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Abstract. When organising the air humidification process in entomological production premises, it is necessary 

to ensure a high level of the equipment efficiency with the minimisation of the non-productive water 

consumption and the reduction of the energy consumed during the process. There is proposed a variant of an 

improved compact heat and mass exchange equipment for a microclimate creation system in the entomological 

industrial premises, in which the humidification process of the air flow takes place by direct contact with water 

inside of regular packages with a developed system of channels. The most modern package elements are made 

on the basis of corrugated sheets. The purpose of the work is to determine the optimal dimensions of the 

humidification packages in the aspect of aerodynamics and the air humidification efficiency for the development 

of efficient humidification devices, applied in microclimate creation systems for the entomological production 

premises. New types of regular packages are used, formed from sheets that are characterised by a high degree of 

wettability due to the structure of materials or a special surface geometry. Optimal geometrical dimensions of the 

package in the humidification device are determined taking into account aerodynamics and the efficiency of air 

humidification, and ensuring minimisation of the water costs as well. Experimental tests were carried out on the 

effect of the layout dimensions of regular packages for the humidification devices used in the air conditioning 

systems. A comparative assessment of the ratio of the layout dimensions of the regular structured packages is 

given. The depth of the humidification package should not exceed 0.5 m. Packages, made from corrugated RN 

plates or GLASdek polymer sheets, are more preferable than PET packages.  
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Introduction 

Raising the environmental safety of agricultural production is directly related to the development 

of biotechnologies for the production and use of biological plant protection products, based on highly 

efficient populations of entomophages. Particularly pending the developing biotechnologies are for the 

organic farming enterprises, where agricultural technologies for growing products imply a total ban on 

the use of pesticides and other agrochemicals. Industrial production (breeding) of entomophages 

includes a complex of engineering and biological solutions, including optimal microclimate and air 

humidity in the production premises [1-5].  

When organising the air humidification process in entomological production premises, it is 

necessary to ensure a high level of the equipment efficiency with the minimisation (or absence) of the 

non-productive water consumption and the reduction of the energy consumed during the process [6-8]. 

For this purpose, new types of regular packages (RN) are investigated in the contact humidification 

devices, distinguished by a high level of wettability due to the materials used, or an original surface 

geometry.  

Studies in the optimisation of the geometry of the package elements of a film apparatus were 

carried out in Germany (the Sulzer firm), in Italy, in Sweden (the Munters firm), and other countries. 

It was found that for the film countercurrent devices, optimal are the arranged symmetrical packages 

with vertical channels, which periodically come into contact with the adjacent channels.  

The most modern package elements are made on the basis of corrugated sheets. The most widely 

used are the elements of the Munters firm (Sweden). These are alternating corrugated and flat sheets 

that form closed channels, which, in turn, is a significant disadvantage. The sheets are technological, 

and they can be made from low-strength materials [8;9].  

The purpose of the work is to determine the optimal dimensions of the humidification packages in 

the aspect of aerodynamics and the air humidification efficiency for the development of efficient 

humidification devices, applied in microclimate creation systems for the entomological production 

premises.  
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Materials and Methods 

The following materials are proposed for consideration as working surfaces of regular packages in 

the microclimate creation system for growing of entomocultures:  

• ribbed miplast plates (two sizes) – RN I, and RN II (Fig. 1a);  

• specially profiled PET sheets (two sizes) – RN III, and RN IV (Fig. 1b);  

• corrugated polymer sheets “GLASdek3” (“Munters”, Sweden) – RN V (Fig. 1c);  

• PVC corrugated plates (two sizes, the Netherlands) – RN VI, and RN VII (Fig. 1d).  

One of the main factors affecting the optimal overall dimensions of the humidification packages is 

the speed of the air movement in the effective cross section of the package v at a particular flow rate 

Gв. The layout of the package was varied by varying its cross-section Ff.s anddepth L (Fig. 2) [10].  

 

Fig. 1. Types of RN studied: a – RN I, and RN II (miplast); b – RN III, and PN IV (PET); 

c – RN V (GLASdek 3); d – RN VІ, and RN VIІ (PVC)  

 

Fig. 2. Geometrical and aerodynamic characteristics of package: F – cross-section of the package, 

F = A·B, m
2
; L – depth of the package, m; V’– speed in the air channel, m·s

-1
; V – speed in the 

effective section of the package, m s
-1

; ∆Р = Р1 – Р2 – aerodynamic resistances of the package,Pa 

Variations in the dimensions А, В and L make it possible to obtain their optimum correlation in 

the aspect of a maximum assimilating capacity of air with respect to humidity and a decrease in the 

aerodynamic resistance of the package.  

As a rule, when calculating the humidification packages, the ultimate goal is to determine the 

surface area Fn, which will allow obtaining the required final parameters of the air subjected to the 

heat and humidity treatment with a certain mass flow rate Gв.  
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Determination of the optimal dimensions of the RN was made in the following order (formulas 1 

to 11).  

The heat and humidity characteristic of the premises ε, kJ·kg
-1

:  
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where hv
in
, hv

out 
– moisture content of the air at the inlet and the outlet from the package, 

respectively, kg·kg
-1

.  

The evaporation rate (mass exchange), m s
-1

: 
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where Sh – Sherwood criterion; 

 D – diffusion coefficient, m
2
 s

-1
;  

 L – characteristic dimension, m. 

Air density, kg·m
-3

: 
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where  tv
in
, tv

out 
– air temperature at the inlet and the outlet from the package, respectively, ° C.  

The partial air pressure at the inlet, Pa:  
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The partial air pressure at the outlet, Pa: 
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The required amount of the evaporated water Gi, kg·s
-1

: 
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The cross-section F of the package, m
2
:  
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Using the heat-humidity characteristic ε, we calculated the required water temperature tw and the 

partial pressure Рp in the saturation line.  

The package area to ensure the specified conditions Fn, m
2
:  
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The volume of the package is defined as Vn, m
3
:  

 Vн = FнFv 
-1

 ,        (9) 

where Fv – specific surface area of the package, m
2
 m

-3
. 

The effective cross section area of the package is determined Fg.s, m
2
:  
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where ρv – air density, kg·m
-3

. 

Then, the depth of the package L, m:  
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Results and discussion 

Investigations were conducted to analyse the variations in the temperature, moisture content, and 

aerodynamic resistance of the PH, depending on the depth of the package (Fig. 3-5). The coefficient of 

variation of the measured parameters did not exceed 18 %. 

 

Fig.3. Dependence of variations in air temperature t on depth of package L:  

1 – RN I;2 – RN II;3 – RN III;4 – RN IV;5 – RN V;6 – RN VI; 7 – RN VII 

As it can be seen from Fig. 3, variations in the air temperature t have almost linear dependence on 

the depth of the package L. When increasing the depth of the package by every 0.1 m, the temperature 

increment is about 1°C or 2.5 %.  

A similar linear dependence upon the depth of the package L is displayed by the change in the air 

moisture content ∆d (Fig. 4). Increasing the depth of the package by every 0.1 m, the increment of the 

moisture content is about 10 %.  

 

Fig.4. Dependence of air moisture content ∆d on depth of package L: 

1 – RN I;2 – RN II;3 – RN III;4 – RN IV;5 – RN V;6 – RN VI; 7 – RN VII 
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Dependence of the change in the air aerodynamic resistance ∆P upon the depth of the package L, 

in contrast to the temperature and the moisture content, has a non-linear relationship (Fig. 5). Thus, the 

depth of the package increasing to L = 0.3 m, the increment ∆Р is 120 %, and at L = 0.4 m, the 

increment ∆Р reaches 290 %. In accordance with the results of the analysis of all experimental 

investigations, engineering recommendations have been formulated for the geometry of the PH. The 

presented recommendations correspond to the specific air flow rate Gg = 0.1 kg·s
-1

 (Table 1).  

All characteristics meet the same initial conditions (Table 2).  

 

Fig. 5. Dependence of change in air aerodynamic resistance ∆P upon depth of package L: 

1 – RN I;2 – RN II;3 – RN III;4 – RN IV;5 – RN V;6 – RN VI; 7 – RN VII 

Table 1  

Recommended characteristics of packages for the specific air flow rate Gg = 0.1 kg·s
-1

 

Type of the package 
Parameters 

RNI RNII RNIII RNIV RNV RNVI RN VII 

Volume of the package, m
3
 0.031 0.026 0.029 0.034 

0.02

8 
0.114 0.110 

Depth of the package, m 1.26 1.1 1.23 1.14 1.19 4.84 4.3 

Speed of the air flow, m·s
-1

 3.6 3.6 3.6 3.6 3.6 3.6 3.6 

Initial water temperature, ºС 22 22 22 22 22 22 22 

Amount of water, kg 0.895 1.231 0.999 1.281 1.38 0.729 0.659 

Amount of water per 1 m
2
 of 

the package, kg 
0.057 0.073 0.063 0.074 

0.08

7 
0.046 0.044 

Water evaporation time, h 0.834 112 0.925 1.06 1.27 0.675 0.614 

Aerodynamic resistance, Pa 75.2 77.1 76.1 76.9 78.5 19.4 19.2 

Table 2 

Initial conditions for the determination of optimal characteristics of the investigated packages 

Parameters Values 

Inlet air temperature, ºС  30 

Humidity content of the inlet air, kg·kg
-1

 0.01 

Enthalpy of the inlet air, kJ·kg
-1

 55.77 

Relative humidity of air at the inlet, %  0.345 

Partial air pressure at the inlet, kPa  1.58 

Summary data have been formed for the typical dimensions of the modules of the humidification 

section depending on the efficiency of the air conditioning system for each of the package types with 

the preset initial parameters (Table 3).  
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Table 3  

Typical dimensions of the air humidification section 

Volume of the package, m
3
 Nominal 

capacity, m
3
 h

-1
 RN I RNII RN III RN IV RN V RN VI RN VII 

500 0.049 0.048 0.049 0.048 0.048 0.195 0.195 

1000 0.097 0.095 0.096 0.093 0.093 0.379 0.379 

2000 0.196 0.192 0.196 0.184 0.189 0.769 0.769 

5000 0.489 0.478 0.487 0.466 0.473 1.920 1.920 

7000 0.690 0.662 0.680 0.650 0.659 2.680 2.680 

10000 0.981 0.955 0.972 0.943 0.943 3.820 3.820 

12000 1.180 1.140 1.170 1.140 1.130 4.590 4.590 

15000 1.480 1.430 1.460 1.420 1.410 5.740 5.740 

20000 1.970 1.890 1.950 1.790 1880 7.660 7.660 

Conclusions 

1. The obtained theoretical and experimental data may be used in the development of a compact 

heat-and-mass exchange equipment of the microclimate preparation system for entomological 

production (in particular, on the basis of RN air humidifiers).  

2. The depth of the humidification package should not exceed 0.5 m. Further increase in depth is not 

purposeful, since, with a slight effect of the change in the temperature and moisture content, the 

aerodynamic resistance increases significantly, which leads to increased operating costs of the 

microclimate creation systems. Packages, made from corrugated RN plates or GLASdek polymer 

sheets, are more preferable than PET packages.  

3. Dependence of the change in the air aerodynamic resistance ∆P upon the depth of the package L, 

in contrast to the temperature and the moisture content, has a non-linear relationship. The depth of 

the package increasing to L = 0.3 m, the increment ∆Р is 120 %, and at L = 0.4 m, the increment 

∆Р reaches 290 %.  
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