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Abstract. The thermal state of liquid metal at the continuous steel casting stage was studied by methods of correlation analysis under the assumption
that measurable objects are random variables. The thermal state of metal melt is characterized by the values of metal temperature 7, at a given stage
and duration of stages t,, and is described by the integrated index — cooling rate I¥,. The cooling rate is the differential quotient of the liquid metal
temperatures at the beginning and end of the stage to the duration of this stage. The metal cooling rate at various stages of continuous steel casting
phase was calculated. The first stage includes the period from the end of metal processing at the integrated steel processing unit to the beginning
of vacuum degassing. The second stage includes the period from the beginning of vacuum degassing to its completion. The third stage includes the
period from the end of vacuum degassing to the first temperature measurement in the tundish. Then there are periods of consecutive temperature
measurements in the tundish. The study established that metal cooling rates vary significantly depending on process stages. The absolute values of the
cooling rate differ by more than an order of magnitude. The minimum rate of metal cooling was recorded in the tundish. Its value was 0.09 °C/min. The
maximum metal cooling rate was detected during tapping from the steel-teeming ladle into the tundish. In this case, the cooling rate was 1.43 °C/min.
The main factors affecting the metal cooling rate were determined. These factors include: the initial temperature of liquid metal after the end of
processing at the integrated steel processing unit; the temperature of liquid metal after vacuum degassing; the presence on the liquid metal surface of
the oxide solution formed by slag-forming mixtures; availability and effectiveness of heat insulating mixtures; as well as the heat insulating properties
of refractory linings. During vacuum degassing, the metal cooling rate was essentially determined by convective energy losses and energy losses for
inert gas heating. After the vacuum degassing stage, the cooling rate significantly decreases due to the use of heat insulating mixtures. The highest
rate of metal cooling is achieved when it passes through the steel outlet channel and the metal protection tube during tundish filling. The lowest metal
cooling rate was found in the tundish due to the presence of a porous shotcrete layer with low thermal conductivity.
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K BONMPOCY O CKOPOCTU OXNIAXAEHUA

METANNTUYECKOIO PACNNABA B CTANIEPASZIUBOYHOM

M NMPOMEXYTOYHOM KOBLIAX HA 3TANE
HEMNPEPbIBHOW PA3/INBKU CTANU

C. K. BunbaanoB ' 2, /I. 10. Bongapes?
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AHHOmMayus. Metonamu KOPpENAIMOHHOTO aHaIM3a MIPOBEACHO HCCIEJOBAaHKUE TEIUIOBOTO COCTOSHMA JKHIKOTO MeTajula Ha dTare HElpepbIBHON
Pa3NMBKU CTAJW B HPEINONIOKEHUH, YTO U3MEPHMbIE OOBEKTHI SIBISIOTCS CIyYalHBIMU BeJMYMHAMH. TeruioBoe cOCTOSHHE METalIM4ecKOro
pacmiaBa XapakTepu3yeTCsl 3HAYCHUSMU TEMIIEPATYPbl MeTaIa I Ha NaHHOW CTa[MM U JUIUTENBHOCTBIO MPOTEKAHMS CTANUH T, U ONMCHIBAETCSE
MHTErPaIbHBIM TI0Ka3aTeNEM — CKOPOCThIO OXyax/eHus W, . CKOpOCTh OXJIaX/IeHUs NPEICTABISET COOOH OTHOUIEHHE PA3HOCTH TEMIIEPATYp
JKHJIKOTO MEeTaJlla B Hadajie ¥ KOHIIE CTa/IuH K ATUTEIbHOCTH JAHHOM CTaAuu. BBIUNCICHBI CKOPOCTH OXJIAKACHHS METaJlIa Ha Pa3JINUHbIX CTaIUIX
9Tana HenpepbIBHOM pa3nuBku cranu. [lepBas craqus BKIIOYAET EPHO/] BPEMEHH OT 3aBepIICHUs] 00pabOTKU MeTalla Ha arperare KOMIUIEKCHOH
00pabOTKHU CTaIM O HAYasla BAKyyMUpOBaHus. Bropas craqus BKIIOUaeT NepHo OT Hayaja BaKyyMUPOBAHUS /10 ero 3aBepiueHus. TpeTbs cranus
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BKJIFOYACT MEPHOJ OT MOMEHTA 3aBEPIICHHS BaKyyMHPOBAHHS [0 HEPBOIO M3MEPEHHS TEMIEPaTyphl B IPOMEXKYTOYHOM KoBIue. 1 nanee umyt
HIEPHO/IBI TIOCIICIOBATEILHBIX H3MEPEHHIT TEMIIEPATyPhI B IIPOMEIKYTOYHOM KOBILIE. YCTAHOBIICHO, YTO CKOPOCTH OXJIAXKICHHS METaILIa BAPHPYIOTCS
B 3HAYHUTEIBHBIX TPEeiaX B 3aBUCHMOCTH OT TEXHOJIOINYECKUX CTaHil. AGCONIOTHBIC 3HAYCHHS CKOPOCTH OXJIAKACHHUS OTIIMYAIOTCs Oosiee, ueM
Ha MOpAJI0K. MUHUMAaIIbHAsE CKOPOCTh OXJIAXKACHUS MeTaluia 3a()MKCHpOBaHa B MPOMEXYToUHOM Kouie. Ee 3nauenue cocrasiser 0,09 °C/muH.
MaxkcuMasbHasi CKOPOCTb OXJIaXKICHUS METalula BBISBICHA HPH BBIYCKE METalla W3 CTAJICPa3HBOYHOrO KOBIIA B IIPOMEXYTOUHBIH KOBLI,
IPH 3TOM CKOPOCTh OXJaxaeHus cocrasiseT 1,43 °C/mun. OrnpenesieHbl OCHOBHBIE (DAKTOPBI, BIMSIONIME HA CKOPOCTb OXJIAXKICHHS MeTalla.
K stm dakTopaM OTHOCSTCS HadallbHasi TeMIIEpaTypa JKHIKOTO MeTaia Mocje 3aBepIieHnst oOpaboTKy Ha arperare KOMILUIEKCHOH 00paboTKH
CTaJIH, TeMIIepaTypa >KMAKOTO MeTajlla I0CiIe 3aBepIICHNS BaKyyMHPOBAHHUs, HAJTMYHE HA MOBEPXHOCTH )KUIKOTO METaJlIa OKCHIAHOTO PacTBOpa,
00pa30BaHHOIO ILIAKOOOPA3yIOIMMH CMECAMH, Hauuuue M S(QPEKTUBHOCTH TEIIOM30IMPYIOMINX CMECeH, a TakKe TEIIOM30IUPYIOIIHe
XapaKTePUCTHKH OTHEYNOPHBIX (yTepoBoK. IIpH BakyyMHpPOBaHHMH CKOPOCTH OXJI&XKICHUS METalla CYIIECTBCHHBIM 00pa3soM ONpeaerseTcs
KOHBEKTHBHBIMHU NOTEPSIMI SHEPTHU M OTEPSIMU SHEPIUH C Ha HarpeB HHEPTHOTO rasa. Ilociie cTajun BakyyMHPOBAHHUS CKOPOCTD OXJIaXKICHHS
3HAYUTEILHO CHUKACTCS 3a CYET NMPUMEHEHMS TEIIOU30JMpYIomuX cMecei. Hanbombimas ckopocTh OXJIakAeHHs MeTajlla YCTaHOBJCHA NpU
€ro NMPOXOXKJICHUH Yepe3 CTaJICBBITYCKHOM KaHalI M TPyOy 3aIlUThl MeTaJlla PH HATIOJIHEHUH TPOMEXYTOYHOTO KOBIIa. HanMeHbIas ckopocTh
OXJIOKJCHHS METaJlIa XapaKTepHa MPH ero HaXOXKJICHUH B MPOMEKYTOYHOM KOBILIE, 33 CUET HAJIMUYHS MOPUCTOrO TOPKPET-CIIOs, 00JIa1aronero

HU3KOH TETJIONPOBOJHOCTBIO.

Kawouesvle caoea: cny4aiinas BeM4nHa, KOPPEISINs, BIOOPKA, )KUIKUIA METAII, CTaJepas3IMBOYHbIN KOBIII, MPOMEKYTOYHBIH KOBIII, CKOPOCTH OXJIaK-

JACHUs ME€Talllla, BpeMsl, TEMIIEpaTypa, HEIIPEPbIBHAS pa3IMBKa CTalIn
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[ INTRODUCTION

The continuous casting of steel is a special phase in
metallurgical processing. It is at this stage that the metal
alters its state of aggregation, passing from the liquid
phase to solid. In the liquid phase in the steel-teeming
ladle, the metal enters the continuous steel casting sec-
tion. Here the metal is dosed through an intermediate
melting tank (tundish) into one or more crystallizers
forming an ingot of a given geometric shape. At this
stage, both the liquid metal in the steel-teeming ladle and
tundish and melting tanks themselves constitute a single
interconnected energotechnological unit. The energy
source for continuous casting is the energy of the liquid
metal. The most important feature (in the energy sense)
which distinguishes continuous casting from the previous
phases of steel melting in the steelmaking unit (final fini-
shing of the metal in the section of integrated process-
ing of steel and vacuum degassing) is that at this phase
it is impossible to increase the temperature of the liquid
metal. The impossibility of heating the metal in the steel-
teeming ladle at the casting stage is due to the technology
itself. Several options have been proposed for heating the
metal in the tundish. However, these are only theoretical
developments [1 — 4]. Thus, the metal in these tanks is in
a state of continuous natural cooling. The temperature of
the metal during casting is strictly regulated, and is a de-
termining factor in obtaining a high-quality final ingot. In
this regard, several models have been proposed to predict
the temperature of liquid steel in the steel-teeming ladle
and tundish [5, 6], as well as a statistical model that takes
into account a large array of data [7]. In this case, the
preservation of the physical heat of the metal in the steel-
teeming ladle and tundish during casting is an important
process task. Slag-forming fluxes (mixtures) supplied to

334

the melt surface, for example, in a tundish [8], as well
as slag-forming fluxes with optimal viscosity in the li-
quid phase, also contribute to reducing the cooling rate of
the metal melt [9 — 12]. The conditions of metal cooling
in the steel-teeming ladle and tundish are different, and
the factors affecting them are very diverse. Therefore, the
study and analysis of the factors which affect metal cool-
ing in the steel-teeming ladle and tundish are important in
terms of both heat insulation of the exposed surface of the
melt by specific mixtures [13 — 15], as well as in terms of
modeling the metal temperature distribution under heat-
insulating mixtures [16 — 19].

[ RESEARCH OBJECTS AND METHODS

The objects of the study are: the values of the liquid
metal temperature in the steel-teeming ladle and tundish;
the moments of time at which temperature measurements
were made; and the time periods of the beginning and
end of the corresponding stages. The melt temperature
was measured using standard immersion thermocouples.
The time was recorded with stationary timers used com-
mercially in the technological process. Studies were car-
ried out using a selective method and correlation tools.
The selection scope was limited to 14 melts. This scope
was minimum. Further reduction of the selection scope
can lead to incorrect conclusions. Two-dimensional selec-
tions were analyzed under the assumption that the mea-
surable objects are random values in relation to the in-
terrelation between parameters X and Y. In this case we
made an assumption that their mathematical expectations
EX and EY are related by linear (regression) dependence
EY = aEX + b. Parameters a and b were estimated by
means of the least-squares method [20, 21]. The degree
of linear interdependence of the observed parameters was
estimated using selective correlation coefficient R.
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[ EXPERIMENTAL DATA

We studied the experimental data of the values of the
liquid metal temperature in the steel-teeming ladle after
out-of-furnace processing in the integrated steel process-
ing unit (ISPU), vacuum degassing, and immediately
before the beginning of casting. We also studied the ex-
perimental data of the values of the liquid metal temper-
ature, obtained by several consecutive measurements in
the tundish. We also recorded the time at which the cor-
responding temperatures were measured, the time period
from the end of processing at the ISPU and to the begin-
ning of vacuum degassing, as well as the time period from
the temperature measurement after vacuum degassing to
the beginning of casting. The experimental data obtained
for the analysis is summarized in Table 1.

Table 1 shows the time data in “hours: minutes” for-
mat. The first column shows time 1, to complete metal
processing at the ISPU. The second column shows the
values of the liquid metal temperature in the steel-teem-
ing ladle after the completion of process operations at the
integrated steel processing section 7;. The third column
shows the time of the beginning of vacuum degassing T, .
The fourth column contains the values of the metal tem-
perature at the beginning of vacuum degassing 7. The
fifth column shows the time of vacuum degassing comple-
tion t,. The sixth column contains the values of the metal
temperature after vacuum degassing completion 7,. The
seventh to sixteenth columns contain measurement times
and values of metal temperature in the tundish, at the first

measurement and then consecutively up to the fifth mea-
surement.

The data in Table 1 shows that temperature mea-
surements at the casting phase are carried out every
10 — 20 minutes on average. Further analysis will require
certain calculated values to be obtained from experimen-
tal data. These parameters and their values are given in
Table 2.

The data in Table 2 shows that the calculated values
represent periods of time, temperature differences and
metal cooling rates. Temperature differences were derived
from the temperature values at the boundary points of the
corresponding time period during which the measurement
was made. The metal cooling rates were calculated as the
temperature difference to the corresponding time period
ratio. These values characterize the thermal state of the
metal in the steel-teeming ladle and tundish at the consecu-
tive stages of out-of-furnace processing and metal casting.
These stages include metal processing in the steel-teeming
ladle at the ISPU section, vacuum degassing, casting and
the thermal state of the metal in the tundish, as well as its
transportation stage.

Further analysis may feasibly be carried out by means
of operating an integral parameter: metal cooling rate
W [14, 22] and its relationship with the temperature at the
stages under study.

Figure 1 shows a scatter diagram built in the “metal
temperature in the steel-teeming ladle after processing at

. . T, —-T .
the ISPU section 7, — cooling rate —— coordinates”.
T =T

Table 1

Experimental data

Tabnuya 1. IkcnepuMeHTAIbHbIE IaHHbIE

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
T 1t T i/p Ty Iy i I T, I, s e Ty It W 1
18:41 | 1601 | 18:55 | 1592 | 19:46 | 1552 | 20:11 | 1514 | 20:27 | 1516 | 20:43 | 1519 | 20:59 | 1515 | 21:09 | 1515
20:27 | 1590 | 20:36 | 1586 | 21:07 | 1551 | 21:31 | 1516 | 21:47 | 1516 | 22:03 | 1519 | 22:18 | 1518 | 22:32 | 1512
21:51 | 1596 | 21:58 | 1589 | 22:34 | 1550 | 22:53 | 1513 | 21:09 | 1516 | 23:25 | 1514 | 23:40 | 1511 | 23:52 | 1508
23:02 | 1595 | 23:25 | 1584 | 23:52 | 1553 | 0:10 | 1519 | 0:26 | 1520 | 0:42 | 1517 | 0:58 | 1513 | 1:14 | 1513
0:25 | 1595 | 0:33 | 1586 | 1:08 | 1550 | 1:36 | 1516 | 1:52 | 1518 | 2:08 | 1515 | 2:24 | 1507 | 2:36 | 1508
1:51 | 1590 | 1:58 | 1586 | 2:31 | 1552 | 2:58 | 1513 | 3:14 | 1515 | 3:30 | 1514 | 3:46 | 1513 | 4:00 | 1512
3:10 | 1590 | 3:18 | 1587 | 4:04 | 1551 | 4:24 | 1518 | 4:40 | 1513 | 4:56 | 1517 | 5:12 | 1512 | 5:28 | 1510
4:33 | 1592 | 4:53 | 1583 | 5:28 | 1552 | 5:53 | 1509 | 6:04 | 1512 | 6:19 | 1513 | 6:35 | 1512 | 6:52 | 1507
6:06 | 1588 | 6:21 | 1577 | 7:07 | 1551 | 7:18 | 1516 | 7:33 | 1516 | 7:49 | 1513 | 8:03 | 1508 | 8:15 | 1505
0:45 | 1594 | 0:52 | 1586 | 1:06 | 1551 | 2:14 | 1522 | 2:31 | 1516 | 2:48 | 1514 | 2:59 | 1514 - -
1:46 | 1583 | 2:04 | 1582 | 2:45 | 1544 | 3:19 | 1511 | 3:31 | 1516 | 3:46 | 1515 | 3:59 | 1514 - -
2:52 | 1582 | 3:07 | 1580 | 3:49 | 1545 | 4:24 | 1516 | 4:41 | 1515 | 5:00 | 1512 | 5:16 | 1506 - -
4:25 | 1582 | 4:32 | 1576 | 4:58 | 1541 | 5:33 | 1515 | 5:48 | 1515 | 6:02 | 1510 | 6:10 | 1512 - -
6:24 | 1587 | 6:36 | 1580 | 7:13 | 1544 | 7:39 | 1516 | 7:56 | 1512 | 8:13 | 1512 | 8:28 | 1506 - -
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The cooling rate was calculated for the period from the
completion of processing at the ISPU section 1, to the
moment of the beginning of vacuum degassing t,. These
parameters characterize the thermal state of liquid metal
in the steel-teeming ladle at this stage to the fullest ex-
tent.

Figure 1 shows a certain trend in the joint change of
experimental data, according to which this data is grouped
around a straight line calculated on the basis of minimiz-
ing the sum of squares of deviations of random variables
Y, from aX + b,j =1, ..., 14. The regression equation
relating the expected values of the observed quantities,
the estimates of regression parameters ¢ and b, and the
degree of interdependence of the observed values (selec-
tive correlation coefficient R) is given below

W, =0.037 - 45.78; R = 0.49. D

Figure 2 is a scatter diagram of experimental data ob-
tained at the next stage of metal processing: the stage of
vacuum degassing in the steel-teeming ladle. The thermal
state of the liquid metal at this stage can be fully characteri-
zed as follows: the temperature of liquid metal, measured
at the beginning of vacuum degassing 7 ; the melt cooling

. T -T,
rate W calculated as ratio-.—2; and temperature measured
=T

in the end of vacuum degassing 7,.
As Figure 2 shows, the experimental data reveal a pro-

nounced linear regression dependence. Regression para-
meters:

W,=0.02T, - 34.41; R =0.76. 2)

The next stage of the metal transportation and cast-
ing phase begins at the end of vacuum degassing, i.e. at

1.2

1.0

0.8 |

0.6

0.4

Cooling rate, W, , °Clh

0.2

*
0 I I I I

1580 1585 1590 1595 1600 1605

Metal temperature after processing
at the ISPU, T,, °C

Fig. 1. Scatter diagram of the metal cooling rate and temperature values
after processing at the ISPU

Puc. 1. /IlnarpamMmma paccestHusI 3HaU€HHH CKOPOCTH OXJITAXKACHUS
MeTaJlla U ero Temreparypsl nocie oopadorku na AKOC

the moment of temperature measurement 7,. It ends at
the moment of the first temperature measurement in the
tundish 7. Note that defining the stage in this way does
not seem to be strictly correct. This discrepancy is due to
the fact that the moment of temperature measurement 7,
already refers to another metallurgical unit, the tundish.
This forced discrepancy is due to the technical impossi-
bility of measuring the temperature in the steel-teeming
ladle before opening the slide gate and the beginning of
casting. As will be shown below, this is the main stage in
terms of the thermal state of the metal, determining the
thermal stability of casting. The cooling rate of the metal
in this case is calculated theoretically.

Figure 3 shows a scatter diagram of experimental
data of the metal temperature values after the completion
of vacuum degassing 7,. It also shows the metal cool-
ing rate calculated from the data of the first temperature
measurement in the tundish 7} over a corresponding pe-
riod of time.

As Figure 3 shows, in this case we can also observe

a positive linear regression relationship between the ex-
perimental values. Regression parameters:

W,=0.09T, - 138.73; R = 0.51. 3)

In order to evaluate the thermal state of liquid metal
in the tundish, we proceed as follows. We assume that
the input initial parameters are the values of the tem-
perature of liquid metal, obtained after the completion of
vacuum degassing. The final parameters are the values
of the temperature of liquid metal in the tundish at first
and subsequent measurements. Consecutive temperature
measurements are made every 14 — 20 minutes. Further,
using the corresponding scatter diagrams, we can trace
how the regression and its parameters change.
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Fig. 2. Scatter diagram of the metal cooling rate and temperature
at the vacuum degassing stage

Puc. 2. JIlnarpamMma paccestHusi CKOPOCTH OXJIaXKIESHUS MeTaa
W €ro TEMIIEpaTyphl Ha CTAJNU BaKyyMHUPOBAHHS
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Fig. 3. Scatter diagram of the metal cooling rate and temperature
at the casting stage

Puc. 3. /luarpaMma paccesiHusi CKOPOCTH OXJIQXKICHHsI MeTaJla
1 €TO TeMIIEpaTypsl Ha CTAJANH PA3IHBKH

Figures 4 — 8 show the scatter diagrams of liquid me-
tal temperatures after vacuum degassing at the first and
subsequent measurements in the tundish.

As Figure 4 shows, the experimental data represent
an area with very minor linear regression dependence.
Regression parameters:

T,=0.127,+ 1331; R=0.14. “4)

As Figure 5 shows, the experimental data represents an
area with a more pronounced linear regression dependence
compared to the previous case. Regression parameters:

T,=0.07T, + 1400.00; R = 0.28. (5)

Figure 6 is a scatter diagram of experimental data of
the liquid metal temperature values after vacuum degas-
sing and the melt temperature in the tundish at the third
measurement.

As Figure 6 shows, the experimental data represents
an area with even more pronounced linear regression de-
pendence compared to the previous two measurements.
Regression parameters:

T,=0.44T, + 837.70; R = 0.63. (6)

The next group of experimental data obtained with
the fourth temperature measurement in the tundish is
shown in the scatter diagram in Figure 7.

As Figure 7 shows, at this temperature measurement,
the experimental data is related by a clearly expressed
linear regression dependence. The equation and regres-
sion parameters are given below:

T,=0.33T, + 1004.00; R = 0.35. (7
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The illustration of the experimental data obtained by
successive temperature measurements in the tundish is
completed with a scatter diagram (Figure 8).

Figure 8 also shows a clear correlation between the
experimental data. The regression equation and its pa-
rameters are given below:

T, = 1.75T, — 1204.00; R = 0.54. (8)

[ DisCUSSION OF RESULTS

The thermal state of liquid metal at the stage of metal
transportation and casting was analyzed. At this phase,
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Fig. 4. Scatter diagram of metal temperatures after vacuum degassing
and in the tundish during the first measurement

Puc. 4. JInarpamma paccessHUs TEMIIEPaTypbl MeTasIa
10CJIE BAKYYMUPOBAHHs ¥ TEMIIEPATypbl METalIa
B IIPOMEKYTOYHOM KOBILIE IIPH IIEPBOM 3aMepe
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Fig. 5. Scatter diagram of metal temperatures after vacuum degassing
and in the tundish at the second measurement

Puc. 5. [lnarpamma paccessHusI TeMIEpaTypbl MeTallla Hoclie
BaKyyMHPOBaHHUS U TEMIIEPATYPhbl METaJIa B IPOMEKYTOYHOM KOBLIE
IIPU BTOPOM 3aMepe
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Puc. 6. [lnarpamma paccesiHusl TEMIIEpaTypbl METaILIa TTOCIIe
BaKyyMHPOBAHUS U TEMIIEPATyphl METaJUIA B TPOMEXKYTOYHOM KOBIIIE
IIPH TPETHEM 3aMepe

the stages at which metal cooling conditions differ sig-
nificantly were identified. These differences are due to
the following factors: the initial temperatures of liquid
metal at the end of processing at the ISPU; the metal
temperatures after the end of vacuum degassing; time pe-
riods between the stages; as well as the presence of a slag
layer and a layer of heat-insulating mixture on the sur-
face of the metal melt. The influence of these factors can
be characterized by an integral parameter: metal cooling
rate .

At the first stage (see Figure 1), we observe positive
regression, i.e., an increase in metal temperature after
processing at the ISPU which causes an increase in cool-
ing rate W,. This result is in complete agreement with
the physical cooling pattern of metal in the steel-teeming
ladle at this stage. Most of the energy of liquid metal
is lost due to heat transfer by radiation from the open
surface of the melt. Heat loss associated with radiation
is proportional to the fourth power of temperature. This
the reason why the dependence of the cooling rate on the
metal temperature after processing at the ISPU is so pro-
nounced. The metal cooling rate at this stage would be
even higher, if it was not for the presence on the surface
of a metal melt layer induced by feeding lime, deoxidi-
zers and other slag-forming materials. Highly basic slag
prevents accelerated cooling of the metal melt.

A similar situation was identified at the next stage of
out-of-furnace processing: vacuum degassing (see Figu-
re 2). The cooling rate of liquid metal increases with in-
creasing metal temperature at the beginning of vacuum
degassing. Compared with the previous stage, the slope
of the regression line is steeper and the cooling rate of the
metal is higher. The higher cooling rate is due to signifi-
cant non-stationarity of the vacuum degassing process.
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Fig. 7. Scatter diagram of metal temperatures after vacuum degassing
and in the tundish at the forth measurement

Puc. 7. luarpaMma paccesiHusl TeMIIepaTypbl MeTajlla Mocie
BaKyyMHPOBAHUS U TEMIIEPaTypbl METa/lIa B IPOMEKYTOYHOM KOBIIIE
P YETBEPTOM 3amepe
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Puc. 8. JInarpamma paccessHus TEMIIEpaTypbl MeTajlIa Iocie
BaKyyMUPOBAHUS U TEMIIEPATYPbl METaJIa B IPOMENKYTOUHOM KOBIIIE
IIPH ISITOM 3aMepe

If at the previous stage liquid metal in the steel-teeming
ladle was in a state of natural cooling, during vacuum
degassing, additional heat losses occur other than heat
losses due to radiation. They are associated with increas-
ing convective heat transfer and loss of energy of liquid
metal when it is blown by inert gas.

After the completion of vacuum degassing it is tech-
nically impossible to measure the temperature of liquid
metal in the steel-teeming ladle immediately before the
start of casting. This is due to the fact that, firstly, the
ladle with metal is covered with a lid, and, secondly, it
is raised to a height on a casting turntable. Nevertheless,
this stage is very informative when it comes to analyzing
the thermal state of the liquid metal. Intuitively, the cool-
ing rate of the metal at this stage should be significantly
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lower than at the previous stages. This is due to the fact
that after vacuum degassing, the heat insulating mixture
is fed to the melt surface in the ladle and the ladle is co-
vered with a lid. This causes a radical reduction of heat
loss from the exposed surface of the melt by radiation
and convection. In order to estimate the metal cooling
rate, the results obtained in [15, 23] were used, and the
calculation was performed using equation

0.64 0.53

w=(n7})"" —(lnM)** —(In7y)™" + (In N)"*, (9)
where 7 is the temperature of metal at the outlet from
the steelmaking unit; M is the weight of metal in the
steel-teeming ladle; 7, is the temperature of the refrac-
tory lining of the steel-teeming ladle during heating; N is

the number of metal pours into the steel-teeming ladle.

The first summand in relation (9) was obtained for the
conditions when the surface of liquid metal in the steel-
teeming ladle is completely open, i.e., there is no heat-
insulating or slag-forming mixture on the surface of the
melt. In the presence of heat-insulating mixture and a lid,
the logarithm of the first summand decreases and equals
0.35. The remaining summands are constants and can be
used in calculations without any restrictions. The results
obtained demonstratively refute the conclusions given in
[5] that the thickness of the liquid slag layer in the steel-
teeming ladle, the temperature of the liquid steel release
from the steelmaking unit into the ladle, and the life of
the ladle, i.e. the wear of the steel-teeming ladle lining,
have no significant effect on the metal cooling in the
ladle. For calculation purposes, we can make the follow-
ing assumptions: the temperature at the steelmaking unit
outlet is 1640 °C; the weight of metal in the ladle is 138
tons; the temperature of the refractory lining of the steel-
teeming ladle during heating is 870 °C; and the number
of pours is 80. As a result of calculation we obtain:

W = (In1640)°35 — (In138)*64 — (In870)*10 +
+ (In80)*53 =2.02 —2.78 — 1.21 + 2.19 = 0.22 °C/min.

Thus, the metal cooling rate in the steel-teeming ladle
at this stage is the lowest.

Figure 3 shows that the metal cooling rate calculated
from the first temperature measurement in the tundish
also increases as the metal temperature increases after
vacuum degassing is completed. The absolute values of
the cooling rate at this stage are the highest. This result,
at first glance, does not seem obvious, if we take into
account the data obtained by analyzing the dependence
of the metal temperature in the tundish during sequen-
tial measurements (see Figures 4 — 8). The initial tem-
peratures were taken to be the values measured after the
completion of vacuum degassing.
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The analysis of the data shown in Figures 4 — 8 shows
that the degree of interdependence of parameters during
successive temperature measurements in the tundish in-
creases systematically. This regularity is due to the fact
that the heat loss in the tundish is extremely low. The dif-
ference between the metal temperatures during the first
and second measurements is comparable with the accu-
racy of measurements by a submersible thermocouple
(see Figures 4, 5). A noticeable difference in the values
of temperatures appears only at the third, fourth and fifth
measurements. This is reflected in a significant increase
in the selective correlation coefficient (see Figures 6 — 8).
As these figures show, the metal cooling rate in the
tundish is the lowest. It is of interest to estimate the me-
tal cooling rate in the tundish. In order to achieve this, we
calculate the average values of the cooling rate from ratio

(ﬁ] . The average rate equals 0.09 °C/min. Such
=T,

a low cooling rate of the metal in the tundish is due to
the fact that the surface of the metal melt in the tundish
is protected by layers of the slag-forming heat-insulating
mixture and the lined lid. Therefore, heat losses due to
radiation and convection are minimized. However, the
main difference from the thermal state of liquid metal in
the steel-teeming ladle is that the working lining of the
tundish is made of porous magnesia shotcrete. This has
much lower thermal conductivity relative to the thermal
conductivity of the working periclase-carbon layer of the
steel-teeming ladle. It is this circumstance that causes
the lowest metal cooling rate in the tundish.

The average cooling rates of liquid metal at the stu-
died stages of metal transportation and casting are shown
below:

Stage Metal cooling
& rate, °C/min

Completion of processing at the ISPU —

beginning of vacuum degassing 0.60
Vacuum degassing 0.82
Completion of vacuum degassing —

beginning of casting (theoretical

calculation) 0.22
Completion of vacuum degassing — first

measurement in the tundish 1.43
Metal in the tundish 0.09

At this stage, the nature of the cooling rate jump at
the stage of vacuum degassing completion (the first mea-
surement in the tundish — Figure 3) becomes clear. The
liquid metal is exposed to intensive cooling here as it
passes through the steel outlet channel of the steel-teem-
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ing ladle, the channel of the slide gate and the metal pro-
tection tube during casting. It is this circumstance that
causes a jump in the cooling rate.

It should be noted that the results obtained are typi-
cal for enterprises where the process cycle includes a
steel vacuum degassing stage. The input data may vary.
The regularities thus established are also retained in the
case when the vacuum degassing stage is absent, and are
generally applicable to various methods of continuous
casting.Obviously, the specific values of liquid metal
temperatures and periods of stages may change. How-
ever, the metal cooling rates at the selected stages will
be approximately the same, if the described conditions
are met. This paper does not indicate specific brands
of cast steels or names of enterprises. The above data
was obtained and summarized using the “Isotherm1600”
material as a heat-insulating and slag-forming mix-
ture [23, 24] at different enterprises.
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