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Abstract

Ensuring the required microclimate parameters is the most critical task in hot climates. In pig farms,
air cooling is provided by means of steam-compression chillers or water-evaporative cooling, which
is the simplest way to cool the air. The implementation of water-evaporative cooling depends
largely on the interaction of the media involved in this process. The paper considers the process of
interaction of cooling water with the surface of a cellular polycarbonate heat exchanger. A
mathematical model describing the process of wetting the sprayed surface of the heat exchanger is
obtained. The dependence of theoretical water flow rate to provide air cooling in a given operation
mode is determined. Production tests of recuperative heat recovery unit with heat exchanger made
of cellular polycarbonate equipped with water evaporative cooling system were carried out. The
efficiency of water-evaporative cooling of air has been determined, which was reflected in the
temperature reduction by 6.3 °C. Characteristic operating modes of the unit, depending on the
cooling water flow rate, providing effective air cooling are revealed.

Keywords: water-evaporative cooling; evaporation; sprayed surface; wetting ability; heat recovery
unit; heat exchanger

1. Introduction

Resource and energy saving determine the vector of development of heating and ventilation
technology. The problems of providing the required microclimate are most pronounced in extremely
cold and hot conditions [1,2]. Taking into account the peculiarities of operating conditions and
enormous air exchanges, typical solutions for industrial and domestic air conditioning systems do
not meet the requirements [3,4].

Air cooling in pig farms can be provided by water-evaporative cooling systems and Vapor-
compression refrigeration units (VCRU), which are rarely used in livestock farming (Figure 1.) [1,5,6].
Water evaporative cooling is fundamentally simpler, less demanding in terms of maintenance and
operating conditions. However, its potential is significantly dependent on outdoor temperature and
relative humidity and has a number of limitations. Water evaporative cooling can be implemented in
various ways by means of different designs. It is worth highlighting water spraying systems with
sprayed surfaces, which can be in panel and modular form (Figure 1).

Calculation of energy efficiency of the considered cooling systems for their comparative
evaluation, carried out under the condition of completing the pig finishing house for 2300 heads in
the Tambov region showed the greatest energy efficiency of sprayed panels (Figure 2). In the
calculations performed, the potential cooling capacity of the VCRU was considered to be absolute.
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Figure 1. Classification of cooling systems.
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Figure 2. Electric power consumption for the production of 1 kW of cold air, kW/kW.

Heat recovery systems are a promising trend in microclimate systems design. This is due to the
constant rise in energy prices and the need to maintain high air exchange rates. The following
distribution of heat losses is typical for livestock buildings: 2-5% of heat is lost through the walls and
floor, 8-15% of heat losses are attributed to the roof and 80-90% of heat is removed with ventilation
air [7,8] (Figure 3). Thus, utilization of heat removed with ventilation air will reduce the financial
costs of heating the livestock room.

It is possible to utilize the heat of exhaust air by using heat exchangers of various designs, the
classification of which is shown in Figure 4 [9,10].

Analysis of designs and energy performance of heat exchangers has shown that systems with
intermediate coolant provide an opportunity for free spatial layout of supply and exhaust systems,
while they are relatively resource demanding, complex, require additional maintenance, and heat
pipes are of low capacity (Table 1). Regenerative heat exchangers do not provide flow separation,
which causes dissolved ammonia, microflora and other pollutants in the condensate to enter the
supply air. Regenerative heat exchangers are the most suitable for the required conditions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1699.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 December 2025 d0i:10.20944/preprints202512.1699.v1

3 of 14

p RN
| el

R
SR
SRS

SR

=
RN
=

z H ]
7 3 7 7 ] 7
T S A A

g $ g $ ? ? ?

Figure 3. Structure of heat losses in a modern pig house.
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Figure 4. Classification of heat exchangers.

Table 1. Comparative analysis of heat exchangers.

Type of heat exchanger
Comparison criteria . Regenerative With intermediate ~ Based on
Recuperative . .
Rotary heat transfer medium heat pipes
Heat efficiency 30-70% 60-80% 30-40% 80-95%
Compactness + + - -
Operation without mixing
) + - + +
air streams
No moving parts + - -
Decentralization - - + +
High capacity + + + -

Heat recovery and water evaporative cooling was implemented in the design of a combined air-
conditioning unit, which in winter is used for heating the supply air, and in summer realizes the
effect of water evaporative cooling.

2. Materials and Methods

The implementation of the physical potential of water evaporative cooling depends largely on
the properties of the media involved in the process and the nature of their interaction. The process is
multifactorial and depends primarily on the parameters of the cooled air (outdoor air temperature to
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and initial air moisture content di), which are determined by weather conditions and the required
microclimate (fin, (int) [11]. The listed fundamental indicators determine the physical potential of
water evaporative cooling, while the completeness of its realization depends on the characteristics of
a particular unit and is the subject of optimization problem [12,13].

The efficiency of saturation of the treated air with moisture, as well as the degree of its cooling,
depends on the area of contact between the media, aerodynamic characteristics, process duration and
other characteristics. Of those metrics that we can effectively influence, the area of the interaction
surface is the most significant. It is important to note that it is different from the sprayed surface area
and is determined by the properties of the interacting media, flow rate, and spraying method [14-
16].

The use of water-evaporative cooling is significantly cheaper than vapor-compression
refrigeration units. Water is extracted at the facility, and the specific energy consumption per unit of
cold produced is an order of magnitude lower. At the same time, water is a valuable resource and it
is reasonable to identify the dependence that determines the minimum water flow rate that
guarantees the realization of the physical potential of water evaporative cooling in a particular unit
[17].

The above can be written down in mathematical form:

Ap:f(to’di’dk’s’w’r)
S=f(©,W,b,h)
Q, = f(m,,m,,,C(Ca”?, Mg™))

where f, is the outside air temperature, °C; d, dr is the initial and final air moisture content, g/kg of

@™

dry air; S is the area of the sprayed surface, m? Re is the Reynolds criterion; 7 is the process duration,
s; 0 is the edge angle of wetting of the heat exchanger surface, °; b, h are the dimensions of the tube
cross-section, m; Qu is hourly water flow rate, m3/h; IIx, [lss is the total length of the water-air
interaction line in the cross-section at jet and film modes, m; C(Ca*2, Mg*) is the concentration of
hardness salts.

Let’s consider the process of water-evaporative cooling in a heat exchanger consisting of cellular
polycarbonate plates with channels of square cross-section. A downward flow of a two-phase mixture
(water and air) in a rectangular channel is assumed, with liquid flowing down the walls and the core
of the section represented by a flow of cooled air and small liquid droplets. As assumptions, we take
the air and water flow rate to be constant, with the water flow rate determined from the condition of
sufficiency to saturate the cooled air to a given moisture content.

In steady flow, liquid droplets are deposited on the walls of the unit. The process of water-
evaporative cooling involves evaporation of liquid over the surface of the film with decreasing
thickness of the film itself, while on an infinitesimal section dy the thickness of the liquid layer can be
assumed to be unchanged.

In the steady-state regime the droplet sizes are negligibly small and commensurate with the sizes
of molecules, the vapor-gas medium can be considered quasi-homogeneous. The droplet velocities
are commensurate with the gas flow velocity, hence a two-speed regime takes place. The flow velocity
of the vapor-gas medium is higher than that of the liquid film, which leads to accelerated flow of the
liquid phase and increases the drag for the vapor-gas phase. Vertical orientation of channels in space
excludes the influence of gravity on the character of phase velocity distribution in the cross section,
i.e. axisymmetric distribution is characteristic.

In considering the problem at hand, it is important to determine the volume ratio of the gas and
liquid phases. In the cross-section the area of gas phase S: is distinguished and related to the cross-
sectional area of the channel Si (cross-sectional area of one tube), the obtained value is called the
volume concentration of the gas medium:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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where S; is the cross-sectional area of the tube occupied by the gas phase, m?; Siis the cross-sectional
area of the tube, m2.

The fraction of the channel cross-section occupied by the liquid phase can be determined from
the Equation (1-y).

It is known that at gas volume concentrations less than 0.6 - 0.8 the liquid phase can form
overlapping regions, and depending on the ratio of velocities and volume concentrations a bubble or
slug flow regime can be formed. Only the dispersed and dispersed-film regimes are considered here.
The liquid films can be completely interlocked, forming a closed ring in cross-section, or form
separate jets. The nature of the film formed is largely determined by the properties of the interacting
substances, with wetting ability having the most significant influence.

When considering wetting ability, two limiting cases could be distinguished: absolute wetting
ability and absolute non-wetting. In the first case the marginal wetting angle is 0° and the liquid
spreads out in a thin film over the surface, in the second case the marginal wetting angle is 180° and
the moisture collects in droplets. In most real cases there is an intermediate state (Figure 5).

(a) (b)

Figure 5. Liquid wetting ability of a surface: a, b are respectively wetted and non-wetted by liquid surface.

The relationship between the surface energies of interacting bodies and the equilibrium
boundary wetting angle is determined by Young's law (16).
G,,—0O
cos@=—22_"13 @)
G5
where o is the surface energy at the interface; 1, 2, 3 are the liquid, gas and solid, respectively.

3. Results

Let us consider an example of film and jet fluid flow in the cross and longitudinal sections of the
unit. The unit is a plurality of elementary tubes, let us consider the process using a single tube as an
example [18].

In case of good wetting ability and sufficient water flow a continuous film is formed (Figure 6a),
otherwise water collects in drops or runs down the surface in separate streams, in hydrodynamics of
jets such phenomenon is called semi-limited jet (Figures 6b and 7).

The volumetric gas concentration can also be expressed by the following equation:

4%

"wea, @

where W, Qu are the air and water flow rates in the cooler, m3/h.
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Figure 7. Longitudinal cross-section of the heat exchanger tube in jet regime.

In the case under consideration, the water flow rate is four orders of magnitude less than the air
flow rate, so its effect on the air capacity can be considered insignificant. Consequently, the statement
about the constancy of the volumetric flow rate is true.

If the water evaporates completely, dissolved salts are deposited on the surface of the unit. Some
form insoluble sludge that contaminates the unit and incurs operational costs for cleaning. Calcium
and magnesium salts, so-called hardness salts, have these properties. Taking into account their
concentration, water consumption for evaporation should be increased and at least 10% of the
circulating water should be discharged to the sewer. Otherwise, the concentration of salts in the
recirculate will increase.

Since the contact area of the media is directly proportional to the evaporation rate, the ratio of
the surface areas of the jets facing the gas core at different wetting ability will reflect the effect of
wetting ability on the efficiency of water-evaporative cooling (humidification of the supply air).

The length of the considered section Al of the tube decreases at the ratio of areas and has no
influence on the described ratio, only the perimeter matters. It is important to obtain a comparative
value derived from the ratio of the contact line length at the current marginal wetting angle to the
reference contact length.

Let’s call this characteristic the evaporation area conversion factor:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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SG_

? Sref ref (5)
where Se, Srrare the area of contact of media respectively at current value of marginal wetting angle
and reference, m? Ile, Il are the lengths of contact line at current marginal wetting angle and
reference, m.

It is advisable to take an available well-wetted material as a reference. In water evaporative
cooling units, heavy paper is used as the material of choice. The marginal wetting angle for it is 20-
30°. 25° is taken as the baseline.

In the case of the film regime, the length of the contact line can be defined as the perimeter of the
closed surface by the following equation:

I, =(b+h-43)-2, (6)

where b, h are the dimensions of the tube cross section, m (Figure 7); 6 it the thickness of the liquid
film, m.

Water consumption for evaporation is constant and is determined from the condition of
sufficiency for the process:

W,-p-(d,~d,)
Qs = 3600107 , @)

where ds,do are the moisture content of supply and outdoor air, respectively, g/kg dry air.

Air moisture content is determined using the following equation:

516,89 L
d= 0.77%6 [253 273+tj (8)

where @ is the relative air humidity, %; e is the base of the natural logarithm; f is the air temperature,
°C[12].

Outdoor air parameters are taken from climatic data. The moisture content of the supply air
should not be greater than the moisture content of the air in the animal housing, hence one of the
limit states will be the equality of the moisture content of the supply and indoor air. Solving (7) and
(8) together, we obtain the theoretical water flow rate to ensure the given conditions:

- 551689(%1731: J 551689[%1731“}
N int ) __ o
W -p77|¢ e Qe

int

Qw.ll =

3600 )

The resulting flow rate must be increased by at least 10% based on the recirculate drainage.
Let us determine the thickness of the liquid film:

s, b-h (10)

After some mathematical transformations, a quadratic equation of the standard form is obtained:

4, 11
S g (1—v)=
51-6 5 3+(1-v)=0

(11)
where S;,I1; are the area and perimeter of the tube, respectively.
from which
n, |(mY 16(1-v)
5 S LS, 3 1, -(~11,)" =16-8,-(1-%)
= 5 = 2
; (12)

Solving jointly 6 and 12 with respect to the perimeter of the film, we obtain:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2
I, =\/(_Hi) _16'51"(1_7) (13)

In the jet mode, at the same water flow rate as in the annular mode, the films will cluster under
the action of surface tension, tending to adopt an energetically favorable state.

Obviously, the filament band origin is a droplet. Upon reaching a critical size, the drop rolls
downward, carried away by gravity and the flow of cross-current air. The process takes place at a
constant cooling water flow rate, droplets are formed one after the other, resulting in a filament band.

Water enters the heat exchanger by spraying from nozzles, the droplets have different dispersity
and direction of movement, the surface is wetted randomly, i.e. uniformly within each filament bond.
Consequently, it is acceptable to assume that the bonds formed will be close in size.

Determination of the total length of the water-air interaction line in the cross-section at the jet
regime can be carried out by the following equation:

n,=>20r
i1 , (14)
where ri is the radius of the i-th jet, m; 20 is the arc opening angle, rad (Figure 8).

A-A
y y (yBenVI‘-IEH;);
-— T a
[
@
B
A ] ':_?_-_\ (o] =

| hi2 X Yy | Z

(a) (b) (c)

Figure 8. Scheme for the calculation of geometric parameters of the jet cross-section: a - frontal view; b - side

view; ¢ - section A-A.

As can be seen from Figure 8, the edge wetting angle is equal to half of the arc opening angle.
For the convenience of calculations we will convert the units of angles from radians to degrees by
multiplying by 7/180, and the equation will take the following form:
_ i n-2-0 L0

D i =2 on T
= 180 = 90 (15)
Using the average value of the jet cross-sectional radius, Equation (15) can be rewritten as
follows:
Il = wn;

where 7 is the number of jets; 7 is the average jet radius in cross section, m.
If the sum of bases is not less than the perimeter of the tube, the jets will close and the flow
regime will change to annular film flow. These conditions can be expressed by a dependency:

n-a>I1,=2(b+h) a7

where [T is the perimeter of the tube, m, a is the length of the base of the elementary jet, m.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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From the triangle ODC (Figure 8) we can see that the base “a” (AC) and the radius of the jet are

related, hence
a=2r-sin® (18)

To find the radius of the elementary jet, we examine the moment of drop detachment as
fundamental. At this point, the droplet is balanced by the action of gravity, the frontal pressure from
the airflow on the droplet, and the force of surface tension (Figure 8b).

The geometric characteristics of the cross section of the filament bond are assumed to be equal
to the parameters of the drop at the moment of detachment. The drop can be represented as a segment
of a sphere with radius “r” and base width “a”.

The balance of forces can be expressed by the following formula:
—2
v
F, +508"
2

grav

-F =0
(19)
where S is the frontal area of the drop, m% F, = 2 * 7 - 0 is the surface tension force, N; o is the
surface tension of water o = 0.072 N/m).
The force of gravity is defined as the product of the mass of the liquid by the acceleration of free
fall g, and the mass is expressed through the product of the volume by the density:
F..=p,8V.

grav (20)
where ow is the density of water, kg/m3, Vj is the drop volume, m®.
The volume and frontal area of the droplet are calculated using the following equations:
V. EPN% (3r—nh)
; 1)
5, = %rz (@-%—gin[@-%n
(22)

It follows from Figure 8c that OD/r = cos®, at that OD =r - hA, as a result of mathematical
transformations we obtain:
h
F=—
1-cos® (23)
Solving jointly Equations (21) and (23) we obtain:
V< Tr

K

(2 —3c0s0 +cos’ G))
(24)
Substituting Equations (20)-(23) into Equation (19) we obtain:

o )
pw—gn(Z—C‘Bcos®+cos3 9)7’2 +pg_g 0L _sin|e-L||r-2n.6=0
3 180
(25)
The solution of Equation (25) will be as follows:

—2
LY

P¥ g T _gnle. ™
4 180 180 N

2w(2—3cos®+cos3 @)
3

Y=

—2

v o
Py Vs 0" _sinle. -~ _4Pu8 n(2—3cos®+c053®)~2n-0
4 180 180 3

2w(2—23c056)+cos3 @)
3 (26)
Solving jointly Equations (2) and (22) we can find the number of jets and express the jet regime
condition:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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n-azll =2 (b + h)
25 -(1-
o (1)
r’ (@17;0 —sin[@lgojj
(27)
Solving together with Equation (5), we determine the conversion coefficient of evaporation area:
-0
__90 ° _ ©r
© T G)ref r G)ref ’ rref
90 ref (28)
Thus, the minimum water flow rate for evaporation can be determined by the formula:
k
Qw.min = k_C Qw.a
© (29)
Or, taking into account Equation (9):
— 551689[%—#) 5516.89[%—2731 . ]
W.-p-7.7:| ¢, Tl — e i
k k
Qw.min = _CQw.u =
ke ke 3600 (30)

where Qumin is the theoretical water flow rate to ensure cooling in a given mode, kg/h; k. =1,11is the
drain coefficient, kg is the coefficient of evaporation area conversion.
Figure 9 shows the dependence of the relative evaporation area coefficient on the edge angle.

o
0.9
0.8
0.7
0.6
0.5

0.4

L g 2 J

0.3
20 30 40 50 60 70 80 90 100 ©°

Figure 9. Dependence of the relative evaporation area coefficient on the marginal wetting angle.

The range of adequate use of the model is in the range of 8 =20 ... 120°. The droplet behavior
cannot be described with the assumptions of the model outside of this range of wetting angle values.

At wetting angles above 80°, the coefficient values stabilize and reach 0.36.

The experimentally obtained marginal wetting angle of polycarbonate with water is 63° (Figure
10).

For surfaces with a marginal wetting angle of 60-65°, water consumption for evaporation should
be increased by 2.3-2.4 times compared to the minimum necessary.

Let us construct a theoretical graph of the dependence of the jet base length on the wetting edge
angle and the air flow velocity in the tube (Figure 11).

According to the obtained model, it can be concluded that in the considered velocity range its
influence on the jet base area is insignificant.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 10. Wetting edge angle of water-polycarbonate.

a, mm
180.0
160.0
140.0
120.0
100.0

80.0

60.0

40.0

20.0

0.0

m] m2 =3
Figure 11. Dependence of the jet base length on the wetting edge angle and air flow velocity in the tube.

4. Discussion

Production tests of the system of recuperative heat recovery unit with water-evaporative cooling
system on the basis of irrigated panels were carried out in the pig finishing sector on the farm of
“Firma Mortadel” LLC during the fattening period. The heat recovery unit was integrated into the
pig house climate control system. The microclimate maintenance system was designed by the
Canadian company “FGCLIMITED” using the equipment of the company “Ag-Coproductslimited”.
Regulation of microclimate parameters was provided by the automation system according to the
temperature and relative humidity sensor. During the control period, the outdoor air temperature
ranged from -8 to +31 °C [8]. The efficiency of supply air cooling was monitored on the hottest days
of the experimental period. During the tests the ambient air temperature was 30.4 °C, relative
humidity 31.2%. The results of the tests are summarized in Table 2.

Table 2. Test results of the heat recovery system in cooling mode.

Outdoor air parameters

to, °C @o, Yo do, g/kg dry air
304 31.2 9.09
Air parameters at the unit outlet
ts, °C At, °C s, % ds, g/kg dry air
27.43 6.3 40.7% 13.48

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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To identify the effectiveness of air cooling, the air temperature reduction as a function of cooling
water flow rate was determined. The data obtained are summarized in Table 3.

Table 3. Dependence of temperature drop on water flow rate.

Water flow rate, % 100 75 50 25 10 0
Avlerage value of temperature at the 219 1 73 241 278 04
unit outlet, °C

Decrease in temperature, °C 10.5 10.3 10.1 8.3 4.6 0.0
Deviation, % 0.0 2.5 3.8 20.9 56.7 100.0

On the basis of the data given in Table 3, a graph showing the decrease in supply air temperature
from the water consumption used for panel irrigation is plotted (Figure 12).

Jiif Jig Fi °C
[ : I ” T : N 120
e 10.0
) o

2.0

6.0

4.0

2.0

s 0.0

100% B0%% 0% 4024 20% 0%

Figure 12. Graph of temperature drop as a function of water flow rate: I - zone of water deficit; II - zone of optimal

functioning; III - zone of pronounced splash formation.

The graph highlights the zones that characterize the operating modes of the unit, in the first zone
there is a rapid decrease in the cooling temperature due to the deficit of moisture necessary for the
implementation of the process. In the third zone, there is the detachment of dripping moisture and
the spreading of spray with the air jet. The second zone provides effective cooling and is not
accompanied by significant splashing.

5. Conclusions

The conducted research resulted in a relationship for determining the minimum water flow rate
for cooling. The influence of the contact angle on the relative evaporation area coefficient was
established, varying from 1.0 to 0.36 at contact angles from 20 to 120°. Experimental studies revealed
that for polycarbonate surfaces, the minimum water flow rate required for evaporation should be
increased by a factor of 2.3 to 2.4. Production tests of a system with a water-based evaporative cooling
system based on sprayed panels showed a 6.3 °C reduction in supply air temperature.
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