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Abstract

Condensate harvesting is the phenomenon of obtaining water from water vapor in the humid air condensing on a surface.
The idea is a passive technique with no additional energy consumption, yet condensation performance of a surface varies
with many parameters. This study analytically investigates the condensation performance of the vertical, tilted, and
horizontal water harvesting systems. First, viscous effects, inertia, and gravitational forces are examined in detail to
express the evolution of boundary layer in condensation film. Then the condensation performance of each surface
orientation and tilt angles are documented and compared for all flow conditions. Although vertical surfaces have higher
condensate harvesting performance compared to the tilted and horizontal systems, the condensation rate is only about
2% lower up to 15° tilt angle. When the harvesting surface is tilted at 30° the condensation rate of the laminar film
decreases by 3.5%, while the reduction is 4.7% in wavy-turbulent film condensation. The results indicate that the change
in condensation rate is more evident just after 45° tilt. Furthermore, 89° tilted surfaces experience 63.7% and 74.1%
lower condensate harvesting in laminar and wavy-turbulent regimes, respectively. In addition, identical horizontal
surfaces produce only one fifth condensation rate of a vertical system.
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PASIF SU HASADI iCIN DIiKEY, EGIMLI VE YATAY YUZEYLERIN YOGUSMA
PERFORMANSININ ANALITIK ARASTIRMASI

Ozet

Yogusma hasadi, bir yiizey iizerinde yogunlasan nemli havadaki su buharindan su elde edilmesi olgusudur. Fikir, ek enerji
tiiketimi olmayan pasif bir tekniktir, ancak bir yiizeyin yogusma performansi bircok parametreye gére degisir. Bu
calisma, laminer, dalgali ve tiirbiilansh akis rejimleri altinda dikey, egimli ve yatay su toplama sistemlerinin yogusma
performansini analitik olarak arastirmaktadir. [k olarak, bir yogusma filminde sinir tabakasinin gelisimini ifade etmek
icin viskoz etkiler, atalet ve yercekimi kuvvetleri ayrintili olarak incelenir. Ardindan, her yiizey yéniiniin ve egim
agilarinin yogusma performansi belgelenir ve tiim akis kosullari icin karsilastirilir. Dikey yiizeyler egimli ve yatay
sistemlere gére daha yiiksek kondens toplama performansina sahip olsa da, 15° egdim acisina kadar yojusma orani
sadece yaklastk %2 daha diistiktiir. Hasat yiizeyi 30° egildiginde, laminer filmin yogunlasma orani %3,5 azalirken,
dalgali-tiirbiilansh film yogunlasmasinda azalma yaklasik %4,7'dir. Sonuglar, 45° egim acisimdan sonra degisimin daha
belirgin oldugunu géstermektedir. Ayrica, 89° egimli yiizeyler, laminer ve dalgali-tiirbiilansh rejimlerde sirasiyla %63,7
ve %74,1 daha diisiik yogusma hasadi yasar. Ek olarak, ayni yatay yiizeyler, dikey bir sistemin yalnizca begste biri
yogusma orant lretir.

Anahtar Kelimeler: Yogusma hasadj, ¢iy noktasi, faz degisimi, pasif su hasadi, egimli yiizeyler.
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1. Introduction

Condensate harvesting is a novel technique for fresh
water harvesting from the humid atmosphere via
condensation of water vapor in the air [1,2]. The
harvesting strategy is physically related to the
psychrometrics and heat transfer fields. Water vapor
undergoes a phase change and becomes liquid once air
is cooled to dew point temperature [3-5]. Condensate
water can be collected with the help of a condensation
surface positioned in various orientations and tilt
angles. Furthermore, material properties of the
condensation surface and interaction with water
medium have evident impact on the harvesting
performance [6, 7]. Literature classifies the atmospheric
water harvesting strategies into three main subsections:
dew condensation technologies, sorption systems, and
active condensation technologies [8, 9]. Each technique
is an alternative solution to obtain fresh water from
different resources and avoid possible water shortages
[10].

Condensation of water vapor from humid air is a
passive harvesting strategy; therefore, no additional
power supply is required to condense water vapor in
the air medium. Poredos et al. investigated
condensation performance of vertical flat plate systems
in series [11]. The condensation surfaces are assumed
to be isothermal over the entire plates, and the
condensation regime is determined as laminar film [12].
They proposed a semi-empirical correlation to predict
the condensation rate of the laminar condensation film
on vertical flat plates. The proposed correlation has
been compared with existing correlations and
experimental data, and the results indicate that
proposed correlation estimates the condensation mass
flux in a range of *12% accuracy. Likewise, surfaces
cooled by radiation below the dew point temperature of
humid air yield-controlled condensation without
additional energy consumption [13, 14]. Trosseille et al.
[14] investigated controlled natural dew production and
documented a radiative chamber for condensate
harvesting. Evolution and formation of the dew is
visualized, and they experimentally measured the
quantity of radiative cooling power. In another study of
the research team [15], they focused on how the water
wetting properties affect the substrate emissivity and
condensation performance. Emissivity of the samples
are measured by an infrared camera and thermography
mapping strategy. It is documented that dry substrate
emissivity dominates the condensation performance at
the beginning of the dew forming. On the other hand,
Beysens et al. examined passive foil-based radiative
condensers in dew collection point of view for various
geographic locations [16]. This comprehensive study
concluded that chemical quality of the harvested water
is required to be well-known for operational
performance. Furthermore, they documented the
possibility of integrated water harvesting involving dew
and rain together. In a broad perspective,
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Tomaszkiewicz et al. [17] examined critical
investigations on the dew physics [18-20] and reviewed
the dew phenomenon in detail, and they expressed the
condensate harvesting as a sustainable but non-
conventional water resource.

The designs, materials and systems are evolving via
technological improvements. Unfortunately, this
evolution comes with some drawbacks, and access to
fresh water may be a crucial problem in the near future.
This study analytically uncovers the condensation
performance of horizontal, vertical, and tilted surfaces
under laminar, wavy and turbulent regimes in water
harvesting point of view. The calculation steps,
evolution of boundary layer thickness, and thermal
phenomena among the dew surface and water vapor are
documented in detail. Condensation performance of
each investigated scenario is discussed in physical
meaning, and then rates are nondimensionalized via the
results of other orientations or flow regimes. The
condensation performance of 15° 30° 45° and 75°
tilted surfaces are compared to horizontal and vertical
dew systems for both laminar and wavy-turbulent film
conditions. Furthermore, temperature based variation
of the Prandtl number is reported and taken into
account for the calculation of condensation
performance.

2. Method and Models

Condensation performance of vertical, tilted, horizontal
systems are considered under laminar, wavy and
turbulent flow regimes to improve the accuracy of water
harvesting. The flow is assumed as identical in the
perpendicular direction; therefore, the governing
equations are considered as two-dimensional. The
conservation of mass, momentum, and energy equations
of laminar regime investigations are given as follows
[21, 22]:

du dv

a+@=0 (1)

ou ou opP 5
P(“a*”a)*aﬂ‘v u (2)

ov Jdv apP )
P(ua+va>=—@+ﬂv v—pyg (3)
aT oT 5

ua+v@—av T (4)

where u is the x-component of the velocity vector, v
denotes the y-component of the velocity vector, p; is the
density of water in liquid phase, P is the pressure, u
represents the dynamic viscosity of the fluid, g is the
gravitational acceleration, T denotes the temperature
level, and a represents the thermal diffusivity. On the
other hand, the governing equations need to be revised
for the turbulent regime investigations via u = u+u', v =
7+v',P = P+P’, and T = T+T’' terms containing average
and fluctuation components [23, 24]. In this case, the
momentum equations include (8/9x)(u’2), (8/dy)(v'?),
(8/0x)(W'v"), and (8/dy)(u’v"), while the (9/9x)(u'T")
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and (0/dy)(v'T’') terms are added into the energy
equation [23]. Note that the dominant and negligible
components of the partial derivatives vary with the
orientation of the condensation surface.

In the vertical surfaces, pressure is only the function of
longitudinal position, vertical pressure gradient in the
liquid is identical with hydrostatic pressure of the vapor
[22, 23].
oP dpP
By dy (5)

Here, p, represents the density of water vapor. The
inertia effect in the momentum equations is negligible
compared to the friction and sinking effects due to the
slenderness of the structures (see Fig. 1). Therefore, the
momentum equation (Eq. 3) simplifies as follows:

—9Pv

d?v

0=—gp,+gp+p-—

dx?

(6)
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Figure 1. Vertical (a) and tilted surfaces (b) for the film
condensation based water harvesting.

The g(p; — py) term corresponds the sinking effect on
the structure. Furthermore, velocity profile can be
calculated analytically via integration of the following
equation set [22, 23].

d?v

no5 =90, = p) (7)

av _ g(py—p1)

=X+ G 8)
p=9Ev=P) 5, Cox + G, 9)

2u
In this equation set, C; and C, are the integration
coefficients. We apply two boundary conditions to find
the exact solution of the velocity profile. The first one is
no-slip boundary condition (v= 0 at x = 0), and the
latter is zero-shear at the liquid-vapor interface (dv/
dx=0 when x = §).
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Figure 2. Flow regimes, velocity profile and film
thickness on a representative condensation surface.

Note that & is the film thickness changing in the
longitudinal direction 6(y). Once the no-slip and zero-
shear boundary conditions are inserted in the main

equation, we find C, = 0 and C;= w. The velocity
profile of the vertical liquid film is [11, 23]:

g(Pi—pv) (26% — x2)

v y) =] (10)

Velocity profile given in Eq. 10 present that the
buoyancy effect is dominant in the film condensation
problem. On the other hand, condensation mass flow
rate is calculated by utilizing the conservation of mass:

My + Meong = Myay=0 (11
where mg,,q is the condensation mass flow rate
entering the control volume. Figure 2 shows the
selected control volume and mass flow rates in detail.
Note that the condensation mass flow rate is equal the
ratio between heat transfer through the selected control
volume and latent heat due to the phase change (k).
By expanding the m,,4, term via Taylor series and
neglecting the high order terms, we obtain [22, 23]:

Ty + Titcona - (rity +2 dy) = 0 (12)
M, =f05 pyvdx, per unit plate width (13)
L= gpz(f;z#—pv) 53 (14)

Meona = e (15)

in which the Q denotes the heat transfer rate and hy,
represents the latent heat of condensation phenomenon.
Here the heat transfer rate is mainly due to the
conduction mode as the inertia force is extremely small.
Because the &(y)<<H,, we consider that the heat
transfer exists only in one direction. Therefore, the rate
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of heat transfer can be expresses by Fourier’s law as
follows [25, 26]:

ar Tsat—Th
"o~ _k 2~ _k sat—‘'w
q dx 3

(16)
where q" is the heat flux absorbed by the wall, T,,; and
T,, denote the saturation temperature and wall
temperature, respectively. Combining the equations
(12), (15) and (16), we obtain [22, 23]:

d?v

2 = 90, = P) (17)
av _ g(py—p1)
it S (18)

The film thickness in the longitudinal direction 6(y) can
be calculated after the integration of 6 =0 aty = 0:
025

y (19)

Tsat - Tw
o) = | Hu 9pi(pr = pv) hyg
On the other hand, augmented latent heat of h}g is
recommended to use for transition (wavy) and
turbulent regimes [21, 23]. This term contains both
actual latent heat (hs,) and sensible heat contribution
exists in case of T < Ty,:. The augment latent heat is
calculated as follows:

hig = hyg(1+0.68 Ja) (20)

(21)

where Ja denotes the Jakob number corresponding the
level of liquid film subcooling and C, is the specific heat
capacity at constant pressure. Note that it is required to
use h}g for the film thickness if the flow regime is wavy
or turbulent. At this point the Reynolds number of the
flow should be checked via the given equation:
Re, = 4my
U
In this flow regime calculation, both the mass flow rate
and Reynolds number increase in the downstream
direction (Fig. 2). Therefore, it is possible to see laminar
flow regime in the vicinity of starting edge (y = 0) while
the flow may jump to wavy or turbulent flow regimes in
parallel with the downward motion. The limits of the
flow regime on vertical and tilted flat surfaces for the
condensation physics are determined as follows [23]:
> 1800, turbulent flow
Re, = {30 — 1800, transition (wavy)
< 30, laminar flow

(22)

(23)

3. Results and Discussion

Regarding the physical meaning of boundary layer
approach and flow regime limits, we analytically obtain
the variation of film thickness by the help of slenderness
assumption for the condensation surfaces. From
thermal point of view, local heat transfer coefficient is
calculated as [25, 27]:
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qH k
= — == 24
Y AT & (24)
Combining the equations (19) and (22):
0.25
_ [ 9P1(pL = pv) hyg 25)
Y 4ﬂyk_3(Tsat - Tw)
Likewise, the overall heat transfer coefficient
experienced by the laminar region is:
- 1 (H
h=—/| h,d 26
i) e (26)
- 4
h= §hH (27)
The average Nusselt number of the laminar film:
—  hH
Nu= — (28)
k
o 4 _ h 025
N, = & [ gpz(f; pv) hyg ] H 29)
3 | 4uyk=>(Tsqr — Tw) k
0.25
— gpi(py = pv) by H® ]
Nuy = 0.9428 (30)
" [ ﬂk(Tsat - Tw)

On the other hand, determination of the average heat
transfer coefficient in transition and turbulent regimes
is more complicated and based on the experimental
investigations. Following correlation presents the
average heat transfer coefficient of wavy and turbulent
regions [28]:

a\"?
h=k (H—2’> (Rey®** + 5.82 21
-6p,08p..1/3\05 GU
X 107°Ref®Pr,")
R v\
—(—l> = (Rej%** +5.82
k\g (32)

0.5
x 106Ref%Pr,/?)

where v and Pr are the kinematic viscosity and Prandtl
number, respectively. Likewise, Nusselt number of wavy
or turbulent films can be calculated as follows:

go?\'"”
Nuy = H,, (u—;) (Re;%** +5.82

(33)
0.5
x 1076Ref%Pr,/?)

Furthermore, Bejan [23] proposed a dimensionless
group (B) for the driving parameter of film
condensation problem. This phenomenon expresses the
relation among the condensation rate, plate height and
the temperature difference. The driving parameter of
film condensation is given [23]:

4kH g\
B (Tsat - Tw) V_2
1

phs, (34)
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B = 0.681Re:‘,/3, laminar regime (35)
B = Rey(Rej>** + 5.82 x 10 %Re3®Pr;’*) °
turbulent regime
Note that the film temperature approach is applied for
thermophysical properties except the latent heat of
phase-change (hs,) and liquid phase density. Another
critical issue is the sinking effect term as the density at
the liquid phase is comparatively greater than the vapor
one, e.g., p;=1600p, at 100°C [29]. Therefore, vapor
phase density can be neglected in practical applications
to simplify the correlations given above. On the other

(36)

hand, Nusselt number correlation varies if the
condensation surface is totally horizontal [30]:

o _ h, L3 0.2

Nu, = 1.079 9P 01 = Py) g L=H (37)

:uk(Tsat - TW)

In the calculation of vertical and tilted surfaces the most
dominant parameter affecting the condensation rate
and thermal performance is gravitational acceleration.
The variation of Reynolds number for vertical and tilted
surfaces experiencing film condensation are presented
in Fig. 3 under laminar and wavy-turbulent flow
conditions. Equation (22) indicates that the total mass
flow rate of condensation film determines the Reynold
number for each flow regime. Note that the total
condensation rate per unit plate width varies with
Nusselt number as follows:

m;-l =7 (Tsat — Tw)Nuy (38)

hfg
The findings show that change in the total condensation
rate of the wavy-turbulent regime film is much greater
than the laminar film especially after 30° tilt angle. The
condensation rate difference between the vertical plate
(6 = 0° and 15° tilted surface is about 2% for both
laminar and wavy-turbulent film regimes.
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Figure 3. Condensation rate trend for vertical and tilted
surfaces.
The rate of condensation film directly indicates the
water harvesting performance, and tilt angle is the
dominant parameter for these systems. When the
surface is tilted at 30° the condensation rate of the
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laminar film decreases by 3.5%, while the reduction
reaches 4.7% under wavy-turbulent regime. In the
laminar film, the condensation rate is 8.3%, 15.9% and
28.7% smaller than the vertical plate when the tilt
angles are 45° 60° and 75°, respectively. Note that only
36.3% of the total condensation rate of vertical plate is
produced by the tilted identical surface area when the
angle with the horizontal axis is at 1° (8 = 89°). On the
other hand, total condensation rate of wavy-turbulent
film decreases by 10.9%, 20.7% and 36.3% when the
vertical plate is tilted at 45° 60° and 75° angles,
respectively. In the extreme case of 8 = 89°, the tilted
surface experiences only 25.9% condensation rate of the
vertical plate scenario.

Condensate water flow splits from the center over the
surface edges when the cooled surface is horizontal and
condensation surface is upward. In this case, we utilize
Eq. (37) to calculate the Nusselt number of horizontally
located systems. Physical relation among the
condensation performance of the vertical and horizontal
surfaces under laminar regime conditions can be
expressed as follows:

Myer = 0.874 My, X005
_gpi(pr — py) ki H®
.uk(Tsat - Tw)

where X is identical for the vertical and horizontal (H=L)

applications, yet the exponent of the vertical plate is

0.25 (Eq. 30) while the value is 0.2 (Eq. 37) for the

horizontal laminar film condensation. The trend of

condensation rate change in vertical and horizontal
surfaces is given in Table 1.

(39)

(40)

Table 1. Film condensation performance of vertical and
horizontal surfaces for water harvesting.

Parameter group (X)

10° 10* 10° 108 101° 10% 101 10'°

Mporizontal

0.901 | 0.724 | 0.574 | 0.456 | 0.362 | 0362 | 0.228 | 0.181

Myertical

Note that the size of the condensation surface is
dominant parameter in the parameter group as the X
varies with the third power of the surface dimension.
The findings indicate that condensation performance of
a horizontal surface is always lower than the identical
vertical one. Furthermore, the condensation
discrepancy increases in parallel with parameter group
of X. Likewise, the condensation ratio of the horizontal
and tilted surfaces under laminar film condensation
regime is presented in Fig. 4. The results show that the
change in condensation rate is more evident just after
45° tilt. The difference in condensation rate between the
vertical and 75° tilted surfaces reaches up to 40.2% at
the maximum parameter group level.
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Figure 4. Laminar film condensation performance of

tilted and horizontal surfaces for various parameter
group levels.

As expected, the calculation steps and parameters are
more complicated in the wavy and turbulent film
condensation part. Gravitational acceleration in a
vertical surface under wavy-turbulent regime
conditions varies by one-third to the power, while the
exponent of the horizontal plate is one-fifth.
Furthermore, Prandtl number is an additional
dimensionless parameter in turbulent films compared
to the laminar film condensation problem. Therefore,
main difference among the vertical and horizontal
surfaces having wavy-turbulent films is not only the
exponent of gravitational acceleration but also the
Prandtl number at the given conditions.

Table 2. Wavy-turbulent regime film condensation
performance of vertical and horizontal surfaces.

Pr

mhurizunml
ﬁ 0.223 | 0.198 | 0.177 | 0.152 | 0.135 | 0.121

The condensation rates of horizontal and vertical flat
surfaces are presented in Table 2 for various Prandtl
numbers. The findings show that discrepancy among the
vertical and horizontal systems increase with fluids
having greater Prandtl number. In wavy-turbulent film
systems, an identical horizontal surface can generate
only 22.3% condensation performance of vertical one
when the Pr = 0.5. The condensation ratio between the
horizontal and vertical surfaces decreases from 19.8%
to 17.7% for Pr = 1 and Pr = 2, respectively.
Furthermore, condensation performance of a vertical
surface in wavy-turbulent regime is about 7.4 times
higher than an identical horizontal one at Pr = 10. Table
1 and 2 also indicate that the discrepancy among the
condensation rates of vertical, tilted and horizontal
surfaces increases in wavy-turbulent regime systems.
Figure 5 shows the trend of Prandtl numbers for water
vapor and liquid water at distinct temperature levels
[31, 32].
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Figure 5. Prandtl number curves of water medium
[27,31].

100

Tilt angle is a dominant and key parameter affecting the
condensation performance of water harvesting systems.
Compared to the laminar film condensation, tilt angle
has more impact on the condensation rate of wavy-
turbulent systems especially at greater Prandtl
numbers. The dimensionless condensation rates of
horizontal and tilted systems are presented in Fig. 6 for
Rey > 30 regime. The condensation discrepancy among
the tilted surfaces is more evident in the wavy-turbulent

film condensation. 75° tilted surface at Pr = 0.5
generates almost triple condensation rate of a
horizontal one, yet it corresponds only 64%

condensation performance of a 15° tilted system. The
results indicate almost linear relationship among the
Prandtl number and tilted system condensation
performance in  wavy-turbulent flow regime.
Furthermore, differences in the condensation rates
highly increase just after 45° tilt angle. When the Pr = 2,
condensation performance of a horizontal flat surface is
only about 22.3% and 27.8% of the 60° and 75° tilted
systems, respectively.

10

9 —H—150 tilt —4—30° tilt —0—45° tilt —+—60° tilt —6—75° tilt|

8

7
Mitteq

Mporizontal

0.5 1 2 5 10 20
Pr

Figure 6. Comparison of tilted and horizontal surfaces
under wavy-turbulent regime conditions.
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4. Conclusion

Condensate harvesting is basically the idea of obtaining
water from water vapor in the humid air condensing on
a surface. The condensation phenomenon enables
passive water harvesting from the humid air, yet
physical observations and experimental investigations
on the condensation performance require advance
infrastructure and equipment. Therefore, the analytical
and theoretical ways seem more convenient for the flat
surfaces. This study analytically wuncovers the
condensation performance of vertical, tilted and
horizontal surfaces under laminar, wavy and turbulent
flow regimes. The calculation strategies of boundary
layer thickness, overall Nusselt number, and film
condensation rate are physically discussed and
expressed in detail for each flow condition.
Furthermore, the condensation performance of tilted
surfaces is documented at various tilt angles and
compared to vertical and horizontal systems for
laminar, wavy and turbulent flow regimes. The results
indicate that condensation performance of the laminar
film is always lower than the wavy-turbulent flow
systems regardless of the surface orientation. The rate
of condensation film directly presents the water
harvesting performance, and tilt angle dominates the
condensation rate for each orientation. When the
harvesting surface is tilted at 30°, the condensation rate
of the wavy-turbulent film decreases by 4.7%, while the
reduction is about 3.5% in laminar film condensation.
Moreover, condensation performance of the 45° 60°
and 75° tilted surfaces decreases by 8.3%, 15.9% and
28.7% under laminar flow regime, while the
performance losses reach up to 10.9%, 20.7% and
36.3% in wavy-turbulent film condensation at identical
tilt angles. The wavy-turbulent regime extreme case of 8
= 89° experiences only 25.9% condensation rate of the
vertical plate scenario, while an identical horizontal
surface produces less than 18% condensation when the
Pr = 2. The proposed calculation steps are applicable to
any flat surface based water harvesting system with
minor geometrical and thermophysical modifications.
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