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Po3pobaeno cnoci6 nyavcayitino-pe3oHancHoz0 Cnanlo8ants naiuea 6
npouecax CywinHa i po3iepiey CMAiePO3INUGHUX KOBUIIE 3 MEMOI0 eKOHOMIT
nanuea. Memood 0ocnidcenns rpyHmyemocs Ha 30Y0xcenni nyavcauii npu
CNAMOBAHHI NAIUBA 3 ACMOMOI0, AKA O0PIGHIOE UACMOMI 6JACHUX KOJIU-
8amb 6 pobouomy 00cA3i Koswa, wo NPu3e00uns 00 pesonancy nyrvcauii. Lle
0ocaicenns nPoBOOUTIOCS 3 MEMO10 BUHAMEHHS CNOCO0Y eheKkmueHozo cna-
T06ANHS NAAUBA Ui NiOMBEEPOIHCEHHS IMEHUWEHHS CRONCUBAHHS NATIUEA 8 NPO-
Ueci nYabCauiline -pe3oHancHoz0 CnaI08anHsl.

B pesyrvmami 00cniono-npomuciosux eunpodyeans na npomssi 8 one-
pauiii cywinna ma 5 onepauiii po3iepigy K06uLi6 6CMAHOBNEHA MONHCIUBICMY
3a0e3neueHHs HOPMAMUCHUM BUMOAM Y 8i0N0IOHOCH 00 MEXHON0LIMHUX
incmpyxkuyii na 80—100 %. ITiomeeporceno MoHCAUBICMd NOWYKY NYNbCA-
UYIHO-PE30OHANCHUX UACMOM Y NPOMUCTOBUX YMOBAX, NONPU He2AMUBHUI
6NUE GUCOKUX Memnepamyp, AKYCMUMHUX NepewKod ma iHepuiunocmi
anapamypu. Bcmanoeneno npayezoamuicmv nynvcauiiinozo 610Ky i mooc-
Jaugicmos cmabineioi niompumxu 6 npoueci Cyminna HeodXioHux pesonanc-
Hux wacmom nyavcauii 2asy. Bidsnaveno Ginvw inmencuene npomixanns
npouecy cywinms, uo 0036011€ IMEHUUMU MPUBATIICIb NPOUECY i, 610n06I0-
HO, cxopomumu eumpamy nanuea. Buseneno eucoxy 30yonusicmv peso-
HAHCHUX 4acmom y K08uii npu po3izpisi 6HACAI00K HeBeAUKOT NPOMSAHCHOCHT
ma 00'emy 0iNAHKU 2a30MP0B00Y MiXNC NYNbCAUTUHUM OTOKOM MA NATLHUKOM
nopieHAHO 3i cmendom cywinus. Inmencuenicmo posizpisy nomimno euwa
NOPIBHAHO 13 CYWIHHAM GHACNIOOK MeHul 6UCOKOI Kinuesoi memnepamy-
pu pymeposxu (777-910 °C 3amicmo 900-1120 °C) i 6idcymnocmi sunapie
60J102U. 3aCMOCYEAHHA NYNbCAUIUHO-PE3OHANCHO20 PENCUMY CRATIO6AH-
HS NAUBA HA NOCMAX THMEHCUBHO20 PO3i2PisY KO6WIE Nid NIAGKY 00360IE
dopcysamu posizpie pezonancuoro nyavcauiero gaxena. Ilpu nyavcauii-
HO-Pe30HAHCHOMY CRATIO6AHHI NOMIMHO 3POCMAE KOPUCHE 6UKOPUCMAHHSA
mennomu naauea, wo npu3e00UMs 00 Ni0BUUEHHS K. K. 0. NPOUecié Cyuin-
HS 1 po3izpiey ma 00 610nN06I0HOT eKOHOMIT NANUBA. FHUNCEHHS CRONHCUBAHHS
npupoonozo 2a3y ckaano npu cywinui xoswie 2,7-26,1 %, a npu posiepisi —
19,5-37,8 %. Hasedeni dani 6xasyromo Ha enepeemuuny edexmueHicmo
NYNAbCAUIUHO-PE30OHAHCHO20 CRANIOBAHNS | Q0ULTLHICHD 6NPOBADHCEHHS CRO-
CO0Y cnanoeanns 6 npouecax CYwinns i po3izpiey Ko6uiie
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Among major fuel consumers in steelmaking are foundry
bays for the preparation of steel-casting ladles, namely, for
the processes of ladle drying and warming, which in some
cases use scarce and expensive natural gas.

The cost of natural gas for drying, for example, a single
ladle with a capacity of 160 tons, is up to 3,000 m?3; for warm-
ing — up to 2,000 m®. As the ladle capacity increases, the
consumption of natural gas increases accordingly.

One of the areas in fuel economy is to devise efficient
techniques to burn fuel, thereby providing better combus-
tion with less underburning and better utilization of the heat
generated from fuel combustion. Such technologies include
pulsed combustion.

Interest in pulsations is due to their positive impact on
the characteristics of technological and energy processes.
The use of pulsations in most cases begins with the impact on
the combustion process of fuel by exciting the fluctuations
in the gas and air flows participating in the combustion. The
most effective manifestation of pulsations should be expect-
ed under resonance modes, that is, when the frequency of
forced oscillations, which cause pulsations, coincides with

the natural frequency of oscillations within the working vol-
ume of a firebox, a furnace, or a technological unit.

Given this, it is a relevant task to develop and implement
an economical pulsed resonant fuel combustion technology
in the processes of steel-casting ladle drying and warming.

2. Literature review and problem statement

In the total volume of processes of steel-casting ladle
drying and warming, taking into consideration all drying
and warming techniques, more than 80 % involve fuel com-
bustion products. At the same time, the drying and warming
with combustion products have a series of drawbacks: a low
fuel heat utilization rate, the pollution of workplaces and the
environment, the occurrence of thermal defects in the ladle
lining, and so on.

To eliminate these deficiencies, it is recommended to reg-
ulate the supply of fuel, providing a “soft” mode of heat treat-
ment. It is proposed to introduce additional partitions into
the ladle cavity that could intensify the heat exchange [1-3],
which, however, does not resolve the issue. It is possible to
use the pulsed mode of fuel combustion [4], as well as the



use of heat recovery [5], regenerative burners [6—8], and so
on. However, according to our analysis, all these techniques
were not used to dry and warm the steel-casting ladles and
their application is problematic.

The above technical solutions do not fully eliminate the
shortcomings in the ladle drying and warming by combus-
tion products.

An alternative to fuel combustion products is found in
electric heating elements, microwave radiation, infrared
radiation, application of a vacuum, as well as other technical
solutions. The alternative technologies significantly compli-
cate the processes of ladle drying and warming in compari-
son with conventional techniques and, in some cases, require
the use of non-standard expensive equipment. The alterna-
tive technologies are rather energy-intensive.

Given this, using the pulsed fuel combustion is of inter-
est [9], including mechanical engineering [10—12] and rock-
et engineering [13], which could significantly reduce the fuel
underburning and increase the intensity of heat output from
combustion products, which indicates the prospects and de-
mand for a given direction. However, all the studies carried
out do not concern the drying and warming of steel-casting
ladles. This work highlights the pulsed resonant combustion
technique [14], at which the most effective pulsation fre-
quencies (the most effective in reducing the underburning
and in the intensification of heat release) are achieved at
minimal energy costs for the generation of pulsations.

To assess the feasibility of using the pulsed resonant fuel
combustion, it is necessary to have the appropriate equip-
ment for the process, to confirm the possibility of finding the
pulsed resonance frequencies under industrial conditions,
taking into consideration high temperatures, acoustic inter-
ference, and the equipment inertia. This information has not
been revealed in the scientific literature.

diagram of the bench for the pulsed resonant fuel combus-
tion in a steel-casting ladle is shown in Fig. 1.

Fig. 1. The principal diagram of a bench for drying
the steel-casting ladles through the pulsed resonant fuel
combustion: 1 — ladle; 2 — burner; 3 — cover; 4 — gas
pipeline to discharge combustion products; 5 — gas pipeline;
6 — air pipeline; 7 — pulsation unit; 8 — acoustic probe;
9 — preamp; 10 — spectrum analyzer; 11 — controlling
element; 12 — rheostat; 13 — straightener

The spectrum of oscillation frequencies in a ladle is
recorded by acoustic probe 8. The signal from the probe is
transmitted through preamp 9 to spectrum analyzer 10,
where the working frequency of natural oscillations is se-
lected. Based on the magnitude of a working frequency, con-
trolling element 11 sets, through rheostat 12, the predefined
DC voltage on the electric motors in the pulsation unit. This
enables the pulsators’ rotation at a speed corresponding to
the oscillation natural frequency within the working volume

of the ladle.

3. The aim and objectives of the study

The aim of this study was to assess the effectiveness
of the pulsed resonant fuel combustion in the processes of
steel-casting ladle drying and warming.

To accomplish the aim, the following tasks have been set:

— to adapt the pulsed resonant fuel combustion at exist-
ing steel-casting ladle drying and warming benches and to
design the appropriate equipment for the processes;

—to conduct an experimental-industrial study at the
drying and warming posts and to compare the results on the
drying and warming of regular ladles based on conventional
technologies without pulsation;

— to analyze the thermal balances of steel-casting ladle
drying and warming processes based on the results from
the experimental-industrial study in order to determine the
energy efficiency of the pulsed resonant fuel combustion
in comparison with a conventional combustion technology
without pulsations.

4. The equipment and adaptation of the pulsed resonant
fuel combustion method

The study method is based on the initiation of pulsations
when burning fuel at a frequency equal to the frequency of
natural fluctuations within the working volume of a ladle,
which leads to the resonance of the pulsations. The principal

5. Experimental and industrial study of the pulsed
resonant combustion

The study was carried out at 160-ton steel-casting ladles.
The general view of the bench for drying steel-casting ladles
and the arrangement scheme of the pulsation unit are shown
in Fig. 2.

The bench includes the racks that host the ladle and a
turning cover with a burner. The pulsations of gas flow are
created by a pulsation unit installed on the gas pipeline,
fabricated in the form of a mechanical pulsator with a cylin-
drical gas flow interrupter [15].

A schematic of the equipment to enable the pulsed reso-
nant fuel combustion at the drying post is shown in Fig. 3.

The lining of the ladle was dried after the complete re-
placement of the working layer. The test results are given in
Table 1 (H — regular ladle).

Testing the pulsed resonant fuel combustion at the bench
of steel-casting ladle drying makes it possible to note the
following:

— the possibility to search for the pulsation resonance
frequencies under industrial conditions has been confirmed,
despite the negative impact exerted by high temperatures,
acoustic interference, and the equipment inertia;

— the pulsation unit has been found to operate rather suf-
ficiently; the possibility to steadily maintain the necessary
resonance frequencies of gas pulsations during the drying
process has been established;



— a more intensive course of the drying process has been
noted, which shortens the process length and reduces fuel
consumption accordingly;

— the savings of natural gas under the pulsed resonant
fuel combustion mode amounted, in comparison with the
normative indicators, to 2.7+26.1 %;

— the test results allow us to recommend the pulsed

ladle was placed on a mobile trolley in a horizontal position
and moved towards the fencing (refractory) wall with a pro-
truding burner, the HNP-9 type. The axis of the burner is
located at a distance of 1/3 of the diameter of the ladle from
the bottom edge. The results of the experiments are given in
Table 2 (H — regular ladle).

resonant fuel combustion mode for the experimental Table 1
introduction. Test results at the post of steel-casting ladle drying
. . Total
’ Exper— Ladle Pulsation Lining tem- Casing natural |Natural gas
iment No frequency, erature, °C tempera- as flow | savings, %
No. ' Hz P ’ ture, °C 5 3 85 %
) rate, m'
- H - ~900 75 2,570 -
1 45+55
o2 1 36 18295 ~900 77 2,370 7.8
2 31 18+25 |1,050+1,060 78 2,500 2.7
3 2 18+25 ~1,100 75 2,295 10.7
4 5 18+25 |1,050+1,120 79 2,230 13.2
5 12 18+25 |1,050+1,120 80 2,215 13.8
6 25 18+25 ~900 87 2,020 21.4
7 36 18+25 ~900 74 1,900 26.1
8 30 18+25 ~900 76 2,200 14.4

Fig. 2. A steel-casting ladle drying bench: a — general

view; b — pulsation unit arrangement scheme; 1 — gas
pipeline; 2 — burner; 3 — cover; 4 — ladle; 5 — rack;
6 — gas pipelines to discharge combustion products;
7 — air pipeline; 8 — counter-load; 9 — cover turning
mechanism; 10 — pulsation unit; 11 — power and

control unit
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Fig. 3. Schematic of equipment for the pulsed resonant fuel
combustion at the post of steel-casting ladle drying:
1 — ladle; 2 — burner; 3 — cover; 4 — gas pipeline to
discharge combustion products; 5 — chromatographer;
6 — gas pipeline; 7 — air pipeline; 8 — bypass pipe;
9 — pulsation unit; 10 — radiation pyrometer;
11 — acoustic probe; 12 — preamp; 13 — thermocouple;
14 — potentiometers; 15 — spectrum analyzer;
16 — controlling element; 17 — rheostat; 18 — straightener;
19, 20 — flowmeters

The scheme of equipment for the pulsed resonant fuel
combustion at a ladle warming post is shown in Fig. 4.

Our experiments involved ladles after a long idling time,
that is, the warming of the ladles started from a cold state. A
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Fig. 4. The scheme of equipment for the pulsed resonant fuel
combustion at the post of intensive warming of ladles for
melting: 1 — ladle; 2 — thermocouple; 3 — potentiometers;

4 —radiation pyrometer; 5 — acoustic probe;
6 — fencing wall; 7 — chromatographer; 8 — bypass pipe;
9 — flow meter;10 — gas pipeline; 11 — preamp;
12 — spectrum analyzer; 13 — controlling element;
14 — rheostat; 15 — pulsation unit; 16 — straightener;
17 — burner; 18 — air pipeline; 19 — flow meter

The results of testing the system for the pulsed resonant
fuel combustion at the post of steel-casting ladle warming
allow us, in addition to the above features in the system op-
eration at the drying post, to note the following:

— the high excitability of resonance frequencies in a ladle
due to the short length and volume of the section of a gas
pipeline between the pulsation unit and burner compared to
the drying bench;

— a noticeable increase in the warm-up intensity com-
pared to drying due to the lower end temperature of the
lining (777-910 °C instead of 900—1,120 °C) and the lack of
moisture evaporation;

— the expediency of using the pulsed resonant fuel com-
bustion mode at the posts of intensive warming of ladles for
melting as the pulsed resonant mode makes it possible, along
with the increased gas consumption, to force the warm-up by
the resonance pulsation of the flame;



— the savings of natural gas at the warming post amount-
ed to 19.5+37.8 %, which allows us to recommend the pulsed
resonant fuel combustion mode at the warm-up benches for
experimental implementation.

where M, is the weight of the lining reinforcement row, kg;
¢! is the average temperature of the reinforcement row at the
end of drying or warming, °C; (cr ); , (cr ); are the mean heat
capacities of the material for a reinforcement row, kJ/kg-K;

3) the consumption of heat to warm the insu-

Table 2 .
) ) lation:
Test results at the post of steel-casting ladle warming
— 7" —in Cinit -3
Exper- Pulsation]| .. . Casing Total Q. =M, 'I:(Cin )0 e _(Cin )o '[i““]'io MJ, (4)
- Ladle |, Lining tem- natural | Natural gas
1iment frequen- o tempera- . >
No No. ey, Hz perature, °C ture. °C | 83 ﬂow savings, % ) ) '
: ’ ’ rate, m3 W_here M, is the mass of the thermal insulation, kg;
- H 18+30 700 93 2,000 - t" is the average temperature of the thermal insu-
1 38 18+30 879 89 1,550 22.5 lation at the end of heating, °C; (ci“ )?“ , (cm )[‘“" are
2 9 18+30 910 97 1,610 19.5 N A
3 19 13-30 750 82 1335 333 the avgrlelie hﬁat Kcapa(:1t1es of the thermal insulation
4 8 | 1830 737 77 | 1245 373 | material lJ/kgK; 4
4) the consumption of heat to warm the casing:
5 12 18+30 777 84 1,425 28.8

6. Thermal balance analysis

An analysis of the thermal balances of the processes of
steel-casting ladle drying and warming implied comparing
the usable utilized heat and heat losses.

The usable unitized heat includes the consumption of heat
for warming the working masonry Q,, the reinforcement
row Q,, insulation Qj,, casing Q..s, and for evaporating the
moisture Q., at drying. The remaining consumption of heat
relates to losses: the loss of heat with outgoing gases Qy, from
the chemical underburning of fuel Q.y, the heat transmission
to the environment through the ladle lining Qy and through
the cover Qy. as well as the loss of heat to warm the cover Q.
and the loss of heat by radiation into the gap between the top
cut of the ladle and the cover Q,,q (Fig. 3).

At the warm-up bench, instead of the losses of heat associ-
ated with the ladle cover (Qp, Q. and Qy,q), the consumption
part of the thermal balance includes the loss of heat associated
with the fencing wall of the bench Q,, (Fig. 4).

The input part of the thermal balance includes the
heat of fuel combustion.

Qcom:B'Qng’ MJ’ (1)
where B is the consumption of natural gas for drying or
warming up a ladle, m3; Q, is the heat of natural gas com-
bustion, MJ/m?3.

The output part of the thermal balance was determined
as follows:

1) the consumption of heat to warm the working ma-
sonry:

Q,=M, [(C)O = (e ) ~tm]~ 107, MJ, 2)

where M, is the weight of working masonry, kg; ¢, is the
average temperature of the working masonry at the end of
drying or warming, °C; (cw);“', (CW)L‘"" are the mean heat
capacities of the material for a working masonry, kJ/kgK;
tinit is the initial temperature of ladle lining, °C;

2) the consumption of heat to warm the reinforcement row:

Q =M, -[(cr )0 2 =(c, ) -tim]-m*, MJ, 3)

Q.=

t -, t

Qfas = Mcas '[(Ccas )0(‘ ' tecas - (Ccas )Om 'tinit:| ’ 10_37 ij (5)

where M., is the weight of the ladle casing, kg; ¢, is the av-
erage temperature of the casing at the end of the process, °C;

()

material, kJ/kg-K;
5) the consumption of heat to warm the cover:

cas

, (ccas);'““ are the mean heat capacities of the casing

—c

Q=m (o) Tle) 10t M ©

c

where M, is the cover weight, kg; ¢° is the average cover

temperature at the end of the process, °C; (cc )Z , (cC );‘ are

the mean heat capacities of the cover material, k] /kg-K;

6) the consumption of heat to evaporate the moisture
of ladles (when warming the ladles, this cost item is ab-
sent):

W, ~[thﬂ(100—tinit)+r+(cwv)2’“‘ T —(CWV)”‘)].m*, MJ, (7)

0

where ¢y is the water heat capacity, kJ/kgK; r is the
specific consumption of heat to evaporate moisture, kJ/kg;

7 100 ..
(cwv); , (cwv )0 are the average heat capacities of water va-
t,

por according to temperatures ¢,,, and 100 °C, k] /kgK; ¢, is
the average temperature of outgoing gases during drying, °C;
Weym is the mass of evaporating moisture, determined from
the following formula:

o, -0, 100

:M M PrYYN
Wi =(M, +M,) 100-0, 100-o,’

kg, ®)

Here, wi,i: and o, are, respectively, the initial and final
relative humidity of the ladle lining, %;
7) the loss of heat with outgoing gases:

n

i=1

®)

where 1.1 is a factor that takes into consideration the air suc-
tion; V¢, is the specific output of combustion products, m?/m?;
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(ci ) " is the average heat capacity of the components of com-
bustion products at temperature Z,, kJ/m?K; v; are the vol-
umetric shares of the components of combustion products,
shares of units;

8) the loss of heat from the chemical fuel combustion

underburning:
Qu =(12,64-00+10,75-0, +35,7-0¢,, )-V,,- B, MJ, (10)

where 0.4, vy, gy, is the content (shares of units) of
combustible components (the multipliers correspond to the
combustion heat of combustion components);

9) the losses of heat due to the heat transmission through
the lining of a ladle (through a working layer, reinforcement
row, thermal insulation, and casing):

1 zc
irgj“‘*(im

. ~ ) F+3600-7-10°, M,
= O

Q= 1)

where §; is the thickness of the corresponding i-th layer
of the lining, m; A; is the thermal conductivity factor of a
material of the i-th layer of the ladle lining at an average
temperature per cycle of drying or warming, W/m-K; a,s is
the heat output ratio from the outer surface of the ladle ca-
sing, W/m?.K; z¢, is the average, per cycle of drying or
warming, the surface temperature of the ladle casing, °C;
tama is the temperature of the ambient air, °C; F is the
average value of the area of the surface of the ladle lining
(between the inner and outer surfaces), m?%; t is the cycle
duration of ladle drying or warming, h;

10) the losses of heat due to the heat transfer through
the cover:

Q=g ~ E3600-010% M), (12)
—

}\’C (XOSC

where &, is the thickness of the cover, m; A. is the thermal
conductivity factor of a cover’s material at an average
temperature per cycle, kJ/kg-K; aos is the heat output ra-
tio from the outer surface of the cover to the surrounding
air, W/m%K; t¢ is the average temperature of the cover
per cycle, °C; F, is the surface area of the cover, m?;

11) the losses of heat through the radiation into the gap
between the top cut of the ladle and the cover:

T, \' .
=567 —-|-5-D-3600-t-107°, MJ,
Q. (100) T J

13)
where 5.67 is the radiation factor of an absolutely black
body, W/m2K?* T, is the average temperature in the
volume of a ladle during drying, K; S is the area of the
gap between the ladle and cover, m?; D is the diaphragm
factor.

The heat losses associated with the fencing wall of the
warming bench Qup, which include warming the wall, heat
transfer through the wall, and radiation into the gap be-
tween the wall and the ladle cut, which are in a horizontal
position at the trolley (Fig. 4). These losses are determined
from the difference between the heat input Q.o (1) and the
sum of heat consumption Qy (2), Q; (3), Qin (4), Qcas (5),
Qout (9), Qen (10) and Qunar (11).

The calculation of the thermal balances of the processes
of steel-casting ladle warming has been performed in accor-
dance with the recommended procedure given in work [16].

The ratio between the usable utilized heat and the loss of
heat is shown in Fig. 5, 6; hence, the following conclusions
can be drawn:

— the usable utilization of heat during drying is on av-
erage 9.6 % higher under all experimental modes than that
in the warming process, which is due to the additional con-
sumption of heat to evaporate the moisture at drying;

— the usable utilization of heat under the pulsed reso-
nant fuel combustion in all experiments is higher than that
when drying and warming a regular ladle (while drying the
ladle, it is higher by 5.3-11.4 %, and when warming — by
£9-7.2 %);

—accordingly, the losses of heat under the pulsed res-
onant fuel combustion in a ladle are lower than those for a
regular ladle, that is, at conventional burning.
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Fig. 5. The ratio between the usable utilization of heat
and the losses of heat when drying steel-casting ladles
(H — drying of a regular ladle, 1...8 — numbers of
experimental modes): a — the ratio between
the usable utilization of heat Q,s,:; & — the ratio between
the losses of heat Qs
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Fig. 6. The ratio between the usable utilization of heat and
the losses of heat when warming steel-casting ladles
(H — drying of a regular ladle, 1...5 — numbers of experimental
modes): @ — the ratio between the usable utilization of heat
Qusut; b — the ratio between the losses of heat Qs



Comparing the cost items based on the average values of
the usable utilization of heat for experimental modes, shown
in Fig. 7, allows us to draw the following conclusions:

— the most essential cost items in terms of the usable
utilization of heat in the drying of the ladles are the con-
sumption of heat to warm the working masonry Q,, the
reinforcement row Q,, and the evaporation of moisture Q.;

— the most essential cost items in terms of the usable
utilization of heat when warming the ladles are the con-
sumption of heat to warm the working masonry Q,, and the
reinforcement row Q,;

— the usable utilization of heat for all cost items at the
pulsed resonant fuel combustion in prototype ladles exceeds
the same cost items at the standard fuel combustion in a
regular ladle.
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Fig. 7. Comparing the cost items of the usable utilization
of heat when drying the ladles; Q,, @, Q, Qs are,
respectively, the consumption of heat to warm the working
masonry, reinforcement row, thermal insulation, and the ladle
casing; Q., — the heat used to evaporate moisture at drying;
B — standard regime; B — averages for
the experimental modes
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Fig. 8. Comparing the cost items of the usable utilization
of heat when warming the ladles; Q,, @, Q,, Q.. are,
respectively, the consumption of heat to warm the working
masonry, reinforcement row, thermal insulation,
and the ladle casing; ® — standard regime; B — averages for
the experimental modes

The comparison of cost items based on the average values
of heat losses for experimental modes is shown in Fig. 9, 10.

Our comparison of the cost items related to heat losses
leads to the following conclusions:

— the most essential losses of heat in the processes of
steel-casting ladle drying and warming are the losses of
heat with outgoing gases Qquyut (on average, when drying
the ladles, these losses amounted to 43.1 %; when war-
ming — 53.0 %);

—in all experiments, the losses of heat with outgoing
gases at the pulsed resonant fuel combustion in a ladle are
lower than those during standard combustion (when drying
the ladles, they are lower by an average of 6.9 %, when warm-
ing — by 4.0 %);

— the pulsed resonant fuel combustion significantly re-
duces the losses of heat due to the chemical fuel underburn-
ing Q. (on average, when drying the ladles, these losses

amounted to 4.1 % while losses in a regular ladle were 7.4 %;
at warming — 3.5 % while losses in a regular ladle — 6.1 %);

—a certain increase in the heat losses associated with
the drying bench cover (Q. and Q,,q4 in Fig. 8) and the fenc-
ing wall of the warming bench (Qyy, in Fig. 8) is due to the
higher temperature level in experimental ladles at the pulsed
resonant fuel combustion compared to conventional combus-
tion in regular ladles (Tables 1, 2)
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Fig. 9. Comparison of cost items related to the losses of
heat when drying the ladles: Q,,; — losses of heat with
outgoing gases; @, — losses of heat from the chemical fuel
underburning; Q. — losses of heat due to the heat transfer
through the ladle wall; Q.. — losses of heat through the
heat transfer through the cover of the ladle; Q. — losses
of heat to warm the cover; Q.4 — losses of heat through
the radiation into the gap between the top cut of the
ladle and the cover; ® — regular regime; B — averages for
experimental modes
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Fig. 10. Comparison of cost items related to the losses of
heat when warming the ladles: Q,,; — losses of heat with
outgoing gases; @, — losses of heat from the chemical fuel
underburning; Q. — losses of heat due to the heat transfer
through the ladle wall; Q,, — losses of the heat related to
the fencing wall of the warming bench; B — regular regime;
— averages for experimental modes

In general, our analysis of thermal balances of the
experimental modes allows us to draw the following con-
clusions about the effectiveness of the pulsed resonant
combustion:

— the pulsed resonant combustion significantly increases
the usable utilization of fuel, which leads to an increase in
the efficiency of the drying and warming processes and the
appropriate fuel savings;

— the increase in the proportion of the usable utilization
of heat is due to the increase in the accumulation of heat by
the working masonry, reinforcement row, thermal insulation,
and the ladle casing;

— the pulsed resonant fuel combustion reduces the chem-
ical underburning, which reduces fuel losses, increases the
temperature within the working volume of the ladle, and
intensifies the heat output;

—the pulsed resonant fuel combustion mode consider-
ably reduces the losses of heat with outgoing gases, which
generally indicates the intensification of heat exchange
within the working volume of the ladle.



7. Discussion of results of studying the effectiveness of
the pulsed resonant fuel combustion in the processes of
steel-casting ladle drying and warming

A technique of the pulsed resonant fuel combustion in
the processes of steel-casting ladle drying and warming has
been developed. The pulsed resonant combustion preserves
the basic principles of conventional drying and warming
technology. At the same time, it creates the prerequisites
for more efficient combustion of fuel in the ladle with a
reduction in the underburning (Fig. 9, 10), more intensive
heat exchange between combustion products and the ladle
lining, and more even heat treatment of the inner surface of
the ladle (Fig. 7, 8).

In comparison with the standard technique of fuel
combustion, our experimental studies have shown the
rather high performance of the developed system and a
decrease in the consumption of natural gas: when dry-
ing the ladles, 2.7+26.1 % (Table 1), when warming —
19.5+37.8 % (Table 2).

The special features of the proposed method are the
search for the resonance frequencies during pulsations. The
result of testing the pulsed resonant fuel combustion has
confirmed the possibility of finding the pulsation-resonance
frequencies under industrial conditions, despite the negative
impact of high temperatures, acoustic interference, and the
equipment inertia. We have established the high enough
operability of the pulsation unit, as well as the possibility to
steadily maintain the necessary resonance frequencies of gas
pulsations.

The results of tests at the post of steel-casting ladle
warming indicate the expediency of using the pulsed reso-
nant fuel combustion mode at the posts of intensive warming
of ladles for melting. The pulsed resonant mode makes it
possible to force the warming for melting by the resonance
pulsation of the flame.

Our analysis of the thermal balances has confirmed that
the pulsed resonant fuel combustion mode significantly in-
creases the usable utilization of heat, which provides for an
increase in the efficiency of the drying and warming process-
es and, accordingly, in the fuel savings compared to conven-
tional combustion (Fig. 5, 6). The increase in the proportion
of the usable utilization of heat occurs due to the increase in
the accumulation of heat by the working masonry, reinforce-
ment row, thermal insulation, and the ladle casing (Fig. 7, 8).
The reduction in the chemical fuel underburning (Fig. 9, 10)
contributes to the increase in the proportion of the usable
utilization of heat. The pulsed resonant fuel combustion
mode significantly reduces the losses of heat with outgoing
gases, indicating the intensification of heat exchange within
the working volume of the ladle (Fig. 9, 10).

The results of our research confirm that using the pulsed
resonant fuel combustion is applicable in the processes of
steel-casting ladle drying and warming.

The main limitation for the broad implementation of
the pulsed resonant fuel combustion in the processes of
steel-casting ladle drying and warming is the ability to
adapt the technique. The technique must be adjusted in
a specific production setting in compliance with acting
technological instructions of drying and warming. At the
same time, the existing technologies of the ladle drying and
warming processes at different enterprises vary considerably
depending on the type of lining and the equipment used.

The proposed technique could be advanced by designing
an automated control system for the pulsed resonant fuel
combustion, in compliance with the current drying and
warming technology. An automated control system would
make it easier to adapt the proposed technique to acting dry-
ing and warming technologies. The automated system could
reduce the duration of search for the resonance frequencies
and thus make it more energy-efficient.

8. Conclusions

1. A technique of the pulsed resonant fuel combustion
in the processes of steel-casting ladle drying and warming
has been developed, which makes it possible to adjust the
pulsation to resonance frequencies and, by maintaining
these frequencies, to ensure the most effective result of
pulsation. The technique has been adapted to ensure that
the consumption of the fuel burned and the time intervals
are in accordance with technological instructions. The
appropriate equipment for the processes has been de-
signed: we have introduced a pulsator with a bypass pipe,
a resonance frequency adjustment scheme to enable the
necessary response to changes in the consumption of gas
and fuel intervals in accordance with the technological
instruction. The devised technique, while preserving the
basic principles of the conventional drying and warming
technology, creates the prerequisites for more efficient
combustion of fuel in a ladle with the reduced underburn-
ing, for the intensification of heat exchange between com-
bustion products and the ladle lining, and for more even
heat treatment of the ladle.

2. The result of testing the pulsed resonant fuel com-
bustion has confirmed the possibility of finding the pul-
sation-resonance frequencies under industrial conditions,
despite the negative impact of high temperatures, acoustic
interference, and the equipment inertia. We have established
the feasibility of the pulsation unit, as well as the possibility
to steadily maintain the necessary resonance frequencies of
gas pulsations.

The results of tests at the post of steel-casting ladle
warming indicate the expediency of using the pulsed reso-
nant fuel combustion mode at the posts of intensive warming
of the ladles for melting. The pulsed resonant mode makes it
possible to force the warming for smelting by the resonance
pulsation of the flame.

3. Our analysis of the thermal balances has confirmed
that the pulsed resonant fuel combustion mode significant-
ly increases the usable utilization of heat, which provides
for an increase in the efficiency of the drying and warming
processes and, accordingly, in the fuel savings compared to
conventional combustion. The increase in the proportion
of the usable utilization of heat occurs due to the increase
in the accumulation of heat by the working masonry, re-
inforcement row, thermal insulation, and the ladle casing.
The reduction in chemical fuel underburning contributes
to the increase in the proportion of the usable utilization
of heat. The pulsed resonant fuel combustion mode sig-
nificantly reduces the losses of heat with outgoing gases,
indicating the intensification of heat exchange within the
working volume of the ladle.

Reducing the consumption of natural gas amounts to:
when drying the ladles, 2.7+26.1 %, at warming — 19.5+37.8 %.
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