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ABSTRACT
The issue of the equivalence of the physical parameters of the working medium in the heat-treat-
ment zone of fish and meat products is solved by organizing uniform high-speed fields of the 
working medium in the working area, which is ensured by the corresponding design. The aerody-
namic characteristics of a double-sided centrifugal blower fan with a vertical arrangement of the 
drive shaft and a spiral scroll with two outlet openings, the outlines of which were carried out ac-
cording to the design square rule, provided that the opening and width of each outlet was equal 
to the half-opening and half-width of the outlet of the spiral case of the industrial prototype, were 
investigated. When testing the aerodynamic characteristics of a double-sided blower, the identi-
ties of the full and dynamic air pressure developed by the fan at all points of the measured 
cross-section of each of the two oppositely directed outlet pipes are established to be identical, 
which indicates the equalization of air flows. In this case, the dimensionless ratio of the cross-sec-
tional areas of the equistatic pressure duct to the initial pressure is 0.20, and the cross-sectional 
area for the air passage of the heat exchanger, conditionally being the perforated base of the duct, 
was 0.0978 m2. The test results confirmed the reliability of analytical calculations and the feasibility 
of using these fans, which reduces energy consumption, a specific quantity of metal, and the cost 
of equipment in general. 

Keywords: Fish and meat products, Aerodynamic characteristics, Double-sided blower fan, Equi-
static pressure duct, Convection, Thermal unit 

INTRODUCTION

Despite the widespread use of equipment for 
the food industry at numerous enterprises of this 
profile, the issue of updating the machinery and 
equipment fleet and the technical improvement 
of such equipment has been rather outside the 
field of view of scientists and specialists for years, 
negatively affecting the development of the 
Ukrainian industry in the above-mentioned in-
dustrial sectors. Among the primary issues to be 
solved is the energy efficiency of said equipment 
(Kovalenko et al., 2020). The heat treatment pro-
cess is among the principal operations of fish 
and meat products’ manufacturing technology, 
said process being carried out by the method of 

convective heat supply to the product in modu-
lar type rooms (thermal units) (Ivashov, 2007; Be-
lova et al., 2013, Urazov, 2015), thermally insulat-
ed from the external environment. However, lit-
erature sources on the processes that occur 
during this processing are rather rare and frag-
mented. In particular, the food safety issues of 
the process are disclosed in (Usatenko et al., 
2019a), the issues of rationalizing the working 
area of thermal units are considered in (Pöhl-
mann et al., 2013), the influence of the working 
elements of the thermal unit on the temperature 
field inside it is described in (Pöhlmann et al., 
2012), and the features of the effect of the de-
sign of the thermal unit on the nature of the on-
going heat exchange processes are described in 
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(Ledesma et al., 2016). The problems of the effective supply of the 
working medium to the working zone of a thermal unit, as well as 
the effective distribution of the specified medium in the space 
filled with the product being processed, are given in (Alakali et al., 
2017). The structural elements of a thermal unit, which provide the 
dynamic process of formation of the smoke-air mixture during the 
smoking of food products of animal origin, are described in (Adey-
eye, 2019). In particular, a properly selected fan plays an important 
role in ensuring uniform heat transfer and mass transfer in the 
working volume of the thermal unit during the heat treatment of 
the above-mentioned products (Adepoju et al., 2018). The impor-
tance of continuous effective temperature regulation and of main-
taining a certain relative humidity of the working environment 
during the heat treatment is described in (Škaljac et al., 2018).

An obligatory element of the regulation of the technological pro-
cess in the working area of a thermal unit is to check the unifor-
mity of the air supply and its distribution, as well as temperature. 
The check should be carried out both at normal ambient and at 
elevated temperatures. When the air heats up, its volume in-
creases, and thus, the circulation fan supplies the same amount 
of air (by volume) into the chamber but the amount is less by 
weight. Controlling the flow of hot air is much more complicated 
than controlling the flow of heavier cold air. For this reason, the 
balancing of air flows inside the chamber should be carried out 
both at a colder ambient temperature, as well as at an elevated 
temperature. Both temperature and air velocity are determined 
at various points inside the chamber. In case of significant devia-
tions, it is necessary to adjust the distribution system of air flows 
in the working volume (Waters, 2010) in a proper way.

As a rule, one of the technological processes carried out in in-
dustrial universal thermal units is the smoking of fish and meat 
products, which involves processing the product with a smoke-
air working environment. The nature of this process depends on 
the composition of the smoke-air mixture, its temperature, hu-
midity, and density, as well as on the speed and technical imple-
mentation of its supply, the distribution efficiency in the working 
volume of the chamber, and the design of the units supplying the 
smoke-air mixture into the chamber (Kubiak et al., 2014; Kubiak 
& Jakubovski, 2013; Sikorski & Kołakowski, 2010). Factors that de-
termine the achievement of the required sensorial and chemical 
properties of the smoked product are such parameters as tem-
perature, density, and the intensity and rate of mixing smoke and 
air in the working area of the chamber during the entire process 
(Kubiak & Jakubowski, 2010a; Kubiak & Jakubowski, 2010b). The 
required regulation of the production cycle, in particular smoke 
flows – air mixture, when processing fish and meat in a heat 
chamber is facilitated by innovative microprocessor technology 
(Kubiak et al., 2014).

As can be seen from the above, the most important condition 
of the heat treatment process carried out in thermal units is the 
equivalence of the physical and chemical parameters of the 
working medium flowing around each product unit taken from 
the number of product units processed simultaneously (Kosoy 
et al., 2018; Bondarenko, 2013), which is possible with the uni-
formity of the velocity fields of the working medium in the heat 
treatment zone.

The solution of this problem, as a rule, narrows down to the de-
velopment of an effective aerodynamic system composed of 
such basic elements as: a fan, air ducts, heat exchangers, and a 
control system, with the help of which the necessary physical and 
chemical parameters of the working medium recirculated in a 
turbulent mode within the volume of the heat chamber with the 
product are being maintained (Study, 1994). At the same time, 
along with the fundamental requirement for the process – ensur-
ing high quality of finished fish and meat products, the econom-
ical component related to reducing energy consumption, metal 
consumption, and, accordingly, costs shall be considered.

Among the most important issues when solving the problem is 
the fan, forcing air to move in the confined space of the working 
chamber; the aerodynamic characteristics of the said fan sub-
stantiate the efficiency of the heat applied to the fish and meat 
products by means of convection. The fan motor, when overcom-
ing the resistance of the elements of the aerodynamic system, 
consumes a significant amount of electricity in the operating 
mode. Therefore, the selection of a recirculation fan is usually 
carried out after conducting comprehensive studies of the effec-
tiveness of convective heat transfer processes, allowing for the 
structural and functional features of all elements of the aerody-
namic network. The design features of the network elements, 
their interaction and orientation relative to each other, are the 
basics to determine the preparation of the working medium 
flows and its uniform dispersal throughout the chamber filled 
with the product, in accordance with the given technological pa-
rameters.

The formation of the working medium flows identical in physical 
parameters in the working volume of the chamber begins direct-
ly after the recirculation fan, when the continuous working medi-
um flowing from its discharge pipe should be divided into two, 
both being identical but opposite to the peripheral sides of the 
chamber. Further, using the duct system, the flow geometry is 
transformed to obtain free or limited flooded jets at the entrance 
to the heat treatment zone of the product, the said jets being 
equivalent in aerodynamic characteristics.

When procuring thermal units, taking into account the significant 
aerodynamic drag of the system, industrial centrifugal high-pres-
sure fans are usually used, both with a case and, less often, with-
out one. The number of the first ones, as a rule, is doubled on 
each module, using an equal number of left and right fans and 
organizing, at the same time, their work in a cyclic mode (Kubiak 
et al., 2014; Smyshlyaev, 2004). This allows the avoidance of the 
operation of dividing the flow into two oppositely directed flows. 
As practice shows, this negatively affects the longevity of fan mo-
tors – due to the presence of periodically repeating starting 
loads.

The disadvantage of the fans without cases consists in their 
low-pressure aerodynamic characteristics, and the fact they pro-
vide neither the efficiency of heat removal from heat exchangers 
nor the necessary kinematic parameters of the working medium 
in the working volume of the chamber (Study, 1994).
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STUDY OBJECTS AND METHODS

This work aims at the development of a double-sided blower fan 
and equistatic pressure ducts to improve the air distribution sys-
tem in the chambers intended for the heat treatment of fish and 
meat products.

The objects of study are the aerodynamic characteristics of a 
centrifugal double-sided blower fan and the geometric charac-
teristics of air ducts of equal pressure as the main elements. de-
termining the nature of the movement of air within the working 
volume of thermal units.

Taking into account sufficiently significant hydraulic resistances 
of the elements of the aerodynamic system (calculated data) and 
technological assumptions regarding the velocity of the working 
medium near the product (~ 2 m / s), the industrial centrifugal fan 
VTs 14-46-4 was adopted as a prototype when developing a dou-
ble-sided blower, equipped with an electric motor of the AIR-
100L6T1 series with a power of N = 2.2 kW and n = 1000 rpm. The 
rated capacity of the fan is V ≈ 6000 m3 / h, pressure Р ≈ 670 Pa. 

The new fan unit was fitted up based on the use of the impeller 
and electric motor of the above-mentioned prototype fan. The 
unit casing was a double-sided spiral scroll specially designed for 
this case (Figure 1), the outlines of which were carried out ac-
cording to the rule of design square [22]. Moreover, the opening 
and width of each of the two outlets was equal to the half-open-
ing and half-width of the outlet opening of the VTs 14-46-4 fan 
spiral casing, and the total size of the measured cross-sectional 
areas of the outlet openings was equal to the measured cross-sec-
tional area of the prototype outlet.

When developing the design of the new fan blower, a vertical ar-
rangement of the elongated drive shaft of the electric motor was 
provided in a special way, which allowed the latter to be moved 
outside the hot zone of the chamber (the temperature of the 
working medium is up to 100 °C), thereby avoiding the phenom-
enon of systematic overheating of bearings, significantly reduc-
ing their service life.

To conduct in situ tests of the objects of study, on the basis of an-
alytical calculations – caloric and hydraulic resistances with a si-

multaneous outline study of the elements of the aerodynamic 
system (Solomakhova, 1975; Idelchik, 2013; Grimitlin, 1994), an 
experimental module of the heat treatment chamber was made, 
the diagram of which is shown in Figure 2.

The module was arranged according to the principle of symme-
try with the axis of symmetry of the module coinciding with the 
central axis of the cylindrical suction pipe of the recirculation fan 
1. In this case, the design of the right side of the module relative 
to the suction pipe of the fan was a mirror image of the structure 
of the left side. The outlet (pressure) pipes of the fan with welded 
cylindrical nipples 2 (Figure 2) are inextricably connected by 
means of connecting rotary air ducts 3 with equistatic pressure 
ducts 4 and bimetallic heat exchangers 5.

Each of the aforementioned elements of the aerodynamic net-
work functionally complemented each other to obtain the uni-
form dispersion of the flow of the working medium along the 
sides of the module and, further, its uniform supply to the heat 
treatment zone of the product. So finned bimetallic heat ex-
changers, in addition to their direct function of heating the air, 
also served as the perforated base of the equistatic pressure 
ducts 4, or, in other words, as the distribution grid for the air flows 
flowing from these ducts. The total calculated aerodynamic drag 
of the system elements was approximately 550 Pa (Idelchik, 2013; 
Pozin et al., 1996), which corresponded to the certified value of 
the pressure developed by the analogue fan.

The uniformity of air flow distribution along the length of each equal 
pressure duct 4 (Figure 2) was established by changing the angle of 
inclination of its movable upper generatrix 2 (Figure 3) to the base. 

Figure 1.  Diagram of a double-sided fan blower with the 
location of pressure measuring points in measured 
sections of outlet pipes: A – left; B – right.

Figure 2.  Scheme of the experimental setup module: 1 – 
centrifugal fan for double-sided blowing; 2 – 
cylindrical nipples with plugs; 3 – connecting 
turnable duct; 4 – equal pressure duct; 5 – finned 
bimetallic heat exchanger.
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The base of the air duct was a heat exchanger with a corridor ar-
rangement of finned tubes 3 (Figure 3) and the cross-sectional area 
for air passage - 0.0978 m2. The design of the heat exchange surface 
was created by casting molten aluminum onto a hot rolled steel 
pipe. With the height of the aluminum fin h = d0 and its efficiency E 
= 0.77, the heat transfer coefficient, taking into account the deposi-
tion of smoke components on a bimetallic surface with a thickness 
of about 1 mm, amounted to k = 42.6 W / m2  К, and the maximum 
aerodynamic resistance - 144 Pa. The high thermal characteristics of 
the heat exchanger significantly reduced its metal consumption, 
and the insignificant aerodynamic drag contributed to a decrease in 
the power of the recirculation fan electric motor. Equal pressure of 
air distributed along the length of air duct 1 (Figure 3), in the case of 
changing the type of heat exchange surface, is ensured by using a 
perforated bottom with the cross-section for air passage equal to 
the free section of the heat exchanger.

To determine the rational geometrical parameters of the equal 
pressure duct, a generalizing dimensionless parameter was used, 
the value of which was calculated as the ratio of the cross-sectional 
area of the equal pressure duct - the final (variable) area to the initial 
(unchanged and commensurate with the geometric parameters of 
the corresponding output section of the fan discharge pipe):

     

(1)

where: FM.S.F. - the cross-sectional area of the duct at its end; FM.S.I. 
- the cross-sectional area of the duct at its beginning.

The rationality of the layout of the centrifugal double-sided fan of 
the applied electric motor was carried out in the operating mode 
by measuring the current consumption using the K-50 measuring 
set, the measurement limit was 1.0–600.0 A, accuracy class ± 0.5 A.

The measurement of the velocity of the air flow in the measured 
sections of the blow pipes of the fan and blow ducts was investi-
gated using: hand induction anemometer ARI-49, measurement 
range 1.0 ÷ 30.0 m / s, accuracy ± 0.5 m / s; cup anemometer MS-
13, measurement range 1.0 ÷ 20.0 m / s, accuracy ± (0.1 + 0.05) 
m / s and electrothermal anemometer - TA-LIOT, measurement 

range 0.0 ÷ 5.0 m / s, accuracy ± (0.1+0.05) m/s. The pressure was 
measured using a combined pneumometric fitting with a cylin-
drical head (correction coefficient of the bevel of the fitting 
during calibration of kn = 0.95±1.0) and the differential alcohol 
micromanometer MMN-240 (5) -1.0, accuracy class 1.0.

The proportionality of the aerodynamic characteristics of the air 
flows generated in the double-sided blower was determined on 
the basis of a comprehensive comparative study of the total and 
dynamic pressure in the equal-sized and equal-distant from the 
impeller measured sections of and pressure ducts opposite the 
fan axis at the same temperature and humidity and avoiding 
leaks and suction from the outside. To fix the receiving part of the 
combined pressure measuring transducer perpendicularly to the 
flows of air leaving the pipes, cylindrical fittings with plugs 2 (Fig. 
2) were welded at characteristic numbered measuring cross-sec-
tion points (Figure 1 – A and B).

The average air pressure at the characteristic points of the mea-
sured sections was calculated by the formula:

     
(2)

where: n is the number of measurements; i - type of measured pres-
sure (static, dynamic, full) at the corresponding characteristic point.

The average air flow rate over the measured section of each 
pressure pipe of the fan was determined based on the average 
value of the dynamic pressure in the corresponding section:

     
(3)

where: ρ is the air density, kg / m2.

The volume of air flowing over the measured cross-section of 
each pressure pipe of the fan was calculated by the formula:

     
(4)

where: F is the measured cross-sectional area equal to 0.0375 m2 
for this particular case.

RESULTS AND DISCUSSION

The results of field and analytical studies of the aerodynamic char-
acteristics of a centrifugal double-sided fan are shown in Table 1.

An analysis of the results of analytical and full-scale studies of 
the aerodynamic characteristics of the developed double-sided 
blower (Table 1) indicates a fairly complete identity of the signif-
icant parameters characterizing the alignment of air flows and a 
decrease in the effect of turbulence in the output measured 
sections of each of the two oppositely directed blow pipes. The 
discrepancy between the pressure indicators (full and dynamic) 
in the left and right outlet openings of the blow pipes was with-
in the accuracy limits of measuring instruments and can be ex-
plained by an insufficiently perfect impeller balancing quality.

Figure 3.  Diagram of the blowing ducts of the aerodynamic 
network: 1 – connecting turnable duct; 2 – the 
movable upper duct of the equal pressure duct; 3 – 
heat exchanger.
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The results of measuring the current consumed by the electric 
motor in the operating mode of the current showed that its actu-
al value corresponded to the nominal value - 5.4 A, and the fan 
performance was 1.68 m3 / s (6059.0 m3 / h), which is comparable 
with the certified technical characteristics of the centrifugal in-
dustrial fan VTs 14-46-4, taken as a prototype.

The averaged data on the study of the physical characteristics 
and uniformity of the distribution of air flows along the length of 
each of the two equal pressure ducts 4 (Figure 1), depending on 
the value of the generalizing parameter, are shown in Table 2. 
The measurements were carried out in measured sections at the 
outlet of the heat exchangers 5 (after straightening the flows) ev-
ery 0.1 m with the length of each duct and, accordingly, the heat 
exchanger equal to 1.0 m

Based on an analysis of the results of studying air flow velocities 
along the length of air ducts for different values of the generalizing 
parameter, it was found that the best uniformity of air distribution 
and, as a result, more efficient heat removal from the heat ex-
changer is achieved with the value of the generalizing parameter:

     

(5)

The data obtained served as the basis for halving the number of 
fans when completing thermal units: replacing the two left and 
right VTs 14-46-4 twin industrial centrifugal fans, alternately 
switched on during operation, with one double-sided fan. At the 
same time, to improve the uniformity of the dispersion of air 
flows along the sides of the chamber, it was envisaged to tie the 
fans with equistatic pressure ducts, structurally made in accor-
dance with the calculated value of the generalizing dimension-
less parameter equal to 0.20 and the use of finned heat exchang-
ers that functionally perform the role of the perforated bottom of 
the duct, and heat source for heating the flowing air.

The successful implementation of these technical solutions took 
place when creating the designs of universal heat chambers and 
cooling chambers for food products that are produced by the 
machine-building company “VI-VA LTD” (Ukraine) and resulted 
in a rather significant reduction in metal consumption and equip-
ment and operating costs in general (Usatenko et al., 2019b).

CONCLUSION

Thus, oppositely directed compact flows of the working medium 
with the same aerodynamic characteristics were obtained using 
the developed double-sided fan with a vertical drive shaft and a 
spiral scroll with two outlet openings, the outlines of which were 
made according to the design square rule, provided that the 
opening and width of each outlet were equal to the half-opening 

Table 1. The results of analytical and full-scale studies of aerodynamic characteristics of a double-sided centrifugal fan.

Aerodynamic  
characteristics of fan

Measurement points numbers in measured sections Average 
value1 2 3 4 5 6 7 8 9 10 11 12

Pressure in measured section of the left blow pipe, Pa
full, Рf 372 321 372 372 321 310 372 321 310 321 321 310 340.0
dynamic, Рd 319 292 319 319 292 266 319 292 266 292 292 266 301.0

Pressure in measured section of the right blow pipe, Pa
full, Рf 372 321 371 371 321 310 372 321 310 321 321 310 339.8
dynamic, Рd 319 292 318 318 292 266 319 292 266 292 292 266 300.8

Average air flow velocity in measured section of the left blow pipe, m / s 22.40
Average air flow velocity in measured section of the right blow pipe, m / s 22.38
Calculated value of air volume flowing in measured section of the left blow pipe, m3 / s 0.842
Calculated value of air volume flowing in measured section of the right blow pipe, m3 / s 0.841
Average calculated performance of the double-sided blowing fan, m3 / s 1.68
Average current consumed by fan electric motor, A 5.4

Table 2. Averaged data of the study of physical characteristics and uniformity of distribution of air flows formed in 
equistatic pressure ducts depending on the value of the generalizing parameter.

Generalizing 
parameter

...

...

ISM

FSM

F
F

F =

The volume of air 
pumped by the fan 
over a measured 

cross-sectional area 
Fm.s.i. m

3/s

The average air  
velocity in a mea-

sured cross-sectional 
area Fm.s.i., m/s

The average air velocity 
in a measured section at 
the outlet of the finned 

heat exchanger, m/s

The uniformity of the 
distribution of air flows 
along the length of the 

duct of equistatic  
pressure, %

0.15 0.84 ± 0,01  21.0 ± 0,1 8.6 ± 0,1 2.3
0.20 0.84 ± 0,01  21.0 ± 0,1 8.6 ± 0,1 1.0
0.25 0.84 ± 0,01  21.0 ± 0,1 8.6 ± 0,1 4.5
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and half-width of the outlet of the spiral casing of an industrial cen-
trifugal prototype fan. This allowed to halve the number of recircu-
lation fans equipped with each module of the thermal unit.

The uniform distribution of the working medium flows along the 
side walls of the module, before it enters the product heat treat-
ment zone, was achieved due to the design features and the rel-
ative positioning of the elements of the aerodynamic system – 
equistatic pressure ducts and finned bimetallic heat exchangers.

It was established that the configuration of the heat chamber 
with the created elements of the aerodynamic system contrib-
utes to the improvement of the kinematic component of the pro-
cess of bringing heat to fish and meat products by forced con-
vection while reducing the metal consumption, energy con-
sumption, and the cost of the equipment as a whole.
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