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Abstract. In this work the expanded models are studied for foaming apparatuses with gratings made of tubes for
different diameters. The problem of intensification of foam devices using coarse-grating lattices is considered. The
possibility of deep cleaning and practically complete cleaning of gases from ammonia and fluoride compounds with
their separate absorption is noted. The series of experimental dependencies for the main parameters of the process are
given. The possibility of effective mass-exchange processes in an intensive foam layer on counter-current coarse-
grating lattices is confirmed. The controversial requirements for equipment have been given despite the large number
of existing machines for mass transfer processes, as well as the development of new high-intensity and efficient
equipment for environmental technologies in many industries is considered.

Keywords: industrial gas emissions, hydrodynamics, mass transfer; foam apparatus, foam layer, purification process,
stabilization of foam layer, intensification of the process.

1 Introduction

In modern conditions of significant anthropogenic en-
vironmental impact, it began the search for the most effi-
cient and cost-effective methods of cleaning industrial
emissions. Methods of cleaning and equipment that is
being developed should take into account working possi-
bilities in a wide range of working conditions.

In order to reduce energy consumption in systems for
catching harmful and toxic substances, it is necessary to
provide a reduction of hydraulic resistance while main-
taining the high efficiency of gas streams cleaning.

Given the controversial requirements for equipment
and despite the large number of existing machines for
mass transfer processes, the development of new highly
intensive and efficient equipment is of considerable inter-
est to environmental protection technologies in many
industries.

2 Literature Review

The most common method of purifying gas streams is
methods for the absorption of harmful components from
the released industrial gases. In this case, either the pro-
cess of physical absorption occurs, or the absorbent enters

a chemical interaction with the absorbed component (the
process of chemisorption).

Recently, the direction associated with conducting dif-
fuse processes in intensive regimes with developed turbu-
lence at high speeds of gas and liquid flows has become
relevant. Actually turbolization of the gas-liquid system
leads to an increase in the intensity of mass-exchange
devices.

One of the methods of turbination of gas-liquid sys-
tems is their transformation into mobile unstable foam
due to the kinetic energy of gas.

Foam mode and foam devices of the "classical" type
are described in and analyzed in the papers [1-4]. Intensi-
fied apparatuses with foam layer stabilizer have been
widely used for capturing dust from gases and for gas
absorption in the chemical and related industries. Due to
its high efficiency, high unit capacity, good operational
qualities of their application, they can improve the stages
of gas purification for technological and sanitary purpos-
es, increase the efficiency of mass transfer and the relia-
bility of gas-cleaning equipment.

Industrial introducing the stabilization method of the
gas-liquid layer significantly expands the scope of foam-
ing devices and opens up new possibilities for intensify-
ing technological processes with the simultaneous crea-
tion of low-waste technologies.
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3 Research Methodology

Based on researching the semi-industrial models of
foam machines with lattices, assembled from tubes of
different diameters, a pilot sample of foam absorber with
the productivity of 12 000 m’/h of gas was designed.

One of the research directions was the absorption of
ammonia by water in intensive foam modes with a stabi-
lized foam layer. Absorption of ammonia by water is a
typical process in absorber research to detect their effec-
tiveness.

The process of absorption of ammonia in foam mode
on counterproductive gratings of the usual type is quite
fully studied at gas velocities up to 2.5 m/s. In order to
compare the technological parameters of ammonia ab-
sorption in water under similar conditions, the work of
the most common industrial counter processing grating
with an area of free intersection of 0.18 m*m” and a di-
ameter of holes of 5 mm was investigated.

The research of this grating was carried out both with
the stabilizer, and without it. The research was due to the
need to determine the degree of effect of the stabilization
of the layer and comparison with the technological pa-
rameters of the newly developed design foam apparatus,
as well as the establishment of the general nature of de-
pendencies and kinetic parameters of the absorption pro-
cess (77 — efficiency of the contact stage (ECS); Ks — mass
transfer coefficient) from the following basic parameters:
Wg — gas velocity; L, — irrigation density; C, — initial
concentration; S, — area of the free intersection of the
plate.

4 Results

The gas velocity in the complete section of the device
has a significant effect on the height of the gas-discharge
and the initial layer. Accordingly, the gas velocity signif-
icantly influences the mass transfer coefficient, and the
nature of this dependence is determined by the solubility
of the gas component in the fluid. The foregoing is con-
firmed by the experimental data given in Figure 1, de-
pendence 6.

When absorbing well-soluble gases (for example, am-
monia), is required a low phase of contact to achieve a
high degree of absorption. Reducing the contact time of
phases with increasing gas velocity in foam mode is
largely offset by the turbulence of the gas-liquid layer and
increasing the contact of surface phases.

Previously, in studying the absorption of ammonia by
water on ordinary gratings, it was found that in the gas
torch the holes in the grid transmit from 50 to 90 % of the
total mass of matter [5]. This determines the “input” ef-
fect, that is, the most intense interaction between the gas
and the liquid, which occurs at the time of forming a new
contact surface. However, at a low altitude of the initial
fluid layer on the grating of the usual type of apparatus it
is possible to pass the gas without contact with the absor-
bent fluid, and as a consequence, a decrease in the ab-
sorption rate. This is especially true for industrial ma-

chines. As indicated, the stabilization of the foam layer
makes its structure more uniform and excludes the proba-
bility of such a state.

Investigations on new types of gratings with foam layer
stabilization have shown that the efficiency of the appa-
ratus during absorption of ammonia by water practically
does not depend on the value of gas velocity (Figure 1).
Moreover, ECS in the new design of the device is much
higher than that of conventional gratings without stabili-
zation and even when it is installed on ordinary type grat-
ings.
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Figure 1 — Efficiency of the contact stage (1-3) and mass
transfer coefficient (4—6) dependences on the gas velocity for
the ammonia water system with L, =5 m*/(m%h):

1,4 —dg=0.005 m, Sy = 0.18 m*m?> — without stabilizer;
2,5 —dg=0.005 m, Sy = 0.18 m*m?* — with stabilizer;

3, 6 —d;=0.005 m, S, = 0.20 m*/m? — with stabilizer

It should be noted that the difference between the val-
ues of the efficiency of the contact stage and mass trans-
fer coefficient, referenced to the unit area of the grating,
depending on the gas velocity in the complete section of
the apparatus on the gratings with small holes with and
without the stabilizer increases at high gas. This proves
the high intensity of the process and confirms the expedi-
ency of using a stabilized foam layer on large-hinged
gratings for the purification of gases in the industry.

The dependence of the of the efficiency of the contact
stage by absorption on the initial ammonia concentration
of the comparable contact devices (Figure 2) fully con-
firms the conclusions made about the effectiveness of
new foaming apparatus. It is important to note that in the
studied limits of variation of the initial concentration of
ammonia (C, < 1 % vol.), the efficiency of the contact
stage remains constant for other equal conditions. This
allows using the known methods of calculating the re-
quired number of steps to achieve the desired process
efficiency.

The irrigation density (Figure 3) affects on the efficien-
cy of the contact stage only at low values of the L, to
8 m*/(m*h). It depends on the fact that at low irrigation
density, the residence time of the liquid on the grading
increases to a certain (effective) value. Further increases
in irrigation density have little effect on the absorption
process.
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Figure 2 — Efficiency of the contact stage dependence at
absorbing ammonia by water from the initial concentration of
ammonia W, = 2.5 m/s and Ly =5 m’/(m*h) with the following
grates: 1 —dg=0.005 m, So=0.18 m*m? — without stabilizer;
2 — dg =0.005 m, Sp = 0.18 m%m?® — with stabilizer;

3 —dg = 0.005 m, Sp = 0.20 m*/m?> — with stabilizer
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Figure 3 — Efficiency of the contact stage dependence in
absorbing ammonia by water from the irrigation density:
W, =2.5m/s; C, = 1-2 %. with the following grates:

1 —dg=0.005 m, S, = 0.18 m*m” — without stabilizer;
2 —dp=0.005 m, S = 0.18 m”/m’ — with stabilizer;

3 —dg = 0.005 m, Sp = 0.20 m*/m” — with stabilizer

Increasing the area of the free segment leads to a de-
crease in efficiency (Figure 4). This confirms the correct-
ness of the conclusions drawn in the analysis of the rela-
tionship of structural parameters.

An increase in the diameter of the grating holes
10 times when applied to the foam layer stabilization
increases the efficiency of capturing ammonia by 20 %
compared to conventional gratings without stabilizing the
layer and by 15 % compared to conventional gratings
with foam layer stabilization. It should be noted that the
rate of gas processing in the investigated range from 2 to
5 m/s has virtually no effect on the magnitude of efficien-

cy.
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Figure 4 — Efficiency dependence at absorbing ammonia
by water: W, = 2.5 m/s; C, = 1-2 %; Ly = 5 m*/(m* h)

The character of change in the mass transfer coeffi-
cient, referenced to the grating area, from the linear gas
velocity is given in Figure 5, from which it is evident that
W, greatly affects K; in the investigated boundaries W,.
Processing the experimental data was obtained the fol-
lowing empirical equations for the calculation of K, m/h:

Ks — 1659, SMI,SI{)O,IQdAO,Z()SO—Oﬂ] (1)
To calculate the efficiency, %:
77 — 07 713 . 103 ‘ngl,glﬁo,?y()d/i‘(),34Krl,27 (2)

Border for changing parameters:
W, =2-4,0 m/h, L, =1-20 m’/m’ -h;

S, =0,20-0,40 m*/m’*, d; =0,02—-0,08 m.

The error of calculating by equations (1) and (2) is not
more than 9 %.

The influence of hydrodynamic parameters on the mass
transfer coefficient at ammonia absorption by water is
given in Fig. 6, which confirms the sufficient accuracy of
the obtained equations, while the dependence of the mass
transfer coefficient on the height of the foam layer is
described by the following equation:

K, =4742-W,H"> A3)

Border for changing parameters:
W, = 2-4,0 m/h, L,=1-20 m’/m?h;

S, =0,20-0,4 m*/m*, d; =0,02—0,08 m.

Equation (3) allows us to evaluate the mass transfer
process under any hydrodynamic conditions, which is
very important in the development and evaluation of
technological schemes in industrial conditions with the
use of new devices.

Experimental data confirmed the dependence obtained
[1, 5] by Mukhlennov I. P.on the basis of theoretical con-
sideration of the mass transfer in the foam layer for well-
soluble gases, which is expressed by the equation:

K, =nH"* )
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Figure 5 — Dependence of mass transfer coefficient, referenced
to the grading area from the height of the gas-liquid layer
at different gas velocities: 1 — W,=2 m/s; 2 — W, = 3 m/s;
3-W,=4m/s;4-W,=5m/s

Figure 6 shows the dependence of the actual mass
transfer coefficient on the linear gas velocity, which im-
plies that an increase in speed leads to an increase in the
mass transfer coefficient.
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Figure 6 — Dependence of the actual mass transfer coefficient on
the linear gas velocity (with stabilization) at absorbing ammonia
by water: 1 — grid Sy = 0.25 m*m?; dg = 0.005 m,

Ly =5 m*/(m*h); 2 — grid Sy = 0.18 m*%m?; dz = 0.005 m;

Lo =5 m*/(m*h)

It should be noted that the value of the true mass trans-
fer coefficient for apparatus with ordinary and coarse
hinged gratings with stabilization of the foam layer is
approximately the same.

This confirms that the contact surface of phases in the
foam layer on coarse-grained grates is 1.5 times higher at
a gas velocity of more than 3 m/s with an increase in the
diameter of the grating holes 10 times, and confirms the
possibility of efficient gas cleaning in the industry using
foam machines.

5 Discussion

In order to verify the results obtained during bench
tests in laboratory conditions, a cycle of pilot-industrial
tests was conducted in which the main gas components
were ammonia, fluoride compounds (mainly silicon tetra
fluoride). In the system of purifying gases from the spray
dryer, a reconstruction of the existing absorber was car-
ried out (hollow scrubber with three tiers of nozzles).
Instead of nozzles in the scrubber case, a contact step
with coarse hole gratings (the holes are 0.045x0.045 m
and S, = 0.28 m*m?) and a foam layer stabilizer were
installed (size 40x40x60 mm).

Hydrodynamic tests were initially performed, which
showed that the foam absorber has stable hydrodynamic
characteristics when changing the gas velocity in the free
intersection of the device from 3.5 to 5.5 m/s at
Lo = 8 m® /(m*h). The highly developed gas-liquid layer
on the grating is present even at speeds less than 2.2 m/s.
Measurement of the gas height -liquid layer in industrial
conditions was carried out by electro-sharpening method.
It should be noted at the same time that the measurements
also showed good convergence with bench tests in la-
boratory conditions (Figure 7).

0,3

0,5

2.8 3.0 3.2 3.4 36 38 4.0 42 4.4 45 48
Wg, m/s B2

Figure 7 — Dependence of the foam layer height on the linear
gas velocity of the apparatus (experimental and industrial tests):
gas-pulp system with p=1.22 kg/m®, Ly = 8 m*/(m* h):

1 — experimental-industrial tests Sy = 0.28 m*¥m?; dg = 0.048 m;
2 — bench tests Sy = 0.25 m*/m’ dz = 0.05 m

On this basis, for this technological scheme, optimal
hydrodynamic mode of gas processing was determined
which corresponded to the linear gas velocity from
3.0 to 4.9 m/s [6].

At these hydrodynamic parameters technological re-
gimes for capturing ammonia, fluoride compounds and
dust, depending on the acidity of ammonium phosphates,
and also parameters in the existing technological scheme
were analyzed in parallel (Figure 8).
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Figure 8 — Dependence of the NHj; final content and fluoride
compounds on the acidity of the irrigation solution: W, = 4 m/s;
Ly=8 m3/(m2~h); 1 — ammonia; 2 — fluoride compounds,
Cyp, = 1.0 ghm’, Cpype = 0.1 g/nm’, grid: Sp =28 %,

dp=0.045m

Figure 9 shows the dependence of the gas purification
efficiency from ammonia and fluoride compounds from
the acidity of the pulp, and it is evident that the degree of
absorption of ammonia and fluoride compounds depends
on the acidity of the irrigation solution. At pH of a solu-
tion equal to 1.4, for ammonia, the degree of absorption is
98 %, and for fluoride compounds at pH = 5.7, the effi-
ciency is 94 %.

6 Conclusions

The conducted studies indicate the possibility of deep
cleaning and virtually complete removal of harmful com-
ponents from gases in their separate absorption. Depend-
ences of NH3 final content and fluorine in the gas after
treatment from ammonium phosphate acidity are shown
in Figure 9, from which it is evident that the optimal
mode for the absorption of these components lies within
the pH of the solution from 3 to 5. In this case, the maxi-
mum permissible emission rates for ammonia are main-
tained. This is confirmed by the high mass exchange
characteristics of the developed foam device, allowing
the process of joint and effective cleaning of these com-
ponents in the range of pH irrigating solution from 3 to 5.
As a result of experimental and industrial tests, it is
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Figure 9 — Dependence of NH; absorption rate and fluoride
compounds on the acidity of the irrigation solution:
Ly=38 m3/(m2-h); 1 — ammonia; 2 — fluoride compounds, initial
concentration of ammonia 1.0 % vol.; W, = 4 m/s;
grid S, = 0.28 m*m?, dz = 0.045 m

established the following: the efficiency of dust capture
practically does not depend on the pH of the solution and
also on the increase of the inlet dust to 4-6 g/nm’. In-
creasing the density of the circulating pulp of ammonium
phosphates does not affect the efficiency.

The conducted studies have experimentally confirmed
the possibility of effective mass exchange processes in an
intensive foam layer on counter currently coarse hinged
gratings.

The application of new apparatus allows radically re-
constructing, with minimal cost, technological schemes
for gas cleaning in the chemical and other industries to
provide them with better operational and technological
characteristics, while simultaneously increasing the effi-
ciency of working with concentrated solutions, their cir-
culation and use in the main process [7].
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Hocaigxenns: iINTeHCH(IKOBAHUX IMIHHUX aNAPaTIiB i3 KPYNHOAIPYACTUMH IPATKAMH
Liaposhchenko O.", Khukhryanskiy O." %, Moiseev V.?, Ochowiak M., Manoilo E.

! Cymcbknit neprxaBHmi yHiBepeHTeT, Byl PiMcproro-Kopcakosa, 2, 40007, M. Cymu, Ykpaina;
2[IAT «YxpximMnpoekT», By [mminceka, 13, 40009, m. Cymu, YkpaiHa;
? HanioHanbHui TeXHiYHMH YHIBEpCHTET «XapKiBCHKHIl IOTITeXHIYHUIT IHCTHTYT»,
Bys. Kupnnuoga, 2, 61002, m. Xapkis, Ykpaina;
4 Texnomoriunmii yaiBepcuteT M. [lo3Hanb, 1. M. Cknogoscekoi-Kiopi, 5, 60-965, M. [To3nans, [Tonpoia

AHoTanisi. Y po0oTi IoCHiKyBadHcss YKPYITHEHI MOJeNi MHHUX amapaTiB 3 TpaTKaMu, 3i0paHHMH 3 TPYOOK
pizHOTO miameTpa. Po3rmsgaroTecst MUTaHHS iHTEHCH(]IKaMii MHHUX amapariB i3 3aCTOCYBAaHHSAM KPYMHOAIPYACTHX
rpaTok. Big3zHaueHa MOMIIMBICTH TJIMOOKOTO OYHINEHHS 1 MPaKTHYHO MOBHOTO OYMINEHHS Tra3iB Big amiaky i
¢dTopucTHX 3’€[HaHb MPH iX PO3ALNBHIN abcopOiii. HaBeneHo psia eKCliepUMEHTATBHUX 3aJeKHOCTEH OCHOBHHUX
mapameTpiB mporecy. [liaTBep/keHa MOXKIHBICTE €(EKTHBHOTO TMPOBEACHHS MAacOOOMIHHMX TIPOIIECIB B
IHTEHCHBHOMY ITIHHOMY IIIapi Ha MPOTUTEUIHUX KPYITHOIIPYaCTHX IPaTKax.

KiouoBi ciioBa: BUKHAN MPOMUCIOBUX Ta3iB, TiApoIWHaMiKa, MacoOOMiH, IIHHWI amapar, MiHHHK [ap, TMporec
OUHINEHHS, cTabii3amis MHHOTO mapy, iIHTeHCH(iKaIlisS MPoIecy.
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