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The ejection of metal droplets into slag due to top-blowing is characteristic of the BOF process.
The residence time of the metal droplets in the slag plays a significant role in the kinetics of the
metal-slag reactions. In this study, the residence time of ejected metal in slag during BOF
steelmaking is investigated and various approaches, based on the blowing number theory and
mass balances are compared. Previously published blowing number theories are evaluated in
comparison with physically based upper and lower boundaries. The results illustrate that only
some of the laboratory-scale blowing number correlations apply to industrial blowing
conditions. A mathematical model is developed to predict mass fraction return rates and thus
the residence time of droplets in the slag emulsion. Combined with a previously published model
for ejected droplet size distribution, it is possible to predict dynamic changes in the interfacial
area and mass transfer conditions for metal-slag reactions.
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I. INTRODUCTION

REFINING reactions in basic oxygen steelmaking
(BOS) occur mainly at the gas-jet impingement zone, at
the emulsion-metal interface and in the slag-metal
emulsion. The significance of the refining processes
taking place in the emulsion are explained based on the
observation that the carbon and phosphorous contents
in the metal droplets of the emulsion were considerably
lower than those in the bulk.!"! Efforts to estimate the
mass ejection rate of droplets participating in the
refining were made using cold and hot models.*?
Formulas linking the gas jet momentum and the lance
distance to the ejected metal mass were then pro-
posed.* 7 Due to the complex interactions of the
oxygen jet with the foam and the expanded jet with
the liquid metal surface, accurate prediction of mass
ejection rates proved difficult. To determine the emul-
sion refining kinetics, three parameters have to be
considered: the total mass ejected into the slag, the size
distribution of ejected droplets and the droplet residence
time. Combining these quantities, emulsion properties
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can be deducted assuming that the size distribution and
shape of the metal droplets remain unaffected during
their residence time in the slag. Although studies already
presented fracturing of Fe—C droplets during refining
reactions,™” and proved bloating or swelling of
droplets!'” in nearly stagnant slag, it is possible to use
the dense droplet theory for very small droplets and
even for larger droplets when considering a one-step
emulsion decarburization reaction path. Proposed mod-
els can be applied to estimate reaction rates as such or
used a basis for more comprehensive process models
involving further phenomena.

This research aim to develop a computationally
efficient modeling approach that can be used to estimate
the metal-slag interfacial areca in BOF process models.
The model is validated using experimental data from
industrial BOF converters.

Considering today’s economic and ecological chal-
lenges, it becomes increasingly imperative for research-
ers to focus on and gain new insight into the presently
existing refining processes. To optimize the understand-
ing of steelmaking phenomena, researchers require
innovative approaches and new insight into the ongoing
development of new refining processes.

A. Model Formulation

A thought model for the mass ejection procedure and
the emulsion refining is shown in Figure 1. A certain hot
metal mass is ejected per time interval 7. Various
correlations have been proposed to predict the ejection
rate,l> 7" but the Blowing number theory by Subagyo
et al’M and the modification proposed by Rout ez a/'!
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Fig. 1—A schematic Illustration of the Ejection of Metal Droplets at
the Cavity Area.

are arguably the most popular ones in recent literature.
The ejected mass is transferred as metal droplets of
varied sizes into the slag. The surface-to-volume ratio of
the ejected mass is relevant for refining kinetics when
droplets do not reach equilibrium with the slag during
their residence time. Recently, it was shown that the
weight distribution of ejected droplets £, also termed
the mass density function of the ejected droplet popu-
lation, can be [E)redicted well using a mass-spring
oscillator model."” The mass of hot metal emulsified
at a specific time into the blow myg depends on the
blowing conditions and slag properties. The residence
time 7r of a droplet fraction between droplets of radius
R; and R, can be evaluated for steady-state conditions
of emulsion in- and outflow through the Eq. [1].

Rg R2
fi’lej ﬂJthR = Mt ]rsldR [1]
Rl Rl

f« 1s taken as the mass density function of the droplet
population held up by the slag under static conditions.
Ry and R, are the limits of the considered fraction of the
mass density function. The separation driving force is
directly proportional to the mass of a single droplet.
Droplets with a higher mass are expected to have a
shorter residence time in the slag than smaller droplets.
This phenomenon can be described using the specific
droplet return rate f,, which is the fraction of the dro-
plets being lost from the emulsion to the bulk hot metal
per time unit. For this to apply, it is assumed that the
droplets have a constant density and are homogeneously
distributed in the slag at all times. Therefore, it is
expected that if samples of sufficient size are taken at
arbitrary positions of the emulsion, the metal droplet
size distribution in the sample remains constant. The
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droplet return rate is a key element in accurately
describing the metal-slag emulsion. A validated model-
ing approach is presented in this paper.

It was observed that around a liqu'd iron droplet in the
oxidizing slag, a gas halo is formed.!"* Usually calculating
emulsion decarburization, a two-step reaction path is
assumed, shown in Figure 2(a). Initially oxygen is trans-
ferred over the slag-gas interface, oxidizing carbon
monoxide to carbon dioxide. The carbon dioxide then is
transferred to the gas-metal interface providing oxygen
for the subsequent oxidation of the carbon dissolved in
the iron droplet. This mechanism is expected to be valid
for small droplets in stagnant slag, which have a low
terminal velocity and thus behave similarly to rigid
spheres. However, if the slag is highly agitated or the
droplets are large enough to fall such that a rear wake is
formed, the iron—carbon droplets may decarburize
through a one-step reaction path (depicted in Fig-
ure 2(b)). At the stagnation point of the liquid iron
droplet on the slag-metal interface, oxygen is transferred
from the slag to the metal droplet resulting in a locally
oversaturated solution of carbon monoxide. This over-
saturated layer follows the assumed internal streamli-
nes!'¥ and flows towards the second stagnant point on the
gas-iron interface. When the oversaturated layer of liquid
within the droplet reaches the triple-fluid line (gas-sla-
g-iron) the decarburization reaction takes place.

There is still speculation regarding the exact reaction
mechanism during decarburization in the metal-slag
emulsion. The newly introduced reaction model serves
as a further possibility for agitated emulsion conditions
and lacks any experimental evidence.

B. The Correlation Assessment for the Mass Ejection
Rate

Various empirical equations are used to calculate the
mass ejection rate of hot metal into the emulsion. These
equations were usually derived from water models using
bulk volume scales of about 1:1000 to today’s industrial
converters. To validate the model, methods for estimat-
ing the upper and lower limits of ejection rates were
studied.

The lower limit of the mass ejection rate can be
estimated via a phosphorus mass balance assuming that
the dePhosphorization only takes place in the emulsion.
Reschl®mentions that the hot metal mass flux turnover
through the slag can be calculated by sampling the bulk
and emulsion at two specific points in the blow ¢, and #,.
The mass flow of droplets through the slag can be
estimated using a phosphorus balance assuming that the
bulk mass does not change significantly during the two
sampling times #; and #,. Under steady-state conditions,
the mass ejection rate can be approximated as follows:

ms (1P — [P

(P87 = P87 ) (2 = 1)

, 2]

I’i’lej ~
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Fig. 2—Emulsion decarburization via (a) indirect!"® and (b) direct reaction path.

where m, is the mass of the metal bath, while [P} and

[P]f)2 are the weight fractions of phosphorus in the metal

bath at the mentioned points 71 andz2, [P]Qlégz and

[P]fi{;’z. The time average of the phosphorus weight

fraction between 1 and 2 of the droplets being ejected
from and returning to the bulk.

The anticipated error of the numerator in Eq. [2]is low
because the bulk phosphorous is assumed to be homoge-
nously distributed due to the thorough mixing of the hot
metal bulk. The mass of the bulk can be assumed to be
constant or can be amended via mass balance. When
samples are taken within a short period, the rate of hot
metal mass change is negligible. The average of the ejected
phosphorous content can be estimated as the average of
the bulk phosphorus between ¢, and #,. The phosphorous
content of the bulk is thus accurately estimated in
comparison to the time average phosphorus concentra-
tion of the ejected mass. The greatest ambiguity with these
quantities is the phosphorous content of the droplet when
it returns to the bulk. It can be assumed that during the
sampling procedure (20 seconds!®) of the emulsion, the
dephosphorization reaction continues. This results in a
considerable fraction of droplet refining being attributed
to the sampling procedure rather than to the process itself.
The residence time according to the calculation by
Resch!® was found to be close to two seconds. Therefore,
the analyzed phosphorous content of metal droplets
retrieved from slag-metal emulsion can and should be
disregarded. As mentioned by Resch,'® the phosphorous
content of the droplets was already close to a state of
equilibrium. Instead of mass ejection prediction, only an
estimation of the lower ejection limit is possible assuming
that the BOF dephosphorization is found in the emulsion
refining.

my([Ply — [P]})
([Pl = 0)(t2 — 1)

3]

Mej lowerlimit =
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Equation [3] provides an estimation of the minimal
mass ejection rate assuming that the phosphorous
content of droplets falling back into the bulk is zero
and that the average ejected phosphorus content is
equivalent to that of the bulk at #;. This leads to an
upper estimate of the phosphorous difference in the
denominator. Since the physical quantities in the
numerator are known to a higher degree of accuracy,
the resulting quantity is a lower limit of the desired
physical variable.

The cause of hot metal mass ejection is the impinge-
ment of the gas jet on the surface of the hot metal. The
nozzles on the lance are designed to deliver a jet with
high kinetic energy, thus allowing continuous gas-metal
contact during the blow. The power of the gas jet exiting
the nozzle can be approximated using equations of
isentropic flow. The power of the directed kinetic energy
of the jet remaining at the lance height is calculated
using the free turbulent jet theory. The power P of a
fluid flow with velocity v and mass flux s is presented in
Eq. [4]

1.,
P= 2mv

To estimate the upper limit of the droplet mass
ejection rate it is assumed that, the power of the hot
metal mass flow exiting the bulk must be less than the
power of a similar gas jet under free turbulent condi-
tions at a distance from the nozzle similar to the lance
height. The power of the mass flow exiting the bulk is
calculated according to

[4]

1 R2 5
P= Emej leejvede [5]
where v, represents the initial velocity of a spherical
droplet with radius R exiting the hot metal bulk. For
small droplets, this velocity is influenced mostly by the
boundary layer momentum. In larger droplets, the
governed influence is taken as the oscillation velocity
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of a similar mass before takeoff. This oscillation velocity
of the droplet is estimated using the mass-spring substi-
tution model proposed by Mitas er al.l'” Then the exit
velocity of a spherical droplet with radius R was calcu-
lated by the momentum weighted velocity of the two
discussed velocities. A comparison between the calcu-
lated droplet exit velocmes for the experimental setup of
Koria and Lange® and correspondmg calculations
using the model by Subagyo!'® are shown in Figure 3.
For very small droplets the exiting momentum is gov-
erned by the momentum of the liquid boundary layer.
To larger droplets, a transition period is entered visible
in Figure 3 through the strong curvature of the func-
tion. To even larger droplet diameter the momentum of
the droplet when exiting the cavity gets increasingly
independent of the boundary layer momentum.

The calculated values for the drop exit velocities
shown in Figure 3 are in the same order of magnitude as
the values reported by Subagyo et all'® For very small
droplets the exit velocity approaches the momentum
boundary layer velocity of the hot metal. For droplets in
the range of 2040 mm in diameter, the gradient of
calculated values is Slmlldl‘ to the gradient of calculated
values by Subagyo et al.l

To estimate the upper llmit of liquid mass ejection,
Eq. [5] is combined with Eq. [4] resulting in Eq. [6]. The
upper limit of the ejection rates is calculated using
Eq. [6] applicable for a 200-ton BOF converter are
shown in Figure 4. It is observed that lowering the lance
height increases the maximum power of the gas jet
acting on the surface. The droplet size distribution shifts
towards larger droplets and the exit velocities of the
droplets increase resulting in a higher kinetic energy
requirement per ejected mass. This specific energy is the
dominating influence resulting in lower maximum ejec-
tion values associated with lower lance heights.
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Fig. 3—Exit velocity of metal droplets as a function of droplet size
with different supply pressures (4, 5, 6, and 7 bar) using a
dimensionless lance height of 37.5. Comparison of values calculated
by Subagyo er all'® using experimental values by Koria and
Lange® (markers) with values calculated using the oscillator model
by Mitas et al.'? (continues lines).
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The ejection rates observed are so elevated that the
lance height could not be sustained despite low residence
time as seen in Figure 4. Despite this fact the lance
height was not corrected when presenting an overview.
This enabled the evaluation of the applicability of
certain mass ejection models, no corrections of lance
height were done. The models by Block er all®! and
Subgyo et all”! lead to results which conflict with the
proposed limits which means that they are not suit-
able for predicting the ejection rate in the studied
200-ton BOF based on the studied case, it appedrs likely
that the models by Block™ and Subagyo ez al.[”! describe
the ejection behavior of metal droplets in industrial
converters only qualitatively. The model by Rout et al.

'is in essence a modlﬁcatlon of the blowing number
correlation by Subagyo er all” for high-temperature
environments, yields ejection rates that fall well between
the lower and upper limits and are thus quantitatively
plausible.

II. ESTIMATING THE RESIDENCE TIME

The residence time fg of a metal droplet population
consisting of equal-sized droplets under steady-state
conditions, can be calculated as follows:

Mt

IR =— [7]

Mej
where my is taken as the metal mass suspended in the
slag and . represents the metal mass ejection rate
into the slag. As noted in Reference 17 the expressron
given in Eq. [7] corresponds to Little’s law,"'®! which is
valid for any stable and preemptive system.
Provided a metal—slag emulsion sample Qis given dnd

evaluated, the total mass of metal in the emulsmn can be
estimated. The prediction of the slag mass is expected to
be more accurate than that of the metal fraction. When
samples were taken by interrupting the blow and tilting
the converter, droplets of higher mass segregated and
could not be retrieved. The heaviest droplets are
responsible for the largest weight fraction in the ejected
distribution. Considering the sampling procedure the
sampling retrieval time mentioned by Resch!® was
20 seconds, which is remarkably fast, but still too slow
to retrieve a representative size distribution. As further
mentioned by Resch! this led to an underestimation of
the emulsified hot metal mass mg and therefore the mass
weighted re51dence time 7g. Residence time as calculated
by Resch!® via Eq. [7] is shown in Figure 5.

If the size distribution of ejected and emulsion droplet
population is known, the residence time of a droplet
having Radius R can be calculated as follows:

s S (R)

maqs Q,M Q
RR) =—F—"FF5— 8
R = (R) .

where the total slag weight mg can be estimated
through a phosphorus mass balance. The ejected size
distribution f;; was calculated using the model
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Fig. 4—Mass ejection rates according to various blowing number theories and lower- and upper mass turnover limit according to Eqgs. [3] and
[6], applied to data from a 200-ton converter
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Fig. 5—Residence time according to Resch using Eq. [7] (line) compared with residence times using Eq. [8] for various droplet size fractions
(markers) for a 200-ton industrial converter.
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proposed by Mitas ez al.,''”) while the static size distri-
bution f, was taken from experimental data from
Resch.' For comparable results, the mass ejection rate
itej was calculated according to Resch.[!

The weight fraction of droplets in the size ranges of
Figure 5 is much lower than the analyzed values of the
physically retrieved samples. Only a few large droplets
would shift the weight fractions to lower values leading
to a much lower residence time as shown in Figure 5.
Exactly these droplets returned to the bulk hot metal
before the emulsion samples were taken. This is believed
to be the dominating factor and the reason why the
shown residence time in Figure 5. is seemingly high. The
mass ejection rates i as calculated by Resch are
probable although it is possible that the actual values
are even higher. The emulsified mass under static
conditions is certainly higher than the values taken for
the calculations. This effect, rather than the previous
two would lead to longer residence durations.

A. Modeling the Droplet Size Dependent Residence Time

The hot metal mass flow from the emulsion into the
bulk can be described assuming that all droplet sizes are
homogeneously distributed throughout the slag. Using
this assumption, it is possible to calculate an emulsion
volume-based droplet return rate f,. If a volume element
of the emulsion AV, is emptied of its Radius R droplets
each duration dt, then the droplet mass flow out of the
emulsion of Volume V. is given as shown in Eq. [9].

AVe(R) dmg(R)
Vedt  mg(R)dt ™

f; ]

This is the proposed definition of the droplet return
rate in the metal-slag emulsion. The inverse of this
physical quantity is the residence time.

1
r(R) A [10]

During the BOF process, the slag emulsion is perfused
with purging gas as well as decarburization products
which are partly generated in the emulsion itself. To
describe this emulsion foam, the converter domain was
modeled as a battery of bubble columns with a diameter
equal to the converter vessel radius. The analytical
model of Zehner!'*?” was chosen for characterizing the
bubble column. Figure 6 illustrates a bubble column of
diameter D in a converter. Here the upward flow in the
column axis center and the downward flow on the outer
edge of the bubble column are indicated. The eddy
velocity vp according to this model is shown in Eq. [11].

— py)gD
v o2 gi)g Vgo m
€

The bubble column geometry restricts the magnitude
of the largest eddy. Given the eddy velocity vg and the
eddy dimension L, the calculation of angular speed as
well as the time necessary for quarter rotations is
achieved. For each droplet size, it is assumed that the
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hot metal droplet

Fig. 6—A schematic illustration of the residence time model.

distribution along the radial component of the two-di-
mensional eddy is homogeneous. After a quarter rota-
tion of the eddy, a certain fraction of droplets has exited
the emulsion. This fraction is represented by Eq. [12]
and is used to describe the volume fraction of the
emulsion losing the droplets during the mentioned
quarter rotation.

AL(R) _ AVe(R) 12)

L Ve

Using the previous Egs.[9], [10], and [12], the
residence time can be calculated according to Eq. [13].

2nL?
& (R) - 4VFAL

Here, L — AL represents the distance from the eddy
rotation origin to the beginning of the emulsion’s
droplet void area. A droplet at this position will move
in relation to the slag, the distance AL during a quarter
rotation, therefore being the limiting instance. Droplets
initially placed further from the center will be consumed
by the hot metal bulk whereas droplets closer to the
rotation center will not reach the slag-metal interface.

The movement of the droplets can be calculated by
solving the second-order nonlinear ordinary equation of
motion considering the gravity and centrifugal force as
driving forces and drag and viscosity force acting
against them. For a droplet population ejected during

[13]
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the blow of an 200t converter (e.g. analyzed by Resch!®)
neither viscosity nor drag forces can be safely
disregarded.

It is less calculation intensive to disregard the accel-
eration phase of the droplets and calculate the sedimen-
tation velocity!*!! S.106 (6.1) as shown in Eq. [14].

~ [8Rg(pq — ps)
=\ Sotrap, -

This equation is slightly modified to include the
centrifugal acceleration as seen in Eq. [15].

by — \/8R(g + @?50)(pg — ps) [15]

30(Re)p;

By implementing Eq. [13] in a numerical minimiza-
tion routine for AL, the residence time for each droplet
diameter can be calculated.

III. MODELING THE RESIDENCE TIME
OF THE DROPLET POPULATION 7z

The previous section presented the modeling of the
residence time of a droplet of the given radius R.
Considering the residence time of a droplet population
multiple quantities could be significant. Figure 7 depicts
a hypothetical droplet distribution being ejected. It
consists of two droplet sizes. One large and one small
droplet is ejected into the slag each second. The large
droplets return on average after 2 seconds to the bulk,
while the smaller droplets have a four times higher
residence time, leading to their accumulation in the
slag-metal emulsion. The displayed arrows do not
indicate a trajectory only the exiting and returning to
the bulk.

A mass weighted residence time of the droplet
population #f can be calculated by Eq.[16]. This
residence time would prove relevant when reaction
kinetics is limited by mass supply.

7 _ iRy iR, R8+ (3R)%2
o om+my 28R}

” =22s [16]

static droplet population

Fig. 7—Hypothetical ejected population consisting of two droplet
sizes: a smaller droplet with a residence time of 8 s and a three times
larger droplets with a residence time of 2 s.
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An interfacial area weighted residence time 7§ can be
calculated analog to Eq.[16]. using the individual
surface area of the droplets. This physical quantity is
useful when the reaction speed is significantly dependent
on the exchange area.

—  Aitg; + Astg, R*8+ (3R)™2
A= 2 = =26s 17
R Ay + 4> 10R> [17]

IV. RESULTS

The calculations are performed using dense droplet
assumption, and that the characteristic drop sequestra-
tion eddy is defined by the vessel geometry and
quantities shown in Table I. The empty pipe speed v,
is calculated using the emulsion decarburization effi-
ciency #5g to calculate the carbon monoxide volume
generated per the converters cylindrical surface. The slag
viscosity is calculated using the measured chemical
composition of the slag® and Mudersbach modification
of the Urbain viscosity model.??! It was assumed that
the temperature of the slag is 100 °C higher than the
temperature of the hot metal. The influence of the
chemical composition and temperature on the slag
viscosity is considered while the influence of the solid
fraction and the slag density is neglected.

The principles depicted in Egs. [16] and [17] are
applied to the 200-ton BOF converter analyzed by
Resch!® and this leads to the results shown in Figure 8.
The 200-ton converter implemented lime co-injection
using the oxygen lance. The author!® does not mention
the use of bottom blowing technique, which is known to
increase the mass ejection rate.’] The effect of bottom
blowing on the mass ejection rate was therefore not
considered in following calculations.

The gas flow permeating the slag was linked to the
oxygen supply using the emulsion decarburization
efficiently ng as a constant quantity overall calculations.
The effect of reduced decarburization at the end of the
blow on the residence time is therefore not seen in
Figure 8. Nonetheless, there is still attenuation in
residence time attributed to the change in slag viscosity.
It can be observed in Figure 8 that the mass-weighted
residence time depends significantly on the upper
droplet distribution limit and therefore on the Constant
K;;. While varying this model constant from 1 to 1/64
the mass-weighted residence time varies disproportion-
ately. As expected, the interfacial-area-weighed resi-
dence time varies comparatively little. This is

Table I. Physical Properties Employed in the Model

Calculations
D 275 m
Pd 7000 kg/m>
e 3000 k%/m3
Pe 1 kg/m
Ps 3000 kg/m?
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Fig. 8—The residence time tg of ejected droplet population compared to calculations from Sarkar® and measurements performed by Price®*!
for different values of the upper droplet distribution limit factor K;: (a) 1, (b) 1/4, (¢) 1/16, and (d) 1/64.

attributable to the fact that the smaller droplets, which
form most of the overall surface area, remain
unchanged. The residence time for small droplets can
exceed the converter’s overall refining time and they are
therefore lost in the slag from the viewpoint of mass
balance calculations for the BOF process. Figure 9
depicts the residence time for 9.2 minutes into the blow.
It can be observed that the droplets near the lower size
limit have a residence time of over 10,000 seconds. To
visualize droplet population residence times that are
relevant when refining is proportional to the interface
area, the interfacial-area-weighted residence time of the
ejected droplet population was calculated for the con-
dition that only droplets with residence times shorter
than 1000 seconds are considered. In other words, only
droplets that can return to the hot metal bulk under
otherwise invariant conditions further in the blow were
accounted for. The quantity of droplets lost in the slag is
predominantly dependent on the end phase of the blow
where the residence times are lower. This could also
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Fig. 9—The residence time of ejected metal droplets at 9.2 minutes
into the blow. The upper droplet distribution limits are shown for
K =1/64, Ky =1/16, K,y = 1/4 and Ky = 1.
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mean that droplets that had been entrapped almost
permanently in the slag can return to the metal due to
changes in slag properties.

Figure 9 depicts the residence time as a function of
droplet diameter. The residence time is larger than
1000 seconds for submillimeter droplets. The residence
time is lower for larger droplets since the presented
model yields a higher fraction of slag void of droplets
when having passed the metal-slag boundary. The
upper end of the ejected droplet population is denom-
inated for various values of K;;. It i1s observed that
between K;; = 1/4 and K;; = 1/16 a point is reached
where the model does not yield residence times anymore.
This point marks the diameter of a droplet, which when
starting at the origin of the considered emulsion eddy,
reaches the slag metal interface during the time of a
quarter rotation of the eddy.

Figure 10. depicts the residence time of individual
droplets with diameters of 2 mm (a) and 0.5 mm (b).
The modeled residence time is compared with calcula-
tions performed by Dogan er al.,*™ as well as by a mass
balance based method given in Eq. [8]. Larger values for
K result in a smaller mass fraction for a given radius.
Since the mass density function f;;(R) is in the denom-
inator in Eq. [8], larger values for K;; result in larger
residence times. The estimated residence times of the
half millimeter diameter droplets are higher than the
2 mm diameter droplet for the present model and mass
balance model. When comparing the residence times for
equal values of K;; using Figures 10(a) and (b) it is
observed that for each value of K, the residence time
presented for the smaller droplets in Figure 10(b) is
larger. The estimated residence times via. Equation 8
proved sensitive to the upper droplet distribution limit.
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On the other hand, it can be observed that the model by
Dogan et al.” and the present model fall within the
range of realistic residence times validated through the
bass balance approach. However, it is also possible to
assess the ejected drop size distribution constant in
relation to the modeled results. To obtain valid results
for this case, it would be necessary to assume values of
K1 between 1 and 1/4 for the present model and
between Y and 1/64 for the model by Dogan er al.*”
For two-millimeter droplets, all presented formulations
predict a reduced residence time at the end of the blow.
For the half-millimeter droplets, the residence durations
change significant toward the end of the blow when
using the model by Dogan et al.* This phenomenon is
less pronounced when using the present model and the
mass balance approach presented in Eq. [8]. The resi-
dence time attenuation for two-millimeter droplets is
larger than for half-millimeter droplets when using the
mass balance approach.

Figure 11 illustrates quantities for droplets moving
relative to the slag for the blowing conditions at
9.2 minutes into the blow (Resch!® “Schmelzengruppe
1”*). For visualization, the drop distribution is divided
into seven fractions where each point show in Figure 11
represents the relative weight of the displayed drop
fraction. A rather large share of the weight is found
outside the region of rigid sphere behavior. Therefore
internal circulation in the droplet and outer droplet
shape variations during the movement of the droplet
through the slag play a role in the mass transfer of
droplet constitutions with the surrounding. Small
droplets experience low relative velocities to the slag.
Therefore the deformation force of the droplets is less
compared to large droplets. The surface tension strive
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Fig. 10—Residence time dependent on blowing time of individual droplets of diameter (¢) 2 mm and (b) 0.5 mm Eq. [8].
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Fig. 11—Shape regimes for bubbles and droplets in unhindered gravitational motion through liquids

droplets assuming K;; =1/16.

towards minimization of surface area and leads to
nearly spherical droplets at nearly stagnant slag condi-
tions. Figure 11 indicates that the areas where spheri-
cal-cap formations occur were not reached by droplets
of the calculated droplet population for upper popula-
tion factors of K;; =1/16 under present calculation
conditions.

Since the ejected droplet sizes vary over magnitudes
and according to Figure 11 several shape regimes are to
consider, various mass transfer models have to be
implemented when the relative refining importance of
droplet size fractions is unknown.

Measured refining rates can be used to validate the
model. Since dephosphorization only takes place at the
slag-metal interface this refining reaction was chosen for
model validation. The change of phosphorous in the
metal bulk can be calculated using Eq. [18]. Where the
concentration ¢ of a species in the droplets is in general a
function of the droplet radius R and the reaction time ¢,
therefore ¢(R, ). More specifically, the reaction time is
also a function of the droplet radius.

dmypy e /  dwgi(R)

e ) dR
x dR

(CO - C(R7 ZR(R))) tR(R)

[18]

Evidently, the refining rate depends on a product of
three terms. The logarithm of the in Eq. [18] presented
product for the test case (9.2 minutes into the blow,
“Schmelzengruppe 17) is shown in Figure 12.

It is evident that the refining contribution of the
smallest droplets is negligible due to their high residence
time and therefore poor mass exchange rates between
the slag and metal bulk. The logarithm of the inverse of
the residence time, i.e., log;o(1/£r), is the largest element
of the stack at small droplet diameters. Therefore it is
also the largest inhibitor of refining performance. When
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E6

(26! with superimposed values for metal

considering a distribution fraction regarding larger
droplets, the effect of their poorer dephosphorization
is compensated by shorter residence times and higher
mass fractions. From smaller to larger droplets the
orange stack element reduces its size while the green
stack element increases its size. From droplet diameters
of around 5 mm to larger diameters the overall refining
inhibition seems nearly constant. Figure 12(b)) indicates
that the displayed function exhibits a minimum. An
mathematical analysis of the presented phenomena is
displayed in Appendix. The droplet return concentra-
tion depends on the kinetic model applied. Since ejected
droplets vary greatly in size and relative velocity to the
slag—various models have been implemented.

Figure 13 illustrates the relative and cumulative
dephosphorization over the ejected drop population
for various implemented mass transfer models. The
models chosen for describing internal limited mass
transfer are Handlos and Baron,'* Calderbank and
Korchinski?”! and diffusion-controlled mass transfer.
The models from Frossling,”® Higbie® and Wakao
and Kagei® were applied to explore the external
limited case. Reading Figures 13 and 11 it can be
concluded that droplets which are sufficiently small have
virtually no contribution to the refining rate. Therefore
the implementation of pure diffusion controlled models
can be, in good approximation, disregarded. The model
by Calderbank and Korchinski®” describes mass trans-
fer in the oscillating droplet region of the droplet
regimes (see Figure 11). Due to the consideration of the
internal fluid circulation, the mass transfer rates pre-
dicted using the model by Calderbank and Korchin-
ski®”’ are considerably faster than those in a
diffusion-controlled case. The differences in the refining
rates Bredicted using the models of Wakao and
Kagei,”” Handlos and Baron!"" and Higbie®® are
minor (see Figure 13(d)), indicating that mass transfer
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in all models is sufficiently similar compared to remain-
ing influencing factors in Eq. [18], although the influence
of the external mass transfer on the estimated overall
mass transfer is for all calculated states < 5 pct.

A certain fraction of the total decarburization of bulk
hot metal occurs in the emulsion. This fraction is called
the emulsion decarburization efficiency ng. Using foam-
ing index models the foamy emulsion height can be
calculated under the assumption that gas is generated at
random positions. Therefore, on average half, the slag
volume is perfused with decarburization products.
Figure 13 depicts that when decarburization takes
purely place in the emulsion (55 = 1) the foam height
would need to be five times the available height for the
foam in the converter. Even at 25 pct emulsion
decarburization slopping is occurring.

Using the modeled residence time per droplet radius
and the mass fraction of ejected metal the calculation of
the overall interaction area or interfacial area of metal
droplets in slag is achieved. Results for the test
conditions of an industrial 200t converter are shown in
Figure 14. The calculated interfacial area proves to be
comparable in magnitude to other researchers. For
example, Lytvynyuk er al®" conducted their calcula-
tions for a 200-ton converter assuming an interfacial
area of 1000 m? while Bundschuh®? applied values
between 1000 and 5000 m” for the duration of the main
blow.

V. DISCUSSION

The magnitude of physical challenges faced in con-
verter research compel experts to explore and rely on
complex simulations. It is however necessary to state
that a simulation using reduced complexity can lead to
interesting and sufficiently accurate results.

1000 ]

800 b

600 ° ° |

interaction area / m?

400 b

200 - ° |
°

! !

2.5 5.0 7.5 10.0 12.5 15.0 17.5
blowing time / min

Fig. 14—Total interfacial area of liquid metal droplets in the slag.

METALLURGICAL AND MATERIALS TRANSACTIONS B

In this work, the residence time of the droplets in the
slag is calculated under BOF steelmaking conditions. A
bubble column model by Zehner!"”*” is used to describe
the metal-slag foamy emulsion. The Droplet sequestra-
tion phenomenon is modeled by a force balance
resulting in derived dynamic equations. This enables
the calculation of the residence time of various droplet
populations as well as the residence times of individual
droplets of any given size. The residence durations
proved comparable with the results obtained from
numerous dynamic BOF models. The residence time
model proves adaptable and can be integrated into an
online dynamic BOF converter model.

When analyzing the available literature, it became
apparent that models for mass ejection, due to the
oxygen jet impingement, prove ambiguous. The current
scientific formulations for mass ejection rates proposed
in published literature prove vastly diverse when applied
to industrial size converters. In this paper, calculated
values have been compared and validated by relating
them to formulated physical based limits. The blowing
number correlations available in the literature were
found to be partly in conflict with these boundaries.

It is mentioned in the available literature that droplet
refining in the emulsion is one of the crucial aspects to
be considered in overall refining. The droplets retrieved
via slow sampling methods (> 10 seconds) are perceived
as the cause of this emulsion refining. Using a residence
time model developed with this thought in mind it is
shown that droplets that are sufficiently accessible using
slow sampling methods are exactly the droplets that
don’t play a role in droplet refining. It is therefore
concluded that only droplets larger than 2 mm in
diameter are capable of contributing to emulsion refin-
ing. Regarding the significantly larger droplets, the
assumption that droplets are homogeneously distributed
is not valid. This fraction of large droplets could still
play a vital role in the refining process due to elevated
mass exchange rates (low residence time) and to a high
mass fraction of the total ejected metal mass is
attributed to the larger droplets. On the other hand,
the small and finely dispersed droplets which led to the
terminology ‘“‘emulsion refining”, contribute negligibly
towards the total refining. There is an emulsion of small
iron droplets dispersed in slag but no relevant inherent
refining.

The results by Resch!® and Schiirmann ez al.* are of
interest as they estimated droplets residence durations
based on the mass balance of phosphorous. This
supports the results in this research where the large
droplets contribute mainly to the refining process as
only they have sufficient short residence times. The
existence of large droplets was forecast by mathematical
models!'? and shown through CFD calculations.** If
droplet refining proves sufficiently relevant in future
research, it would be recommended to use the presented
model for medium-mass droplets combining this with a
trajectory-based model, e.g., that by Brooks et al.,”> for
larger droplets.
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Whether calculations are made with dense or bloated
drops is irrelevant, the small drops have poor refining
performance due to their low mass exchange rates with
the bulk. This also applies to the hypothetical situation
where the droplets “explode” into very small droplets.
After droplets have suffered irreversible fragmentation
their mass fragments have not sufficient small residence
time to account for significant refining. The bloating
time is minor compared to the residence time. The
relative velocity of large droplets is too high to allow a
gas halo (see Figure 2(a)). Internal nucleation seems
unlikely for large droplets with sufficient internal circu-
lation but could be more relevant than classical nucle-
ation theory would suggest.*® The reaction mechanism
shown in Figure 2(b) seems plausible but needs to be
validated experimentally.

When comparing the various models for internal
limiting mass transfer used in this research with the
Wakao*”! model for external limiting mass transfer, it is
of interest to note that external mass transfer has little
influence over total mass transfer. Consequently, the
internal mass transfer is the rate-controlling factor (> 95
pct) during the mass exchange.

Droplet mass changes due to chemical reactions or
coalescence are not considered in this work. The large
residence times of small droplets lead to the accumula-
tion of these droplets during the blow in the slag.
Calculations show that the emulsion can contain signif-
icant volume fractions of metal. The modeling of
coalescence phenomena is therefore required when
modeling emulsion refining. It is expected that the
residence time shortens significantly with a rising metal
fraction in the emulsion. The unification of droplets
leads to their accelerated sequestration into the bulk.

The presence of surface active components can
enhance mass exchange.’”! The influence of this phe-
nomenon on overall mass transfer is not investigated in
this work.

The upper droplet distribution Factor K;; is calcu-
lated based on Kemminger’s® published simulation
results. The largest droplets in published figures are
measured and the value of K;; for equal blowing
conditions is calculated resulting in %. By further
validating the residence time of the ejected population
with data retrieved from experiments using a radioactive
tracer method perform by Price, K;; would be expected
to be between Y4 and 1/16 for the first 2/3 of blowing
time. Using a phosphorous balance and the presented
model K;; is expected to be between 1 and Y. Therefore
the calculated K;; of % is considered to be feasible and
can be implemented in the droplet size distribution
model for full scale converters instead of 2.7t
(small-scale validation).

VI. CONCLUSIONS

This work aimed to study the residence time of metal
droplets in the slag during BOF processing. To this end,
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a mathematical model for the residence time was
developed and coupled with the blowing number theory
by Rout et al. and a previously proposed model for the
droplet size distribution. The main conclusions of the
study can be summarized in the following.

For the study of industrial BOF converters, the mass
ejection models by Resch!® and Rout er all'!l are
preferable over the models by Subagyo ez al.””' and Block
et al.® The droplet exit velocities were predicted using the
model developed in this work and that by Subagyo
et al"® are improbably low in comparison to the CFD
results available in the literature.** The model constant
K of the droplets size distribution model"? was revised
to Y.. The influence of the bloating phenomena on
residence time was found to be negligible.

Regarding the kinetics of decarburization, the contri-
bution of emulsion to the overall rate was estimated to
be less than 25 pct. The refining contribution of small
droplets (< 2 mm) was estimated to be negligible. Under
the conditions of the calculations, the reaction rate of
metal droplets was found to be limited by internal mass
transfer irrespective of droplet size.
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APPENDIX

The influence of viscosity regarding the movement of
droplets, close to the upper droplet distribution limit,
through the slag, is negligible. For similar trajectory
lengths, the residence time is estimated to be propor-
tional to the inverse of the square root of the droplet
diameter.

1 1
F:mxgziszC\,piocdzvzZdochZdoct
RZ

[A1]

IR X %{ [A2]

Using the Model of Calderbank?” the concentration
of species in the droplet after a defined residence time is
calculated.

42t KD
Cr = Ceq T (CO—Ceq) X (1 _\/1 _exp<_nd—R2)>

[A3]

Considering species with sufficient refining potential
which could not be utilized due to the short residence
time ¢; > ceq Eq. [A3] is simplified to [A4].

2
Ac=cy—c =~ ¢y X (1\/1exp<47rtd¢)>

[A4]

METALLURGICAL AND MATERIALS TRANSACTIONS B

Large droplets experience short residence times.
Using the Taylor series up to the linear term exp(x) ~
1 + x Eq. [A4] is simplified to Eq. [AS5].

4n’tr KD
Acmcyx | 1— TI; [AS]
dAc /I
S E (6]
Ac x ViR [A7]

When using a trajectory-based model for large
droplets the residence time in Eq. [A7] is expressed

using Eq. [A2] leading Ac d* and therefore

Aex L dia
IR

<

X

=d7 [AS8]

Equation [A8] shows already a weaker than linear
dependence of the product of two of three terms
regarding Eq. [18] for large droplets. Considering the
cumulative mass of the droplet size distribution equa-
tion [A9] and the relative mass fraction equation [A10].
The estimation of the dependence of relative mass
fraction is possible.

o — oxp (_ <d9) ) A9)

dwe; nd"! d\"
G =ee((y))  mo
The distribution exponent n was calculated and

measured to 1.25.'% Close to ¢ the diameter depen-

dence of the mass density function is estimated to
d;;  d. Therefore reducing the dependence of emulsion
refining on the droplet diameter for large droplets even

further as presented in Eq. [A11].

Awej X Ac x [i ~dididi=d [A11]
R

In reference to Figure 12, it is noted that the modeled
mass density function does not follow an RRS distri-
bution. The diameter dependence is stronger for large
droplets. The residence time in Eq. [A7] is modeled and
not estimated using [A2].
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NOMENCLATURE

Area, m>

Drag coefficient, 1

Droplet diameter, m

Diameter of bubble column, m

Mass density function of hot metal droplet
population, 1

Drag force, N

Buoyancy force, N

Force of viscosity, N

Centrifugal force, N

Gravitational constant, m/s

Foam height/m

Height available for foam/m

Emulsion eddy Radius, m

Mass, kg

Mass flow, kg/s

Power, W

Droplet radius, m

Reynolds number, 1

Coordinate system radial to emulsion eddy axis
moving with eddy rotation, m

t Time/s

tr  Residence time of hot metal droplet in slag, s
v Velocity, m/s

Veo Empty tube sPeed, m/s

VvV Volumina, m-

wei  Cumulative mass of the ejected droplet size
distribution, 1

\”3
Do oaax

FEN mmm s

TUI I

“ X
s

GREEK LETTERS

Model constant given by Zehner!'®: 2%

Emulsion decarburization efficiency
Density, kg/m®

Drag coefficient, 1

Angular speed, rad/s

Specific sample

e BD S

SUBSCRIPTS

Initial conditions droplet trajectory
Bulk hot metal variable
Emulsified droplet variable
Metal-slag emulsion
Ejected hot metal
Characteristic eddy in emulsion
Gas jet
,M  Metal fraction of emulsion sample
S Slag fraction of emulsion sample
Slag

© DR Mo 0 Ao O
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[Element of periodic table]
(Element of periodic table)

{Element of periodic table}

10.

11.

13.

14.
15.

16.
17.

18.
19.

20.
21.

22.
23.
24.
25.

26.

Quasistatic hot metal mass in emulsion
Hot metal returning to bulk

BRACKETS

Mass fraction of element
dissolved in liquid iron
Mass fraction of element
dissolved in slag

Mass fraction of element
in the gas phase

REFERENCES

. H.J. Nierhoff: Stoffumsatz an den Metalltropfen in den Schlacken

bei den Sauerstoffaufblasverfahren. PhD thesis, Aachen, 1976.

. S.C. Koria and K.W. Lange: Arch. Eisenhiittenwes., 1984, vol. 55,

pp. 581-84.

. N. Standish: IS1J Int., 1989, vol. 29, pp. 455-61.
. B.K. Rout, G. Brooks, M. AkbarRhamdhani, Z. Li, F.N.H.

Schrama, and A. Overbosch: Metall. Trans. B, 2018, vol. 49, pp.
1022-33.

. F.-R. Block, A. Masui, and G. Stolzenberg: Arch. Eisenhiittenwes.,

1973, vol. 44, pp. 357-61.

. W. Resch: Die Kinetik der Entphosphorung beim Sauerstoffauf-

blasverfahren fiir phosphorreiches Roheisen. PhD thesis, Clausthal,
1976.

. G.B. Subagyo, K.S. Coley, and G.A. Irons: ISIJ Int., 2003, vol. 43,

pp. 983-89.

. S. Spooner, Z. Li, and S. Sridhar: Metall. Trans. B, 2020, vol. 51,

pp. 1301-314.

. M.A. Rhamdhani, G.A. Brooks, and K.S. Coley: Metall. Trans. B,

2006, vol. 37, pp. 1087-91.

E. Chen and K.S. Coley: Ironmak. Steelmak., 2013, vol. 37, pp.
541-45.

B.K. Rout, G. Brooks, Subagyo, M.A. Rhamdhani, and Z. Li:
Metall. Trans. B, 2016, vol. 47, pp. 3350-61.

. B. Mitas, V.-V. Visuri, and J. Schenk: Metall. Trans. B, 2022, vol.

53, pp. 3083-94.

C.L. Molloseau and R.J. Fruehan: Metall. Trans. B, 2002, vol. 33,
pp. 335-44.

A.E. Handlos and T. Baron: AIChE J., 1957, vol. 3, pp. 127-36.
D.-J. Min and R.J. Fruehan: Metall. Trans. B, 1992, vol. 23, pp.
29-37.

Subagyo, G.A. Brooks, and K.S. Coley: Can. Metall. Q., 2005,
vol. 44, pp. 119-30.

V.-V. Visuri: Mathematical Modelling of chemical Kinetics and rate
Phenomena in the AOD Process. PhD thesis, Oulu, 2017.

J.D.C. Little: Oper. Res., 1961, vol. 9, pp. 383-87.

P. Zehner and G. Schuch: Chem. Ing. Tec., 1984, vol. 56, pp.
934-35.

P. Zehner: Chem. Ing. Tec., 1982, vol. 54, pp. 248-51.

K. Luckert, ed.: Handbuch der mechanischen Fest-Fliissig-Tren-
nung. Vulkan-Verl, Essen, 2004.

D. Mudersbach, P.M. Drissen, M. Kiihn, and J. Geiseler: Steel
Res., 2001, vol. 72, pp. 86-90.

R. Sarkar, P. Gupta, S. Basu, and N.B. Ballal: Metall. Trans. B,
2015, vol. 46, pp. 961-76.

D.J. Price: Process Engineering of Pyrometallurgy Symposium,
1974, pp. 8-15.

N. Dogan, G.A. Brooks, and M.A. Rhamdhani: IS1J Int., 2011,
vol. 51, pp. 1093-101.

R. Clift, J.R. Grace, and M.E. Weber: Bubbles, Drops, and Par-
ticles, 1978th ed. Dover, Mineola, 2013.

METALLURGICAL AND MATERIALS TRANSACTIONS B



27.
28.
. R. Higbie: Trans. AIChE, 1935, vol. 31, pp. 365-89.
30.

31

32.

P.H. Calderbank and M.B. Moo-Young: Chem. Eng. Sci., 1995,
vol. 50, pp. 3921-34.
N. Frossling: Gerl. Beitr. Geophys., 1938, vol. 52, pp. 170-210.

N. Wakao and S. Kagei: Heat and Mass Transfer in Packed Beds,
Gordon and Breach Science Publishers, New York, 1982.

Y. Lytvynyuk, J. Schenk, M. Hiebler, and H. Mizelli: Thermody-
namic and kinetic Modelling of the de-vanadization Process in the
Steelmaking Converter, 6th European Oxygen Steelmaking Conv-
erence (EOSC), Stockholm, Sweden, 2011.

P. Bundschuh: Thermodynamische und kinetische Modellierung von
LD-Konvertern. PhD thesis, Montanuniversitit Leoben, 2017.

METALLURGICAL AND MATERIALS TRANSACTIONS B

34.

35.

36.

37

. E. Schirmann, G. Mahn, J. Schoop, and W. Resch: Arch.
Eisenhiittenwes., 1977, vol. 48, pp. 515-19.

A. Kemminger, F. Krause, and H.-J. Odenthal, in 9th European
Oxygen Steelmaking Conference (EOSC), Aachen, Germany,
2022.

G. Brooks, Y. Pan, Subagyo, and K. Coley: Metall. Trans. B,
2005, vol. 36, pp. 525-35.

S.D. Lubetkin: Langmuir, 2003, vol. 19, pp. 2575-87.

. J. Deng and F. Oeters: Steel Res., 1990, vol. 61, pp. 438-48.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

VOLUME 54B, AUGUST 2023—1953



	Modeling the Residence Time of Metal Droplets in Slag During BOF Steelmaking
	Abstract
	Introduction
	Model Formulation
	The Correlation Assessment for the Mass Ejection Rate

	Estimating the Residence Time
	Modeling the Droplet Size Dependent Residence Time

	Modeling the Residence Time of the Droplet Population \overline{{{{\varvec t}} }_{{{\varvec R}}}}
	Results
	Discussion
	Conclusions
	Acknowledgments




