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Abstract: Cyclones are widely used for separating particles from gas in energy production objects. The
efficiency of conventional centrifugal air cleaning devices ranges from 85 to 90%, but the weakness
of many cyclones is the low collection efficiency of particles less than 10 µm in diameter. The
novelty of this work is the research of the channel-type treatment device, with few levels adapted for
precipitation of fine particulate matter, acting by a centrifugal and filtration principle. Many factors
have an impact on cyclone efficiency—humidity, temperature, gas (air) composition, airflow velocity
and etc. Many scientists evaluated only the effect of origin and size of PM on cyclone efficiency.
The effect of gas (air) composition and temperature, and humidity on the multi-channel cyclone-
separator efficiency still demands contributions. Complex theoretical and experimental research on
air flow parameters and the efficiency of a cylindrical eight-channel system with adjustable half-rings
for removing fine-dispersive particles (<20 µm) was carried out. The impact of air humidity and
temperature on air flow, and gaseous smoke components on the removal of wood ashes was analyzed.
The dusty gas flow was regulated. During the experiment, the average velocity of the cyclone was
16 m/s, and the temperature was 20–50 ◦C. The current paper presents experimental research results
of wood ash removal in an eight-channel cyclone and theoretical methodology for the calculation of
airflow parameters and cyclone effectiveness.

Keywords: cyclone; adjustable half-rings; particulate matter; efficiency; gaseous compounds; smoke

1. Introduction

Air pollution has increased during recent decades, especially due to the intense
development of energy, industry and transport [1]. Air purification devices—cyclones—are
usually used to remove particulate matter that forms inside energy-production objects
during the process of combustion. They are among the cheapest air purification devices,
but their principal disadvantage is their low particulate matter (less than 10 µm in diameter)
removal rate, which is especially obvious when strict requirements for the discharge of
hazardous particles have to be met [1]. However, by improving the cyclone’s structure, the
isolation of finely divided particles up of to 10 µm in diameter becomes possible [2–4].

Various methods are attempted in order to improve the cyclone’s purification efficiency—
using a particle coagulation-inducing acoustic field, using a secondary air flow influx into
the cyclone [5,6].

A multi-channel cyclone allows higher efficiency than conventional cyclones. The
structure of these devices is significantly improved, compared to the regular cyclone
analogs, and meant for isolating particulate matter from an air-gas flow [7]. The combi-
nation of dust-polluted flow filtering and centrifugal purification is a new direction in
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centrifugal purification device improvement. These new generation multi-channel cyclones
have been studied by scientists in many European countries [8–10].

Large-scale air purification devices were used to purify large volumes of air, which is
economically unviable. A two- or three-level multi-channel cyclone can be used in such
cases. In this device, there are two or three levels, one above the other. Each level has
the same number of channels, and the partition between them separates the inflowing
air into two equal parts. In diameter, the two- or three-level cyclone is the same as the
single-level, but it is capable of purifying a larger volume of air because of its higher
separation camera [4].

In general, the design methods of the conventional cyclone are based on the calculation
of the size of the separation chamber, taking into account the rate of purified air. A
distribution of airflows into peripheral and transitional in the inlet zone of each channel
plays a particular role. The construction of a multi-channel cyclone consists of n channels
having n−1 number of distribution zones. A cyclone is designed by calculating the amounts
of the individual air flow rates sequentially for each of the cyclone channels and integrating
them throughout the cyclone volume.

For experimental research, a new generation eight-channel cylindrical cyclone, inside
of which air flows in a tangential direction through an inlet hollow and into a separation
camera, where the circulating air flow is distributed in differently curved channels and is
filtered through an air flow—a particulate matter of curvilinear channel gaps was chosen.
Particulate matter (PM) is exposed to centrifugal and gravitational forces inside the chan-
nels, escapes through circular gaps, arranged in a segmental way, and goes to a conical
bunker where most of the particulate matter is removed. The remaining finer particles
return through the channel gaps into the active curvilinear channel zone, where they are
further filtered and discharged to the conical bunker. After completing the purification
cycle, the purified air flows out of the system through the outlet hole.

In most cases, particulate matter is formed in the air flow, together with the emission of
CO. Gaseous pollutants change the physical properties of the gas flow as well as the degree
of precipitation of particulate matter. In particular, the concentration of gaseous pollutants
is not taken into account, which causes discrepancies between the results of theoretical
and experimental studies. The operating parameters of the cyclone are also affected by the
temperature of the gas flow, which changes the viscosity of the gas. Therefore, in order to
perform an accurate study, the ranges of the prevailing CO concentrations and gas flow
temperatures must be evaluated, which is especially relevant for a new generation device
as a multi-channel cyclone-separator.

The scientific–technical literature does not provide the air purification efficiency as-
sessment formula for a multi-channel cyclone. An empirical formula, which evaluates the
influence of the multi-channel cyclone‘s number of channels on the particulate matter’s
removal efficiency, can be found in the paper [11]. However, said formula only allows
for calculating the overall efficiency of air purification, without taking into account the
diameter of the particulate matter and the impact of gaseous compounds. A previous
study found that the effectiveness of a cyclone depends on the particle humidity, ranged be-
tween 25 and 40% at a temperature of 20–30 ◦C, and atmospheric pressure, varied between
99.8 kPa and 102.0 kPa [12]. The performance of a large-scale cyclone was analyzed using
selective non-catalytic reduction technology at an up to 900 ◦C temperature. A change
of efficiency was analyzed depending on the normalized stoichiometric ratio and inlet
velocity of particles [13]. The condensation mechanism at different pressure drops of a
square free-vortex cyclonic separator was researched. A low particle concentration of up to
500 mg/m3 increases the pressure drop by 10%, although this could lead to improving the
separation efficiency by up to 5–7% [14].

Mechanical, physical and chemical properties of particulate matter, as well as its
dispersion and form, can have an impact on the efficiency of particulate matter removal
inside the cyclone. The concentration of particulate matter also has a significant impact on
the purification efficiency of the cyclone. Likewise, the structure and geometric parameters
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of the cyclone have an impact on the efficiency of capturing particulate matter. Moreover,
the properties of gas (air)—temperature, viscosity and chemical structure—have an impact
on the particulate matter’s removal efficiency inside the cyclone. The influence of gas
(air) on capturing particulate matter inside the cyclone manifests itself in two ways—it
affects the viscosity of the gas mixture and, also, gaseous compounds can change the
properties of particulate matter by causing their adhesion (or cohesion). The properties
of particulate matter and the environment can change during the particulate matter’s
separation process. Due to the abundance of factors influencing the particulate matter’s
removal efficiency inside the cyclone, evaluating their impact on the cyclone’s purification
efficiency is a tremendously difficult task, which requires narrowing down the factors
by accepting certain premises. This paper analyses the most common case, whereby an
eight-channel cylindrical cyclone removes wood ash that forms in boiler houses during
solid fuel combustion.

The purpose of the research is to evaluate, theoretically and experimentally, the impact
of smoke gas compounds (pollutants) on the particulate matter’s removal efficiency and
aerodynamic parameters of the eight-channel cylindrical cyclone.

2. Materials and Methods

Smoke gas components (pollutants) can influence the efficiency of capturing particu-
late matter inside the new generation eight-channel cylindrical cyclone. The influence of
gaseous compounds on the purification efficiency of the cyclone may vary according to the
nature and concentration of the pollutant, and the temperature of gas (air). In order to eval-
uate the impact of gaseous pollutants on the cyclone’s purification efficiency, experimental
research on particulate matter’s removal out of smoke (gas) was carried out.

Experiments were carried out in the following order: creating smoke (gas) and particu-
late matter sources; determining smoke gas component (CO, NO, NO2, O2) concentrations
and taking particulate matter samples for determining concentration; determining partic-
ulate matter concentration; determining purification efficiency of the cyclone; statistical
evaluation of data.

2.1. Devices and Equipment

Experimental research was carried out using the following technique:

1. Aspirator M-822. Air traction velocity—0–10 L/min; air traction velocity margin of
error—±6%;

2. Testo 400. Temperature measurement range—2 to 70 ◦C; margin of error—±0.2 ◦C;
velocity measurement range—1–30 m/s; margin of error—±0.05 m/s;

3. Testo 350 XL. Concentration measurement range: O2—0 to 25%; CO—0 to 10,000 ppm;
NO—0 to 3000 ppm; NO2—0 to 500 ppm;

4. Differential pressure gauge DSM-1. Pressure measurement range—0 to 20,000 kPa;
margin of error—±5 Pa;

5. Retsch RM200 mill;
6. Elution shaker Rotoshake RS 12;
7. Analytical scales KERN 770. Weight measurement range—0–210 g; measurement

accuracy—±0.00005 g;
8. Drying cabinet. Maximum temperature—200 ◦C;
9. Air compressor Cosmos. Working pressure—10 bar;
10. Ventilator ALTEKO. Engine power—2.2 kW;
11. A particle sprayer;
12. Chronometer Sekonda. Margin of error—±0.2 s;
13. A sampling tube with a head;
14. An exicator;
15. AFA-VP-20 filters;
16. Tweezers;
17. A filtering cartridge for external filtering.
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Eight-channel cylindrical, one-, two- or three-level cyclones were used for experi-
mental research. A cyclone with adjustable half-rings, positioned at 75/25—peripheral
(recurrent) air flow volume is 50% larger than that of the transit air—inflowing into other
channels, was used for studies. Peripheral flow is additionally filtered inside the cyclone.
The cyclone is set up in Vilnius Gediminas Technical University‘s Environmental Protection
Technologies lab., Vilnius, Lithuania. The cyclone consists of air ducts made from PVC
pipes, which connect the main elements of the system—air flow-generating axial fan and a
new generation air purification device—of the eight-channel cylindrical cyclone. Pipes lead
the purified air to a branch pipe that is connected to an air extraction system in the lab.

2.2. Experimental Setup
2.2.1. Creation of a Smoke (Gas) and Particulate Matter Source

In order to evaluate the impact of smoke (gas) on the particulate matter’s removal
efficiency inside the cyclone, two experimental studies were carried out: in the first experi-
mental trial, wood ash was removed from clean 20 ◦C air, and in the second experimental
trial, wood ash was removed from 37 ◦C smoke (gas). Smoke (gas) source was created by
burning pine wood in a furnace (Figure 1).

Figure 1. Particulate matter and smoke (gas) composition measurement scheme: (1) centrifugal
fan, (2) particulate matter injection hole, (3) hole for pressure setting before the cyclone, (4) hole
for particulate matter concentration setting before treatment, (5) hole for pressure setting after the
cyclone, (6) hole for particulate matter concentration setting after treatment, (7) trapped particulate
matter hopper, (8) the supporting construction, (9) hole for chemical compounds concentration setting,
(10) furnace.

During the experimental tests, the CO concentration was 4000–31,000 mg/m3, NO
concentration was 900–2000 mg/m3, and O2 concentration was 20.65–20.92 percent. Con-
centration of NO2 and SO2 was 0 to 2 ppm, which is why they weren’t evaluated.

Particulate matter source was created by spraying particulate matter into an air duct
after the ventilator, in the direction of the flow with a sprayer connected to a compressor
that creates a 10 bar pressure airflow. Once in the air duct, particles are exposed to
an airflow, created by the ALTEKO centrifugal ventilator. Before spraying wood ash, a
required position of the lever is set on the control unit. The lever controls the ducted
fan’s energy usage and, at the same time, yield of the air flow volume inside the air duct
is decreased. During the experimental trials, PM (particulate matter) concentration and
smoke (gas) composition inside the air duct system were examined. Concentration of
wood ash was 5 g/m3. Properties of the wood ash: bulk density—710 kg/m3; overall
density—800–900 kg/m3.
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2.2.2. Aerodynamic Parameters

Experimental research on air flow velocity was carried out in an air duct system, where
measurement points were selected in a straight section, thus avoiding disturbances in the
stabilized gas flow, inside the cyclone’s structure, in the lid, and in the partition between the
special 6 mm gaps drilled amid the levels. In order to make the measurements, holes were
drilled in the selected point inside the air duct. Measurement points’ scheme is presented
in Figure 2.

Figure 2. A scheme of measurement points’ arrangement inside the channels of the device; (a) top
view and (b) 3D view; (1) curvilinear half-rings, (2) sectional gaps, (3) air outflow opening, (4) mea-
surement point (here 1 L—1st level; 1 K—1st channel; 1—1st point in the correspondent channel),
(5) and (6) air flow inlet and outlet, (7) cyclone’s hopper.

Air flow velocity measurement was carried out in accordance with the Lithuanian
Environmental Normative Document, LAND 27–98/M-07. Measurement of gas flow
velocity and volume in the duct (herein after, LAND 27). Gas flow velocity inside the
channels of the cyclone was measured with a dynamic Piton pipe connected to the Testo
400 device. In order to properly evaluate the movement of the flows, five measuring points
were selected in each of the cyclone’s channels.

Aerodynamic resistance is measured with a differential pressure gauge DSM-1. For the
purpose of the research, a case, when the maximum particulate matter’s removal efficiency
is reached in not only one, but also two and three-level eight-channel cylindrical cyclone,
i.e., air flows at the velocity of 16 m/s, was chosen.

2.2.3. Pollutant Concentration and Treatment Efficiency

Preparation of the PM concentration measurement for the experimental research con-
sisted of: installing the ventilator, setting proper air flow velocity, selecting an appropriate
lever position on the control unit, and connecting measurement devices. For the mea-
surement of PM concentration inside the air ducts, a point in a straight section of the air
duct with a stable, undisturbed gas flow was selected. Wood ash that formed in energy
objects during combustion was chosen for the experimental efficiency measurement re-
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search on the eight-channel cylindrical cyclone, designed for purifying polluted air. Before
conducting the research, wood ash was heated up in a drying furnace at 100–105 ◦C until
its weight stabilized and moisture evaporated. Particulate matter was pulverized in a
Retsch RM200 mill. Dried particulate matter was sifted through screens with an elution
shaker Rotoshake RS 12. Screens with 20 and 50 µm pores were used for the research. Only
0–20 µm diameter particulate matter was used in the experimental research. Before the
research, special branch pipes, 7 mm in interior diameter and 10 mm in exterior diameter,
fitted onto the inflowing and outflowing air ducts, connected to each other, and to the air
filter cartridges with rubber hoses. Particulate matter-deterring AFA-VP-20 filters were
installed in the cartridges. The second hose connected the head of the cartridge with the
aspirator’s inlet for suctioned air. Purification efficiency of wood ash-polluted air was
calculated in accordance with the known suctioned air volume and the mass differences
between filters. When taking disposable samples, isokinetic conditions were maintained,
when the velocity of the air pumped through the filter was equal to the velocity of the
adversative flow, in order to determine the concentration of particulate matter. The velocity
was made uniform with conical heads, which were selected considering the velocity of
both—the flow and the pumped air. Retainer of the filter was directed towards the air flow.

Weighing method was selected for measuring the concentration of particulate matter.
The principle of this method is that particulate matter is held up in a filter, a particular
volume of air gets pumped through it and the mass of the particulate matter is determined
by the weighing method. Relative margin of error for the method did not exceed ±25%
(Lithuanian Environmental Normative Document, LAND 28–98/M-08. Weight method
(herein after, LAND 28)). Before taking a sample, the filter was weighed on analytical
scales. Prior to that, it was held in a room for 1 h where it was weighed. Air, examined to
determine the concentration of particulate matter, was pumped through the filter at the
velocity of 10 L/min. Then the mass of particulate matter was measured in a laboratory.

Before weighing, the filter was held in the room where it was going to be weighed for
no less than one hour. Particulate matter concentration was measured and the volume of
air pumped through the filter under normal conditions, according to formulas provided in
LAND 28, was recalculated. Particulate matter concentration was measured before and
after cyclonic separation. With reference to the data of the research, efficiency of particulate
matter removal inside the eight-channel cylindrical cyclone was measured.

Measurements of the gas component (CO, NO, NO2, O2) concentrations were made
with TESTO-350 M/XL. Molar volume of gas (L/mol) was established, with reference to
Lithuanian Environmental Normative Document, LAND 43-2013. Approval of emissions’
standards for combustion plants (herein after, LAND 43), smoke gas component (CO,
NO, NO2) volume concentrations (ppm), determined with TESTO-350 M/XL device, were
recalculated into weighted concentration mg/m3 (when O2 concentration is equal to 6% of
solid fuel).

A statistical analysis was performed to evaluate the results of experimental research.
Every measurement was made five times in order to avoid systematic error and to make
the error of the average as small as possible. Averages, standard deflections, dispersions
and statistical criteria were calculated. Correlation between the measured quantities was
evaluated by using the Pearson‘s correlation coefficient [15,16]. Statistical calculations were
carried out with Microsoft Excel.

2.3. Theoretical Research
2.3.1. Methodology of Theoretical Evaluation of Aerodynamic Parameters in the
Multi-Channel Cyclone-Separator

The following research methodology was prepared by taking advantage of the experi-
ence of foreign researchers and with respect to the normative Lithuanian Environmental
Protection documents. After analyzing the experimental, theoretical research on the tradi-
tionally structured cyclone’s parameters, and the results of other researchers’ experiments,
a methodology was created to evaluate the impact of gaseous compounds (pollutants) on
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the particulate matter’s removal efficiency of the new generation eight-channel cylindri-
cal cyclone.

Firstly, the main parameters characterizing this flow—dry and wet gas flow density,
dynamic and kinematic viscosity, and dew point value—were calculated. The change was
assessed by assuming the environment in question as a mixture of vapor and gas flow, the
predominant temperature of this environment, and the relative humidity. The maximum
dependences of the relative humidity of the gas flow and the density of the wet gas flow on
the temperature of the aggressive gas flow were determined theoretically. A mathematical
expression was calculated for the calculation of the relative humidity of the aggressive gas
flow, depending on the aggressive gas flow temperature [17,18].

In the general case, the gas flow density is calculated using Equation (1), taking into
account the change in partial pressure of the dry gas flow, assuming the existing relative
humidity and temperature. The mathematical expression is:

ρg. f . =
Pd.g. f .

Rd.g. f . · Tg. f .
+

ϕg. f . · 6.1078 · e
17.08085·t
234.175+t

Rw.v. · Tg. f .
(1)

where ρg.f.—a density of the gas flow, kg/m3; Pd.g.f.—partial pressure of the dry gas flow,
Pa; Rd.g.f.—a constant of the dry gas flow; Tg.f.—absolute temperature of the gas flow, K;
ϕg.f.—relative humidity of the gas flow, %; t—temperature of gas flow, ◦C; Rw.v.—constant
of the water vapor.

A specially adapted mathematical expression for the calculation of the aggressive
gas flow density at 20 ◦C, 37 ◦C, 50 ◦C, 100 ◦C, 120 ◦C and 200 ◦C aggressive gas flow
temperature, based on the theoretical research, was derived. Additional temperatures were
taken to present more precise changes of parameter.

Theoretical mathematical expressions for the calculation of the moving gas flow
velocity of an improved multi-channel cyclone were used to estimate the change in dynamic
pressure and the magnitude of the gas flow density. However, in the case of aggressive gas
flow, the dry and wet gas flow pressures and the effect of water vapor and temperature
on the gas flow viscosity must be additionally evaluated. Theoretical research has used a
constructed full mathematical expression (Equation (2)), which is complex.

The flow velocity of the aggressive gas is affected by relative humidity and gas flow
temperature. According to extended expression (Equation (3)), it can be seen that the
gas flow velocity is directly proportional to the dynamic pressure, PdynH2O, and inversely
proportional to the aggregate gas flow rate, gt.

U =

√√√√√√
2 · g · Pdyn(

Ps.d.s.
Rs.d.s.·Td.s.

+ 6.112·e(
17.67·t

243.5+t ) ·ϕd.s.
Rv.g.·Td.s.

) (2)

Here, U—a velocity of gas flow in cyclone channel, m/s; g—an acceleration of free
fall, m/s2; Pdyn—a dynamic pressure of the gas flow, mmH2O; Pd.g.f.—a partial pressure of
dry gas flow, Pa, which is equal to 101,325 Pa; Rd.g.f.—constant of dry gas flow; Tg.f.—a total
temperature of gas flow, K; tg.f.—temperature of gas flow, ◦C; ϕg.f.—a relative humidity
of gas flow, %; Rw.v.—a constant of water vapor. This equation can be applied when the
temperature of the gas flow is tg.f. = 50 ◦C and the interval of the relative humidity is
ϕd.s. = 0–95%.

The value of gt is directly proportional to the atmospheric pressure and inversely
proportional to the temperature of the aggressive gas flow. This theoretical research assumes
that the atmospheric pressure does not change and is equal to atmospheric pressure.

U =

√√√√ 2 · gt · Pdyn

ρd.s.n.s. = 0.359 · 1.292 · Patm.
273+td.s.

(3)
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Here, U—a gas flow velocity in cyclone, m/s; g—an acceleration of free fall, m/s2;
Pdyn—a dynamic pressure of the gas flow, mmH2O; ρg.f.n.c.—a density of gas flow in normal
conditions, kg/Nm3; Patm.—an atmospheric pressure, mmHg; tg.f.—a temperature of gas
flow, ◦C.

Specially adapted mathematical expressions are derived to calculate the velocity of
aggressive gas flow at the beginning of the first new design cyclone channel as a function
of the humidity of the aggressive gas flow and separately from the temperature.

In order to evaluate the impact of gas on the particulate matter removal efficiency of
the multi-channel cyclone, certain assumptions have to be made.

The following environmental properties exert an influence on the particulate matter
removal efficiency of the multi-channel cyclone—temperature of gas (air); composition of
gas (air); properties of gas (air).

During the theoretical evaluation, the following assumptions were made: pressure
is equal to atmospheric pressure (1 atmosphere); particulate matter interaction is not
taken into account; particulate matter adhesion to the surface—cohesion—is not taken into
account; physical and chemical properties of particulate matter (except for bulk density) are
not taken into account; the purified gas (air) is dry; water vapor and gaseous components in
smoke (gas) do not cause the adhesion of particulate matter; the impact on air purification
of inert gas (except argon) and other gases, which have a very small concentration in smoke
(gas/air), was not evaluated.

In order to evaluate the impact of gaseous components and temperature on the partic-
ulate matter removal efficiency inside the cyclone, a theoretical evaluation was made for
the case, when air temperature is 37–120 ◦C and the volume concentration of CO in smoke
(gas) is up to 31,000 mg/m3.

A new generation eight-channel cylindrical cyclone built in Vilnius Tech Environ-
mental Protection Institute, Vilnius, Lithuania was selected for the theoretical research
to evaluate the dispersed particulate matter removal efficiency. The scientific–technical
literature does not supply the formulas required for making theoretical calculations of
the impact of gaseous compounds on the air purification efficiency of the multi-channel
cyclone, except for the empirical formula allowing for general air purification efficiency
calculations. For that reason, the value d50 (d50—diameter of particulate matter, which is
purified inside the cyclone at 50% efficiency) was chosen for the theoretical evaluation of the
cyclone’s air purification efficiency. Without an impactor, there was no way of measuring
the d50 value during the experimental research. d50 value calculation algorithm (stages)
was used when particulate matter is separated from smoke (gas).

Smoke (gas) mixture-forming components was defined, smoke (gas) temperature was
defined, smoke (gas) density was calculated, concentrations of the smoke (gas) mixture-
forming components were accepted or measured, dynamic viscosity of the smoke (gas)
mixture-forming components was calculated, dynamic viscosity of the smoke (gas) mixture
was calculated, and parameter d50 was calculated.

2.3.2. Methodology of Theoretical Evaluation of Impact of the Gas (Air) Temperature’s and
Smoke (Gas) on the Purification Efficiency of the Multi-Channel Cyclone

After analyzing the scientific–technical literature, it was determined that the theoretical
evaluation of the overall purification efficiency of the multi-channel cyclone is a difficult
task, therefore, the d50 value (d50 is equal to 50% efficiency of particulate matter removal
inside the cyclone) is usually the one that is measured. Two cases were taken for the
theoretical evaluation of the cyclone’s efficiency (in both cases, the reference point is 20 ◦C
temperature): water when air temperature is equal to 37 ◦C; water when air temperature is
equal to 120 ◦C.

The calculation algorithm (in stages) of the value d50 when particulate matter is
removed from the air: air composition and concentrations of air components are defined;
air temperature is defined and dynamic viscosity of air is calculated; and parameter d50
is calculated. The new generation eight-channel cylindrical cyclone particulate matter
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removal efficiency was analyzed when particulate matter was emitted into the gas (air) at
37 ◦C and 120 ◦C. Air of the atmosphere is made up of these components (in percentages of
total volume): N2 (78.1%), O2 (20.95%), Ar (0.93%), CO2 (0.03%), He, Kr, Ne, Xe and others
around 0.01%.

Particulate matter can be removed inside the cyclone at different air temperatures.
Theoretical evaluation was made at 37 ◦C and 120 ◦C air, given the pressure of 1 atmosphere.
Wood ash was removed from clean air at 20 ◦C, and at 37 ◦C from smoke (gas). 120 ◦C
temperature was chosen because it is typical for the cyclone, which is used for capturing
wood ash that forms during combustion of biofuel. Changes in air temperature affected
its dynamic density, which had an impact on the purification efficiency of the cyclone.
Dynamic viscosity values of air were calculated at 37 ◦C and 120 ◦C. Results of the dynamic
viscosity calculations are presented in Table 1.

Table 1. d50 values, at the gas temperature of 37 ◦C and 120 ◦C.

No. Gas Temperature, ◦C CO Concentration, g/m3 d50, µm

1 37 4 5.097
2 37 17 5.110
3 37 31 5.125
4 120 0.532 5.449

The last stage is the calculation of particulate matter diameter that is removed at 50%
efficiency (d50) from 37 ◦C and 120 ◦C air. Inside the 50% efficient (d50) cyclone, diameter
of the removed particulate matter was calculated according to the following formula:

d50 = dL
50

√
D·ρDL ·µ·vL

DL·ρD·µL·v
(4)

where dL
50—a diameter of particles precipitated at 50% probability in the comparative

cyclone, µm; DL—a diameter of the comparative cyclone, m; D—a diameter of the tested
multi-channel cyclone, m; ρDL —a particle density inside the comparative cyclone, kg/m3;
ρD—a particle density in the tested multi-channel cyclone, kg/m3; µL—a dynamic gas
viscosity in the comparative cyclone, Pa·s; µ—a dynamic gas viscosity in the tested multi-
channel cyclone, Pa·s; vL—average velocity of gas in the comparative cyclone, m/s; v—
average velocity of gas in the tested multi-channel cyclone, m/s.

Diameter of the particulate matter, removed at 50% efficiency (d50) inside the eight-
channel cylindrical cyclone at the temperature used in the studies was calculated ac-
cording to Equation (1). It is pre-defined that dL

50 is equal to 5.0 µm, DL = D = 0.502 m,
ρDL = ρD = 710 kg/m3, vL = v = 16 m/s; µL = 18.232 · 10−6 Pa · s (at 20 ◦C), while µ is
dependent on the temperature used in the studies (Table 1).

2.3.3. Methodology of Theoretical Evaluation of the Impact of Smoke (Gas) on the
Purification Efficiency of the Multi-Channel Cyclone

In order to assess the value d50 theoretically, the composition of smoke (gas) has to
be defined. The cyclone can be used to remove wood ash expelled from boiler houses. In
order to assess the theoretical impact that smoke (gas) exerts on the wood ash removal
efficiency inside the cyclone, theoretical calculations were made for 4 cases: when gas
temperature was 37 ◦C, CO concentration reached 31,000 mg/m3, O2 concentration was
20.92%, and NO concentration was 2000 mg/m3; when gas temperature was 37 ◦C, CO con-
centration reached 17,000 mg/m3, O2 concentration was 20.80%, and NO concentration was
1200 mg/m3; when gas temperature was 37 ◦C, CO concentration reached 4000 mg/m3, O2
concentration was 20.65%, and NO concentration was 900 mg/m3; when the temperature
of wood in the boiler house, stoked by wood, reached 120 ◦C, CO concentration reached
532.4 mg/m3, NO concentration was 352.1 mg/m3, and O2 concentration in smoke was
7.9% (this data was obtained by carrying out research on the biofuel combustion product
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concentrations in the boiler house). d50 measurement for the first case, when gas tempera-
ture was 37 ◦C, CO concentration was 31,000 mg/m3, O2 concentration was 20.92%, and
NO concentration was 2000 mg/m3, follows.

During the combustion of solid fuel (wood), the following primary pollutants are
emitted into the gas: particulate matter, CO, NOx, CO2, SO2, and also CH4, N2O, NMVOCs
(non-methane volatile organic compounds). Emission rates in Lithuania, when firewood is
burned to obtain energy, are: CO2—102.0 kg/GJ; CO—0.16 kg/GJ; SO2—0.13 kg/GJ; NOx—
0.13 kg/GJ; NMVOCs—0.048 kg/GJ; CH4—0.032 kg/GJ; N2O—0.004 kg/GJ. Experimental
research determined that the concentration of NO2 and SO2 was 0–2 ppm. Concentrations
of CH4, N2O and NMVOCs were not measured and, because the theoretical factors of the
emissions of these compounds were several times fewer than CO or NOx, these gaseous
compounds were not included in the theoretical evaluation. Furthermore, smoke (gas) is
comprised of components found in air: O2, N2, Ar, and other inert gases (the impact of
other inert gases on the efficiency of cyclone separation was not evaluated theoretically
because of their small concentration).

During the experimental studies, smoke (gas) temperature was 37 ◦C. When purifying
smoke from a boiler house that burns wood, the temperature is 150 ◦C before entering
the economizer, and 46–60 ◦C after leaving the economizer. Assuming that the density of
smoke (gas) is roughly equal to that of air, gas density was calculated. Concentrations of
smoke (gas) mixture components are either calculated or pre-defined.

Emission levels in energy objects that burn biofuel are regulated by LAND 43-2013.
It sets the permissible thresholds for CO, particulate matter and NOx of emissions. Per-
missible threshold values for CO2, SO2, CH4, N2O and NMVOCs concentrations are not
regulated in Lithuania. Concentrations of NOx are equated to concentrations of NO be-
cause almost no NO2 is released when burning wood. Concentration of O2 was 20.92%
(percentage of volume) during the experimental trials. Concentration of CO2 (in percentage
of volume) was calculated by assuming that the concentration of O2 was 20.92%. Only a
small amount of airborne nitrogen turns into nitric oxide, and argon remains inert during
combustion. Therefore, it was accepted that concentrations of N2 and Ar in smoke (gas) are
equal to their concentrations in dry air.

Concentrations of gaseous compounds (CO2, CO, NOx, O2, etc.) in emissions depend
on the composition and moisture of the fuel, temperature of combustion, structure of the
boiler, and other factors, which is why the calculated concentrations of gaseous compounds
are only approximate. It was determined that among the pollutants in smoke (gas), CO
reaches the highest concentration, CO2 has slightly smaller concentration, and NO has
the smallest. The proportion of every smoke (gas) mixture-forming component (An) in
the mixture was measured in percentages of mass. After that, their molar mass in the
mixture was calculated (fractions of one). Knowing the molar concentrations of smoke (gas)
components, molecular mass of the smoke (gas) mixture was calculated. It was equal to
28.939 g/mol. The estimated molecular mass of the smoke (gas) mixture was smaller than
the molecular mass of air (28.97 g/mol). The main reason for this is that, in comparison
with air, the volume concentration of CO, the molecular mass of which is smaller than that
of air, increased in smoke (gas).

Dynamic viscosities of smoke (gas) gaseous components were calculated at 37 ◦C.
Knowing the dynamic viscosities of smoke (gas) components, dynamic viscosity of the
smoke (gas) mixture was calculated [19–22]. The diameter of particulate matter that
was removed at 50% efficiency (d50) from 37 ◦C smoke (gas) was established. d50 (µm)
was calculated in accordance with Equation (1), reference point—efficiency of cyclonic
separation when air temperature is equal to 20.0 ◦C. The same calculations were made for
cases 2–4.

In the second case, when gas temperature was 37 ◦C, concentration of CO was
17,000 mg/m3, concentration of O2 was 20.80%, and NO concentration was 1200 mg/m3,
the calculated concentration of CO2 was 0.13505%. The calculated molecular mass of the
smoke (gas) mixture was 28.962 g/mol.
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In the third case, when gas temperature was 37 ◦C, concentration of CO was 4000 mg/m3,
concentration of O2 was 20.65%, and NO concentration was 900 mg/m3, the calculate
concentration of CO2 was 0.27975%. The calculated molecular mass of the smoke (gas)
mixture was 28.952 g/mol.

In the fourth case, when the gas temperature in the operating boiler reached 120 ◦C, the
concentration of CO was 532.4 mg/m3, NO concentration was 352.1 mg/m3, concentration
of O2 was 7.9%, concentration of CO2 was 12.579%. The calculated molecular mass of the
smoke (gas) mixture was 30.451 g/mol.

3. Results and Discussion

In order to properly evaluate the gas purification efficiency, it is imperative to analyze
the aerodynamic processes occurring inside the cyclone. The most efficient of the examined
cyclones—the three-level eight-channel cyclone, having an air flow distribution rate in its
channels equal to 75/25—was chosen to evaluate efficiency changes. In this position, air
flow velocity values in channels are analyzed when the average velocity in the cyclone is
equal to 16 m/s.

3.1. Analysis of Gas Flow Velocity Distribution in Channels of the Three-Level Cyclone-Separator

By adjusting the inner position of the cyclone’s half-rings in such a way that the transit
air flow value was 50% less than that of the peripheral flow (75/25 air volume distribution
rate), and the average velocity in the cyclone was 16 m/s, the highest air flow velocity was
measured at the last measurement point of the third level’s first channel. In the beginning of
the third level’s first channel, velocity was equal to 13.4 m/s, and it increased by 2.25 times
in the end, reaching a peak value of 29.5 m/s (Figure 3). A tendency of increase in the first
channel can also be observed in the first level. Velocity increased because the first channel
was four times wider in the beginning, compared to the end, and while the flowing air flow
volume was maintained at the same level, velocity increased 2.25 times.

Figure 3. Air flow velocity distribution in the channels in the three-level eight-channel cyclone, when
the air flow distribution rate is 75/25 and the average velocity in the cyclone is 16 m/s.

A decline in velocity was observed in the second to eighth channels in levels one
to three, from the channel’s beginning to the end, the decrease being 3–4%. The velocity
dropped in channels three to eight because flowing through the channel, the air flow
was constantly touching the channel’s walls and was affected by the force of friction. It
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can be concluded that a decline in air flow velocity occurred due to the influence of the
peripheral air flow. The peripheral air flow, flowing back to the previous channel, clashed
with the onward-flowing air flow, and filtration occurred. The filtering air flows stopped
one another, thus yielding a decline in air flow velocity.

The longer the air flow path is inside the channel, the more it is affected by friction,
thus a larger decline in velocity was observed in the third channel. The velocity declined
in the second channel because air flow, with a velocity of 29 m/s, flowed from the first
channel, and the average velocity saw an increase in the beginning of the second channel.
Starting from the third channel, velocity constantly dropped in consequent channels. The
change of average velocity between the third and fourth channels of the first level was
measured to be 0.9 m/s. It was also measured to be 0.9 m/s in the second level, and 0.8 m/s
in the third one. A similar tendency was observed is consequent channels. From the third
channel onward the widths in each channel remained to be the same, this is why the same
air flow, affected by aerodynamic resistance, was flowing. A decline in velocity happened
due to the effect of the dynamic resistance. The velocity in the channels of three levels was
different. The average velocity in channels of the second level was 0.3 m/s higher than the
average velocity in the first level (15.4 m/s), while the average velocity in the third level
was 0.6 m/s higher than in the second level. The biggest difference was observed between
the eighth channel of the first and second levels, which was equal to 1.1 m/s. Air flow
velocity was highest in the third level because air from the second level must pass through
ducts, connecting both levels of the cyclone, before exiting the cyclone.

The results for the experimental tests on the impact of smoke (gas) and temperature
on aerodynamic resistance in the newly designed eight-channel cyclone are presented in
Figure 4.

Figure 4. Dependency of aerodynamic resistance on the temperature of smoke (gas) temperature in
one-, two- and three-level cylindrical eight-channel cyclones with curvilinear half-rings, at 75/25 flow
distribution rate, the average velocity inside the cyclone being 16 m/s.

According to the research results of smoke’s (gas’) impact on the aerodynamic resis-
tance in an eight-channel cyclone with curvilinear half-rings, at a 75/25 flow distribution
rate, it can be stated that smoke’s (gas’) composition only slightly influences the cyclone’s
aerodynamic resistance. When the smoke (gas) temperature increases from 20 ◦C to 50 ◦C,
the aerodynamic resistance dropped from 1605 to 1380 Pa in the one-level eight-channel
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cylindrical cyclone, 1660 to 1420 Pa in the two-level eight-channel cylindrical cyclone, and
1715 Pa to 1450 Pa in the three-level eight-channel cylindrical cyclone (Figure 4). The
reason for a decline in aerodynamic resistance is the declining gas density. When the air
temperature was 20 ◦C, the density was equal to 1.189 kg/m3, 30 ◦C, the density was equal
to 1.15 kg/m3, 40 ◦C, the density was equal to 1.114 kg/m3, and at 50 ◦C, the density was
equal to 1.078 kg/m3.

3.2. Theoretical Evaluation of Aerodynamic Parameters

Theoretical aggressive gas flow studies were conducted at various temperatures
and humidity conditions. Empirical expressions were selected to achieve the highest
accuracy results.

According to the obtained theoretical results, a specially adapted mathematical expres-
sion (Equation (3)) has been created to determine the relation of gas flow velocity to the
relative humidity of the aggressive gas flow.

U1 = x2 · ϕ + y2 (5)

Here, U1—aggressive gas flow velocity in the cyclone, m/s; ϕ—relative humidity of
aggressive gas flow, %. This expression can be used when the aggressive gas flow relative
humidity ϕ = 0–95%, x1—the first variable of velocity, m/(s·%); y1—the second variable
of velocity, m/s. Therefore, if t = 20 ◦C, x1 = −0.0008, y1 = 12.04; if t = 37 ◦C, x1 = 0.0220,
y1 = 12.3815; if t = 50 ◦C, x1 = 0.0046, y1 = 12.6467; if t = 100 ◦C, x1 = 0.0296, y1 = 13.446; if
t = 120 ◦C, x1 = −0.0860, y1 = 13.8246; and if t = 200 ◦C, x1 = −0.5482, y1 = 15.3022.

Information on the change of relative humidity of aggressive gas flow at a low (up to
50 ◦C) temperature has been found in the literature [23–28]. The newly designed, multi-
channel cyclone can be operated at temperatures above 100 ◦C, so the available data are
insufficient. Theoretical studies were performed and the results were allowed to form an
approximate mathematical expression (Equation (6)), which describes the change of the
relative humidity of the aggressive gas flow at a gas flow temperature higher than 100 ◦C:

ϕg. f . = 1285.6 · e−0.027·tg. f . , % (6)

where ϕg.f.—a relative humidity of the gas flow, %; tg.f.—a temperature of the gas flow, ◦C;
and e = 2.718.

The special conditions affect the density of the gas flow, which is closely related to
the viscosity and determines the nature of the flow in the new design cyclone channels. A
simplified case was chosen for the theoretical calculation, when the gas flow consisted of a
mixture of air and water vapor.

Theoretical expressions were chosen to form the theoretical expression of the density
of the aggressive gas flow. The sensitivity analysis showed that the lowest mean error was
obtained between the density and relative humidity of the aggressive gas flow, i.e., at a
temperature of 50 ◦C, when error was equal to ±0.24 ◦C. Based on the obtained results,
Equation (1) can be specially adapted to calculate the density of the aggressive gas in a
simpler expression (Equation (7)):

ρg. f . = x2 · ϕg. f . + y2, (7)

where ρg.f.—density of gas flow, kg/m3; ϕg.f.—relative humidity of gas flow, %; x2—1st
variable of density; y2—2nd variable of density. Therefore, if tg.f. = 20 ◦C, x2 = 0.0002,
y2 = 1.2048; if tg.f. = 37 ◦C, x2 = 0.0005, y2 = 1.1425; if tg.f. = 50 ◦C, x2 = 0.0008, y2 = 1.093;
if tdg.f. = 100 ◦C, x2 = 0.0061, y2 = 0.946; if tg.f. = 120 ◦C, x2 = 0.0150, y2 = 0.9061; and if
tg.f. = 200 ◦C, x2 = 0.0809, y2 = 0.7463.

The accuracy of the calculation was determined using the values of the relative hu-
midity of different gas flows. The deviation applied for Equation (7) ranged from −0.22%
(when ϕg.f. = 95%) to +0.02% (when ϕg.f. = 0%).
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3.3. Theoretical Evaluation of Impact of the Gas (Air) Temperatures and Smoke (Gas) on the
Purification Efficiency of the Multi-Channel Cyclone

Formulas that allow the evaluating of the influence of the gaseous components on
cyclonic separation efficiency have not been discovered in the scientific literature. An
empirical formula, which allows the calculation of the polydisperse particulate matter’s
separation from the air flow in a multi-channel cyclone [11], depending on the number of
channels, has been proposed:

ε =
1

1 + 2n−1 (8)

where n—number of channels in a multi-channel cyclone; and ε—PM expulsion coefficient.
The cyclonic separation efficiency (in percent), E, equals 100 − ε. The particulate matter
used in this study was smaller than 20 µm, so the calculated separation efficiency would be
lower than in the case of the polydisperse flow.

It can be seen that an increase in the number of channels also yields an increase in the
efficiency of air purification (Equation (8)). The theoretical air purification efficiency of the
eight-channel cylindrical cyclone (n = 8), used in experimental trials, is 99.2%, according to
Equation (8). The results of the experimental smoke (gas) impact on the efficiency in an
eight-channel wood ash separation, one to three level cylindrical cyclone are presented in
Figure 5. During experimental trials, maximum air purification efficiency values, such as
removing a 0–20 µm diameter of wood ash particles from the air (air temperature being
20 ◦C), have been obtained: using a one-level eight-channel cyclone—84.2%; using the two-
level eight-channel cyclone—84.6%; and using a three-level eight-channel cyclone—84.9%;
the average air flow velocity being 16 m/s (Figure 3). The experimentally determined
eight-channel cylindrical cyclone’s separation efficiency was lower than the one calculated
using Equation (8) because wood combustion in boiler houses creates ash particles, not
only smaller than 20 µm, but that can also be larger [3,29]. In order to measure the
gaseous components’ impact on an eight-channel, one to three level, multi-channel cyclone
with adjustable curvilinear half-rings on efficiency, while removing wood ash particles
smaller than 20 µm, a smoke (gas) source was created by burning wood and additionally
introducing wood ash to the air duct after the ventilator along the flow direction, using a
sprayer, connected to a compressor, creating a 10 bar compressed air flow. During wood
combustion, the highest concentration change from measured gaseous components (CO,
CO2, NO, NO2 and O2) was attributed to CO, this is why the CO concentration has been
attributed to the x axis.

The efficiency of removing wood ash particles smaller than 20 µm from smoke (gas) in
the one-level cylindrical eight-channel cyclone with curvilinear half-rings, having a 75/25
flow distribution rate, when the average velocity inside the cyclone corresponds with the
maximum efficiency—16 m/s—gradually decreased from 84.2% to 79.7% when the CO
concentration was increased from 0 to 31 g/m3 (Figure 5). Differences in the efficiency of
removing wood ash particles smaller than 20 µm in a cyclone, when the CO concentration
was 0 and 4 g/m3, 4 and 17 g/m3 or 17 and 31 g/m3, are statistically unreliable; only the
tendency of decline in air purification efficiency, when the CO concentration was being
increased, was monitored.

Differences in the efficiency of removing wood ash particles smaller than 20 µm in
the two-level cyclone, when the CO concentration was 0 and 4 g/m3, 4 and 17 g/m3 or 17
and 31 g/m3, are statistically unreliable; only the tendency of decrease in gas purification
efficiency, when the CO concentration was being increased, was monitored. It can be
assumed that the reason for the efficiency decline in removing wood ash from air in a
multi-channel cylindrical cyclone, during an increase in CO concentration in smoke (gas),
was the increasing smoke (gas) viscosity, compared to clean air (Figure 5).
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Figure 5. The dependency of the removal efficiency on the carbon monoxide concentration in the
flow, while removing wood ash particles smaller than 20 µm from gas in a one-level cylindrical
eight-channel cyclone with curvilinear half-rings, having a 75/25 flow distribution rate, when the
average velocity inside the cyclone is 16 m/s.

The efficiency of removing wood ash particles smaller than 20 µm from smoke (gas) in
the three-level cylindrical eight-channel cyclone gradually decreased from 84.9% to 80.7%,
when the CO concentration was increased from 0 to 31 g/m3. Differences in the efficiency
of removing wood ash particles smaller than 20 µm in a device was monitored.

The results obtained can only be compared relatively with other prototypes, as both the
efficiencies and the influence of gaseous pollutants are different. For example, the treatment
efficiency of a four- and six-channel cyclone-separator, at a 0 g/m3 of CO average, is equal
to 69.3% and 82.1%, respectively. The effect of CO on particulate matter trapping remains
similar regardless of the design of the multi-channel cyclone-separator. The treatment
efficiency ratios are 0.82:0.97:1.00 for the four-channel: six-channel: eight-channel cyclone,
respectively, provided that the gas flow rates and capacities are the same in these devices.

In order to theoretically estimate the influence of air temperature upon the cyclone
separation efficiency, a case, when wood ash is removed from air with a different tempera-
ture, was theoretically analyzed. A change in the air’s dynamic viscosity, which influences
the cyclonic separation efficiency, occurs with temperature change. Values of dynamic air
viscosity and d50 at 20–120 ◦C temperatures are presented in Figure 6.

Figure 6. Values of dynamic air viscosity and treatment efficiency of particulate matter (d50) values
at 20–120 ◦C air temperatures.
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As we can see in Figure 6, an increase in air temperature yields an increase in dynamic
viscosity values. Knowing values of dynamic air viscosity, the d50 value can be calculated,
which equals to a 50% particulate matter separation efficiency in the cyclone, according
to Equation (1). d50 values at 37 ◦C and 120 ◦C temperature have been calculated, with
the 20 ◦C air temperature as a reference point. It has been theoretically calculated that an
increase in air temperature from 20 ◦C to 37 ◦C yields an increase in the d50 value from 5.0
to 5.111 µm, i.e., 2.22%, while an increase in air temperature from 20 ◦C to 120 ◦C yields an
increase in the d50 value up to 5.59 µm, i.e., 11.8%. The overall air purification efficiency,
removing 0–20 µm of wood ash particles, decreases with an increase in temperature because
of an increase in dynamic air viscosity, meaning the cyclone will remove larger particles. It
is difficult to derive a direct dependency between d50 (µm) and E (%) in an eight-channel
cyclone; however, according to theoretical and experimental trial data, it can be stated that
an increase in air temperature yields a decrease in wood ash removal efficiency. In order to
estimate the d50 value at a certain temperature, it is of uttermost importance to determine
the empirical correlation between d50 and air temperature. The correlation between d50
and air temperature when capturing particulate matter at temperatures in the interval of
20–120 ◦C can be described, according to the following empirical formula:

y = 4.6758 e0.0558x (9)

where x—air temperature, ◦C; y—d50 µm; d50—50% of particulate matter removal efficiency
in the new design multi-channel cyclone.

This empirical formula is suitable to describe the dependency of d50 on air temperature
(in the measured temperature interval) because it corresponds with a high correlation
coefficient’s value (R2 = 0.891). In order to theoretically estimate the impact of smoke
(gas) components on the efficiency of the removal of wood ash particles smaller than
20 µm in a cylindrical eight-channel cyclone with curvilinear half-rings, having a 75/25
flow distribution rate, d50 calculations have been made. Results of these calculations are
presented in Table 1.

As we can see in Table 1, the d50 value is 1.94% higher, when the temperature is
37 ◦C and the CO concentration in smoke (gas) is 4 g/m3, than when particulate matter
is removed at a 20 ◦C air temperature. When the CO concentration rises to 31 g/m3,
the d50 value increases only slightly—up to 5.098 µm. In the case when the smoke (gas)
temperature in the boiler house, stoked by wood, reaches 120 ◦C, the CO concentration is
532.4 mg/m3, the NO concentration is 352.1 mg/m3, the O2 concentration in smoke is 7.9%,
and the d50 increases up to 5.449 µm, resulting in a lower efficiency of the particulate mat-
ter’s removal. Two factors have an impact—smoke (gas) temperature and the composition
and concentration of gaseous components that make up smoke (gas). Gaseous combustion
components expelled in air during wood combustion, having a dynamic viscosity lower
than 19.051·10−6 Pa·s, with the temperature being 37 ◦C, decrease the d50 value, at the
same time as increasing the efficiency of the particulate matter’s removal in the cyclone,
i.e., this impact is attributed to CO2 and CO. The value of the impact also depends on the
concentration of gaseous components in the smoke (gas) mixture. Other gaseous compo-
nents, having a dynamic viscosity higher than 19.051·10−6 Pa·s, increase the viscosity of the
mixture. Such an impact can be attributed to O2 and NO; however, the O2 concentration
decreases during combustion.

Smoke (gas) consists not only from nitrogen, carbon, and sulfur oxides, but also water
vapor. Water vapor can create conditions for coagulation in finely divided particles when
larger solid particles are formed. This is the reason why it is difficult to unambiguously
estimate the smoke’s (gas’) impact on solid particle removal efficiency in the cyclone.

Strict environmental requirements have to be followed while exploiting air purification
devices—the allowed PM concentration depends on the nominal thermo power of the solid
fuel boiler. When the nominal thermo power of the boiler is less than 20 MW, but more than
1 MW, the threshold value of particulate matter is 800 mg/m3. When the boiler’s nominal
thermo power is less than 1 MW, the threshold value of particulate matter is 700 mg/m3
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for a new device and 400 mg/m3 for a currently exploited device, when the standard O2
concentration is 6% (volume), according to LAND 43-2013.

It is possible to decrease the PM concentration in gas down to <0.8 g/m3, using an
eight-channel cyclone with adjustable half-rings, when the initial 0–20 µm wood ash con-
centration in gas is 5 g/m3. Threshold values, determined by LAND 43-2013, were reached
because, during experimental trials, only 0–20 µm size particles were used, while larger
particles emerged during biofuel combustion in boiler houses. The values of Pearson’s
coefficient, estimating the correlation between air density and aerodynamic resistance, have
been calculated. The Pearson’s coefficient for the one-level cyclone equals 0.973, for the
two-level cyclone equals 0.981, and for the three-level cyclone equals 0.985. In all cases,
similar Pearson’s coefficient values, reaching almost 1, have been obtained, thus it can be
stated that gas temperature affects the aerodynamic resistance of the cyclone.

4. Conclusions

1. The multi-channel cyclonic separation efficiency has been evaluated by calculating
the efficiency of the traditional structure cyclone, additionally evaluating gaseous com-
ponents’ (pollutants) influence. When evaluating the efficiency of multi-channel cyclonic
separation, the dL

50 value has been estimated—the diameter of solid particles, removed
with a 50% probability, i.e., the diameter of solid particles, which are removed in the cy-
clone with a 50% probability. Air temperature influences the d50 value; an increase in air
temperature yields an increase in d50 value, i.e., the overall particulate matter removal
efficiency declines, the reason for this being an increasing dynamic air viscosity. At a 120 ◦C
temperature, the d50 value is approximately 11.8% higher than at an air temperature of
20 ◦C.

2. Theoretical expressions of the velocity and density of the aggressive gas flow in
the channel of the new design of a cyclone, depending on the temperature and humidity,
were specially adapted. An accuracy of the calculated velocity is equal to −0.01%, when
the humidity of the gas flow is 95%, and up to +0.05% when humidity is 50%. A change
in the relative humidity of the aggressive gas flow at temperatures above 100 ◦C was
analyzed. An approximate mathematical expression was formed and taken error was equal
to ±0.24 ◦C. An accuracy of the calculated density of the aggressive gas flow is equal to
−0.22%, when humidity of gas flow is 95%, and up to +0.02% when humidity is 0%.

3. The y = 4.6758 · e0.0558x empirical formula can be used to determine the correlation
between the d50 value and air temperature when removing particulate matter in a new
generation multi-channel cyclone, the temperature interval being 20–120 ◦C. This empirical
formula is very suitable to describe the correlation between the d50 value and air temper-
ature (in the analyzed temperature interval) because it corresponds to a high correlation
coefficient value (R2 = 0.891).

4. At 37 ◦C temperature in a multi-channel cyclone, the diameter of solid particles
removed from smoke (gas) is 2.22% higher than when removing solid particles from 20 ◦C
temperature air, this is why the overall particulate matter removal efficiency is lower. Two
factors have influence—smoke (gas) temperature and the composition and concentration
of gaseous components present in the smoke (gas) mixture. Gaseous components, present
in the smoke (gas) mixture, with the dynamic viscosity lower than that of the same temper-
ature air, decrease the d50 value whilst simultaneously increasing the overall particulate
matter removal efficiency in the cyclone, i.e., this effect is attributed to CO2 and CO, while
O2 and NO have the opposite effect. The cyclonic separation efficiency drops by approxi-
mately 4.4% when the concentration of carbon monoxide is increased in the smoke from 0
to 31 g/m3 because the dynamic viscosity of the smoke increases. If the CO concentration
increases, the O2 concentration increases as well, while the CO2 concentration declines. O2
dynamic viscosity is lower than that of gas, whereas CO2 and CO have a dynamic viscosity
lower than that of air. Therefore, the effect is not strongly expressed.

5. With an increase in the smoke (gas) temperature from 20 ◦C to 50 ◦C, the aerody-
namic resistance in the one-level eight-channel cylindrical cyclone drops from 1605 Pa to
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1380 Pa, from 1660 Pa to 1420 Pa in the two-level eight-channel cylindrical cyclone, and the
pressure drop is equal to 265 Pa in the three-level eight-channel cylindrical cyclone. The
reason for a decline in aerodynamic resistance is the declining gas density.

5. Patents

Baltrėnas, P., & Chlebnikovas, A. (2019). Cylindrical Multi-Level Multi-Channel
Cyclone-Filter (Patent No. EP 2886182 B1).
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4. Baltrėnas, P.; Chlebnikovas, A. Cylindrical Multi-Level Multi-Channel Cyclone-Filter; European Patent Office: Munich, Germany,

2013; pp. 1–16.
5. Vekteris, V.; Strishka, V.; Ozarovskis, D.; Mokshin, V. Experimental Investigation of Processes in Acoustic Cyclone Separator. Adv.

Powder Technol. 2014, 25, 1118–1123. [CrossRef]
6. Vekteris, V.; Tetsman, I.; Mokshin, V. Investigation of the Efficiency of the Lateral Exhaust Hood Enhanced by Aeroacoustic Air

Flow. Process Saf. Environ. Prot. 2017, 109, 224–232. [CrossRef]
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