswith thedimensions of 2123 12mm2were inserted through larger sidesof the test

section. Each hollow channel had two circular fittings with the inner and outer diameters of 33 and 35 mm,

respectively, located at the cooling water inlet and outlet. The distance between two neighboring plates form-

ing a vertical channel was 66mm, while the distance between the isothermal side walls and the first and last flat

plate was 33mm, as illustrated in Figure S3A). The heights of vertical flat plates of each test section were 30, 50

and 74mm [Figure S3A)]. All other geometrical characteristics of all three test sections are provided in Table S1.

Flow configuration of each test section was crossflow, as cooling water flowed inside each hollow channel in

the horizontal direction, while humid air flowed in the downward direction. The total number of vertical

plates in all cases were 8. The thickness of all walls of test sections including walls of hollow channels

were 1 mm. All major exposed surfaces of an experimental setup were insulated tominimize the heat losses

and the non-intentional condensation of water vapor on the inner surfaces of the experimental setup. The

thickness of the insulation was 13 mm with the thermal conductivity %0.036 W m�1 K�1.

Condensation rate without the test section. Even though the experimental setup has been extensively

insulated, we observed condensation on the inner surfaces of the vertical part of the test setup during trial mea-

surements. To account for the additional condensation between locations 2 and 7 on Figure S1, wemade sepa-

rate experiments with the test sections swapped by the conventional duct. A set of measurements was done

within the temperature range of humid air between 30 and 75�C. The main purpose of those experiments

was to evaluate themeasuring error during the condensatemass flowmeasurements in the test chamber. Based

on a set of measurements, the following correlation (units, g s�1) has been determined:

_mexp;error = � 0:0017,
ðTa;in +Ta;outÞ

2
� 0:0356 (Equation 11)

where Ta,in and Ta,out are humid air temperatures at the inlet and outlet of the test section, respectively. All

experimental values denoting condensate mass flux reported here include the correction, provided by

Equation 11.

Range of Rea,b and Red. Humid air inside the test section flows in the downward direction, as shown in

the Figure S3. By passing the vertical flat plates, the water vapor condenses on the cooled walls. To further

confirm the approach of the presented correlation by considering the laminar flow of a fluid over an

isothermal plate, we calculated the Reynolds number of the humid air flowing past the plate. The Reynolds

number was calculated using the equation:

Rea;b =
ra;bUa;bL

ma;b
(Equation 12)

where ra,b,Ua,b, ma,b represent density, inlet velocity anddynamic viscosity of humid air in the bulk flow, respec-

tively. The calculation of the Rea,b number encompassing all the experimental points, at which measurements

have been performed, shows that the range of Rea,b number is between 1362 and 5180, with an order of

magnitude 1.5-5 3 103 indicating laminar regime, which is up to Rea,b = 5 3 105 (Bergman et al., 2011).

During the condensation process, the flow of the liquid film (condensate) may exhibit laminar (wave-free),

laminar (wavy) or turbulent regime (Cengel and Ghajar, 2015). The regime depends on the Reynolds num-

ber of the condensate, which can be calculated as (Faghri and Zhang, 2020):
20 iScience 25, 103565, January 21, 2022
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Red =
4G

mc

(Equation 13)

where mc is the dynamic viscosity of the condensate and G is the mass flow of condensate per unit width of

the plate, calculated as:

G=m00
avg;exp L (Equation 14)

The calculated range of experimental condensate Reynolds number Red:0.06-2.51 confirm the laminar

(wave-free) regime of the condensate, defined at Red <30 (Bergman et al., 2011).
Boundary layer thicknesses evaluation

During the external flow of humid air over the cold flat plate, where the condensation of water vapor occurs,

two distinctive regions are formed: free stream, denoting the bulk flow of humid air and three types of

gaseous boundary layers: velocity, thermal and concentration. Inside the velocity boundary layer, velocity

gradients and shear stresses are large, while in the case of thermal and concentration boundary layers,

larger temperature and concentration gradients can be observed. With the increasing distance between

two parallel plates forming a channel, the internal flow regime becomes less pronounced. Therefore, at

a certain distance between two plates, the flow and related boundary layers along a particular plate corre-

spond to external flow, as the bulk flow of humid air between two plates exists. Inside the humid air bulk

flow the effects of velocity gradient, shear stress, temperature and concentration gradient are negligible.

In the literature, two distinctive types of velocity boundary layers can be found (Schlichting andGersten, 2016): (i)

boundary-layer thickness and (ii) displacement thickness. The first one has been introduced arbitrarily, while the

second one is a more correct and fluid mechanically interpretable measure for the boundary layer thickness.

Both are defined in a similar way using same variables (Equation 15), however the displacement thickness is

about 1/3 of the boundary-layer thickness (coefficient 5 in the case of (i) and coefficient 1.721 in the case of

(ii) type). To be on the safe side during the design process of the test sections, we used the first (i) type of

the boundary-layer thickness, which we named as ‘‘velocity boundary layer thickness’’.

In some literature the velocity boundary layer thickness is named as a Blasius boundary layer. H. Blasius in 1908

solved the continuity and momentum equations by using the similarity solution using a power series expansion

approach that solved the problem of laminar flow of a fluid over a flat plate (Cengel and Ghajar, 2015).

The velocity boundary layer thickness, denoted as dv, is defined as the thickness at the distance y, for which the

following relation is true: Ua = 0.99 Ua,b (Schlichting and Gersten, 2016). Thermal and concentration boundary

layers are defined similarly, with the following ratios: abs(Tw - T)/abs(Tw – Ta,b) = 0.99 and abs(C2,i –C2)/abs(C2,i –

C2,b) = 0.99 (Bergman et al., 2011; Cengel and Ghajar, 2015). During the internal flow inside the tube or a non-

circular duct, the velocity boundary layer develops with the increasing axial distance. The merging of boundary

layer in the radial direction indicates the fully developed region. The same could be true for humid air flow be-

tween two vertical flat plates, if the plate’s height is large or Reynolds number is low, considering the following

equation describing the velocity boundary layer thickness of humid air (Schlichting and Gersten, 2016):

dv =
5Lffiffiffiffiffiffiffiffiffiffiffi
Rea;b

p (Equation 15)

L is the height of a vertical flat plate (L = 30–74 mm) and Rea,b is Reynolds number of the humid air flowing

past the plate. The velocity boundary layer thickness is related to the thermal and concentration boundary

layers of humid air by following relations:

dv

dt
=Pr1=3avg (Equation 16)

d
v

dC
= Sc1=3avg (Equation 17)

Both Prandtl and Schmidt number are calculated temperature, defined as an average value between the

plate’s walls and the bulk flow temperatures, i.e. Tavg = (Ta,b + Tw)/2.

The designing process of all test sections considered four main variables (Figure S3): 1. humid air velocity

over vertical flat plate (Ua,b), 2. vertical flat plate height (L) and 3. the distance between the isothermal side
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walls and the first and last flat plate (d) and the distance between two neighboring plates (e). The analysis of

the first two variables (Ua,b, L) ensured laminar flow over the chosen geometry of all three test sections

within the entire range of experimental variables (as shown in Chapter 1.2). Two remaining variables (d,

e) were chosen based on the analysis of all three boundary layer thicknesses.We calculated all three bound-

ary layer thicknesses (Figure S4) and compared with the chosen values d = 33 mm and e = 66mm. As it turns

out, the maximum value of the boundary layer thickness encompassing all experimental values has been

obtained in the case of a concentration boundary layer with the value of dC = 7.4 mm (Figure S4). This value

confirms the existence of the bulk flow, i.e. the free stream of the humid air, where the effects of velocity

gradient, shear stress, temperature and concentration gradient inside all three boundary layers are negli-

gible. The thickness of the bulk flow was in the range: da,b = (d - 2$dC) up to (e �2$dC), i.e. da,b = 18.2–

51.2 mm. Thereby, in all the cases the following criteria was proven to be true: dC << da,b. With this analysis

we confirmed our choice related to the theoretical study of the condensation of water vapor in the presence

of air on vertical flat plates.

Here we note that the boundary layer thickness plays a crucial parameter when designing the condenser in

case of humid air flow past a series of vertical flat plates. Leading equations that define whether an external

or internal flow must be considered are Equations 15–17. If the merging of two boundary layer exists be-

tween two flat plates forming a channel, then the flow must be treated as an internal flow.
Development of new semi-empirical correlation

Force balance. The correlation development was based on the conservation of mass, momentum and

energy. The conservation of momentum is applied through the force balance, which gives us the following

equations describing the liquid film velocity Uc of an element of condensate flowing along the y axis of a

vertical flat plate (Faghri and Zhang, 2020):

Uc =

�
grc
mc

��
dy � y2

2

�
+
ti
mc

y (Equation 18)

The condensate mass flow rate per unit width of surface is given by integration of Equation 18 with respect

to y from 0 to d (condensate thickness):

G= rc

Z d

0

Ucdy =
gr2cd

3

3mc

+
tid

2

2mc

(Equation 19)

Where rc is condensate density considered as a constant, g is gravitational constant, d is the condensate

thickness and ti is the shear stress at the liquid-vapor interface. The detailed description of the derivation

of the Equation 18 can be found in (Faghri and Zhang, 2020) for the case of laminar condensate flow over a

vertical flat plate taking into account effects of vapor motion.

Heat balance at the interface. The conservation of energy is related to the heat balance at the interface

during the condensation of the vapor on the vertical plate. It can be calculated by considering two contri-

butions: heat conduction through the condensate film and the condensation at the liquid-gas interface.

The basic equation for the derivation of the heat balance can be obtained by the following expression

(Faghri and Zhang, 2020; Fujii, 1991):

rccp;cnc
Prc

dT

dy
=q00

c =mchfg
dðG=mc Þ

dx
(Equation 20)

where cp,c, vc, Prc are condensate’s specific heat, kinematic viscosity and Prandtl number, respectively. q00
c is

condensation heat flux and hfg is a latent heat of vaporization. First, due to its small variation, the dynamic

viscosity of the condensate can be considered constant, which can be omitted from the derivation and

canceled on the right-hand side of Equation 20. Next assumption is related to the temperature difference

dT in the condensate, which can be treated as linear (Faghri and Zhang, 2020). The term dT/dt can be there-

fore expressed as (Ti - Tw)/d. Knowing that the Prandtl number of the condensate can be expressed as

(rccp,cnc/kc), then the final equation related to the heat balance is in the form:

q00
c = kc

Ti � Tw

d
= hfg

dG

dx
(Equation 21)

where kc is thermal conductivity of the condensate.
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Nusselt and Sherwood numbers. The problem of the fluid flow over the flat plate has been solved by

Blasius using the similarity transformation (also known as Blasius solution). The similarity solution provides

a mean to reduce the complex system of boundary layer partial differential equations into ordinary type of

differential equations (Katopodes, 2018), which then lead to solutions for the wall shear stress (Equation 22),

interface shear stress (Equation 23), and the Nusselt and Sherwood number (Equations 24 and 25), see also

(Bergman et al., 2011; Cengel and Ghajar, 2015).

The shear stress on the wall using similarity transformation has been defined as:

tw = 0:332U3=2
a;b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ra;bma;b

x

r
(Equation 22)

At the liquid-bulk flow interface, the interface shear stress can be assumed as a wall shear stress in the case

of flow over a thin flat plate. The Equation 22 can be further rearranged into the following form:

ti = 0:332Re3=2
a;b

 
m2
a;b

ra;bx
2

!
(Equation 23)

The Nusselt number in the case of the fluid flow over the flat plate is a well-known correlation, defined as:

Nu= 0:332Re1=2
a;b Pr

1=3 (Equation 24)

By considering the heat and mass transfer analogy, also knowing that the following functional relations is

true: Sh = ðx�; ReabÞ Scn (Bergman et al., 2011), the analogy may be used to define the Sherwood number

as:

Sh= 0:332Re1=2
a;b Sc

1=3 (Equation 25)

x* is a dimensionless spatial coordinate, defined as: x*hx/L.
The account of the non-condensable gas. The account of the NCG is very important for the conden-

sation process, as even a small amount of the NCG changes the transport mechanism of the condensation

from the liquid-phase heat transfer controlled to the vapor-phase mass transfer controlled (Asano, 2006).

Since the total pressure is constant inside the vapor boundary layer, the following equations describing the

total pressures at the interface and in the bulk flow are: ptot,i = p2(Ti) + p1(Ti) and ptot,b = p2(Ta,b) + p1(Ta,b).

The combination of both equations yields p1(Ti) - p1(Ta,b) = p2(Ta,b) - p1(Ti) > 0, indicating the accumulation

of a non-condensable gas (air) near the liquid-vapor interface. The accumulated air near the interface cre-

ates an additional thermal and mass resistance in the vapor phase.

In the case of the humid air condensation process, the rapid decrease of specific volume is observed due to

water vapor condensation. This creates the so-called ‘‘suction effect’’ (Gross et al., 1961), denoting water

vapor transport to the liquid-gas interface. The accumulated air near the interface hinders the suction force,

reducing the temperature at the interface, also affecting not only thermal, but velocity and concentration

boundary layers as well. The driving force of the vapor mass transfer can be defined by the mass fraction-

difference ratio, which for the case of humid air condensation with respect to air can be defined as a factor Y

(Stephan and Laesecke, 1980):

Y =
W1;i �W1;b

W1;i
(Equation 26)

W1,i,W1,b are mass fractions of air in humid air at the liquid-gas interface and in the bulk flow, respectively.

In this study we considered a correlation that accounts the air as a non-condensable gas in the humid air

flow. This has been theoretically analyzed in details by several authors (Asano, 2006; Fujii, 1991). Fujii (Fujii,

1991) proposed a correlation with an accuracy ofG2% accounting different binary mixtures: ethanol-water,

R-114–R-11; air-water, air-ethanol, air–R-114; and air–R-22. The range of theoretical operating conditions

was as follows: total pressure, ptot = 0.05–0.8 MPa, Tdew,b = 12–98.5�C, W1,b = 0.020–0.906. Here we

note that listed correlation has not been experimentally confirmed by Fujii. Our initial comparison of theo-

retical and experimental condensate mass fluxes showed worse agreement in the case of air mass fraction

in the bulk of humid air (W1,b) higher than 0.9. Therefore, based upon our experimental and theoretical

analysis we extended the applicable range of the correlation for higher air mass fractions in the bulk of
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the humid air. The correlation that accounts the air inside the bulk of humid air with extended applicable

range is defined as:

F = 0:91

0
BB@ 2:5

1:5+ W1;i

W1;b

1
CCA

m�
W1;i �W1;b

W1;b

�0:931

(Equation 27)

The exponent m is expressed as follows (Fujii, 1991):

m= 0:425+ 0:050 Sca;V + 0:011 ln R (Equation 28)

where Sca,V is Schmidt number of humid air inside the vapor boundary layer and can be calculated using

Equation 3, defined in the main text. Here the properties can be calculated at an average temperature be-

tween the interface and the bulk flow. Variable R is defined as the following ratio:

R =

�
rcmc

rVmV

�0:5

(Equation 29)

F function applicable range extension. Initial comparison between theoretical and experimental

condensate mass fluxes showed worse agreement between theoretically and experimentally obtained

condensate mass fluxes at air mass fraction inside the bulk of humid air above 0.9, as demonstrated in Fig-

ure S5 by the red shaded area. In comparison to the green shaded area, representing ratios with the air

mass fractions below 0.8, the ratios in the red shaded area were significantly lower, in some cases coming

close to 0.7. The prevailing observation regarding the performance of the presented correlation shows

larger deviations in region with very large air mass fractions (W1,b > 0.9), otherwise the correlation’s results

agree well with the experimental values.

The main reason for worse agreement in the case of larger air mass fractions is the applicable range of the

Fujii correlation that accounts the non-condensable gases, as the correlation is valid for the non-condens-

able gas mass fraction in the bulk of different mixtures in the range W1,b = 0.020–0.906. Looking closely at

the Tables 3.3-1 in Fujii (Fujii, 1991), the mass fraction of the air in the bulk of air-water mixture is W1,b =

0.0625–0.4068. Our study considered significantly higher air mass fractions, up to 0.974.

As the F function shows the functional dependence on the variable

�
W1;i

W1;b
� 1

�
, we have decided to extend

the applicable range of the F function using the following equation:

Fnew =
F

b

�
W1;i

W1;b
� 1

�4
(Equation 30)

Where F function is defined as:

F =

0
BB@ 2:5

1:5+ W1;i

W1;b

1
CCA

m�
W1;i �W1;b

W1;b

�
(Equation 31)

For the sake of simplicity the ratio ofW1,i andW1,b can be defined as:WR =W1,i/W1,b. Both constants, b and

4 have been determined by plotting the ratio of the theoretical and experimental condensate mass fluxes

in relation to (WR-1) considering the height L = 50 mm of vertical plates. The data related to this height has

been chosen, since we performed actual measurements of side wall’s temperatures. This provides the most

accurate analysis considering the extension of the applicable range of the F function. On the basis of the

observed data from Figure S6 the values of (WR-1) are generally between 0 and 0.4. The values closer to

zero represent a region that is outside the applicable range of the Fujii’s correlation. On the contrary,

values closer to 0.4 indicate a region closer to the Fujii’s applicable range and hence the plotted ratio ap-

proaches to 1. The data in Figure S6 has been fitted with the power function in the form of b(WR-1)
4. The first

step was to obtain the value of 4, which has been calculated as the average value of all four values repre-

sentingmain and three parts of side walls: 4 = (0.0692 + 0.0673 + 0.0662 + 0.0739)/4 = 0.0692. The value of b

has been calculated as a solution to the problem, where we seek the value of the condensate mass flux ratio

as close to 1 encompassing all experimental data. According to the b values of all four functions, the
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solution of the final value of bwill be within the range 1.09–1.20. The final value of b has been determined as

1.10. Final equation representing function Fnew with extended applicable range is therefore:

Fnew =
F

1:10ðWR � 1Þ0:0692 (Equation 32)

Condensation on test section’s side walls

The test sections with vertical plates used in this study were made from the copper. As the low-resistance

thermal contact between the hollow copper channels and side walls existed due to copper-to-copper

contact (check Figure S3), the heat flow between side walls and channels was present as well. In order

to comprehensively compare the predicted condensate mass flux values at different operating condi-

tions, the condensation from the side walls had to be calculated. The influence of additional condensa-

tion on side walls was evaluated only for two sides, where the contact between the channels and side

walls existed. Other two isothermal side walls with no contact between the channels and side walls

were not considered.

The main unknown variable was the temperature of the side walls in contact with hollow copper channels in

which cooling water flowed. Additional set of nine experiments has been performed for the test section

with the plate’s height of 50 mm. Besides typical values Ta,b, Tw, _Va;b and m’’avg,exp, the temperature of

the half of the side wall was measured in 16 points [Figure S7A)]. The discrete values of these points along

other measured values are shown in the Table 4 in (Poredo�s et al., 2021a) for 9 different measurements,

with the range of Ta,b = 30.0–75.5�C, Tw = 20.9–58.6�C, _Va;b = 0.060–0.062 m3 s�1 and m’’avg,exp = 0.33–

7.56 g s�1 m�2.

Based on the observed temperatures [Table 4 in (Poredo�s et al., 2021a)] it is clearly evident that condensa-

tion occurs on the side walls, as some parts of the side wall were at significantly lower temperatures

compared to the humid air temperature at the inlet. The whole area of a side wall was divided into three

main parts, indicated by three different colors [Figure S7B)]: first blue colored part indicates area between

channels, second green colored part indicates area between the channel and the edge, and third yellow

colored part indicates area above the channels. For each part the average temperatures Tside-w,1, Tside-w,2
and Tside-w,3 have been calculated based on the additional experiments. The Table S2 shows all the respect-

able equations used for the calculation of average temperatures for parts 1-3.

The average temperature of the first part was calculated as the average between the temperature,

observed at the contact between the channels and side walls (Tcont) and the temperature, observed in

themiddle of two successive channels (Tside-w,mid). Both temperatures were determined as a function based

on the experimental dataset (Figure S8), where temperature measurements with the respectable indexes

are shown in the Table S2. The temperature defined by the index 17 has not beenmeasured. Since the loca-

tion of the measurement position 3 was inside the third part, average temperature with the index 17 at the

border between part 1 and part 3 was calculated as an average temperature of indexes 3 and 8 and is high-

lighted with the gray circle, as depicted in Figure 5B). The average temperature of the second and third

parts was calculated similarly to the first. The temperatures of the edge (Tedge) and upper side (Tup)

were determined from functions based on the experimental data (Figure S8).

The analysis of the condensation process on side walls disregarded the condensation on side walls in the

part 4. The majority of the condensation process occurs on vertical flat plates and side walls in parts 1-3 due

to combined effect of higher temperature difference between the humid air and the wall temperature and,

smaller film thickness and lower air mass fraction of humid air in these parts. Due to intensive condensation

process in parts 1-3, larger film thickness on side walls in part 4 is presented along with lower temperature

difference and with highly dehumidified humid air flowing across side walls in this part. The calculation of

the condensate mass flux with the inclusion of the condensation on side walls on parts 1-3 has been done

using the equation:

m00
avg;th =

Amainm
00
avg;main +Aside�w;p1�2

�
0:75 m00

avg;side�w;p1 + 0:25 m00
avg;side�w;p2

�
+Aside�w;p3m

00
avg;side�w;p3

Amain

(Equation 33)
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where Amain = 0.152 m2, 0.093 m2 and 0.059 m2 for L = 74 mm, 50 mm and 30 mm, respectively, Aside-w,p1-2 =

0.03915 m2, 0.02645 m2 and 0.01587 m2 for L = 74 mm, 50 mm and 30 mm, respectively, Aside-w,p3 = 0.02722

m2 (L = 50 mm).

In future experimental studies, superhydrophobic coating for anti-condensation properties of all four side

walls will be considered, as recent progress in the domain of surface engineering for anti-condensation ap-

plications recently demonstrated promising results (Wu et al., 2021; Xu et al., 2021). We believe that the

accuracy of the correlation could be further increased by such coating, also reducing the time and costs,

associated with additional experiments.
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