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Abstract: The condensation of humid air is a crucial step in air conditioning and process engineering.
However, the models that describe the condensation of vapour in the presence of a non-condensable
gas require time-consuming numerical calculations that go beyond the Nusselt film theory. Only a
small number of publications exist, where simple and computationally effective correlations for the
condensation of water vapour in the presence of air are presented for specially designed condenser
heat exchangers. Therefore, the objective of this paper is to extend the existing semi-empirical
correlations for different geometries and process parameters. For the purpose of the study, an
experimental setup with two different condenser heat exchangers based on vertical plates (height
74 mm) and horizontal tubes (3 tubes, diameter 40 mm and 7 tubes, diameter 15 mm) was built.
Additionally, based on existing correlations, we developed two semi-empirical models that predict
the condensation mass flux for the proposed geometries. Here, we report that the agreement between
the experimental and theoretical values predicted by the new, semi-empirical correlations is excellent,
with an average uncertainty of less than ±6%. Their usability was demonstrated by a possibly
significant performance improvement of the condenser inside a condensation-type tumble dryer.

Keywords: condensation; humid air; water vapour; non-condensable gases; mass transfer; condenser;
flat plates; horizontal tubes

1. Introduction

Investigations of the phenomenon of vapour condensation in the presence of a non-
condensable gas (NCG) already exist for several applications/systems/devices, including
passive cooling systems in nuclear power plants, water-desalination systems, the purifica-
tion of toxic gases from exhaust gases, absorption systems, energy-regeneration systems,
and large industrial heat pipes [1].

The presence of an NCG negatively influences the heat-transfer coefficient. The
NCG, which does not diffuse into the condensate film, accumulates at the liquid–gas
interface (Figure 1a). This accumulation lowers the mass transfer of vapour from the bulk
flow of the binary (vapour/NCG) gaseous mixture to the liquid–condensate film due to
the additional diffusion resistance in the boundary layer of the vapour/NCG mixture.
The accumulation also decreases the saturation temperature at which the condensation
occurs, being lower than the saturation temperature of the bulk flow of the vapour/NCG
mixture. The temperature at the liquid–gas interface can therefore be regarded as the
saturation temperature at which the condensation occurs, which leads to a reduction in the
condensation heat transfer (Figure 1b).

In the following two sub-sections we present studies concerning convection conden-
sation from the convective flow of vapours in the presence of an NCG on plates and
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channels, and on vertical tubes. The condensation of several different binary/tertiary
mixtures has been studied theoretically, numerically, and experimentally for various cases
and process parameters.

Figure 1. (a) Schematic diagram of the condensation of a vapour in the presence of a NCG [2]. The
mass fraction of NCG molecules increases at the liquid–gas interface, thus increasing the diffusion
resistance of the vapour molecules into the condensate film. (b) Variation of mass fractions (W) of the
vapour (index 2), the NCG (index 1), and the temperatures of the wall (index w), interface (index i),
and bulk-flow mixture (index a) in the direction perpendicular to the bulk flow of the binary gaseous
mixture [3].

1.1. Condensation of Vapour on Vertical Plates in the Presence of a NCG

Asano et al. [4] compared experimental measurements with theoretical results, which
were obtained using a boundary-layer theory and a similarity transformation, for forced
convection film condensation of different fluids and their vapours (water vapour, methanol,
benzene and carbon tetrachloride) on a vertical plate in the presence of air. For most of
the investigated cases the difference between the theoretical and experimental results was
less than 30%. Cheng and Jun-ming [5] numerically investigated the forced convection
film condensation of humid air on a vertical plate using a mathematical model built on
the full boundary-layer equations. The results were compared with the numerical and
experimental data of other researchers. The agreement with the numerical data from other
studies was good, with differences of around 1%, but there were larger discrepancies
with the experimental data, with differences of up to 50%. Karkozska [6] theoretically
and numerically investigated the forced convection condensation of water vapour on
vertical and horizontal plates. The influence of different parameters on the condensation
rate were studied in detail and the underlying physical processes were elucidated. The
authors analysed the condensation of a binary mixture of water vapour and air and a
ternary mixture containing water vapour, air and helium. While the results for both cases
showed similar behaviour in terms of the experimental data, large differences between
the theoretical and experimental data of more than 50% were observed. Bum-Jin et al. [7]
presented experimental results comparing the film-wise and drop-wise free convection
condensation of water vapour on a vertical plate with and without the presence of air.
It was shown that even a small concentration of air has a very detrimental effect on the
heat-transfer rate. More specifically, decreases in the heat-transfer rate of factors of roughly
5 and 1 were obtained for the drop-wise and film-wise condensations, respectively.
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For both the laminar and turbulent regimes, Yi et al. [8] applied the numerical volume-
of-fluid method to simulate the water-vapour-and-air mixture condensation on a vertical
plate for the inlet-air mass fraction in the range 0.05 to 0.5. The results were compared with
experimentally obtained correlations from the existing literature. Differences between the
numerical and experimental results were small for large air mass fractions at the inlet (in
the range of a few percent for air mass fractions of 0.4 and more).

For the vertical parallel-plate channels, Siow et al. [9] presented detailed numerical
results for laminar-film condensation in the case of humid air flowing downwards. The
condensation was investigated at different absolute pressures, inlet-to-wall temperature
differences, inlet Reynolds numbers, and inlet-air concentrations. This was achieved by
solving the boundary-layer equations with a fully coupled implicit numerical approach.
Charef et al. [10] numerically analysed the heat-and-mass transfer of liquid-film con-
densation from humid air flowing downwards along an inclined channel. An implicit
finite-difference method was used to solve the laminar boundary-layer equations. The
results showed that increasing the angle of inclination affects the rate of condensation only
slightly. Saraireh et al. [11] theoretically investigated the condensation of a humid-air flow
in a vertical channel. The obtained differential equations from the theoretical model were
discretized into finite-difference equations and solved using the fourth-order Runge-Kutta
method. The solutions showed satisfactory agreement with the experimental data. Most
differences between the theoretically and experimentally obtained results were in the range
between 10% and 50%.

1.2. Condensation of Vapours on Horizontal Tubes in the Presence of a NCG

A uniform Nusselt number for laminar, wavy and turbulent regimes was obtained
by Gnielinski [12] for the forced convection film condensation of a pure vapour on a
horizontal tube. This correlation was experimentally verified and the differences between
the theoretical and experimental data were, for most cases, less than 20%, though some
larger differences (up to 40%) did occur. Fouda et al. [13] theoretically and experimentally
investigated the film condensation of humid air on a horizontal tube in a laminar regime to
obtain the Nusselt and Sherwood numbers. The theoretical part was performed by solving
conservation equations using the Runge-Kutta fourth-order method accompanied with
the shooting method. From the results they defined the correlation for the local Sherwood
and Nusselt numbers. Using experimental data, they also determined a correlation for the
average Sherwood and Nusselt numbers that predicted around 75% of the experimental
data to within ±25%. Saleh and Ormiston [14,15] presented a two-phase numerical model
of laminar film condensation based on elliptic Navier-Stokes equations and applied it for the
case of humid-air flow over a horizontal tube. The equations were solved using a segregated
solution method based on a finite-volume approach. For the case of condensation in a
turbulent regime, Chen and Lin [16] presented a numerical model for studying turbulent
film condensation in the presence of non-condensable gases over a horizontal tube. The
model was based on the governing equations of the two-phase boundary-layer theory that
were modified to include turbulence and for the case of water vapour and humid air. The
set of equations was solved using the finite-volume method. The results for heat-transfer
coefficients were compared with the experimental data of other researchers. The agreement
at lower velocities was good, with most differences being less than 20%. However, for
higher velocities, the difference was significantly larger. Minko et al. [17] presented the
results of numerical analyses on humid-air condensation on a horizontal tube for both
laminar and turbulent flows. The results showed good agreement with the experimental
data, with most of the differences being less than 20%. For the numerical part, the flow of
humid air was described using Navier–Stokes equations in the laminar regime and RANS
equations in the turbulent regime. Lee and Rose [18,19] experimentally evaluated the
heat-transfer characteristics for the forced convection film condensation of pure vapours
(steam and R113) and vapour-gas mixtures (steam/air, steam/hydrogen, R113/air and
R113/hydrogen) over a single horizontal tube.
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A comprehensive literature overview of the current state of this field shows a lack
of simple, yet effective, analytical or empirical models that would make it possible to
calculate the condensation mass fluxes for vapours with a NCG for different operating
conditions and different types of surfaces. Several research studies employed advanced
numerical approaches, i.e., computational fluid dynamics or different numerical methods
(finite elements or finite control volumes). The main goal of this study was twofold:
(i.) to adjust the existing analytical and semi-empirical correlations to provide simple and
computationally efficient correlations that describe the condensation of water vapour in
the presence of air, referring to the geometries and process parameters presented in this
research study and (ii.) to demonstrate that newly developed correlations could predict
results with satisfactory agreement and could be used for evaluating the condensation
mass flux rate for different types of condensers.

2. Experimental Setup

To evaluate the condensation mass flux on vertical plates and horizontal tubes the
experimental setup shown in Figure 2 was designed. The setup was based on a closed air
loop. The detailed technical specifications of the instruments are presented in Table 1.

Figure 2. Schematic of the experimental setup: 1—radial ventilator, 2—single-phase voltage variac, 3—
temperature sensor, 4—orifice meter, 5—differential pressure transmitter, 6—air heater, 7—humidifier
chamber, 8—water pump, 9—test chamber, 10—humidifier sensor, 11—condensate collector, 12—
scale, 13—temperature-controlled water bath, 14—circulation pump, 15—data-acquisition system,
16—computer.

To provide the necessary flow of humid air through the test chamber a radial ventilator
was used. The volumetric flow rate of the dehumidified humid air (location 4) is measured
with an orifice meter according to SIST EN ISO 5801 [20] and SIST EN ISO 5167-2 [21].
The humidification system (location 7) consists of high pressure and a fine nozzle orifice.
The system produces water droplets with an estimated diameter of 10–15 µm. In order
to remove the water droplets from the humid air before the inlet to the test chamber, the
humidifier chamber contains drift eliminators. The condensation is collected in the lowest
part of the setup, where the condensation mass flow was determined by weighing (location
12). Two electric heaters are used for heating the air. The water used for cooling the
condensation surfaces is prepared in a temperature-controlled water bath and circulates
in a closed loop. To prevent any additional condensation on the inner surface of the air
ducts, thermal insulation (thickness 13 mm, thermal conductivity ≤ 0.036 W/mK at 0 ◦C)
was installed.
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Table 1. Technical specifications of the measuring equipment.

Instruments Technical Specifications

Thermocouple

Type: K
Range: 0–200 ◦C

Accuracy: ±0.2 K
Measuring range: 10–90 ◦C

Humidity/temperature sensor

Type: SHT75
Temperature range: −40 to 123 ◦C

Humidity range: 0–100%
Temperature accuracy ±0.3 K

Humidity accuracy ±1.8%
Measuring range: 15–100%

Weighing scale

Manufacturer: Tehtnica, Domel d.o.o.
Model: 3600 EB
Range: 0–3000 g

Accuracy: ±0.05 g
Measured range: 20–3000 g

Orifice plate
Diameter ratio β: 0.596

Accuracy: ±0.8%
Measured range: 0.031–0.092 m3/s

Differential pressure transmitter

Manufacturer: ASHCROFT
Type: DPT CXLdp
Range: 0–250 Pa

Accuracy: ±0.8% FS
Measured range: 50–180 Pa

Data acquisition Manufacturer: National Instruments

The measuring uncertainty of the condensation mass flux as a result of the condensa-
tion on the inner surface of the air duct before and after the test chamber was evaluated
separately. We performed separate experiments by using a test chamber without horizon-
tal tubes/vertical plates. Measurements were performed at different volume flows and
temperatures of the humid air. The measurement data are represented by Equation (1),
which denotes the uncertainty of the measured condensation mass flow in the test chamber
.

mexp,uncertainty (kg/s). The equation considers the average humid-air temperature Ta,in and
Ta.out. The validity of Equation (1) is the temperature range of the humid air between 30 ◦C
and 75 ◦C.

.
mexp,uncertainty =

[
−0.006· (Ta,in + Ta.out)

2
− 0.128

]
· 1
3600

(1)

The test chamber has a rectangular cross-section with dimensions of 208 × 308 mm2.
Figure 3 shows a section of the test chamber with horizontal tubes. The studied horizontal-
tube condensers consist of two fluid streams separated by a solid wall. The cooling water
flows inside the horizontal tubes, while the humid air flows downwards and in a cross flow
with the cooling water. Two different copper-based condensers were analysed, one with
three tubes in a row with the outer diameter of a tube being 40 mm, and another one with
seven tubes in a row with the outer diameter of a tube being 15 mm. The width of both
condensers is 208 mm and the wall thickness is 1 mm. Both condensers have approximately
the same heat-transfer area. All the condensation surfaces, including the tubes and all the
inner walls of the condensers, are made from copper.
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Figure 3. Section of test chamber with horizontal copper tubes with: (a) 3 tubes in a row, d = 40 mm
and (b) 7 tubes in a row, d = 15 mm.

Figure 4 shows the section of the test chamber with vertical plates. The studied
condenser consists of two fluid streams separated by a solid wall. The cooling water flows
inside the vertical plates, while the humid air flows downwards and in a cross flow with
the cooling water. The number of vertical plates was 8, the height of the plates was 74 mm,
the width of the chamber was 208 mm, while the condenser’s wall thickness was 1 mm.
All the condensation surfaces, including the vertical plates and all the inner walls of the
condenser, are made from copper.

Figure 4. Section of test chamber with three vertical copper plates. (a) test chamber with four vertical
flat plates; (b) single vertical flat plate.

3. Semi-Empirical Correlations for Water-Vapour Condensation in the Presence of Air

Semi-empirical correlations describing the condensation of water vapour in the pres-
ence of air presented in this paper are based on already-published correlations. We have
chosen two existing correlations that describe this process for two geometries: vertical
flat plates and an outer surface of horizontal tubes. The main goal of this subsection was
twofold: to validate the existing correlations on the presented geometries and to determine
the empirical coefficients based on our experimental data.

3.1. Determination of Empirical Coefficients for Vertical Flat Plates

The preliminary literature survey regarding the most appropriate existing correlation
for the condensation of water vapour in the presence of air on the vertical plates identified
the semi-empirical model of Corradini [22]. It turns out that this correlation is based on the
Nusselt film theory and can be easily modified according to our own experimental analysis
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on vertical flat plates. The author derived a condensation model for forced and natural
convection by extending the Reynolds–Colburn analogy for heat-and-momentum transfer
to mass-and-momentum transfer. An experimental validation of this model was performed
on the basis of an experimental dataset provided by Uchida et al. [23] and Tagami [24].
The basic equation for calculating the condensation mass flux [kg/sm2], averaged over the
length x = 0 to L in the case of the condensation of water vapour in the presence of air on
a single vertical flat plate is shown with Equation (2). The derivation of this equation is
provided in Appendix A.1 by Equations (A1) to (A7).

m′′avg,M1 = βRe−0.2
L Sc−

2
3 Ua

ϕ C0(W2,aρa,a−i −W2,iρa,i)

1 + 0.68cp(Ti−Tw)
h f g

(2)

Related to this equation, the author states the following constants in the article [22]:
β = 0.037, ϕ = 1.

The other variables are: ReL–Reynolds number of humid air bulk flow, Sc–Schmidt
number of bulk flow, Ua–velocity of the humid air at the inlet of the test chamber [m/s], C0–
dimensionless coefficient [/], W2,a–mass fraction of water vapour in bulk flow [/], ρa,a−i–the
density of humid air, determined for the average value of the humid-air temperature and
the temperature at the liquid–gas interface [kg/m3], W2,i–mass fraction of water vapour
at the liquid–gas interface [/], ρa,i–density of humid air for the temperature at the liquid–
gas interface [kg/m3], cpL–specific heat of condensate at constant pressure [J/kgK], Ti
temperature at the liquid–gas interface [K], Tw–plate wall temperature [K] and h f g–heat of
vaporisation of the condensate [J/kg].

A comparison of the results obtained using Equation (2) with the results provided by
experiment reveals an average discrepancy of −50%, as shown in Figure 5 and Table A1 in
the Appendix A. The most likely reason for such a difference is the different geometries,
covered by Equation (2) and our experiment. In order to further confirm the accuracy
of the results (model M1 verification) provided by Equation (2), we also calculated the
condensation mass fluxes with four other models M2–M5, see also Table 2. The application
range of all the existing models M1–M5 are given in Table A2 in the Appendix A. The
comparison of the agreements of all five models (M1–M5) with the experimental data shows
that the agreement is from −25% to −69% (Figure 5 and Table A1 in the Appendix A). In
other words, the condensation mass fluxes calculated from all five models are of the same
order of magnitude, although all the models underpredict the condensation mass flux rates
in comparison with the experimental results.

Table 2. Existing models used for the comparison with the experimental results for the case of the
condensation of water vapour on vertical flat plates.

Label Author Model Type

M1 Corradini [22] Model of the stagnant film theory

M2 Fujii [3] Model based on the algebraic method

M3 Fujii [3] Model of the stagnant film theory

M4 Kim et al. [26] Model of the stagnant film theory

M5 Liao et al. [25] Model of the generalized diffusion layer
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The next step involved a determination of the empirical coefficients of Equation (2),
which is schematically shown in Figure 6a. The main goal of this process was to adjust
the existing model M1 to a different range of process parameters and to the geometry
presented in our study. This was achieved by calculating the Pearson correlation coefficient
r [27]. This coefficient demonstrates the impact of different variables on the ratio between
the experimental and theoretical data. For the variable that is the most correlated with the
ratio (has the highest absolute value of Pearson’s coefficient), a correlation between the
ratio and the variable was determined. This correlation was then multiplied by Equation (3)
and so a new empirical constant was obtained.

Figure 6. Calculation procedure for determining a semi-empirical correlation for the mass flux for
(a) the vertical plates and (b) the horizontal tubes.
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Based on calculations, we found that the most correlated variables were the velocity
of the bulk flow Ua (with r = −0.771), the Reynolds number ReL (with r = −0.629), and
the Schmidt number Sc (with r = −0.517). For Ua, a correlation was determined based on
the power–regression function (Figure 7) as:

m′′ avg,exp

m′′ avg,M1
= Z1 = 2.071U−0.253

a (3)

Figure 7. Dependence of the ratio of the experimental and calculated condensation mass flux on the
inlet velocity of the bulk flow of humid air.

Empirical coefficients for the model M1 were therefore determined by the multipli-
cation of Equation (2) by Equation (3). The final empirical coefficients were determined
as β = 0.0766 and ϕ = 0.747, and the final experimentally validated correlation for the
calculation of the condensation mass flux is as follows:

m′′avg,M1,corr = 0.077Re−0.2
L Sc−

2
3 Ua

0.747 C0(W2,aρa,a−i −W2,iρa,i)

1 + 0.68cp(Ti−Tw)
h f g

(4)

The next step involved a calculation of the average discrepancy between the exper-
imental and calculated data based on the corrected model M1. At the beginning of this
process, we set the threshold value of the accuracy to ±5.0%. As the first iteration yielded
a significant decrease in the average uncertainty to ±3%, the iteration process stopped. A
detailed presentation of the results can be found in Section 4.1.

The final correlation for determining the condensation mass flux of the water vapour
in the presence of air on vertical plates Equation (4) is valid for the following process listed
in Table 3.
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Table 3. Range of process parameters valid for Equation (4).

Parameter Range

Humid-air flow rate [m3/s] 0.05–0.078

Humid-air inlet temperature [◦C] 30.2–75.1

Temperature difference between humid air and the wall of vertical plates [K] 16.5–44.1

Humid-air inlet velocity [m/s] 0.9–1.4

Relative humidity [%] 100

3.2. Determination of Empirical Coefficients for Horizonal Tubes

The mass transfer during the film condensation of humid air on horizontal tubes was
first experimentally analysed for different inlet conditions, as summarized in Table 4. After
this, we determined the correlation for the condensation of humid air, by modifying the
semi-empirical model of Fouda et al. [13]. They performed a theoretical and experimental
study of the condensation process for different inlet conditions (i.e., relative humidity,
humid-air flow rate, temperature difference between the humid-air dew point and the
tube-wall temperature) on a single horizontal copper tube with an outer diameter of 40 mm
and a length of 1000 mm. Fundamental equations for determining the condensation rate
as well as Fouda’s correlation for the average Sherwood number are presented in the Ap-
pendix A.4 by Equations (A29)–(A34). We determined a new correlation for the Sherwood
number in order to improve the existing correlation and extend it to a wider range of
parameters and tube geometries. All the thermodynamic properties were calculated using
the CoolProp [28] library.

Table 4. Range of process parameters valid for the new, semi-empirical correlation Equation (11).

Parameter. Range

Tube outer diameter [mm] 15; 40
Humid-air flow rate [m3/s] 0.052–0.079

Humid-air inlet temperature [◦C] 29.8–75.2
Temperature difference between humid air and the tube wall [K] 8.9–40.5

Tube wall temperature [◦C] 11.9–58.3
Reynolds number [/] 600–2800
Relative humidity [%] 100

A comparison between our experimental data for the condensation mass flux and
the results obtained with the correlation of Fouda et al. [13] shows that their correlation
overpredicts the experimental result by 74% for a condenser with a three-tube row, and in
the case of the seven-tube row by 206% (Figure 8). The main reason for this discrepancy
was the difference in the range of Reynolds numbers between our experimental results
and the range of application of Fouda’s correlation. In our experimental measurements,
the Reynolds numbers were Re = 1600–2800 for tubes with 40 mm outer diameter and for
tubes with 15 mm outer diameter the Reynolds numbers were Re = 600–1100. The Fouda’s
correlation is valid for higher Reynolds numbers Re = 2000–8000 and was validated on a
tube with 40 mm outer diameter. Since the Fouda’s correlation is only valid for a single tube,
large deviations between the experimental results and the predicted values are expected,
especially for 7 tubes with smaller diameters.
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Figure 8. Comparison between experimental and calculated condensation mass fluxes, obtained
using the existing model [13].

Therefore, Fouda’s correlation was modified with our experimental results on both
condensers Equation (5). The term Z in Equation (5) consists of four empirical coefficients
(Z1, Z2, Z3, Z4), where each represents a correction of the variable that influences the
condensation rate.

The calculation procedure for determining the empirical coefficients is shown in
Figure 6b and is similar to the one used for vertical plates. The entire procedure must be
repeated a number of times until the difference between the experimental and predicted
condensation mass fluxes is less than 5%. In each step of the calculation procedure,
a new variable is correlated. The considered variables were: the tube outer diameter
d, the temperature difference between the inlet humid air and the wall ∆T, the bulk
flow inlet temperature Ta, and the bulk flow rate Ua. A new empirical coefficient (Zi)
was determined for each variable, which improves the accuracy of the semi-empirical
model Equations (6)–(9). The maximum number of steps in the calculation procedure is
determined with the number of considered variables. The order of corrected variables was
determined by the values of the Pearson coefficient r between selected variables and the
ratio of the experimental and theoretical results in each step. For the variable with the
highest Pearson coefficient r, the empirical correlation between the ratio of our experimental
results and theoretical results from the Fouda correlation was determined. This was done
by employing a power–regression function, as shown in Figure 9.

The newly obtained correlation represented the empirical coefficient Zi, where i
represents the number of steps in the calculation procedure. The empirical coefficient
was then multiplied by the Fouda correlation for the Sherwood number. A new average
Sherwood number and a new ratio between the experimental and predicted condensation
mass flux were then calculated. If the accuracy of the ratio was less than 5%, the new
correlation was considered final. Otherwise, the whole procedure was repeated again for
the remaining variables.

In our study, this procedure was repeated four times, resulting in four different
empirical coefficients: Z1 Equation (6), Z2 Equation (7), Z3 Equation (8), Z4 Equation (9).
In the first step, the correlated variable was the humid-air inlet temperature Ta and the
accuracy of the correlation was EZ1 =±23.2%. In the second step, the correlated variable was
the tube outer diameter d and the accuracy improved by a further 13%, i.e., EZ2 = ±10.2%.
This was followed by a correlation with the temperature difference between the humid
air and the wall ∆T (EZ3 = ±6.1%) and in the fourth step the correlated variable was the
humid-air inlet velocity Ua (EZ4 = ±5.2%). With each empirical coefficient, the correlation’s
accuracy improved until a satisfactory agreement was reached. At the beginning of this
process, we set the threshold value of the accuracy to ±5.0%. Since all the viable variables
were used for the correction, we stopped the process after the fourth iteration.
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Figure 9. Functional dependence of the ratio of the experimental and calculated condensation mass
flux and (a) temperature of humid air; (b) tube outer diameter; (c) temperature difference between
humid air and wall; (d) humid-air velocity.

The final formulation of the proposed term Z is defined as:

Z = Z1·Z2·Z3·Z4 (5)

Z1 = 7.523·10−4 Ta
1.559 (6)

Z2 = 5.194·d0.446 (7)

Z3 = 2.168·∆T−0.238 (8)

Z4 = 1.001·Ua
0.324 (9)

The proposed modified correlation for the Sherwood number Shavg,new is given in
Equation (6).

Shavg,new = 33.89Sc0.33Re0.31RH2.6
(

Ta,dew − Tw

Ta − Tw

)−0.64
Z, (10)

where Re is the Reynolds number [/], RH is the relative humidity [/], Ta,dew is the dew-
point temperature of the humid air [◦C], Tw is the wall temperature [◦C], and Ta is the
temperature of the humid air [◦C].

The average condensation mass flux is as follows:

m′′avg,num = 33.89Sc0.33Re0.31RH2.6
(

Ta,dew − Tw

Ta − Tw

)−0.64 D
d
(ρa,i − ρa)Z, (11)

where D is the mass diffusivity [m2/s], ρa,i is the density of humid air at the liquid–gas
interface and ρa is the density of humid air, and [kg/m3], respectively.

The final correlation for determining the condensate mass flux Equation (11) of the
humid air on the horizontal tubes is applicable to the parametric range listed in Table 4
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and for laminar, steady flow with constant physical properties.

4. Results and Discussion

Within this section the results related to the experimental validation of the modified
models for the calculation of water-vapour condensation in the presence of air on vertical
flat plates and horizontal tubes are presented. The usability of the proposed semi-empirical
correlations is also demonstrated by the evaluation of the condenser performance inside a
condensation tumble dryer (CTD), which can be found in the Appendices A.8 and A.9.

4.1. Experimental Validation-Vertical Flat Plates

On the basis of Equation (4), which shows the final correlation for the calculation of
the condensation mass flux we calculated new values for the process parameters, defined
in Table A1 in the Appendix A and Figure 10. Both the table and Figure 10 shows the exper-
imental, corrected (M1), and uncorrected (M1–M5) model-based values of the condensation
mass flux in the case of the condensation of water vapour in the presence of air on the
vertical flat plates. Within Table A1, the first three columns represent the following three
process parameters: temperature of the humid air (Ta), temperature difference between
the humid air and the outside surface of the plate wall (Ta–Tw), and humid-air volume
flow (

.
Va). These parameters indicate the parameters for which the experiments were

performed and the parameters that served as the input data for the calculations based on
the models M1–M5. Additional input data used for the calculations are shown in Table 5.
The condensation surface area in Table 5 represents the external area of all the vertical
flat plates.

Figure 10. Comparison between the experimental, model-based theoretical values based on models
M1–M5 and the model-based corrected (M1,corr) calculated values of the condensation mass fluxes.

Table 5. Additional input data used for the calculation of the condensation mass flux.

Flat Plates

Ambient pressure
[Pa]

Condensation surface
area of vertical plates

[m2]

Cross-section of
humid air inlet

[m2]

Height of
vertical plates

[m]

101,325 0.152 0.056 0.074

Horizontal tubes

Ambient pressure
[Pa]

Condensation surface
area-7 tube rows

[m2]

Condensation surface
area–3 tube rows

[m2]

Cross-section of
humid air

[m2]

101,325 0.069 0.078 0.064
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Based on the results shown in Figure 10 and Table A1, we can see that the agreement
between the new, semi-empirical model and the experimentally obtained condensation
mass flux values are within ±5%. In short, the agreement is satisfactory, within ±3%. As
noted before (related to Figure 5), all the theoretical models underpredict the condensation
mass flux from −25% to 69%. According to the application range of those models, the
process parameters of our experiments are relevant for all the listed models M1–M5. The
main reason for such a discrepancy between the predicted and experimental values is the
fact that the geometry of the test section with the vertical plates is slightly different to the
geometry for which the existing correlations are applicable (single vertical plate vs. eight
vertical plates, forming vertical channels).

4.2. Experimental Validation-Horizontal Tubes

The results from the final correlation for the calculation of the condensation mass flux
Equation (11) are validated against the experimental data measured on the condensers with
three and seven tubes in a row. The theoretical values of m”avg,num were calculated using
Equation (11) for the measured process parameters listed in Table A3 in the Appendix A.
Table A3 shows the process parameters for which the experiments were performed and the
parameters that served as the input data for the calculations. Those process parameters
were: temperature of the bulk flow of the humid air (Ta), temperature difference between
the humid air and the outside surface of the plate wall (Ta−Tw), and the humid-air volume
flow (

.
Va). Additional input data needed for the theoretical calculations are presented in

Table 5. The condensation surface area in Table 5 represents the external area of a single
horizontal tube, multiplied by the number of tubes used in the study. The cross-section
of the inlet humid air is the same for both condensers because the same test cell was
used for both, as described in Section 2. It is clear from Figure 11 and Table A3 that the
results obtained with the new, semi-empirical model and the experimentally obtained
condensation mass-flux values are in good agreement, with the average uncertainty being
less than ±6%. To be specific, all the predicted mass-flux values were within ±5.2%.

Figure 11. Comparison of the experimentally defined condensation mass fluxes compared with the
theoretical results obtained from the modified correlation in Equation (11) and the theoretical results
from the Fouda et al. correlation [13].



Energies 2021, 14, 2291 15 of 28

5. Conclusions

The presence of a non-condensable gas during the condensation of a vapour has
a significant impact on the condensation mass-flux rate. Even a small amount of air
significantly decreases the heat-transfer coefficient and reduces the condensation mass flux.
This study concentrated on theoretical and experimental investigations of water-vapour
condensation in the presence of a non-condensable gas (in this case air) on vertical plates
and horizontal tubes.

The main goal was to obtain validated semi-empirical correlations that cover geome-
tries based on vertical plates with a height of 74 mm, and on three and seven horizontal
tubes with outer diameters of 40 mm and 15 mm, respectively. The semi-empirical correla-
tion for vertical plates Equation (4) and for horizontal tubes Equation (11) were obtained
by modifying existing correlations from the literature with the Z terms (Equation (3) for
vertical plates and Equations (6)–(9) for horizontal tubes). The semi-empirical correlation
for vertical plates and for horizontal tubes in the form of Equation (4) and Equation (11),
respectively, were obtained. Here we report that the agreements between the experimental
and calculated condensation mass-flux rates based on semi-empirical correlations are now
between ±3% to ±6% for vertical plates and horizontal tubes, respectively.

The main advantages of the proposed semi-empirical models are their simplicity, short
computational times, and that they can be easily used for a wide range of applications.

Within the appendix of this paper the usability of the proposed correlations was
further demonstrated by an evaluation of potential condensers inside a condensation
tumble dryer. Here we show that for the same operational and process parameters, the
newly proposed condensers can achieve condensation mass flux rates that are more than
100% higher. The best geometry in terms of mass-flux rates is based on seven horizontal
tubes with an outer diameter of 15 mm, as it shows almost four times higher rates (6.9 vs.
1.7 g/s m2) compared to the existing condenser inside the tumble dryer. An additional
parametric analysis showed the possibility of either reducing the temperature difference
between the humid air and the walls, or of reducing the temperature of the air inside
the drum of the tumble dryer. This potential reduction could have a huge impact on the
longevity of textiles, as a lower air temperature leads to less fibre degradation during the
process of textile drying.
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Nomenclature

cp specific heat of condensate [J/kg K]
C molar concentration [mol/m3]; function [/]
C0 dimensionless coefficient [/]
d tube outer diameter [m]
D mass diffusivity [m2/s]
g mass-transfer coefficient [m/s]; mass-transfer conductance [1/s m2]
h transfer coefficient [m/s]; specific enthalpy [J/kg]
k condensation thermal conductivity [W/m K]
L length [m]
m function
.

m mass flow [kg/s]
m′′ mass flux [kg/s m2]
M molecular mass [kg/mol]
.

M dimensionless condensate mass flux [/]
p pressure [kPa]
r Pearson correlation coefficient [/]
R variable [/]; universal gas constant [J/kmol K]
RH relative humidity [/]
T temperature [◦C, K]
U velocity [m/s]
.

V volume flow [m3/s]
W mass fraction [/]
Y molar fraction [/]
Z function variable [/]

Greek letters
β constant [/]
ε uncertainty [%]
Φ constant [/]
ϕ constant [/]
ρ density [kg/m3]
µ dynamic viscosity [kg/m s]

Subscripts
1 non-condensable gas (air)
2 (water) vapour
a humid air; absolute
avg average
c condensation; condensate
dew dew-point
exp experimental
F forced convection condensation
fg vaporisation
i interface
in inlet
L length
m mass; mixture
M Model M1-M5
num numerical
out outlet
R ratio of air mass fractions
V humid air inside the vapour boundary layer
w plate/tube wall

Dimensionless quantities
Re Reynolds number
Sc Schmidt number
Sh Sherwood number
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Appendix A

Appendix A.1. Derivation of the Semi-Empirical Models M1–M5

Model M1 [22]

Equation (A1) represents the average condensation mass flux [kg/sm2], which is the
basis for obtaining a modified Equation (2) in Section 3.1.

m′′avg,M1 =
hc(Ta − Ti)

h′f g
, (A1)

where: Ta denotes the temperature of the humid air [K] and Ti denotes the temperature
at the liquid–gas interface [K], which is calculated using the algorithm presented by
Fujii et al. [3], hc denotes the condensation heat-transfer coefficient [W/m2K], h′f g denotes
modified condensation heat of vaporisation [J/kg]:

h′f g = h f g + 0.68cp(Ti − Tw), (A2)

where h f g denotes the condensation heat of vaporisation [J/kg], cpL denotes the specific
heat of the condensate at constant pressure [J/kg K], Tw denotes the wall plate tempera-
ture [K].

To calculate the condensation heat-transfer coefficient, there are several correlations
that depend on the geometry of the model, the properties and the velocity of the humid
air. We used the correlation based on the work of Corradini [22]. The equation for hc is
defined as:

hc =
g∗Mc(C2,a − C2,i)h f g

Ta − Ti
, (A3)

where Mc denotes the condensate molecular mass [kg/mol], C2,a and C2,i are molar concen-
trations of the water vapour inside the humid air and at the liquid–gas interface [mol/m3],
respectively,g∗ denotes the corrected mass-transfer coefficient [m/s]. This coefficient al-
ready includes a correction that is valid for higher mass-transfer rates. This coefficient is
calculated as:

g∗ = C0g (A4)

where g denotes the mass-transfer coefficient in the case of lower mass-transfer rates [m/s],
while C0 [/] is calculated with the following equation:

C0 =
ln(R + 1)

R
(A5)

The variable R is calculated as:

R =
(Y2,i −Y2,a)

(1−Y2,i)
(A6)

where Y2,a and Y2,i represent the molar fractions of water vapour inside the humid air and
at the liquid–gas interface [/], respectively. The variable g is defined by the equation:

g = 0.037Re−0.2
L Sc−

2
3 Ua (A7)

where ReL denotes the Reynolds number of humid-air bulk flow, also considering the
height L of vertical plates [/], Sc denotes the Schmidt number of the bulk flow [/] and Ua
denotes the inlet velocity of the bulk flow, respectively [m/s].
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Model M2 [3]

The condensation mass flux [kg/s m2] in the case of the Fujii [3] algebraic method–M2,
has been calculated based on the following equation:

m′′avg,M2 = 2
µV
L

.
MFV Re0.5

L (A8)

where µV denotes the dynamic viscosity of humid air inside the vapour boundary layer
[kg/s m], L is the height of the vertical plates [m],

.
MFV is the dimensionless condensate

mass flux defined by the physical properties of the vapour mixture for forced-convection
condensation [/]. ReL has already been defined during the model M1 derivation.

.
MFV can

be calculated using the following equation:

.
MFV =

CF(Sc)
Sc

(
2.5

1.5 + WR

)m
(WR − 1) (A9)

where CF(Sc) denotes the function [/] of Schmidt (Sc) number [/] of humid air inside the
vapour boundary layer, defined by equation:

CF(Sc) =
Sc0.5

(27.8 + 75.9Sc0.306 + 657Sc)1/6 (A10)

Here WR represents the ratio of air mass fractions [/], as defined by the following equation:

WR =
W1,i −W1,c

W1,a −W1,c
(A11)

where W1,i denotes the mass fraction of dry air at the liquid–gas interface [/], W1,c is the
mass fraction of air in the condensate [/] (is equal to 0) and W1,a denotes the mass fraction of
air in the bulk flow [/]. The exponent m [/] can be calculated with the following equation:

m = 0.425 + 0.050Sc + 0.011ln(R) (A12)

where the variable R [/] is calculated as:

R =

(
ρcµc

ρVµV

)0.5
(A13)

ρc and µc denote a condensate density [kg/m3] and dynamic viscosity [kg/s m],
respectively, while ρV and µV denote the density [kg/m3] and dynamic viscosity [kg/s m],
of humid air inside the vapour boundary layer.

Model M3 [3]

The second model, provided by Fujii [3]–M3, is based on the stagnant film theory. The
condensation mass flux [kg/s m2] is calculated based on the following two equations:

m′′avg,M3 = 2
µV
L

.
MFV Re0.5

V (A14)

.
MFV =

CF(Sc)
Sc

ln(WR) (A15)

All the variables share the same definitions as in the case of the model M2.
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Model M4 [26]

The fourth model M4 for the calculation of the condensation mass flux [kg/s m2] is
based on the stagnant film theory, provided by Kim et al. [26]:

m′′avg,M4 =
hc(Ta − Ti)

h f g
, (A16)

Condensation heat-transfer coefficient hc [W/m2 K] can be calculated using the equation:

hc =
g|W2,i −W2,a|h f g

(1−W2,i)(Ta − Ti)
. (A17)

The variable g denotes a mass-transfer conductance [1/s m2], and can be calculated
using the equation:

g =
0.0296Re−0.2

L ρa,a−iUa

0.85 + 0.01
Sc

. (A18)

All the variables inside Equations (A16)–(A18) were defined during the derivation of
model M1.

Model M5 [25]

Liao proposed the following equation to calculate the condensation mass flux [kg/s m2],
which is denoted as model M5:

m′′avg,M5 =
hc(Ta − Ti)

h f g
. (A19)

All the variables in Equation (A19) were already defined during the derivation of
model M1. Unlike other models, the condensation heat-transfer coefficient hc [W/m2 K] is
calculated with a different approach as:

hc =
Shkc

L
, (A20)

where Sh represents the Sherwood number for condensation. The L denotes the height of
the vertical plates [m], while the kc denotes a condensation thermal conductivity [W/m K],
which can be calculated using the following Equation (A21):

kc =
Φ2

Φ1

h′f gh f g paDM2M1

R2T3
avg

, (A21)

where h′f g and h f g were already defined during the derivation of model M1. pa denotes the

absolute pressure [Pa], D denotes the diffusivity of water vapour in air [m2/s], M2 and M1
[kg/kmol] denote the molecular mass of water vapour and air, respectively, R denotes the
universal gas constant [J/kmol K] and Tavg denotes the average temperature [K], calculated
using Equation (A22).

Tavg =
(Ta − Ti)

2
. (A22)

The variable Φ1 can be calculated using the following equation:

Φ1 =

ln
[
(1−W1,a)

(1−W1,i)

]
ln
(

W1,i
W1,a

) . (A23)
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All the variables in Equation (A23) were defined during the derivation of the model
M2. The variable Φ2 can be calculated using Equation (A24):

Φ2 =
M2

m
Mm,a Mm,i

, (A24)

where Mm,a and Mm,i [kg/kmol] denote the mixture molecular mass in the bulk flow and
at the liquid-vapour interface, respectively, and Mm denotes the average mixture molecular
mass [kg/kmol]. Mm,a and Mm,i are calculated using the following equations:

Mm,a = Y2,a M2 + (1−Y2,a)M1, (A25)

Mm,i = Y2,i M2 + (1−Y2,i)M1, (A26)

while Mm is calculated using the following equation:

Mm = Y2M2 +
(
1−Y2

)
M1. (A27)

All the variables in Equations (A25)–(A27) were defined during the derivation of the
models M1 and M2. Y2 denotes the log mean of molar fraction of water vapour and is
calculated as:

Y2 =
(Y2,a −Y2,i)

ln
(

Y2,a
Y2,i

) (A28)

Both molar fractions in Equation (A28) were defined during the derivation of model M1.

Appendix A.2. Experimental and Theoretical Results–Vertical Plates

Table A1. Condensation mass fluxes obtained with our experiments, corrected M1 model, and five non-corrected (M1–M5)
models and at different parameters: temperature of humid air (Ta), temperature difference between humid air and the wall
(Ta−Tw) and volumetric flow rate of the humid air (

.
Va).

Ta
[◦C]

Ta−Tw
[K]

.
Va[

m3/s
] m′′avg,exp[

g/sm2] m′′avg,M1,corr[
g/sm2] m′′avg,M1[

g/sm2] m′′avg,M2[
g/sm2] m′′avg,M3[

g/sm2] m′′avg,M4[
g/sm2] m′′avg,M5[

g/sm2]
30.2 19.7 0.051 0.44 0.44 0.20 0.29 0.29 0.13 0.13

49.8 18.4 0.072 1.33 1.25 0.66 0.92 0.91 0.44 0.43

49.9 29.4 0.062 1.64 1.55 0.78 1.10 1.08 0.50 0.51

49.9 29.3 0.070 1.81 1.65 0.86 1.17 1.15 0.55 0.56

49.9 18.6 0.051 1.03 1.07 0.51 0.79 0.78 0.34 0.34

50 29.8 0.050 1.36 1.41 0.67 1.00 0.98 0.43 0.44

50 18.6 0.063 1.22 1.19 0.60 0.88 0.86 0.40 0.40

69.3 43.7 0.063 4.72 4.74 2.40 3.52 3.31 1.42 1.64

69.7 16.5 0.070 2.89 2.84 1.43 2.33 2.23 0.99 1.04

69.8 35.4 0.076 4.89 4.83 2.60 3.71 3.49 1.58 1.78

70 43.8 0.052 4.50 4.46 2.14 3.32 3.12 1.26 1.46

70 36.3 0.053 4.19 4.13 1.99 3.16 2.98 1.21 1.37

70 35.9 0.065 4.64 4.52 2.31 3.47 3.27 1.40 1.59

70.1 44.1 0.075 5.39 5.41 2.90 4.02 3.78 1.70 1.97

70.1 17.4 0.053 2.56 2.61 1.21 2.14 2.05 0.83 0.89

70.4 17.3 0.064 2.81 2.90 1.42 2.38 2.28 0.98 1.04

73.5 38.1 0.078 6.06 6.08 3.28 4.70 4.37 1.93 2.26

73.6 42.7 0.077 6.28 6.45 3.48 4.90 4.54 2.01 2.39
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Table A1. Cont.

Ta
[◦C]

Ta−Tw
[K]

.
Va[

m3/s
] m′′avg,exp[

g/sm2] m′′avg,M1,corr[
g/sm2] m′′avg,M1[

g/sm2] m′′avg,M2[
g/sm2] m′′avg,M3[

g/sm2] m′′avg,M4[
g/sm2] m′′avg,M5[

g/sm2]
74.1 43.8 0.064 5.97 6.12 3.13 4.64 4.29 1.79 2.16

74.8 39.9 0.054 5.47 5.55 2.68 4.29 3.96 1.56 1.87

74.8 39.6 0.063 6.00 5.99 3.04 4.64 4.28 1.77 2.11

74.9 19.8 0.078 4.25 4.40 2.24 3.65 3.45 1.51 1.68

75 20.6 0.054 3.69 3.79 1.74 3.14 2.96 1.16 1.30

75.1 20.4 0.064 4.03 4.12 1.98 3.42 3.22 1.33 1.49

Average uncertainty ε [%]: / 3 50 24 27 69 65

Appendix A.3. Application Range of Existing Semi-Empirical Correlations–Vertical Plates

Table A2 shows the application range of the existing semi-empirical correlations
M1–M5 for the calculation of the condensation mass flux in the case of vertical plates.

Table A2. Application range of existing semi-empirical correlations M1–M5.

M1 [22]

• Vertical wall plate temperature: 322 K
• Absolute pressure: 100–500 kPa
• The ratio of air to water vapour mass of the bulk flow: 0.1–10
• Humid air inlet velocity: 1–8 m/s
• Temperature difference between bulk flow and wall: 5–1000 K

M2 [3]

• Humid air temperature: ≤ 100 ◦C
• Schmidt number of the bulk flow: 0.2–1
• Prandtl number of the bulk flow: 0.2–0.1
• Prandtl number of the condensate: 1–15

M3 [3]

• Absolute pressure: 100 kPa
• Humid air temperature: 90–98.5 ◦C
• Humid air mass fraction: 0.0625–0.4068
• Temperature difference between bulk gaseous mixture and wall: 1.45–32.41 K
• Schmidt number of the bulk flow: 0.5213–0.5543
• Prandtl number of the bulk flow: 0.7547–0.9241
• Prandtl number of the condensate: 1.842–2.993

M4 [26]

• Humid air mass fraction: 0.027–0.787
• Reynolds number of the bulk flow: 1106–7613
• Schmidt number (vapour-phase at the vapour–liquid interface): 0.584–1.42
• Prandtl Number (vapour-phase at the vapour–liquid interface): 0.574–1.15
• Absolute pressure: 101.325 kPa
• Temperature difference between bulk gaseous mixture and wall: 40–80 K

M5 [25]

• Humid air mass fraction: 0.1–0.4
• Bulk flow Reynolds number: 500–45000
• Absolute pressure: 100–500 kPa
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Appendix A.4. Derivation of Equation for Calculating the Condensation Mass Flux on
Horizontal Tubes

To obtain the condensation mass flux it is necessary to know the mass-transfer coeffi-
cient on the condensing surface. By introducing the Sherwood number, the corresponding
average mass coefficient can be determined:

hm,avg =
ShavgD

d
, (A29)

where Shavg is the average Sherwood number [/], D is the mass diffusivity [m2/s], and d is
the tube’s outer diameter [m]. The condensation mass flux can be defined as follows:

m′′c = hm,avg(ρa − ρa,i), (A30)

where ρa is the density of humid air, and ρa,i is the density of humid air at the liquid–gas
interface [kg/m3].

In this study, the following correlation for the Sherwood number Shavg is obtained
from the work of Fouda et al. [13]. Their correlation was then modified and extended for a
wider range of parameters and the condenser’s geometry based on our own experimen-
tal data.

Their experimental correlation for the average Sherwood number is defined as follows:

Shavg = 33.89Sc0.33Re0.31RH2.6
(

Ta,dew − Tw

Ta − Tw

)−0.64
, (A31)

where Sc is the Schmidt number [/], Re is the Reynolds number [/], RH is the relative
humidity [/], Ta,dew is the dew-point temperature of humid air [◦C], Tw is the tube wall
temperature [◦C], and Ta is the temperature of humid air [◦C] in the main flow.

The Reynolds number is defined as:

Re =
Uadρa

µa
, (A32)

where Ua is the humid-air velocity [m/s], d is the tube’s outer diameter [m], and µa is the
dynamic viscosity of the humid air [kg/ms].

The Schmidt number can be expressed as:

Sc =
µa

Dρa
, (A33)

By combining Equation (A29), Equation (A30) and Equation (A31), the equation for
the condensate mass flux can be rewritten as follows:

m′′c = 33.89Sc0.33Re0.31RH2.6
(

Ta,dew − Tw

Ta − Tw

)−0.64 D
d
(ρa,i − ρa), (A34)

The correlation of Fouda et al. [13] for determining the condensate mass flux on the
horizontal tube is limited within the following ranges described in Table A4. Flow is
assumed to be laminar, steady, and with constant physical properties. Their experimental
correlation for an average Sherwood number could predict 72–75% of the experimental
data within an uncertainty of ±25%.
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Appendix A.5. Experimental and Theoretical Results–Horizontal Tubes and Range of Process
Parameters Valid for Existing Correlation for Horizontal Tubes

Table A3. Condensation mass fluxes obtained from our experiments and from theoretical calculations with the modified
correlation from Fouda et al. [13] (m′′avg,Fouda) and the newly developed correlation (m′′ avg,num) at different parameters:
temperature of humid air, temperature difference between humid air and the wall, and volumetric flow rate of the humid
air for 3-tube row condenser, d = 40 mm, and 7-tube row condenser, d = 15 mm.

3-Tube Row Condenser, d = 40 mm 7-Tube Row Condenser, d = 15 mm

Ta
[◦C]

Ta−Tw
[K]

.
Va[

m3/s
] m′′avg,exp[

g/m2s
] m′′avg,Fouda[

g/m2s
] m′′avg,num[

g/m2s
] Ta [◦C] Ta−Tw

[K]

.
Va[

m3/s
] m′′avg,exp[

g/m2s
] m′′avg,Fouda[

g/m2s
] m′′avg,num[

g/m2s
]

36.5 24.6 0.049 1.44 4.85 1.15 29.8 17.6 0.061 0.89 6.98 0.90
53.6 35.7 0.064 3.50 8.92 3.83 30 17.6 0.070 1.08 7.28 0.99
57.3 35.5 0.064 4.47 9.31 4.45 30.2 8.9 0.070 0.67 3.71 0.60
57.5 33 0.074 4.53 9.13 4.67 49.8 24.9 0.052 2.39 11.18 2.80
59.9 24.7 0.074 4.25 7.34 4.29 49.6 24.2 0.063 2.81 11.57 3.10
60.9 26.2 0.065 4.39 7.55 4.28 50 24.1 0.071 3.19 12.02 3.40
54.3 31.5 0.064 3.42 8.00 3.60 69.9 37.8 0.054 8.58 22.47 8.78
58.7 34.1 0.064 4.75 9.14 4.56 70.0 37 0.065 9.69 23.48 9.83
41.7 27.4 0.050 1.28 5.66 1.61 69.7 36 0.077 10.25 24.02 10.61
44.6 12.4 0.050 1.06 2.73 1.04 75.1 40.5 0.054 11.53 26.33 11.34
62.4 37.6 0.062 5.53 10.42 5.53 74.7 39.1 0.065 12.25 26.88 12.28
70.2 37.6 0.054 7.31 11.44 6.98 72.8 37.3 0.078 11.83 26.34 12.39
69.7 36.2 0.065 7.69 11.65 7.55 49.9 16.8 0.052 1.94 7.76 2.14
69.9 35.1 0.077 8.69 11.99 8.28 50.1 16.8 0.063 2.31 8.26 2.45
74.7 45.2 0.054 9.22 14.48 9.33 49.8 16.3 0.071 2.53 8.31 2.56
74.7 43.6 0.065 10.31 14.87 10.24 70.1 30.4 0.054 7.83 18.82 7.76
74.7 42.2 0.078 11.17 15.34 11.30 70.2 30.3 0.065 8.64 19.94 8.77
70.1 33.9 0.054 7.03 10.48 6.54 69.7 29.2 0.077 9.28 20.19 9.37
69.7 32.5 0.065 7.53 10.66 7.08 74.8 33.1 0.054 10.44 22.23 9.94
69.9 31.3 0.076 8.31 10.89 7.72 75 32.4 0.065 11.33 23.26 11.16
74.9 36.5 0.054 9.08 12.28 8.36 72.7 31 0.079 10.50 22.71 11.17
75 35.4 0.064 9.64 12.67 9.21 70.2 14.7 0.054 4.44 10.14 5.00

75.2 34.2 0.078 10.56 13.14 10.29 69.7 14.1 0.065 5.03 10.24 5.36
69.8 16 0.054 4.39 5.50 4.07 69.9 13.9 0.076 5.36 10.65 5.90
69.9 15.5 0.065 4.92 5.68 4.51 75.2 17.9 0.054 7.11 13.49 7.06
69.9 15.2 0.077 5.33 5.88 4.96 75 17.2 0.065 7.72 13.75 7.68
75 19.5 0.054 6.19 7.34 5.81 74.9 16.6 0.079 8.11 14.10 8.44

75.2 19 0.065 6.83 7.64 6.47
75.2 18.2 0.078 7.31 7.80 7.10
Average uncertainty ε [%]: / 35.6 5.7 Average uncertainty ε [%]: / 61.5 4.7

Table A4. Range of process parameters valid for existing correlation for horizontal tubes [13].

Parameter Range

Tube diameter 40

Tube length 1000

Humid-air inlet temperature [◦C] 29.8–75.2

Temperature difference between humid air and the tube wall [K] 5; 10

Tube wall temperature [◦C] 11.9–58.3

Reynolds number [/] 2000–8000

Relative humidity [%] 60–95
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Appendix A.6. Calculation of the Average Uncertainty between the Experimental and
Theoretical Values

The average uncertainty between the experimentally obtained condensation mass
fluxes and the mass fluxes determined by empirical correlations was calculated using the
following equation:

ε =
N

∑
i=1

∣∣∣∣1−
m′′ avg,exp

m′′ avg,num

∣∣∣∣100%, (A35)

where i starts at 1 and ends with N. The upper limit for the summation N represents the
number of all the measurements performed on an individual condenser geometry.

Appendix A.7. Reference Measurements on Condensation Tumble Dryer

To obtain the average condensation mass flux for a condenser inside the condensation
tumble dryer, three reference measurements were performed on a commercial condenser
type tumble dryer with the conditioned cotton test load of 7000 g ±1%. All the tests were
performed according to the standard procedure for tumble dryers, IEC 61121 (2013) [29].
Therefore, a walk-in thermostatic chamber was used to control the required ambient
conditions of 23 ± 2 ◦C and 55 ± 5%. Before starting the drying process, the test load was
wetted and spun dried with a washing machine to reach a required textile water content
of 60% ±1% [30]. The test load was inserted into the drum in a particular order, always
following the same procedure, as described by Gatarić et al. [31]. All the measurements
were performed using the standard cotton-drying program (IEC 61121). After the drying
process was complete, the water content of the textiles had to be equal to 0% ± 3% to
be considered dry, otherwise the test was not considered valid [30]. Table A5 shows the
following average values: temperature of humid air, temperature difference between bulk
flow, and the condenser’s wall, volumetric flow rate of bulk flow, and condensation mass.

Table A5. Average results obtained from three reference measurements on a commercially available
condenser tumble dryer.

Ta
[◦C]

Ta−Tw
[K]

.
Va[

m3/s
] m′′avg,exp[

g/sm2]
73.8 27.4 0.038 1.72

Appendix A.8. Evaluation of Potential Condensers Inside a Condensation Tumble Dryer

The corrected models presented in Sections 3.1 and 3.2 were used to evaluate potential
condensers based on vertical plates and horizontal tubes for application in a commercial
tumble dryer Therefore, the main goal of this section is to evaluate the performance of the
condensers in terms of condensing mass-flux rates under the real operating conditions of a
tumble dryer, which are as follows:

• Condenser inlet temperature of humid air Ta: 73.8 ◦C
• Condenser inlet relative humidity of humid air RH: 100%
• Temperature difference between humid air and the plate/tube wall Ta−Tw: 27.4 K

• Volume flow of humid air
.

Va: 0.038 m3/s

The operating conditions were obtained with the reference measurements from a
tumble dryer. The details of the reference-measurement procedures are described in
Appendix A.7. The wall temperature is determined as the average of the measured tem-
peratures over the entire length of the wall.

Based on Figure A1 it is clear that all three condensers based on tubes and plates
exceed the performance of the existing condenser inside the condensation tumble dryer
in terms of condensation mass-flux rates by more than 100%. The maximum value of
the condensation mass flux can be obtained by a condenser with seven horizontal tubes
with an outside diameter of 15 mm. A condenser with three horizontal tubes with an
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outer diameter of 40 mm achieves a 21% lower value of the condensation mass-flux rate
compared to a condenser with seven tubes. For the condenser with vertical plates, the
difference is 49%.

Figure A1. Comparison of condensation mass-flux rates of tube- and plate-based condensers with
the condenser inside the condensation tumble dryer under real operating conditions.

Appendix A.9. Parametric Analysis

Here we describe a comparison between all three presented geometries in terms of
condensation mass fluxes for various inlet conditions, as listed in Table A6. The effects
of the humid-air temperature and the temperature difference between the humid air and
the wall on the condensation rate at different humid-air flow rates are examined and
presented in Figure A2. The relationship between the condensation rate and the humid-air
temperature at different flow rates for air ranges from 0.056 to 0.078 m3/s, showing that
the air flow rate has almost no influence on the condensation process, which is also evident
from Equations (3), (6), and (11). It is clear from Figure A2 that the temperature difference
between the air and the tube wall has a remarkable effect on the condensation rate, which
is even more noticeable at larger temperature differences between the air and the tube
wall. Similar observations also apply to the vertical plates. Increasing the temperature
difference as well as the air temperature enhances the rate of condensation, especially
for air temperatures higher than 45 ◦C. This comparison proved that the seven-tube row
condenser has the most suitable geometry of all three condensers. In the former situation,
the condensation mass flux is higher for more densely distributed tubes with a smaller
diameter than for a smaller number of tubes with a larger diameter. However, this must be
taken with some consideration, as the employed Equations (5)–(11) apply only for laminar,
steady-state air flow. Namely, if the tubes were to be arranged more closely together, the
air flow would become more turbulent and different conditions would apply. In the former
situation, the mass fluxes for the three-tube-row condenser are, on average, 13% lower than
the condenser with a seven-tube row having a smaller diameter. On the other hand, the
geometry with vertical flat plates demonstrates significantly lower mass fluxes, by 89%
and 119%, compared with the geometries with three and seven tubes, respectively.
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Table A6. Range of parameters used for parametric analysis.

Parameter

Humid-air temperature (Ta) [◦C] 30–70

Temperature difference between the humid air and the plates/tubes
wall (Ta−Tw) [K] 10; 26; 40

Volume flow of the humid air (
.

Va) [m3/s] 0.056; 0.078

Absolute pressure (pa) [kPa] 101.3

Relative humidity of humid air RH [%] 100

Figure A2. Condensation mass fluxes, calculated on the basis of corrected correlations for the
presented geometries based on three and seven tubes and vertical flat plates in relation to the
temperature difference between the humid air and the tube/plate wall, humid-air temperature and
volume flows of humid air of (a) 0.056 m3/h and (b) 0.078 m3/s. The magenta star denotes the
condensation mass-flux rate of the existing condenser in the tumble dryer for process parameters
described in Appendix A.7.

The existing condenser in the condensing tumble dryer achieved a condensation mass
flux of m”exp,avg = 1.7 g/s m2 for certain operating parameters described in Appendix A.8.
This value is represented by the magenta star in Figure A2. The same condensation mass
flux can be achieved with the condenser based on vertical plates in certain scenarios:
either in the case of small temperature differences (around 10 K), where the temperature
of the humid air should be around 70 ◦C. Additionally, the same rate can be achieved
with a humid-air temperature above 50 ◦C, while ensuring larger temperature differences
(40 K). On the other hand, the geometry based on tubes could enable similar values
of the mass-flux rates at a significantly lower humid-air temperature and temperature
differences between the humid air and the tube wall. At a temperature difference of 26 K,
this rate could be exceeded at a much lower air temperature of 42.5 ◦C. The reduction of
the air temperature at which textiles are tumble dried is of utmost importance, as high
temperatures have been linked to increased damage to the fabric and the degradation
of its mechanical properties [32]. This parametric study shows that by employing newly
proposed geometries, tumble drying can be performed at significantly lower humid-
air temperatures.
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