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Abstract. The results of experiments on practical suitability of a biofilter packing made of natural materials - pine
cones are provided. Geometric characteristics of a random packing of pine cones are calculated and compared with
other types of packings of artificial and natural materials. Aerodynamic tests of the packing are carried out and ob-
tained data are compared with the data for other packings. Some recommendations on improving the performance

characteristics of the packing are suggested.
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Introduction

At the present stage of the technological progress, the is-
sue of preserving vital elements such as air becomes urgent.
Although the problem is recognized, industrial companies
reluctantly accede to installation of effective air purification
systems. Therefore, a low cost is one of the most important
requirements to such systems. One of the effective and inex-
pensive methods is biological air purification (Baltrenas et al.
2004a, 2004b; Pushnov et al. 2012). Volatile organic com-
pounds (VOC) such as methanol, phenol, formaldehyde, bu-
tanol, toluene, benzene as well as other not less harmful com-
pounds like, for example, ammonia and hydrogen sulphide
ejected into the atmosphere by food, chemical, woodworking
and agricultural enterprises unrecoverably cripple our ecol-
ogy (Baltrenas, Vaiskunaite 2004; Sharvelle et al. 2008; Za-
gorskis 2009). Using standard air purification systems such as
absorption, adsorption or incineration is expensive in com-
parison to the biological method (Veprickiy et al. 2012). The
biological air purification method is an attractive alternative
for low concentration air streams due to its low energy con-
sumption, relatively moderate operating costs and minimum
by-products production (Kumar et al. 2011). The advantage
of the biological air purification method is the technological
effectiveness of the process. Within this process, no second-
ary waste is produced. Biological air purification is performed
through oxidation of organic compounds by microorganisms
up to the extraction of carbon dioxide and water vapours to
maintain their vital activity (Mitin et al. 2012).

However, what complicates the use of a biofilter is de-
pendence of its efficiency on the conditions created for the
microorganism’s activity. Water, nutrients and energy supply
(carbon) are necessary to keep this activity normal.

The efficiency of the biofilter depends on the properties
of the packing since it serves as a platform for the biofilm.
In this connection, the packing is a major structural element
working in the biofilter. Packings are classified according to
the material they are composed of: organic (sawdust, pine
cones, bark, compost etc.) and synthetic (plastic, ceramic,
polyurethane foam, etc.), as well as organic ones without
nutrients (lava rock, perlite, etc.); by the method of stacking
(random, structured, combined), and so forth. As the expe-
rience of biofilter usage shows, the most suitable type is an
organic packing with nutrients.

In addition to nutrients, there are other essential
characteristics such as water content, bed porosity, specific
surface area, organic matter, etc. Table 1 shows the main
working parameters of organic packing (Chen, Hoff 2009)
as well as the pine cones packing proposed here.

The choice of the packing type (structured or ran-
dom) as well as packing material (inert or natural) is a
complex technology solution (Devinny ef al. 1999).

Inert packing is commonly used in biotrickling fil-
ters. Such filling is distinguished for its good mechanical
properties, low weight and chemical stability. Moreover,
it satisfies all the necessary requirements for the microor-
ganisms’ activity.
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Table 1. Initial characteristics of biofilters and organic
packing materials

Parameter Coconut Compost  Pine cones
fiber
Water content (%) 78+2 4610 70+3
i 0,
Orgam.c matter (% 8142 3845 8741
dry weight)
Bed porosity 0.55 0.43 0.8
C (% dry weight) 47.32+0.12  28.65+1.51  49.00+0.60
Not
9 i + +
H (o dryweigh) 5695012 3295021 10
N (% dry weight) 0.52+0.01 2.87+0.33 0.57+0.01
Not Not
9 i +
S (% dry weight) detected 0.52+0.01 analyzed
Not
o .
P (% dry weight) 0.23 Not analyzed analyzed
Specific surface area (75,010 5124010 2+0.10

(m?/g)

Lava rock, plastic rings, activated carbon, ceramics
rings, polyurethane foams and perlite are the most pop-
ular packing materials (Vedova 2008; Ryu et al. 2010).
Inert packings have the following disadvantages: the ne-
cessity to be inoculated by biomass, absence of nutrients,
low wettability, low absorption and small specific surface
area.

The amount of organic compounds in refined air
is not always sufficient to maintain the microbiological
activity in the biofilter. Thus, using a packing composed
of natural materials contained in carbon could solve this
problem.

The obstruction issue presents much more complica-
tions in biotrickling filters than in conventional biofilters
(Vedova 2008). Due to unconfined growth of biomass,
space is reduced so that the pressure drop is changed in
the reactor. Therefore, the following requirements are im-
posed on biofilter packings: high specific surface, porosity
and low aerodynamic resistance.

Pine cones were considered as a random packing for
heat mass exchange processes in biofilters by the Mos-
cow State University of Mechanical Engineering in the
Environmental and Chemical Engineering Institute. Pine
cones are a natural packing material saturated with carbon
which positively affects the activity of the microorganisms.
Moreover, a pine cone has a high specific surface area as
well as an aerodynamically streamline form.

1. Methodology

Many studies devoted to the biofiltration process discuss
packings of natural materials such as sawdust, bark, wood
chips, and others (Dorado et al. 2010). Such natural ma-
terials are an additional source of substrate for micro-
organisms. The porous structure, high absorption, and

wettability make these materials promising to be used as
biofilter packing. From the viewpoint of hydrodynamics,
however, all of the above mentioned types of packings
have a high aerodynamic resistance (Chen, Hoff 2009) that
increases the overall power consumption. Overcoming of
the additional resistance is achieved through increasing
the fan speed, which affects the increase of electricity con-
sumption. The following experiments on the estimation
and comparison of pressure drop figures between differ-
ent types of packings were carried out.

These experiments were carried out in compliance

with the Russian Federal Standards (hereinafter — FS):

- FS 17.2.4.07-90: Environment protection. Atmos-
phere. Methods for determination of pressure and
temperature of gas-and-dust streams from statio-
nary sources of pollution (year 2013);

- FS 17.2.4.06-90: Nature protection. Atmosphere.
Methods for determination of velocity and flow
rate of gas-and-dust streams from stationary sour-
ces of pollution (year 2013).

1.1. Experimental setup

The experiments were carried out on a stand; the corre-
sponding scheme is presented in Figure 1. The general
view of the installation is presented in Figure 2.

The installation consists of a packing column (1)
with packing (2), air blower (3), rate-of-flow meter (4),
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Fig. 1. The circuit of the experimental device: 1 - column;
2 - pine cones; 3 - ventilator; 4 - rate-of-flow meter;

5 — differential pressure gage; 6 — computer; 7 — mist
eliminator; 8 - rotameter
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Fig. 2. Installation general view

rotameter (8), systems of air gates (a, b), differential pres-
sure gage (5a, 5b) and the serving computer (6). The com-
puter transforms the experiment results and presents them
in a digital and graphic form showing the dependence of
hydraulic resistance of the packing on the speed of air in
the column. Air volatilizes through the mist eliminator (7).

Air moves in the column through the rate-of-flow me-
ter. The valve regulates the air supply. Water consumption
for irrigation purposes in the column is defined by the ro-
tameter. The differential manometers measure the pressure
difference in the column and the air consumption.

The experiments for determination of the pressure
drop are carried out in a countercurrent column. Initially,
the experiments are conducted to determine the pressure
drop when the packing is dry. The packing is randomly
filled in.

There was no risk of damaging the packing while fill-
ing it randomly due to the natural structure of pine cones.

The column diameter is 200 mm, the column height
is 1000 mm, the packing height is 800 mm. The air flow
reaches at 200 m*/h which corresponds to the velocity
flow W, = 0-1 m/s in the calculation of the total cross
section empty apparatus. The air temperature is 20 °C, the
barometric pressure is 101.3 kPa.

1.2. Equipment used in the experiment

The following equipment was used for the experiments:
- Manometer type MCM-2400(5)-1.0 meeting the
technical standards of accuracy class 1.0;
- Liquid manometers, U-shaped in accordance with
FS 9933;
- Gauges showing, accuracy class 1.5;
— Pressure tube designed by NIIOGAZ FS 17.2.4.06;

- Ethyl alcohol in accordance with FS 17299;
- Technical glass thermometer according to
FS 28498;

- Barometer accuracy class 1.0.

All used equipment complies with the Russian Fed-
eral Standards:

FS 17.2.4.06-90: Nature protection Atmosphere
Methods for determination of velocity and flow rate of
gas-and-dust streams from stationary sources of pollution
(actualization 2013 year).

FS 17.2.4.07-90: Environment protection. Atmo-
sphere. Methods for determination of pressure and tem-
perature of gas-and-dust streams from stationary sources
of pollution (actualization 2013 year).

1.3. Description of the packing under test

The right choice of a packing material used in a biofilter is
an important decision for achieving high efliciency of the
process and maintaining high output capacity for a long-
term period.

The main function of the packing is to provide con-
tact of the gas and liquid phases with the biofilm on the
packing surface. The packing also performs some other
functions: equal distribution of both gas and liquid phas-
es, ensuring a minimal drop pressure, circulation of the
nutrients, and self-purification ability (i.e. withdrawal of
excessive biomass) (Dumont et al. 2008).

Packing materials that can be used in biofiltration of
volatile organic compounds are grouped into two main cat-
egories: organic and inorganic. The latter can be classified as
natural inorganic materials or entirely synthetic materials.

Organic materials are commonly considered by many
authors as preferred materials for the biofiltration process.
Such materials usually include peat, soil and compost.
However, wood bark, sugarcane bagasse and peanut shells
are also used. The main advantage of the mentioned mate-
rials is that they are available for use and naturally contain
contaminant-degrading microorganisms (no cultivation
by microorganisms is required). Another advantage is
that they provide nutrients such as nitrogen and phospho-
rous necessary for the microorganisms’ activity. However,
such materials become compressed with time, increasing
the drop pressure and thus decreasing the efficiency of the
biofilter. They have a low specific surface area and need to
be replaced after 2-5 years, being difficult to regenerate
(Delhomenie, Heitz 2005).

Natural materials with random filling are commonly
used as packing in traditional biofilters. Natural packings
include peat, brushwood and peat mix, compost, wood
bark, straw, sawdust, soil, etc. (Devinny et al. 1999; Baltre-
nas, Zagorskis 2010).

Compost is rich with nutrients and microorgan-
isms fertilizer. Due to the fact that compost is the most
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nourishing environment for microorganisms, no addi-
tional nutrients are required for their activity. Besides, us-
ing compost helps to get rid of accumulating waste. As a
biofilter packing material performing air purification pur-
poses, compost can be used in high concentration.

However, using such materials as packing results in
the increase of overall sizes of the biofilter (for example,
traditional open biofilters). Such biofilters are devoid of
any mobility and cannot be established and used directly
in shops due to technical reasons.

Other types of filling include bark, chips, pine bark
(Vaiskunaite 2004). Such filling has the following proper-
ties: high porosity and water retention, low absorption,
enough content of nutrients for the microorganisms’ ac-
tivity, free access of air. Also, these natural materials are
rather durable when used as filling in the biofilter. The ser-
vice life of such packing is within the range of 1-3 years
(Pushnov et al. 2012). However, filling of this type is not
efficient in terms of operation. It has a high hydraulic re-
sistance and has to stay pressed for a long time. This nega-
tively affects the efficiency of the apparatus.

Pine cones (see Fig. 3) were collected in a forest and
then washed and dried in an oven until virtually complete
absence of moisture. After that, they were randomly load-
ed into the laboratory apparatus depicted in Figure 2.

The average size of the cones varied in a range of 40
to 70 mm in height and 30 to 50 mm in width.

The aim of this work was to determine the pressure
drop of pine cones in dry mode. After receiving the re-
sults, further work will be continued to explore the pos-
sibility of using pine cones as a packing for biofilters.

Pine cones were considered by our University as one
of the possible types of filling in the biofilter. This packing
has all the above mentioned positive features which are
inherent in packings of natural materials. Its most impor-
tant feature is that it has a high specific surface and low
pressure drop. This peculiarity distinguishes it from other
packings of this type. A comparison of the characteristics

Fig. 3. Pine cones packing

of the pine cones packing to those of other packings is
presented below in the form of tables and graphs of geo-
metric characteristics of the pressure drop in the packing.

1.4. Geometric characteristics of the packing

Table 2 shows the geometric characteristics of the random
filling of pine cones. These characteristics were obtained
by various methods described below.

Table 2. Geometric characteristics of the pine cones packing

Specific Void Equivalent
Packing type  surface (a), fraction (g), diameter (d),
m?*/m? m’/m’ m
Pine cones 320 0.8 0.010

The most important geometric characteristics of the
packing are the following: the linear size which depends
on the packing shape, void fraction (g, m*/m?) and surface
area (a, m*m?®). The last two parameters present another
important indicator — equivalent diameter which can be
determined by the following formula (1):

d,=4¢/a, (1)

where: d, - equivalent diameter, m; € - void fraction,
m*/m?; a - specific surface, m*/m”>.

Roughness of the packing surface is also an im-
portant factor. It affects the properties of the packing in
the following way: high roughness slightly increases the
free volume, as well as hydraulic resistance, and reduces
bulk density of the packing. High roughness also furthers
strengthening of the biofilm on the packing surface. Pack-
ing roughness values can be calculated in the same way as
roughness of tube surface (Kagan et al. 2013).

Porosity or the share of the void fraction can be de-
termined by filling up the volume of the packing by water.
Therefore, porosity (e, m*/m?) is evaluated by the relation
of the volume of water to the volume of packing (Pushnov,
Kagan 2011). Free cross-section (S, , m*/m?) is also an
important feature. Usually it equals the free volume of the
packing: V, =S

The free volume share (or average porosity of the
packing) is an important statistical characteristic required
for the thermal and hydrodynamic calculations applied to
packed devices. Numerically, the free volume of the pack-
ing equals the free cross-section volume of the packing.
The free volume of the packing equals the volume of the
packing in the apparatus minus the volume of the pack-
ing, V

6=V, V=S, /S=(V,~V,, )V, =
1_(ppac /Pm), (2)

where: & - void fraction, m*/m’ V,_ - free volume of layer,
m’; V, - total volume of layer, m* S, - clear opening of
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packing, m* S - specific surface, m*/m* V, - volume of
packing, m? P, — poured density, kg/m? p - density of
the packing material, kg/m?>.

The packing specific surface value is calculated de-
pending on the geometric features of the packing: the
form of a pine cone is considered as a cone with further
adjustment to inaccuracy of the form. The calculations are
updated due to the regularities of random packings pub-
lished in the study (Pushnov, Kagan 2011).

The specific surface of the unirrigated layer of the
packing (a, m*/m?®) can be calculated by Formula (3). The
pressure drop of the dry layer of the packing should be
known (AP, Pa), then:

W2 0.04e2-AP
a=(324-10*6~—§+—5)0.5_
Ve vg'H~pg~W0

18-10*3-%, (3)
Ve
where: a - specific surface, m*/m* W_ - gas velocity per
tull cross-section of empty apparatus, m/s; v, - kinematic
coefficient of viscosity, m*/s; & - void fraction, m*/m’ p -
gas density, kg/m?* AP - pressure drop on the dry pack-
ing, Pa; H - height of the layer, m.

The pressure drop of the dry layer (AP, Pa) (neces-
sary for the calculation of a specific surface value) should
be determined by the velocity of air corresponding to the
frictional regime of the stream (i.e. to the laminar regime).
In this case, resistance is given rise only due to the pack-
ing surface friction. The laminar regime is defined by the
formula:

Re, =20 % <y (4)

g .
Ve €

where: Re, - equivalent Reynolds number; W, - gas ve-
locity per full cross-section of empty apparatus, m/s; d, -
equivalent diameter, m; v, - kinematic coefficient of vis-
cosity, m*/s; & - void fraction, m*/m”>.

Tables 3 and 4 present the main characteristics of
random and structured packings.

Table 2 shows that pine cones have a high specific
surface. Their structure provides a very high porosity val-
ue, which positively affects the process since the porous
structure serves as a convenient rough surface for micro-
organisms and also satisfies the water needs for the micro-
organism’s activity.

Geometric characteristics of random packings and
their comparison are presented in Table 3. As evident
from Table 3, a pine cone, a Hackett ring, and a saddle
Intaloks (i.e. packings of the same size) have the highest
specific surface among a number of random packings. At
the same time, it should be noted that, for example, regu-
lar filling of Raschig rings can increase the surface area
of the packing by 10-18%. However, this regular filling
is very sensitive to the uniformity of distribution of the

Table 3. Geometric characteristics of random packing
(the typical size is 50 mm)

Specific Void Equivalent
Packing type  surface (a), fraction (g), diameter (d),
m?/m? m?®/m? m
Raschig ring 110 0.735 0.0270
(ceramic)
CMR No. 2 150 0.95 0.0253
(metal)
Hiflow ring 973 0.973 0.0400
(metal)
VSP ring 104 0.98 0.0377
(metal)
RMSR ring 115 0.97 0.0337
(metal)
Pall ring 120 0.78 0.0260
(ceramic)
Hiflow ring 86.7 0.815 0.0376
(ceramic)
INTALOX
saddle 120 0.77 0.0257
(ceramic)
Pall ring 110 0.92 0.0334
(plastic)
Hiflow ring 112 0.93 0.0332
(plastic)
NOR-PAC 90 0.952 0.0423
ring (plastic)
Hackette 135 0.93 0.0276
(plastic)
Envipac 98 0.961 0.0392
(plastic)
Pall ring 111 0.92 0.0100
(plastic)
Flexirings 65 0.94 0.0580
Pine cones 320 0.8 0.0100
Bark 250 0.5 0.0080

initial liquid phase. Proportional distribution of liquid in
the packing is an important requirement since the activity
of the microorganisms depends on the timely supply of ir-
rigated liquid (water with nourishing components) (Mitin
et al. 2014).

Figure 4 shows the dominant industrial random
packings.

Table 4 presents the main industrial structured pack-
ings. Random packing compared to structured one, the
former has a higher specific surface that positively affects
the effectiveness of biological air purification.

Structured packing also has a low pressure drop. The
regular structure of the packing allows the film flow re-
gime to be organized contributing to the intensity of the
biofiltration process.
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CMR No 2, Pall ring, Hiflow ring,
metal ceramic plastic

Pallring,

Hiflow ring, |
plastic

metal

Hiflow ring,
ceramic

INTALOX saddle, NOR-PAC ring,

VSP ring,
metal ceramic plastic

Fig. 4. Forms of the most commonly used industrial random
packings

Table 4. Geometric characteristics of structured packing

Specific Void Equivalent
Packing type  surface (a), fraction (g), diameter (d),
m?/m? m’/m’ m
Mellapak
250Y (metal) 250 0.96 0.01536
Montz B1-100 300 0.93 0.01240
(metal)
Ralupak 250Y 250 0.96 0.01540
(metal)
Euroform 110 0.93 0.03380
(plastic)
Sulzer BX 500 0.90 0.00720
(metal)
Fi-Pak 200 0.94 0.01880
(metal)

Mellapak 250Y, Euroform, Montz B1-100,
metal plastic metal

Fi-pak,
metal metal metal

Ralupak 2507, Sulzer,

Fig. 5. Typical forms of the most commonly used industrial
structured packings

Structured packing is described in more detail in the
book (Mackowiak 2010). At present, the major industrial
structured packings are used in heat-mass transfer pro-
cesses but such packings are not widely used in the bio-
filter process. One of the reasons is that a metal packing
material is not really suitable for biofilm formation. On
the other hand, the regular structure of the packing could
stimulate the breakthrough of gas.

Figure 5 shows the dominant industrial structured
packings.

Table 5 illustrates the main properties of packing
made of modern and promising materials. Such materials
have a high surface area necessary for high performance of
the biological air purification process. The highly porous
structure of the material (see Table 4) is a convenient sur-
face for biofilm formation. These materials are chemically
inert and cannot be ruined by the activity of microbial
enzymes.

Table 5. Geometric characteristics of promising packing
materials used for biological air purification

Specific surface

Packing type (@), m?/m’® Material
Tri-packs (Jaeger)* 281 Polypropylene
ii(;}j;tliecs()gPR 825 Polyvinyl chloride
Bee-cell (WMT)* 653 Polystyrene
Rings (Jaeger)* 356 Polypropylene
Combined packing** 1300 Polyamids
HPCM packing** 1500 Polyurethane foam

Notes: * (Sharvelle et al. 2008).
** (Mitin et al. 2014).

Pine cones do not have such a large surface contact.
At the same time, however, they are a natural material
available at no cost unlike the expensive highly porous
materials mentioned above.

Table 6 below provides a comprehensive assessment
for comparison of organic material packings since not all
of the organic material packings (for example, compost
and others) can be involved in the geometric comparison.

2. Results and discussion

The experiment result is represented by the graph illus-
trating the relation of the pressure drop in the packing
layer to the dummy velocity of air. Such experiments
allow us to evaluate the pressure drop on the packing
layer that implicitly allows estimating energy costs for
carrying out the process using this packing. The pressu-
re drop data help to calculate the specific surface of the
packing (see Formula 3).
Figure 6 shows the graph obtained experimentally.
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Table 6. Biofilter media characteristics

Wood  Pine Com- Peat
Parameter Straw .
chips cone post
Porosity Good  Good  Average Average Average
M01st1.1re Average Average Good Good  Good
Capacity
Nutrle.nt Poor Average Average Good  Good
Capacity
Useful Life ~ Poor Average Good Good  Good
Good Good Good
for . aero- . .
Comments ., addi- microorganism
Porosity . dyna-
tions . sources
mics

Source: Janni et al. 2011

The graph illustrates the dependence of the pressure
drop of the pine cones packing on the dummy air velocity
in the apparatus. The following equation (5) was obtained
for the packing under consideration:

AP/ H =10.18812 - exp(10276:Wp) (5)

where: AP - pressure drop in the packing, Pa; H — height
of the layer, m; W - air flow rate in the empty section of
the apparatus, m/s.

Equation (5) was derived from experimental data
with normal confidence (R*= 0.94). During the experi-
ment, we carried out not less than eight measurements of
each value of the gas flow velocity.

This formula allows us to calculate the necessary height
of the biofilter to take into account during designing. But
due to the hydrodynamic properties of the biofiltration pro-
cess, Equation (5) could be clarified and amended.

Specific attention should be focused on the peculiari-
ties of the hydrodynamic regime of the biofiltration process

APc/H, Pa/m
140

120
100
80
60
40

20
W, m/s

0

0 0.2 0.4 0.6 0.8 1.0 1.2 14

Fig. 6. Dependence of the pressure drop APc/H on the air
velocity W, for the dry packing under test (pine cones)

which is described by low air flow rates (W, < 1 m/s) and,
accordingly, low Reynolds numbers. Thus, it is possible to
extract the boundaries of the air flow regimes: viscous and
inertial.

The boundaries of the stream regimes can be deter-
mined during the biofiltration process. If the Reynolds
number is less than 40, which is related to the equivalent
diameter of the packing, viscous force is dominating and
the pressure drop is determined only by the friction in the
walls of the flow channels. The biofiltration process could
be optimized while determining the exact boundaries of
the hydrodynamic regime.

The experimentally obtained graph clearly shows the
boundaries of the air flow regime: viscous and inertial.

In Figure 7, the dotted line is a boundary between the
viscous and inertial regimes of the air flows for the pine cones
packing. Operating speed of the biofiltration process is 0.05-
0.5 m/s. Thus, we can draw a conclusion that the biofiltration
process occurs under the viscous air flow regime.

The left part of the dotted line in the graph can be
determined by a non-linear equation. This line illustrates
the viscous flow regime.

The line above the dotted one is determined by a
linear equation. This line represents the inertial air flow
regime.

During the biofiltration process, high velocity char-
acterized by the inertial regime is not typical. Therefore,
this range can be disregarded. Hence, it is recommended
to use the non-linear equation describing the viscous flow
regime to perform calculations.

Figure 8 shows a plot of the pressure drop of air veloc-
ity for different packings of different content. Despite differ-
ent geometric characteristics, the general trend is obvious
for all the packing types. According to the graph, we can de-
fine the boundaries of the viscous and inertial flow regime.

APc/H, Pa/m
140

120
100
80
60
40

20

) W, m/s

0

0 0.2 0.4 0.6 0.8 1.0 1.2 14

Fig. 7. Dependence of the pressure drop AP/H on the flow
velocity W, for the dry packing under test (pine cones)
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APc/H, Pa/m

10° x -1
9 m -2
8 N -3
z
-5

5 *
. 6
4 . -7
+ -8
3 a -9
= -10

W, m/s
10! 2 3 4 5 678910

10"

Fig. 8. Dependence of the pressure drop AP /H on the gas
velocity W per full cross-section of empty apparatus for the
following dry packings: 1 - Active carbon SKT2; 2 — mix of
wood chips, bark and zeolite granules; 3 - mix of wood chips,
bark, granules of zeolite and foam rubber cubes; 4 - mix of
wood chips, bark and foam rubber cubes (Pushnov et al.
2012); 5 - Combined packing (Mitin et al. 2014); 6 - Ceramic
Raschig rings; 7 - Metal Raschig rings (Pushnov, Kagan 2011);
8 - HPCM packing (Mitin et al. 2014); 9 - pine cones (our
experiments); 10 — Mellapak 250Y (Chavez, Guadarrama 2010)

The results of the studies on the hydrodynamic regime
allow us to determine the regime boundaries for the biofil-
tration process with a pine cones packing. The information
about different characteristics of the air flow under different
velocity is confirmed by other studies (Pushnov et al. 2012)
specializing in heat and mass-transfer processes. This allows
us to apply mathematical models used in the studies (Push-
nov et al. 2012) to the biofiltration process as well.

Figure 8 shows the conventional boundaries between
the two flow regimes — viscous and inertial - for different
packings. When the air flow rate in a biofilter with a pack-
ing of pine cones is more than 0.4 m/s, then there is the
inertial flow regime. For this regime, the dependence be-
tween the pressure drop and air flow rate is linear in loga-
rithmic coordinates APc/H = f(W ) (Kagan et al. 2008).
When the air flow rate is less than 0.4 m/s, then there is
the viscous air flow regime which is determined by a non-
linear equation.

From our point of view, additional studies to deter-
mine the dependence between the pressure drop and air
flow rate for packings 2, 3, 4 as shown in Figure 8 are re-
quired since the available information (Pushnov et al. 2012)
does not allow us to determine the boundary between the
viscous and inertial flow regimes for these packings.

The graph in Figure 8 illustrates that the structured
packing Mellapak 250Y has a lesser pressure drop than the
tested pine cones packing although the latter has a signifi-
cantly larger specific surface.

A biofilter with a pine cones packing can be used
for purification of flue gases of toluene. In the long term,
biofilters with a packing of pine cones will be tested in
deodorization of air at tobacco productions.

Conclusions

1. Pine cones were considered as a natural packing
material.

2. 'This packing has a low aerodynamic resistance
(about 80 Pa/m at air velocity up to 1 m/s) and a high
specific surface of 320 m?/m’.

3. For this packing, the hydrodynamic regime was
determined. This regime corresponds to the operating air
rates in biofilters. The hydrodynamic boundary regime is
within the air velocity of 0.4 m/s.

4. Said packing material serves not only as a surface
but also as a proper media for the microorganisms’ activ-
ity. Also, pine cones are well wettable. It is an easily acces-
sible (implying no production costs) and environmentally
friendly material.
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