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Abstract

One of the principal stages of a metallurgical cycle is iron foundry, the processing
steps of which are characterized by significant specific emissions of harmful im-
purities into air. Dry and wet spark arresters are used for gas cleaning in smaller
cupola furnaces, whereas more complex gas cleaning apparatus are applied for gas
cleaning in high-capacity cupola furnaces.

This article presents the calculation of standards for the maximum permissible
emission (MPE) of harmful gases and industrial dust formed in cupola furnaces.
The excess of carbon dust and silicone oxide contents in the air over the rele-
vant standards has been established. Design and operating peculiarities have been
considered; rational parameters for furnace top gas cleaning apparatus of cupola
furnaces have been calculated and selected based on the application of type TsN-15
(15) standard design cyclone separator. The article represents a diagram of gas
exhaust duct intended for air cleaning. It has been proved that the application of
cyclone separation air cleaning technology alone is not sufficient.
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1. Introduction

The protection of the natural environment against pollutant emissions constitutes one
of the burning issues of today. The inevitable industrial production growth and, conse-
quently, further increase in harmful substances emission into the atmosphere can entail
serious impacts which are currently hard to foresee [1–2].
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Table 1: Cupola dust particle size distribution [4].

dt , λm 0-1 1-3 3-5 5-10 10-25 25-50 50-75 75-
150

>150

Fr 2.5 9.7 4.4 13.3 15.9 13.1 12.4 18.3 9.9

About 20–25% of the total pollutant emission volume falls to iron and steel and non-
ferrous enterprises, while the regions of major steel plants and works location account for
over 50% of the total pollution volume [3]. In this regard, there have been taken significant
efforts in the industry aimed at the increase of the number of gas cleaning units installed
at steel plants and works, as well as the improvement of their performances. As the result,
in some cities and industrial centers it has been possible to reduce or normalize hazardous
emissions with simultaneous growth and intensification of industrial production.

The primary objectives of the research included the calculation and design of equip-
ment intended for cupola furnaces (cupolas) dust-and-gas emission intensive cleaning
from solids and toxic gaseous components. Cupolas present the main source of air pollu-
tion with dust, carbon oxide and other gases accompanying the iron foundry process. It
is a known fact that each ton of iron melted in the cupola prompts the production of 10–
14 kg of dust and 160–200 kg of carbon oxide. Within two working shifts even smaller
capacity cupolas, like those having the capacity of 5 t/h, may emit about a ton of dust and
over 12 t of carbon oxide into the atmosphere. The annual volume of dust emitted by all
cupola furnaces in our country amounts to approximately 200,000 t [4]. Therefore, the
issue of designing a reliable gas cleaning system for cupolas is challenging.

2. Methods

In the foundries of steel works, the process of iron and steel casting in cupolas and electric
arc furnaces is applied.

The major sources of dust formation in iron foundry are cupolas. The specific emis-
sion of contaminants per ton comes to: 1,000 m3 of gas, 15–20 kg of dust and 150–200 g
of carbon oxide. The emission of sulfur dioxide depends on the content of sulfur in the
charge and coke. The gas temperature at the cupola tap hole may reach 800–900 ◦C.

Upstream of the spark arresters or the gas outlet to the gas exhaust duct, the cupola
furnace top gases typically contain to 20 g/m3 and to 15% of carbon oxide. As the cupola
flue gases contain carbon oxide they become potentially explosive.

The cupola flue dust contains 22–25% of ferrous oxide, 28–31% of silicone oxide,
3–4% of calcium oxide. The losses on ignition account for 28–33%, the rest of the
volume being represented by other components contained in small quantities [5].

The data on cupola dust particle size distribution and fractional makeup are set forth
in Table 1. The qualitative composition of the dust and the maximum single values of
the maximum permissible concentrations (MPCm.s.) are stated in Table 2.

In order to clean gases in smaller cupolas, dry and wet spark arresters are used,
which are 40–50% and 60–70% efficient respectively. Carbon oxide is separated from
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Table 2: Characteristic of pollution sources within the works operating area.

C Fe2O3 SiO2 CaO MgO MnO Al2O3

Dust composi-
tion, %

70.60 0.72 13.37 11.31 0.09 0.08 3.83

MPCm.s. 0.25 0.4 0.02 0.3 0.4 0.01 0.04

Table 3: Meteorological characteristics and coefficients determining the conditions for
atmospheric pollutant dispersion in the city.

Characteristics Value
Atmosphere stratification coefficient, A 160
City terrain relief coefficient 1.0
Average July ambient air maximum temperature, T, ◦C 17.8
Average January temperature (for boiler plants working -11.0
as per heating schedule), T, ◦C
Average yearly wind rose, 7.0
N 15.0
NE 9.0
E 10.0
SE 13.0
SW 16.0
W 19.0
NW 11.0
Wind speed, the exceedance frequencies of which, 7.0
based on long-term data, come to 5%, m/s

gas by afterburning immediately in the charging door area. As regards high capacity
cupola furnaces, with the aim to intensify the melting process it is appropriate to subject
carbon oxide to afterburning with the application of the released heat in special-purpose
recuperators intended for heating the blast air to the temperatures not exceeding 160–
190 ◦C. There are used more complex gas cleaning apparatus at high capacity cupola
furnaces. They are cyclone separators, foaming apparatus, electrostatic cleaning plants,
etc.

The meteorological characteristics and coefficients determining the conditions for
the atmospheric pollutant dispersion are summarized in Table 3.

The initial data about the atmospheric emissions source, namely about the polymer-
ization furnace, required for calculating dispersion, are summarized in Table 4.

For single point round mouth sources (metallurgical chimney stacks), when there
occurs a hot dust-and-gas mixture emission, the maximum value of the ground level
concentration of the i-th harmful substance in milligrams per square meter shall be de-
termined manually in accordance with GRD-86 method (General Regulating Document)
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approved by the State Committee for Hydrometeorology [6]:

Cm = AMFmnη

H 2 3
√

V1�T
,

where

A the coefficient which depends on the temperature atmosphere stratification;

M the weight of the harmful substance emitted to the atmosphere per time unit, g/s;

F the non-dimensional coefficient accounting for the settling velocity of harmful
substances in atmosphere;

m and

n the coefficients accounting for the conditions of dust-and-gas efflux from the emis-
sion source mouth;

H the height of the emission source above ground level, m;

η the non-dimensional coefficient accounting for the terrain relief impact;

�T the difference between efflux temperature and ambient air temperature, ◦C;

V1 the dust-and-gas mix flow rate, m3/s.

The values of the m and n coefficients for heated emissions shall be determined based
on the f and vm parameters:

f = 1000 · W 2
0 · D

H 2 · �T
,

where D – the source mouth diameter, m; W0 – the average mix efflux velocity at the
source mouth, m/s [6]:

W0 = 4 · V1

π · D2
;

vm = 0.65 · 3

√
V1 · �T

H
.

m coefficient shall be determined based on f at f < 100:

m = (0.67 + 0.1
√

f + 0.34 3
√

f )−1;
The n coefficient shall be determined based on vm at f < 100, at vm > 2:

n = 1.

The contamination hazard shall be calculated in accordance with the formula:

j = Cm

MPC
.

If the above condition is met, the actual emission can be established as MPE standard.
If this is not the case, the elaboration of appropriate environmental measures is absolutely
required.



Calculation of harmful impurities formation... 2327

Table 4: Pollutant emission parameters for MPE calculation.

Pollutant
emission
source

Source
loca-
tion
height,
m

Stack
mouth
diam-
eter,
m

Gas-air
mix efflux
velocity
at source
outlet, m/s

Gas-air
mix
volume
at source
outlet,
m3/s

Gas-air
mix
tem-
pera-
ture at
source
outlet,
◦C

Components Pollutant
emis-
sion C,
mg/m3

Cupola
(cast iron
foundry)

30.0 0.5 18.8 3.69 500.0 C
Fe2O3

SiO2

Al2O3

CaO
MgO
MnO
CO
SO2

8.16
0.083
2.14
0.442
1.31
0.011
0.009
91.2
3.19

3. Discussion and results

In accordance with the suggested methods, the following results have been obtained (Ta-
ble 5). When calculating hazards, the exceedance of C and SiO2 content over standards
has been discovered. For all other substances the actual emission shall be established as
MPE standard, g/s:

The required gas cleaning efficiency [7], %:

ηSiO2 = C
SiO2
m − MPCSiO2

C
SiO2
m

· 100 = 82.6

ηC = CC
m − MPCC

CC
m

· 100 = 42.9

The process of cupola flue gas cleaning complies with the diagram shown in Figure 1:

1 cyclone separator;

2 dust collecting hopper;

3 foaming apparatus;

4 afterburning chamber;

5 recuperator;
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Table 5: Results of calculating cupola harmful impurities dispersion.

Parameter Actual
value

Parameter Actual
value

f 0.407 CSO2
m 0.057

vm 2.08 MPEFe2O3 = MFe2O3 0.083
m 1.01 MPEAl2O3 = MAl2O3 0.442
n 1 MPECaO = MCaO 1.3
C!

m 0.438 MPEMgO = MMgO 0.011
CFe2O3

m 0.00446 MPEMnO = MMnO 0.009
CSiO2

m 0.115 MPECO = MCO 91.2
CAl2O3

m 0.0237 MPESO2 = MSO2 3.19
CCaO

m 0.0702 MPEFe2O3 = MFe2O3 0.083
CMgO

m 0.000591 MPEAl2O3 = MAl2O3 0.442
CMnO

m 0.000484 MPECaO = MCaO 1.3
CCO

m 0.0119

Figure 1: Diagram of gas exhaust duct for closed type cupolas [8].

6 flue gas fan;

7 gas flue from cupola below charging door;
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8 gas flue to chimney stack;

9 heated air flue to cupola tuyere belt;

10 gaseous fuel and air supply to afterburning chamber;

11 air supply to recuperator;

12 dust extraction;

13 pulp withdrawal.

3.1. Selecting a standard cyclone separator

Operating flue gas flow rate, m3/s [9]:

V op. = V st.((273 + top.)/273)) = 1.57,

where V st. – standard flue gas flow rate, m3/s; top. – inlet gas temperature, ◦C.
Cyclone separator diameter at optimum gas flow velocity, m:

Dc. =
√

V
op.
g

0.785 · wopt

= 0.746,

where wopt – the optimum gas flow velocity in the full apparatus cross section, m/s (for
TsN-15 wopt = 3.5 m/s).

Let us select the standard design TsN-15 cyclone separator having a diameter of
0.75 m.

Actual gas velocity in cyclone separator, m/s:

Wc = V
op.
g

0.785 · D2
c

= 3.56

The deviation of the design velocity from the optimum velocity is:

wc − wopt

wopt

· 100 = 1.59,

i.e. lower than the permissible deviation (15%); therefore, the apparatus has been selected
correctly.

Dimensions of the selected cyclone separator in accordance with [10], m:

Cylindrical part height Hc = 2.26Dc = 1.69;
Conical part height Hcon. = 2.00Dc = 1.50;
Outlet tube diameter dout = 0.6Dc =0.45;
Inlet tube diameter din = 0.67Dc = 0.50;
Dust extraction hole diameter ddust = 0.3Dc = 0.23;
Cyclone separator total height Hc = 4.56Dc = 3.42.
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3.2. Calculation of cyclone separator operating efficiency

Cyclone separator efficiency at initial dust content z1 > 10 g/m3:

η = φ(x),

where x, as applied to cyclone separators, can be calculated in accordance with the
formula:

x =
lg

(
dt

d50

)
√

lg2 ση + lg2 σp

,

where dt and d50 – the average median particle size and the size of the particles settled in
the actual operating conditions of the selected cyclone separator with 50% efficiency, m;
lg ση and lg σp – mean squared deviation of the distribution function: tabular deviation
for the selected cyclone separator and the deviation corresponding to the actual cyclone
operating conditions.

d50 value shall be determined according to the formula

d50 = dt
50

√
Dρptµwt

Dtρpµtwt

where Dt , ρpt , µt , wt – the parameters corresponding to the conditions in which the tabu-
lar values dt

50 and lgσηt have been obtained; D, ρp, µ, w – the parameters corresponding
to the actual cyclone separator operating conditions.

The silicate dust density (SiO2) shall be taken as ρpt , ρpt = 2.65 g/cm3. The coef-
ficient of gas dynamic viscosity determined under standard conditions (0 ◦C, 1 atm.) is
required to be taken as µt . However, if the gases are diluted (not air suspension) and are
represented by dust-loaded air, the air viscosity at 0 ◦C and 1 atm., cPs, can be taken as
µt :

µt = 22.2 × 10−6 = 22.2 × 10−6

The actual gas viscosity cPs is calculated in accordance with the formula:

µ = µt

273 + c

273 + top. + A
·
(

273 + top.

273

)3/2

= 37.6 × 10−6,

where c is Sutherland’s constant (c = 125 for air). d50 value at dt
50 = 4.5 m for TsN-15,

m:
d50 = 5.78.

lg ση value for the selected cyclone separator is 0.352, and dt and lg σp values shall be
determined graphically as per Figure 2.

lg σt value as per Figure 2:

lg σp = lg dm + lg d15 = 1.37 − 0.65 = 0.72.
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Figure 2: Cupola dust particle size distribution chart [11].

x = 0.765.

The value η shall be determined using the tabulated integral table f (x). Thus, TsN-
15 cyclone separator dedusting efficiency amounts to 77.79%. This value is sufficient to
comply with the carbon content standard. That is why the actual emission after the first
cleaning stage shall be taken for carbon as MPE standard.

MPEC = MC × (1 − ηc) = 1.81.

For silicone oxide, the maximum ground level concentration still exceeds MPC;
therefore, further flue gas dedusting measures shall be taken [12].

4. Conclusion

Over the period of more than 100 years iron and steel manufacture has been one of the
“dirtiest” industries. One of the stages of the iron and steel production cycle is the cast
iron foundry for which cupola furnaces constitute the main source of dust formation.
The specific cupola pollutant emission per ton exceeds tens of kilograms of dust and
hundreds of grams of carbon oxide.

The existing air cleaning technology allows to significantly reduce the pollution. Dry
and wet spark arresters are used for gas cleaning in smaller cupolas. More complex gas
cleaning apparatus, such as cyclone separators, foaming apparatus, electrostatic cleaning
plants, etc., are applied for gas cleaning at high capacity cupola furnaces.

Within the framework of the research, the distribution of harmful substances in cupola
area, as well as the process and efficiency of air cleaning with the application of standard
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design cyclone separator TsN-15, have been elaborately analyzed. It has been established
that the application of cyclone separator air cleaning technology alone is not sufficient.
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Summary statements

1. The calculation of the air pollutants ground level concentration has shown that
there is a hazard of air pollution with silicone oxide and carbon formed in cupola
process.

2. The photogrammetry-based qualitative analysis has shown that the cupola flue dust
contains 22–25% of ferrous oxide, 28–31% of silicone oxide, 3–4% of calcium
oxide. The losses on ignition account for 28–33%, the rest of the volume being
represented by other components contained in small quantities.

3. MPE standards for all emitted substances have been determined, g/s: MPEFe2O3 =
0.083; MPEAl2O3 = 0.442; MPECaO = 1.30; MPEMgO = 0.011; MPEMnO =
0.009; MPECO = 91.2; MPESO2 = 3.19; MPEC = 1.81; MPESiO2 = 0.0109.

4. The calculation and selection of a standard design cyclone separator TsN-15, hav-
ing a diameter of 0.75 m, have been performed. It was proved that, in order to
provide a more comprehensive elimination of dust containing silicone oxide, the
application of the above cyclone separator type is not sufficient and taking some
further gas dedusting measures is absolutely required.
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