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Abstract: Generated droplets in a basic oxygen furnace (BOF) process create an interfacial area
between metal and slag/emulsion that helps in heat transfer during different stages of the blowing
period. Previous studies have developed extensive models to understand bloating behavior and
overall refining kinetics contributed by the droplets in a BOF process. Except for the recent study on
single droplet heat transfer by the current authors, no studies in the open literature have addressed
the heat transfer contributed by droplets in a BOF. The present work is an extension of single droplet
heat transfer, wherein a global droplet heat transfer model is developed by integrating kinetic and
dynamic aspects of generated droplets during the blowing period. The model was developed based
on previous chemical kinetic studies and input values from plant trials. The results from the global
droplet heat transfer model are integrated into the overall zone heat balance calculations to predict
the temperature evolution profile of hot spot, slag, and hot metal zones during the blowing period.
The results highlight that the hot spot temperature ranges from 1900 ◦C to 2090 ◦C, with a peak value
of around 2300 ◦C observed during the middle of the blow. Furthermore, computing the overall
droplet heat transfer efficiency, it was observed that the droplets transfer 90% of the heat to the slag
up to the first 10 min of the blow, and then the heat transfer efficiency drops towards the end of
the blow.

Keywords: droplet heat transfer; heat transfer efficiency; zone temperature; droplet bloating; basic
oxygen steelmaking

1. Introduction

In a basic oxygen furnace (BOF), a high-speed oxygen jet creates a cavity on the hot
metal bath and generates a large number of metal droplets. The ejected droplets interact
with the slag or emulsion zone and fall back into the bath. During the residence time refining
action mainly, a decarburization reaction takes place in the slag-gas-metal emulsion zone.
A large number of generated droplets facilitates a high surface area for reaction. The study
conducted by Rout et al. [1], estimated that more than 75% of de-C takes place during
the main blow in the gas–metal–slag emulsion phase. In addition to refining reactions, a
larger surface area provides possibilities for heat transfer between metal droplets and the
surrounding medium. Therefore, the overall droplet heat transfer can either heat up or
cool down the slag/emulsion zone surrounding the droplets. However, previous studies
have not discussed the role of droplets in heat transfer for a BOF steelmaking process. The
high temperature inside the furnace hinders the direct analysis of the thermal behavior of
droplets during the blowing period. Therefore, an overall droplet heat transfer model is
required to provide an understanding of the following areas:

(a) How does the global droplet heat transfer affect the temperature of the participating
medium (slag/emulsion zone)?

(b) What mode of heat transfer is dominant as the droplet interacts with the slag/emulsion zone?
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(c) The influence of droplet heat transfer on the chemical refining of the process.
(d) The effect of parameters such as droplet size, residence time, porosity(foaming) of

surrounding medium on droplet heat transfer.

To understand the BOF process, numerous experimental and theoretical studies
have investigated the behavior of droplets in slag–metal–gas emulsions. Previous stud-
ies were mainly concentrated on droplet generation [2–6], droplet swelling [7–14], tra-
jectory/velocity and residence time [3,15–18], temperature of zones surrounding the
droplet [1,19,20], refining kinetics [16,17,21–25], CO nucleation, and escape [26]. With
the hot model experimental data, Subagyo et al. quantified droplet generation using a
dimensionless number, known as the blowing number (NB). A recent study by Rout et al.
has considered the effect of ambient furnace temperature and redefined the dimensionless
number to a modified blowing number (NB,T). Based on the size distribution analysis,
studies [2,15,16,18,21–23,27,28] have reported that droplet diameters vary from 0.016 mm to
6 mm. The droplet swelling studies [7–12] show that the diameter of the droplet increases
due to internal nucleation. Consequently, the bloating behavior of the droplet increases
the residence time. The average residence time observed from different plant trials [15–17],
and experimental studies [3,18] varies from 20 to 80 s. The combined effect of blowing
number, size distribution, and droplet swelling help to quantify the total interfacial area
between the metal droplet and surrounding medium. The results from the study conducted
by Dogan et al. [14] predicted that the interfacial area created due to droplet generation
was 100 times greater than the jet impact area. Therefore, the generation of a large number
of small droplets provides a significant interfacial area for heat transfer and mass transfer
to take place.

Concerning the refining kinetics of the process, different studies [16,17,21–25] have
concluded that the total C removal at the metal droplets and slag interface is much higher
than at the bulk hot metal and slag interface. The infiltration of droplets and their residence
time results in the accumulation of metal in the slag/emulsion phase. These metal droplets
undergo decarburization through FeO reduction at the interface, which enhances the
refining reactions to a great extent [7,17,21,29]. A recent modelling study by Kadrolkar
et al. [26] quantifies the CO formed (in terms of internal, external CO nucleation, and CO
escape) as a result of the de-C reaction. From the heat transfer perspective, the droplet is
heated due to (a) high temperature of the hot spot zone where droplets are generated and
(b) heat from carbon oxidation exothermic reaction. Therefore, the heat generated from CO
formation will influence the droplet heat transfer.

One of the implications of the present study is aimed to calculate the instantaneous
droplet temperature and droplet heat transfer efficiency (that indicates how much heat
droplet transfers to the slag) during different stages of the blowing period. The previous
study conducted by Rout [1] attempted to calculate the surface temperature of the droplet in
the emulsion zone. The study reported that the droplet temperature is 90 K to 200 K greater
than the hot metal bath temperature. However, it was acknowledged that the model was
developed with several assumptions without considering rigorous heat balance. In another
study conducted for an iron bath reactor by Panjkovic [20], the heat transfer between metal
droplets and slag droplets with the gaseous environment was calculated (droplet interaction
with other zones was not considered). The model did not calculate the droplet generation
rate and is assumed to be a constant value. With an interest to understand the thermal
behavior of droplets in a BOF process, Madhavan et al. [30] developed a mathematical
model to study the heat interaction of a single droplet (undergoing bloating) with slag. The
results were validated against the experimental data of Gu et al. [31]. The current study
will be an extension of a single droplet heat transfer study wherein a global droplet heat
transfer model is developed to (a) quantify the heat transfer rate by droplets throughout
the blowing period, (b) predict the temperature profiles of the hot spot, hot metal, and
slag zone temperature with respect to time, (c) understand the effect of different reactions
contributing to heat and compare it with the droplet heat transfer, and (d) explore the
possibilities of optimizing the process in terms of energy consumption.
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2. Methodology

The droplets interact with the different surrounding mediums at different stages of
the blowing period. In the initial phase of the blow, generated droplets from the hot spot
travel through the gaseous atmosphere and fall back into the hot metal bath. During
the mid-blow, the droplet travels through the emulsion zone, undergoing refining action.
Once the blowing proceeds towards the final stage, the interaction of droplets will be
limited to the slag phase. Therefore, it is required to understand how the large number of
droplets generated at different stages of the blowing period undergoes heat transfer with the
surrounding medium. However, the complexity linked with the global heat transfer model
is attributed to transient parameters, such as droplet velocity, size, density, generation rate,
CO formation, CO escape, size distribution, internal heat generation, emissivity, residence
time, mass transfer, thermal properties of the medium surrounding the droplet, hot spot
temperature and heat transfer coefficients, due to convection and radiation. To tackle this
problem, a systematic approach is needed. The complexity of the problem is considered by
dividing it into different modules. The methodology used for this research is represented
using a flow chart as shown in Figure 1 and the algorithm for the model is given in Figure 2.

2.1. Assumptions

The global droplet heat transfer depends on slag temperature and the slag temperature
depends on temperatures of other zones (hotspot and hot metal). Therefore, the model
is developed to dynamically carry out heat balance at different zones throughout the
blowing period. To execute droplet heat balance along with the zone heat balance, different
parameters (velocity, density, radius, CO formation, CO escape, internal heat generation,
emissivity, mass transfer, thermal properties of the medium surrounding the droplet,
and heat transfer coefficients, due to convection and radiation) need to be considered.
Incorporating all the parameters for developing the mathematical model is complicated.
Therefore, the following simplification and assumptions considered for developing the
complete model are explained below:
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1. The geometry of the droplets is assumed to be spherical.
2. As the droplets are generated from the hot spot, the droplet initial temperature is the

same as the hotspot temperature and is assumed to be uniform.
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3. The internal CO formation results in bloating. During the residence time, CO gas
escape from the droplet and has negligible contact time with the surface of the metal
droplet. Hence, the presence of gaseous layer surrounding the droplet is neglected.

4. No incubation period for droplets is considered. In the present model, droplets
undergo bloating instantaneously as it goes through the slag-emulsion medium. It
must be acknowledged that there is experimental evidence for an incubation period
for droplets by Chen et al. [11] but in this study, we are ignoring this aspect to simplify
the problem. Future work may incorporate this aspect.

5. A previous study by Dogan et al. has predicted the flux dissolution (CaO and MgO
dissolved) profile for Ciccutti [23] plant data, taking into account the charge addition
rate and geometry of particles. This predicted profile is used in the present model for
slag temperature calculation.

6. Scrap melting at the initial phase of the blow affects hot metal temperature. To
simplify the complexity, the linear scrap melting profile (where scrap melts and
dissolves linearly before 7 min of oxygen blow) predicted by Dogan et al. [14] is
assumed for the present calculation.

7. In Cicuttis’s [23] plant data, sampling data are available from 2 min. Therefore, the
present model uses values from 2 min onwards.

8. To compute the heat of post-combustion, the PCR profile (post-combustion ratio,
defined as the ratio of CO2/(CO + CO2)) is required, which is not recorded in Cicut-
tis’s [23] plant trial. In the present study, the post combustion profile recorded at Tata
steel, the Netherlands is used (given in Appendix A, Figure A1). It is assumed that
the post combustion heat will heat up the slag. However, in the actual scenario, there
is a possibility that a lot of post combustion heat can escape through the gas stream.

9. From a heat balance study [32] by the current authors, it was observed that the overall
heat loss percentage varies from 2% to 6%. Since heat loss affects the temperature, it is
assumed that the an average heat loss value is 3% throughout the blowing period and
it happens from the slag zone.

10. To carry out heat balance at different zones (hotspot, slag, and hot metal), mass
evolution and refining profiles are required. For Cicuttis’s [23] plant data, Rout
et al. [1], Kadrolkar et al. [33] and Dogan et al. [14] have predicted the hot metal mass,
slag mass, and refining profiles. The present model uses these refining profiles for
predicting the temperature of respective zones.

11. To reduce the complexity, the predicted temperature of the slag zone, hot spot zone,
and hot metal zone at different stages of blowing are assumed to be uniform.

2.2. Jet Velocity Module

In a BOF, the supersonic jet of oxygen is blown from the lance onto the hot metal
bath. Previous studies have developed several empirical correlations to calculate the axial
velocity of the supersonic jet impinging a hot metal bath at a distance “h” from the nozzle
exit. In the present study, the velocity of the jet is computed using the relation Equation (1)
suggested by Sumi et al. [34] based on Ito and Muchi’s [35] jet model.

Velocity of Jet

uj = u0·
(

1− e(−
0.5
εu )
)

(1)

εu = α

√
ρa
ρe

h
de
− β (2)

where uj is iet axial velocity, u0 is nozzle exit velocity, h is lance height, de is nozzle exit
diameter, ρe is nozzle exit gas density, ρg,h is gas jet at the impingement point, ρa is density
of the ambient gas; α, and β are constants with values 0.0841 and 0.6035 obtained from the
experiment. The gas velocity at the metal surface is related to the jet velocity expressed
using the equation below.

Velocity of Gas
ug = η·uj (3)
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where η is the value obtained from experiments for the onset of splashing, which corre-
sponds to a weber number value greater than 10. For a vertical jet impinging on a liquid
hot iron bath (with a penetration depth of 2.52 cm), the value of η = 0.4771.

2.3. Jet Temperature Module

The temperature is calculated using the equation for enthalpy H that represents heat
at the point of impact of the oxygen jet. The H value for a particular h

de
can be calculated by

solving the set of equations (Equations (4)–(8)). In a top-blown BOF, CO gas from the de-C
can react with the oxygen jet forming CO2. This reaction is known as a post-combustion
reaction, which is exothermic in nature and can heat the oxygen jet. However, it needs to be
acknowledged that for the jet temperature calculation, the enthalpy of the jet being heated
by the post-combustion rection is not considered for the present study. This is because the
post-combustion reaction is heterogeneous and unsteady in nature with the flow conditions.
Therefore, a module that couples aspects of fluid dynamics with the kinetics of chemical
reactions and thermodynamics is required to calculate the influence of post-combustion on
jet temperature. In the present study, a simplistic approach is used to calculate the enthalpy
at the impact point.

Enthalpy at Impact point

H = (Ho − Ha)Hm + Ha (4)

Hm =

(
1− e(−

0.5
εh

)
)

(5)

εh =
α

Pr

√
ρa

ρe

h
de
− β (6)

Ho is the ambient enthalpy.

Ho = Cp_o·To +
u2

j

2
(7)

He is the enthalpy of gas at the nozzle exit.

Ha = Cp_a·Ta +
u2

j

2
(8)

The temperature of the gas jet is Tg at a distance h from the nozzle exit.

Tg =
H − u2

j

Cp
(9)

Once the temperature is calculated, the density of the gas jet at the impact point is
computed using the following ideal gas equation:

ρg,h =
Pa MO2

RTg
(10)

2.4. Hot Spot Temperature Module

The point where the supersonic jet impinges the hot metal bath generates high heat,
resulting in the maximum temperature inside the furnace. A typical hot spot temperature
reported from different studies ranges from 1850 K to 2500 K [36–39]. As the droplets are
generated from the hot spot zone, the initial temperature of the droplet will be the same
as the hot spot temperature. A recent study by Rout et al. [1] has computed the refining
profiles at the hot spot zone using Ciccutti’s plant data [23]. In the present study, the
temperature of the hot spot is calculated using Equation (16), considering the predicted
refining profile by Rout et al. [1]. At the hot spot, the heat generation Qreaction is contributed
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by decarburization, silicon oxidation, and iron oxidation reactions. Simultaneously, the
heat is transferred to the bath (Qbath) and flue gas (Qgas) side from the hot spot zone, as
shown in Figure 3. Therefore, the heat balance can be written as the following equation:

Qreaction = Qbath + Qgas (11)

Qreaction = mCO·∆HCO + mSiO2 ·∆HSiO2 + mFeO·∆HFeO (12)

Qbath = hb·Ahs·(Ths − Tb) (13)

Qgas = hg·Ahs·
(
Ths − Tg

)
(14)

Ahs =
π·dc

12·h2
c

[(
d2

c
4

+ 4·h2
c

)1.5

− d3
c

8

]
(15)

hc

h
= 4.469·

[
0.7854× 105·dt·Pa·

(
1.27

Po

Pa
− 1
)

cos α· 1
gρlh3

]0.66
(16)

dc

h
= 2.813·

[
0.7854× 105·dt·Pa·

(
1.27

Po

Pa
− 1
)
·(1 + sin α)· 1

gρlh3

]0.282
(17)

Ths =
Qreaction + hb·Ahs·Tb + hg·Ahs·Tg

hb·Ahs + hg·Ahs
(18)

where Ths is the temperature at the hot spot, Ahs is the surface area of the hot spot, hb and
hg are the heat transfer coefficients from hot spot to bath and gas, respectively, dc and hc
are the height and depth of the cavity. In Asai et al.’s [40] study, the values used for hb
and hg were estimated as 50,000 W/m2.s. ◦C and 2500 W/m2.s. ◦C. Similarly, the surface
area of the hot spot cavity is expressed by the equation Equation (15) based on Urquhart’s
study [41]. In the Equation (16), Equation (17) the depth and diameter of the hot spot cavity
are calculated using the dimensionless relation proposed by Koria and Lange [42].
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2.5. Droplet Generation Module

The droplet generation rate is calculated as a function of a dimensionless number
called a blowing number. This number represents the surface instability due to thr gas jet
interaction with the hot metal bath by considering gravity, inertia, and surface tension forces.
A recent study by Rout et al. [6] has modified the blowing number equation formulated
by Subagyo et al. [4] by considering the effect of temperature on the forces. The modified
blowing number is given by the Equation (19). Similarly, the volumetric flow rate (in cubic
meters per minute) is also corrected against the gas jet temperature and pressure and is
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expressed using the Equation (20). Linking Equations (19) and (20) to the empirical relation
Equation (21), the amount of droplets generated in kilogram per minute is computed.

NB,T =
η2ρg,hu2

j

2
√

σlρl g
(19)

FG,T =
PNTP

Ph
·

Tg

TNTP
FG (20)

RB,T

FG,T
=

N3.2
B,T(

2.6× 106 + 2.0× 10−4·(NB,T)
12
)0.2 (21)

2.6. Droplet Size Distribution Module

From the heat transfer perspective, the droplet generation rate, as well as the size
distribution of the droplets, plays a vital role. The size distribution of the droplet has
a direct relation to the interfacial area that facilitates heat transfer. In the present study,
the size distribution was calculated using Rosin–Rammler–Sperling (RRS) distribution
function [4,27].

Rs = 100· exp
(
−d
d′

)n
(22)

where Rs is a measure of the screen oversized with diameter d, n is the size distribution
homogeneity; d′ is the measure of fitness. Values of n and d′ are 1.75 and 1.26, respec-
tively [4,14]. From Cicutti’s [23] plant study, the total range of droplet sizes was found to
vary from 0.23 mm to 3.35 mm.

Considering the different sizes of droplets generated at the same time results in
calculation complexity. Therefore, in the present study, it is assumed that all droplets
generated are of an initial diameter of 2.5 mm. We believe it is a justifiable assumption as a
starting step to understand the global droplet heat transfer but future studies may explore
this aspect.

2.7. Droplet Velocity Module
Initial Velocity

The kinetic energy of the oxygen jet imparts energy to the hot metal bath. This energy
results in droplet generation and ejects droplets from the surface of the hot metal bath.
According to Subagyo et al. [4], the initial velocity of the droplet can be estimated through
the energy conservation relationship given by the equation. In addition, the kinetic energy
of the droplet Ekd and the blowing gas Ekg are calculated by using equations Equation (24)
and Equation (25), respectively.

Ekd
Ekg

= 1.43× 10−3·NB,T
0.7 (23)

Ekd =
1
2
·RB,Tud0

2 (24)

Ekg =
1
2
·ρg,h QO2 u2

g,h = NB,T QO2

√
σlρmg (25)

By combining and rearranging equations, the initial velocity of the droplet is calculated
by the following equation:

Udo =

√
2.86× 10−3·NB,T0.7·Ekg

RB,T
(26)
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2.8. Instantaneous Velocity

The ejected droplet travels through different surrounding mediums (as discussed in
Section 2) at different stages of the blowing period. Therefore, the velocity of the droplet
will be influenced by the forces exerted by the surrounding medium. Considering a ballistic
trajectory, the previous study conducted by Subagyo et al. [43] and Brooks et al. [13]
uses force balance and expressed horizontal and vertical components of velocity using
Equations (27) and (28). The differential equation is discretized using the simple explicit
forward differencing method (Equations (35) and (36)). The net resultant of the horizontal
and vertical components quantifies the instantaneous velocity of the droplet given by
Equation (37).

dUr
dt = − ρslag ·CD,r

t

ρslag+2ρt
D

At
p

Vt
D

U2
r

At
p =

πDt
d

4

(27)

dUZ
dt

=
2
(

ρslag − ρt
D

)
·g

ρslag + 2ρt
D
−

ρslag· CD,Z
t

ρslag + 2ρt
D

At
s

Vt
D
·U2

z (28)

Simplification

Ko =
2 (ρs − ρ d)g

ρs + 2 ρ d
(29)

Kz = − 3 ρsCD,z

2(ρs + 2 ρ d)Dd
when (Uz > 0) (30)

Kz =
3 ρsCD,z

2(ρs + 2 ρ d)Dd
when (Uz < 0) (31)

Kr = − 3 ρsCD,r

2(ρs + 2 ρ d)Dd
(32)

dUr

dt
= K0 + Kzu2

z (33)

dUr

dt
= Kru2

r (34)

Discretization (simple explicit forward method)

UZ
t −UZ

t−1

∆t
= K0 + Kt−1

z ut−1
z

2
(35)

Ur
t −Ur

t−1

∆t
= Kt−1

r ut−1
z

2
(36)

Ut
D =

√
Ut

r
2 + Ut

Z
2 (37)

2.9. Bloating and Diameter Change Module

One of the highlighted aspects of the droplet generated in a BOF process is the bloating
phenomenon. The CO formation within the droplet results in the droplet bloating. As
a consequence, the area, volume, and density of the droplet change. These parameters
are related to the decarburization rate rc. The decarburization rate is expressed using the
first-order reaction rate principle given by Equation (38) [13]. The critical decarburization
rate can be evaluated by the empirical relation Equation (39) suggested by Brooks et al. [13],
based on the experimental study of Molloseau and Fruehan [24].

rc = Ke f f
At

D
Vt

D
· (%C−%Ce) (38)
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r∗c =

{
2.86× 106 × (wt%FeO), %FeO < 20

2.86× 106 × 20, %FeO ≥ 20
(39)

where %C is the weight percentage carbon content in the droplet, %Ce is the equilibrium
weight percentage of carbon content, Ke f f is the effective rate constant (m/s); At

D and Vt
D

are the surface area (m2) and volume (m3) of the droplet. Subsequently, the influence of
decarburization rate on the apparent density ρd of the droplet is calculated through the
following Equation (40):

ρd =

{
ρdo

r∗c
rc

, i f (rc > r∗c )
ρdo, i f (rc ≤ r∗c )

(40)

where ρdo is the initial droplet density (kg/m3). Assuming the generated droplets are
spherical in shape, the radius of the droplet at each instant of time is calculated by the
following equation:

rt
D = 3

√(
3

4π
·
mt

D
ρd

)
(41)

2.10. Droplet Trajectory and Residence Time Module

To trace the ballistic motion of the droplet, instantaneous trajectories Lr (horizon-
tal direction) and Lz (vertical direction) are calculated by integrating Ur and Uz given
by Equation (42) and Equation (43), respectively. Furthermore, the residence time repre-
sents the instant the droplet falls back into the hot metal bath, i.e., the Lz becomes zero.
Therefore, the residence time is the “t” value corresponding to the condition given by the
Equation (44).

Lz =
∫ t

0
Uz·dt (42)

Lr =
∫ t

0
Ur·dt (43)

Lz =
∫ t

0
Uz·dt = 0 (44)

2.11. Instantaneous Droplet Heat Transfer Coefficient Module

As the droplet undergoes a ballistic motion, it exchanges heat with the surrounding
medium (slag or emulsion based on the stages of the blowing period) through convection
and radiation. With the change in temperature and velocity of the droplet and temperature
of the surrounding medium, the heat transfer coefficients vary. The convective heat transfer
coefficient is calculated based on the Nusselt number relation Nu. For the spherical shape of
the droplet, the Nusselt number relation corresponding to a completely submerged sphere
moving in a fluid (either liquid or gas or both) medium needs to be selected. The previous
experimental studies [44–47] have obtained various empirical relations for the Nusselt
number for a similar case. However, the relation proposed by Ranz and Marshal [45]
(Equation (46)) is closely related to the present study to compute the convective heat
transfer coefficient hc. The calculation of reynolds number and prantl numer is discussed in
the single droplet heat transfer study [30]. To compute the radiative heat transfer coefficient
hr, the emissivity and temperature of both the surrounding medium and droplet are
required. The previous study [20] on droplet heat transfer in an iron bath reactor calculates
the radiative heat transfer coefficient by assuming droplets as a grey body and emissivity
independent of temperature and wavelength. With a similar approach, the radiative heat
transfer coefficient is expressed by Equation (47).

h = hc + hr (45)

Nu = 2 + 0.58 Re
1
2 Pr

1
3 (46)



Metals 2022, 12, 992 11 of 23

hr =
σTslag

3

1
εD

+ 1
εslag
− 1

1 +
TD

Tslag
+

(
TD

Tslag

)2

+

(
TD

Tslag

)3
 (47)

where h represents the overall heat transfer coefficient (W/m2K), σ is the Stefan Boltzmann
constant (W/m2K4); εD, εs are the emissivity of the droplet and surrounding medium,
respectively.

2.12. Single Droplet Heat Balance Module

In the single droplet heat balance module, each droplet of different classes is consid-
ered, and the heat balance is studied. As the droplet size (diameter) varies from 0.23 mm
to 3.35 mm [23], the preliminary step is to identify the category of heat transfer analysis
that this problem belongs. The two main categories are (a) lumped heat capacitance model
subjected to convection and radiation; (b) transient heat transfer model with boundaries
interacting via convection and radiation. In the lumped system, the temperature of the
droplet is a function of time. Whereas, in the latter one, the temperature of the droplet is a
function of time and radius. The criteria to check the category is based on the value of the
biot number given by the Equation (48). For the value of the biot number ≤0.1, the heat
transfer problem belongs to the category of the lumped system. On the other hand, the
problem is solved via a transient heat transfer approach.

Bi =
h·rt

D
kD

(48)

where the value of h depends on the droplet motion, thermal properties of the participat-
ing medium (slag/emulsion), and porosity or foam factor. Therefore, the current study
calculates the mentioned properties based on the chemistry of the slag/emulsion observed
from Ciccutti’s [23] plant data. The analysis shows that for a Biot number equal to 0.1, the
diameter of the droplet should be 8.5 mm, which is greater than the droplet sizes considered
for the present study. Hence, the lumped capacitance approach is used in the model to
predict the droplet temperature from a single droplet heat balance module.

.
Q =

.
QC +

.
QR +

.
QGen (49)

.
Q = mt

DCp,D
dTD
dtr

(50)

.
QC = hc At

s

(
Tslag − TD

)
(51)

.
QR = hr At

s

(
Tslag − TD

)
(52)

.
QGen = QCO f ormation = mCO f ormation ·∆HCO (53)

Governing Equation

mt
D·Cp,D

t dTD
dt

= −hc At
s

(
TD − Tslag

)
+ hr At

s

(
Tslag − TD

)
+

.
QGen (54)

dTD
dt

=
(hc + hr)· At

s
mt

D·Cp,Dt

(
Tslag − TD

)
+

.
QGen

mt
D·Cp,Dt (55)

Discretized Governing Equation

TD
t+1 − TD

t

∆t
=

(
hci

t + hri
t)· At

s

mt
D·Cp,Dt

(
Tslag − TD

t
)
+

.
QGen

mt
D·Cp,Dt (56)
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Initial Condition
T(0) = THotspot (57)

With the calculated temperature, the heat transfer
.

QD between the metal droplet and
the slag is obtained by Equation (58). In addition, the heat transfer efficiency of the droplet
from each class at different stages of blowing is computed via the following Equation (59).
The heat transfer efficiency will represent the capability of a droplet to transfer heat with
the participating medium (slag/emulsion) during one complete circulation period (from
ejection time until it returns to the bath) compared to the maximum heat transfer.

.
QD =

.
mDCp, D

( .
TD,tr −

.
TD,t=0

)
(58)

.
ηid =

.
TD,tr −

.
TD,t=0∣∣∣ .

TMed− −
.

TD,t=0

∣∣∣ (59)

where
.

TD,tr,
.

TD,t=0 are the final temperature and initial temperature of the droplet, and
.
TMed is the temperature of the participating medium (slag/emulsion).

2.13. Overall Droplet Heat Transfer Module

To calculate the overall heat transferred by the droplets to the slag, it is required to
consider the total count of droplets at each instant of time. With the droplet generation
rate and size distribution, the total number of droplets for each class can be calculated.
However, at each instant of the blowing time Tbt, the droplets generated from the previous
time steps also transfer heat with the surrounding. A schematic diagram to understand the
overall droplet heat transfer calculation for an ejected droplet diameter of a single class is
shown in Figure 4. The time step for the blowing period in Figure 2 is taken as 1 s and the
time step to calculate the droplet velocity is 0.001 s. It is assumed that the calculation starts
from a blowing period of 2 min (120 s).
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In the practical scenario, the different droplet sizes with the corresponding droplet
count will be ejected from the hot metal bath. Considering the droplet count for different
classes as ni, a sample formulation to calculate heat transfer at different blowing times is
given by the following series of equations (Equation (60)). For example, if the time step is
1 s, then Qt=1

120,di
represent the heat transfer by a droplet of ith class, with a diameter di that

is ejected at a blowing time of 120 s and has travelled for a time step of t equals 1 s (∆t = 1).

Q121 =
10

∑
i=1

ni Qt=1
120,di

(60)
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where i is the class of droplet, ni is the count of droplets in ith class; di is the diameter of
droplets in ith class.

Q122 =
10

∑
i=1

ni (Qt=1
121,di

+ Qt=2
120,di

) (61)

Q123 =
10

∑
i=1

ni (Qt=1
122,di

+ Qt=2
121,di

+Qt=3
120,di

) (62)

. . . . . .

Q150 =
10

∑
i=1

ni (Qt=1
149,di

+Qt=2
148,di

+Qt=3
147,di

Qt=28
122,di

+Qt=29
121,di

) (63)

For the time step of ∆t, the overall droplet heat transfer to the slag QTbt can be written
as the following equation:

QTbt =
10

∑
i=1

ni (Qt=∆t
Tbt−∆t,di

+ Qt=2∆t
Tbt−2∆t,di

+Qt=3∆t
Tbt−3∆t,di

+ Q
t=res time(i)−∆t
(Tbt−(res time(i)−∆t)),di

) (64)

The generalized expression for calculating the overall droplet heat transfer to the slag
can be is given by the following equation:

QTbt =
10

∑
i=1

ni

R

∑
ti=1

Qt=ti ·∆t
(Tbt−ti ·∆t),di

R =
res time(i) − ∆t

∆t
(65)

where res time(i) is the residence time of droplet in ith class; ti is the each time instant
during the residence time of droplet of ith class.

ηO =
QD−Slg

QD−Slg + QD−HM
(66)

where ηO is the overall droplet heat transfer, QD−Slg and QD−HM are the overall heat
transfer by droplets to slag and hot metal.

The current simulation was started after 2.2 min of the blow, as the plant data for the
composition of slag and metal (Cicutti [23]) are available after this time. Once the step size
was selected, the dynamic process variables, such as lance height, oxygen flow rate, bottom
blowing rate, were given as inputs to the model at each numerical time step by the use of
several predefined functions, derived from the operational converter data. In the current
work, a time step size of 1 s (in the blowing time domain) was chosen for the numerical
calculation, as chosen by Dogan et al. [14] and Rout et al. [6].

3. Slag Temperature Module

This module computes the evolution of the slag temperature profile considering differ-
ent components that contribute heat transfer to the slag/emulsion zone. The temperature
is obtained from the slag heat balance. The heat balance is conducted with the slag mass
profile captured from Cicutti’s [23] plant data. The different heat components in the slag
emulsion zone are as follows:

1. Heat associated with the oxidation of components in the slag emulsion (
.

QSi,Mn);

2. Heat contributed by droplets generated from the hotspot (
.

QTbt
);

3. Heat for flux dissolution (
.

QFlux diss);

4. Heat transfer between slag and bath (
.

QSlg−HM);

4. Heat of post-combustion (
.

QPC);

5. Heat loss (
.

QHeat loss).
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mslg·Cpslg
dTslg

dt
=

.
QSi,Mn +

.
QTbt

+
.

QPC −
.

QFlux diss −
.

QSlg−HM −
.

QHeat loss (67)

This is schematically shown in Figure 5. The heat associated with the oxidation of
the components and flux dissolution are computed based on the profiles predicted by
previous studies [1,14,33] for the input condition of Cicutti’s [23] plant data. In the present
model, it is assumed that heat loss occurs only from the slag zone. The heat loss value
(

.
QHeat loss) is obtained by considering 3% of the total heat generated [32] at the slag zone at

each instant. The component that transfers heat from slag to bath is quantified using the
following formula:

.
QSlg−HM = hs−hm·As−hm·(Ts − Thm) (68)

where the value of hs−hm is 80,000 W
m2K [48] and As−hm is calculated by considering the

furnace radius as 3 m. In the current model, this component links the slag zone temperature
with the hot metal zone.
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4. Hot Metal Temperature Module

The hot metal zone in a BOF process is heated up during the course of blow due to
heat transfer from the hot spot to the hot metal (

.
Qbath), the slag to the hot metal (

.
QSlg−HM)

and droplets returning to the bath (
.

QD−HM ). On the other hand, the heat is simultaneously
absorbed in the hot metal zone, due to scrap melting

.
QScrap for which the linear scarp

melting profile predicted by Dogan et al. [14] is considered. With these parameters, the hot
metal temperature is computed. This is given by the following equation:

mHM·Cp HM
dTHM

dt
=

.
Qbath +

.
QD−HM +

.
QSlg−HM −

.
QScrap (69)

where
.

Qbath is calculated using Equation (13) and
.

QD−HM from the Equation (70), which is
as follows: .

QD−HM = RB,T ·CPD ·(TD − Thm) (70)

5. Algorithm

The algorithm describing the global droplet heat transfer coupled with zone heat
transfer is shown in Figure 2.
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6. Result and Discussion

The model is developed as per the algorithm and the results are predicted to un-
derstand how heat transfer takes place across different zones in a BOF converter. The
numerical study was carried out using the plant trial data from Ciccuti et al. for a 200 ton
BOF converter. The present study uses the initial input data of Ciccutti et al. [23] and the
time-dependent thermal properties of the slag, hot metal, and droplets are calculated based
on the empirical relations proposed by Mills [49]. From a thermal analysis perspective,
calculating the heat transfer coefficients for a highly dynamic process such as BOF is chal-
lenging. This is due to the lack of Nusselt number relations available for the BOF operating
conditions. Therefore, the heat transfer coefficients values (hb, hg, hslg-HM) were used from
the previous studies, but the hb values were fine-tuned to match the model prediction of
the hotspot temperature with the industrial hot spot temperature. It would be preferable
to not use this approach for the heat transfer coefficient to the bath but we currently lack
enough data to fully calculate this parameter.

6.1. Hot Spot Temperature

In the hotspot, the heat is generated due to the reaction of the oxygen jet with the hot
metal impurities. The study conducted by Rout et al. predicted the refining profiles of Si,
Mn, and C at the hot spot and another study by Kadrolkar predicted the FeO generation
at the hot spot. Using these data, the present model predicted the hot spot temperature
profile as shown in Figure 6. The hot spot temperature increases with the blowing time and
reaches a peak value of 2300 ◦C by the middle of the blow. The hot spot temperature was
calculated for different sets of heat transfer coefficients. The bath heat transfer coefficient
value suggested in the paper by Asai et al. [40] was 50,000 W/m2 K. However, for a heat
transfer coefficient value of 50,000 W/m2 K, the hot spot temperature was found to be
underpredicted compared to the experimental data recorded by Chiba et al. [50]. Therefore,
the present study carried out a calculation with different values of heat transfer coefficient.
For a hot metal bath heat transfer coefficient value of 33,400 W/m2 K, the predicted hot spot
profile shows a similar trend to that of industrial measured values. Hence, the value of hb
assumed for the entire calculation is 33,400 W/m2 K. The predicted hotspot temperatures
were assigned as the initial droplet temperature for the generated droplets in the global
droplet heat transfer model.
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6.2. Slag and Hot Metal Temperature

The heat transferred from the droplets to the slag results in a change in slag tem-
perature. In addition to the droplet heat transfer, an exothermic reaction, such as post-
combustion, silicon oxidation, and manganese oxidation, heats the slag. Taking into account
all the heat, the slag temperature is predicted as shown in Figure 7. During the initial phase
of the blow, the predicted slag temperature is lower compared to the hot metal temperature.
The cooling down of the slag temperature is due to the flux dissolution. The temperature
of the slag then dominates from the middle of the blow. The slag temperature increase is
contributed by the increase in hotspot temperature and de-C reaction taking place in the
droplet. In addition, the post combustion heat transfer through the slag-off gas interface
will also heat the slag zone. However, a high slag temperature favours the P reversion,
which is not beneficial from a refining perspective.

In the case of hot metal, the heat components, such as the heat of the hotspot, convec-
tive heat transfer through the slag–hot metal interface, and heat of droplets returning to the
hot metal bath contribute to the rise in hot metal temperature, of which the heat transfer via
the hot spot contributes the most. Figure 7 shows that until 5 min of the blow, the predicted
hot metal temperature is greater than the slag temperature. This is due to the influence
of the larger hot spot–hot metal interface area at the initial stage of the blow, afterwhich
with the change in lance position, the hot spot–hot metal interfacial area decreases. The
current prediction shows that at the end of the blow, the slag temperature (1654 ◦C) was
observed to be 8 ◦C greater than the hot metal temperature for a constant heat loss of 3%.
The calculation were also carried out for different percentages of heat losses and it was
found that when the heat loss percentage is changed from 3% to 6%, the slag and hot metal
temperature drops by 6 ◦C.
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The numerical study conducted by Huber et al. [51] has predicted the temperature
evolution profiles of slag, steel, and PC flame by considering a similar the post-combustion
ratio to that of the present study. It is predicted from the study that in the initial phase of the
blow, the slag temperature is lower than the hot metal temperature. The slag temperature
then becomes greater than the hot metal temperature by the middle of the blow and
becomes equal to the hot metal temperature by the end of the blow. The developed model
by Huber et al. was tested at ArcelorMittal Dunkerque. However, the details of the model
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are not mentioned in the literature. The present study also predicts the same trend for the
temperature profiles during the blow.

6.3. Effect of Individual Heat Components on Slag Temperature

Unlike the hot metal zone, the evolution of slag zone temperature is due to the
cumulative effects of heat components, such as droplet heat transfer, post-combustion
heat transfer, and exothermic reaction of silicon and manganese oxidation. Therefore,
the influence of individual components on slag temperature considering the heat of flux
dissolution, convective heat transfer, and heat loss is shown in Figure 8. The three graphs
are obtained by solving the following Equations (71)–(73) using the finite difference method.
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The predicted profiles show that the droplet heat transfer component has a significant
effect. This is because droplets are generated from the hotspot and the de-C reaction adds
further heat to the slag. In the case of slag heating by post-combustion, the temperature rise
was observed to around 170 ◦C by the end of the blow. It needs to be highlighted that the
slag temperature rise of 170 ◦C is predicted for a post-combustion ratio of 0.12. Therefore,
higher post-combustion can further increase slag temperature. For the oxidation of Si and
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Mn, the slag temperature was found to be approximately 120 ◦C. Even though the silicon
oxidation is equally exothermic when compared to the post-combustion reaction, the lower
mass percentage of silicon in hot metal compared to the C mass percentage results in a
lower slag temperature rise.

6.4. Heat Transfer Rate via Droplets and Post-Combustion

In the current study, it was observed that the slag generated during the blowing period
is mainly heated up by the following two components: (a) heat transferred by droplets;
(b) heat due to post-combustion. Figure 9 quantifies the contribution of heat from the
respective components. The droplet heat transfer represents the heat transferred by the
droplets to the slag. The heat of the droplet is greater than the slag due to (a) droplets
being generated at the hot spot and (b) CO generation during the residence time heat the
droplets. The peak of droplet heat transfer is observed to be around 8 min. This is due to
the fact that de-C reaches a maximum at the same time. During the second half, the droplet
heat transfer decreases due to a decrease in the de-C rate and residence time. The dip in
the droplet heat transfer profile observed at 5 min and 7 min is due to the change in lance
height that influences the droplet generation rate.

The post-combustion heat transfer represents the heat transferred by the post-combustion
reaction (CO + 0.5 O→ CO2) to the slag. This heat component is calculated by assuming
(a) the post-combustion ratio of 0.12 (based on analyzing 35 heat sets from Tata Steel plant
data); (b) CO2 is formed at the same instant at which the de-C takes place. Therefore,
the maximum heat due to post-combustion was also observed to be around 8 min. It
needs to be highlighted that directing the post-combustion heat to the slag is still a topic
for research. However, if technologies can aid in directing higher post-combustion heat
(through increased post-combustion ratio) to the slag then the BOF process can retain much
heat within the converter.
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6.5. Droplet Diameter on Slag Temperature

In a BOF, the generated droplet diameter varies from 0.23 mm to 3.35 mm. The
diameter and count of the droplet generation influence the refining action. Likewise, the
heat transfer is also affected by the size of droplets. As a preliminary step to understand
the effect of global droplet heat transfer, the present study assumes that all the droplets
generated are of the same size. Figure 10 gives the effect of droplet diameter on slag
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temperature. With the increase in droplet size, the effect of heat transfer is reduced,
resulting in the slag temperature to decrease (as shown in Figure 10a), which in effect
decreases the hot metal temperature (as shown in Figure 10b). This is due to the fact that
the effective surface area generated by smaller droplets is greater than the larger droplets.
Therefore, in further studies, the distribution of droplets will be accounted for to precisely
understand the effect on slag temperature due to global droplet heat transfer.
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6.6. Droplet Heat Transfer Efficiency

The droplet heat transfer efficiency is a function of droplet residence time in slag. The
residence time of droplet generated varies from 20 to 80 s. An increased residence time
allows more time for droplets to interact with the slag. The increased residence time is
due to the de-C reaction that generates CO gas within the droplets. Once the blowing time
crosses 11 min, the rate of de-C decreases. Thus, the residence time of the droplets decreases.
The droplet heat transfer efficiency is defined as the heat transferred by the droplets to the
slag to the total heat transferred by droplets (to slag and hot metal). Therefore, an increased
residence time in the first half of the blow allows for more heat transfer, resulting in higher
overall droplet heat transfer efficiency, as shown in Figure 11. In other words, the effect
of the slag being heated up by the droplets will be more than the droplets heating the hot
metal. However, near the end of the blow, the droplets’ heat transfer to the slag drops due
to the decreased residence time of the droplets. Therefore, the overall droplet heat transfer
efficiency decreases towards the end of the blow.

In general, the global droplet heat transfer model coupled with the zone heat balance
was found to logically explain how the heat flow takes place during the blowing period
within the BOF converter. However, the findings from the current study raise different
questions, which are as follows:

(a) How does the assumption of all generated droplets of the same size will significantly
affect the slag temperature and hot metal temperature?

(b) Are there better ways to calculate the different heat transfer coefficient values consid-
ering the BOF operating condition?

(c) From a refining perspective, is it beneficial or not to increase the post-combustion
ratio (because higher PCR increases the slag temperature that favours P reversion)?

(d) How reliable is the assumption from the previous study [26] that FeO is formed only
in the hot spot zone? How does it affect heat transfer between different zones?



Metals 2022, 12, 992 20 of 23

(e) The industrial measurements of slag and hot metal temperature evolution profiles are
not available in the open literature. So, what are the possibilities of validating the slag
and hot metal temperature profiles from the heat transfer model?
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To successfully execute the global droplet heat transfer model, the results of the
refining profiles from the kinetic studies are required. Therefore, the present model is
developed based on the previous studies of Dogan et al. [14], Rout et al. [1], and Kadrolkar
et al. [33] that use the input data from the industrial trials conducted by Ciccutti et al. [23].
The predictions from the present model provide a logical starting step to understanding
the in-depth aspects of the heat transfer process. However, the values may have deviations
compared to the actual scenario. The authors believe that the weaknesses of the present
model can be refined by addressing the assumptions and validating the results with more
industrial measurements. This will be the basis for future studies.

7. Conclusions

The following conclusions can be drawn from the present study:

1. The predicted hot spot temperature profile shows a similar trend to that of the indus-
trial measured values and a bath heat transfer coefficient value of 33,400 W/m2 K.

2. The slag temperature was predicted to be lower than the hot metal temperature at the
initial phase of the blow and thereafter, the slag temperature becomes greater than the
hot metal temperature.

3. The modelling work predicts that the effect of droplets heating up the slag is promi-
nent compared to the exothermic heat and post-combustion heat components.

4. Droplets with smaller diameters were predicted to be more effective in heating the
slag compared to those with large diameters, as the smaller diameter droplets offer a
larger surface area.

5. The calculated droplet heat transfer efficiency shows that until 10 min of the blow,
the droplets transfer 90% of the heat of droplets to the slag, and then this declines
towards the end of the blow.
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