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Abstract

Despite its industrial importance, the flow of molten blast furnace slag in open
channels has not been sufficiently studied. In this work, the unsteady non-
uniform flow of a molten blast furnace slag in a rectangular open channel is
numerically studied by solving the Saint-Venant equations by means of an ex-
plicit backwards finite difference scheme. An Arrhenius-type dependence of
the viscosity of the slag on temperature is assumed. To calculate that viscosity,
four temperatures are considered, namely 1450°C, 1500°C, 1550°C and 1600°C.
To study the dynamic response of the system, a half-sinusoidal pulse with dura-
tion of 5 s is imposed at the channel entrance. According to the numerical
simulations, for all the temperatures considered, the slag flow in the channel
for an angle of 5 degrees is supercritical in nature. However, for an angle of 1
degree, the flow is transcritical, that is, it presents a transition from subcritical
to supercritical.
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1. Introduction

The blast furnace is a countercurrent reactor which uses coke as the main fuel and
reductant, sinter and pellets as the iron-bearing components, and slag-forming
fluxes such as limestone and dolomite. Hot air is injected into the furnace through
tuyeres located at the lower part of the furnace, coke is burned and the hot gases
mainly containing N,, CO and CO; rise in countercurrent with the solid charge to
the top of the furnace. The solid charge is heated and the iron oxides are chemi-
cally reduced to metallic iron [1]. Molten slag is formed by physical and chemical

interaction between added fluxes and iron ore gangue. Molten pig iron and molten
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slag are collected in the furnace crucible. Due to its lower density, molten slag floats
on top of molten iron. In 2022, 1301 million tons of pig iron was produced in the
world through the blast furnace, which accounts 91.2% of the primary iron ob-
tained [2]. Approximately 300 kg of slag are formed for each ton of pig iron [3].
This means that approximately 390 million tons of blast furnace slag are produced
worldwide per year. Due to the large quantities of blast furnace slag produced each
year and its high environmental impact, from the point of view of sustainability
and saving natural resources, in recent years, blast furnace slag has begun to be
used more and more in pavement applications, concrete aggregate, construction
fill, and so on [4].

Molten slag is tapped from the blast furnace and conveyed through an open
channel to a pouring pot. From the pot, the molten slag is transported to a cooling
station where it is solidified and subjected to a dry granulation process [5]. There
are little published works on the transport of molten metals in open channels,
however, most of them study the flow of molten metals subjected to magnetic
fields [6]-[11]. Recently, two of the current authors have published some articles
in which the flow of molten metals in open channels is studied from the point of
view of the metallurgical industry [12]-[14]. Open channels for transporting mol-
ten metals and slag in the metallurgical industry differ from channels for trans-
porting irrigation water and wastewater by their angle of inclination and length.
Due to the tendency of molten materials to reoxidize and freeze with atmospheric
air, their angle of inclination is greater and their length is shorter compared to
water transport channels. In addition, the construction material of a metallurgical
channel is made of refractory material that withstands high temperatures.

Despite the industrial importance of metallurgical slag, practically no studies
have been reported on the flow of molten slag in open channels. Regarding the
flow of a molten slag in open channels, two of the most important physical prop-
erties of a slag are viscosity and density. Among other things, molten slag differs
from molten metal by the high viscosity and low density of the first one. The vis-
cosity of a slag depends mainly on temperature and chemical composition [15]. It
is expensive and difficult to measure the viscosity of molten slag in the laboratory.
So, there are many empirical and mathematical models to predict the viscosity of
molten blast furnace slag. For example, in [16], a model based on discrete data
points is reported. The model prediction is compared with viscosity data of slag
of compositions typical to blast furnace operations, and the results show that the
viscosity can be predicted with average error of less than 10%. Other models are
based on partial least-squares regression [17], on chemical composition [18], on
the Vogel-Fulcher-Tammann equation [19], on experimental measurements by a
rotating crucible viscometer [20], and on optical basicity [21].

In this work, the unsteady non-uniform flow of a molten blast furnace slagin a
rectangular open channel is studied by solving the Saint-Venant equations. The
transient Saint-Venant equations are numerically solved by means of an explicit

backwards finite difference scheme in one-dimensional space [11] [22] [23]. Asin
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[14], the half-sinusoidal pulse is imposed on the channel inlet as a boundary con-
dition in the volumetric flow rate in order to observe the dynamic and stable re-
sponse of the system. An Arrhenius-type dependence of viscosity with tempera-
ture is used to take into account the effect of temperature on flow dynamics. The
values of the activation energy and the pre-exponential factor are taken from the
literature for a synthetic slag similar to that of a blast furnace [24]. The friction
slope and the frictional resistance coefficient are calculated using the expressions
reported in [25]. Froude numbers are monitored to determine the type of flow
present, whether subcritical, critical, or supercritical, and the possible transition
between such flows. Research on the type of flow in open channels is important
from the point of view of the adequate management of molten slag, but also on
the adequate maintenance of the channel given that depending on the type of flow,
gravity waves emerge and can lead to pulsations and flow instability, and erosion

issues may arise.

2. Mathematical Model

In an open channel, in which the depth of the transported liquid is small com-
pared to the length, and the density of the liquid is constant, the height and the
volumetric flow rate can be represented mathematically by the Saint-Venant equa-
tions. These equations are a one-dimensional form of the shallow water model
[26], and consist of a continuity equation and a momentum equation [22]:

Continuity equation:

p2 20 w
ot Ox
Momentum equation:
oQ 10(0° Oh
—+——| = |+ gbh| —+S5,-S, |=0 2
or bax(hj & (Gx / "j @)

In Equations (1) and (2) A(# x) and Q(¢, x) are the height of the liquid and the
volumetric flow rate, respectively. Besides, fand xare the coordinates in time and
space, respectively. Also, bis the width of the channel, gis the gravitational accel-
eration, Sris the friction slope, S, = tan(@) is the channel slope, and 8 is the
channel inclination angle.

Algebraic manipulation of Equation (2) yields the following expression for the
momentum equation [22]:

99, ,99  5_
8t+ocax+,8 0 3)

where

(4)
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D
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B=gbh(S, -5,) (5)
bh
" b+2h (©)

The friction slope can be estimated from the Darcy-Weisbach formula [25]:

2

S, =/» SME %)

where f,) =24/Re is the frictional resistance coefficient, u is the liquid velocity,
and Reis the Reynolds number, which is determined is this way:
Re=221P (®)
U
where Dy = 4R, is the hydraulic diameter, and p and g are the density and the
viscosity, respectively.

Solving u from Equation (8) and substituting it into Equation (7) yields

_L Reyu ’
S; _Sgh(th] ©)

The viscosity of a slag depends strongly on temperature. Assuming Arrhenius-

type dependence, the viscosity can be calculated in this way [24]:

Ea
= U, exp| — 10
U= 1 p(RTj (10)

where 4 is the pre-exponential factor (kg/m-s), Eais the activation energy (J/mol),
R =28.314 (J/mol-K) is the gas constant, and 7'is the absolute temperature (°K).
NUMERICAL SOLUTION
Saint-Venant equations were numerically solved by means of an explicit back-

wards finite difference scheme [13] [23]. The discretized continuity equation be-

comes:
n+l _ gn At n+l n+l
hi _hi _(E (Qz _Qi—l ) (11)
And the discretized momentum equation is given by:
n+l n AtJ n n n n
) =0 —| — | S — (). —Atf; 12
o' =0 [Ax r(or-orn ) (12)

To solve the Saint-Venant equations, an initial condition and a boundary con-
dition for 4 and Q are required.

Initial conditions for Aand Q:

h(0,x)=h, (13)

0(0.x)=0, (14)
Boundary condition for Z

h(t,0)=h, (15)

Boundary condition for Q:
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A half-sinusoidal inflow pulse is imposed at the upstream of the channel on Q

in order to analyze the dynamic response of slag in the channel [13]:
. [ 2nt
Q(t,O):QO+Asm[Tj,t£tp (16)

0(1,0)=0,.t >, (17)

where 7' = pulse period, ¢, = pulse duration time, and A = 0.75Q, is the pulse
amplitude.

The discretized Saint-Venant equations were programmed in Fortran 95 lan-
guage and solved for a simulation time of 60 s using Re =4 x 10°. Open channels
used to transport metals and molten slag are shorter and steeper than channels
used to transport irrigation and drainage water. A channel length of 10 m was
assumed. In the numerical simulations, 500 nodes were employed, which pro-
duced a Axvalue of 0.02 m. To have numerical stability, a time step Afof 1 x 10™
s was established [13].

3. Results and Comments

As was stated above, the viscosity of a slag depends fundamentally on temperature
and chemical composition. The viscosity decreases as the temperature increases.
The main components of a blast furnace slag are CaO, MgO, SiO; and ALOs. The
viscosity decreases with the increase of MgO and increases with the increase of
ALOs [24]. The chemical composition of the considered blast furnace slag and its
viscosity parameters, are shown in Table 1 and Table 2, respectively. Viscosity

parameters were calculated from the temperature-viscosity data reported in [24].

Table 1. Chemical composition of the blast furnace slag [24].

Component CaO SiO» ALO; MgO MoO:s
Weight percent 41.6 38.0 17.2 3.0 0.2

Table 2. Viscosity parameters of the blast furnace slag, calculated from [24].

Parameter Value
1o, kg/(m-s) 9.469 x 10~°
Ea, J/mol 1.940 x 10°

Four temperature values were considered, namely, 1450°C, 1500°C, 1550°C,
and 1600°C, corresponding to 1723.15, 1773.15, 1823.15, and 1873.15°K, respec-
tively. The viscosity values as a function of temperature, calculated with Equation
(10), are shown in Table 3.

Table 3. Calculated viscosities of the blast furnace slag.

Temperature, "K Viscosity, kg/(m-s)

1723.15 0.7200
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Continued
1773.15 0.4915
1823.15 0.3426
1873.15 0.2434

Values of the rectangular open channel parameters considered in the numerical

simulation are shown in Table 4 [13] [27].

Table 4. Open channel parameters [13] [27].

Parameter Value
Initial height (/o) 0.15m
Volumetric flow rate (Qv) 0.038 m?¥/s
Channel width (b) 0.20 m
Initial velocity (i) 1.2667 m/s
Channel length 10.0 m
Inclination angle (6) 5 degrees
Initial velocity (i) 1.27 m/s

The dimensionless Froude number Fris essential for classifying flows in open
channels. It is defined as follows [28]:

(18)

As will be seen later, numerical simulations show that the slag height and ve-
locity of the slag evolve in time from a transient state until they reach a steady
state at the channel discharge after a time of 60 s. These steady state values of
height and velocity, together with the Froude number, are shown in Table 5. The
Froude numbers in this table were calculated using the steady-state values of
height and velocity through the expression:

Table 5. Values of height, slag velocity and Froude number in steady state as a function of

temperature.
T(°K) Ay (m) us (m/s) Fr
1723.15 0.05246 3.62174 5.04854
1773.15 0.03800 5.00502 8.19795
1823.15 0.02854 6.66519 12.59620
1873.15 0.02196 8.66381 18.66719

Fr=—2— (19)
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If Fr< 1, Ay > Acand uy < 4, then the flow regime is called subcritical. In this
case, the role of gravitational forces is pronounced and the flow has relatively large
depths and small velocities. If Fr> 1, A < A.and u, > u, then the flow regime is
called supercritical, the inertial forces are dominant and the flow is characterized
by relatively small depths and large velocities [29]. If Fr = 1, the flow regime is
denoted as critical. In this case, gravity waves can lead to pulsations in channels,
and stability and erosion issues may arise. To avoid the possibility of flow pulsa-
tions, it is important to avoid channel designs with 0.9 < Fr< 1.1 [28].

The critical depth A.is the flow depth at a section of the channel where the flow

is critical. The expression for the critical depth is [30]:

0 13
h. = (@j (20)

The velocity associated with the critical depth is called critical velocity, and is

determined by making Fr= 1 in Equation (18):

u, =gh, (21)

Using the data in Table 4, the following values for critical height and critical
velocity are obtained: A. = 0.1544 m, u. = 1.23072 m/s.

The results of the numerical simulations are described and commented below.
Figure 1 shows the evolution in time of the slag height at the channel discharge
for different values of temperature. The height of the slag starts from a value A, =
0.15 m, which is maintained for about 2 seconds. Then, it decreases until a time
of approximately 3 seconds, time in which the height presents a peak due to the
effect of the half-sinusoidal pulse of the volumetric flow. From the peak onwards,
the height decreases apparently exponentially until reaching a steady-state value
Ay This stable value of the height decreases with increasing temperature, as can
be seen in Table 5 and Figure 2. In all cases, the stable value of the height is below
the critical height, namely Ay < A.. Figure 3 shows that the Froude number Fr
increases as the temperature of the slag increases or the viscosity of the slag de-
creases. For all temperatures considered, the value of Fris greater than unity. This,
together with the fact that Ay < A, means that the slag flow in the channel is a
supercritical flow, regardless of the slag temperature.

0.20

0.164 h,
E
E 0124 T CK):
2 — 172315
= ——1773.15
I 0.08- 1823.15
w ——1873.15

0.04

0.00 . ; : r T

0 10 20 30 40 50 60

Time (s)

Figure 1. Evolution over time of the slag height at the channel discharge for different slag
temperatures. The dashed line represents the critical height.
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Figure 2. Steady-state slag height at channel discharge as a function of slag temperature.

20

164

Froude number (-)

T T T
1700 1750 1800 1850 1900
Temperature (°K)

Figure 3. Froude number as a function of slag temperature.

The time changes of slag velocity in the open channel discharge for different
slag temperatures are shown in Figure 4. The velocity of the slag increases pro-
gressively until it reaches a stable value that depends strongly on temperature.
However, it is possible to observe two small peaks in the slag velocity, around a
time of 3 and 7 s. Figure 5 explicitly shows the dependence of the steady state veloc-
ity on temperature. As can be seen in Table 5, Figure 4 and Figure 5, all steady-
state velocity values increase with an increase in temperature, and all of them are
greater than the critical velocity, ie, u, > u. These results corroborate the super-
critical nature of the slag flow in the open channel considered. Figure 6 shows the
evolution in time of the volumetric flow rate. Two peaks are seen before 10 s, and
from here, the values stabilize at Q. It means that for any temperature value, re-
gardless of the different steady-state values of height and velocity, the steady-state
volumetric flow remains constant. The presence of the two peaks can be explained,
presumably, by the action of the gravitational forces that cause the first peak, and
the inertial forces of the applied semi-sinusoidal pulse that cause the second peak.
This is corroborated in Figure 7, which shows the behavior of the volumetric flow

rate at 1723.15 K with and without pulse.
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Figure 4. Evolution over time of the slag velocity at the channel discharge for different slag
temperatures. The dashed line represents the critical velocity.
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Figure 5. Steady-state slag velocity at channel discharge as a function of slag temperature.
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Figure 6. Evolution over time of the volumetric flow rate at the channel discharge as a
function of the slag temperature.
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Figure 7. Volumetric flow rate in the channel discharge with and without the half-sinusoi-
dal pulse.

In order to know the influence of the channel inclination angle & on the type of
flow, an additional numerical simulation was carried out using an angle of 1 de-
gree and a temperature of 1723.15 K. The results for the slag height are shown in
Figure 8 for two angles of 1 and 5 degrees. As seen in this Figure, the height of the
slag has an interesting behavior when 6= 1. For this angle, when 5 s have elapsed,
the slag height reaches a peak that exceeds the critical height, and thereafter de-
creases to a value below the critical height. This means that for a short time of
about 3 s, the flow is subcritical, and then it becomes supercritical. In other words,
the flow is temporary transcritical in nature [31], that is, the flow presents a tem-

porary transition from subcritical to supercritical for an inclination angle of 1 de-

gree.
0.20
0164 | \ h,
B
= 0.124 1 degree
[<)
©
<
& 0.08
(2]
5 degrees
0.04 1
0.00 T T T T T T
0 10 20 30 40 50 60
Time (s)

Figure 8. Evolution over time of the slag height at the channel discharge for two different
channel inclination angles at 7= 1723.15°K.

4. Conclusions

The flow of molten blast furnace slag in an open channel was numerically analyzed.
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For this, the transient Saint-Venant equations were solved using an explicit finite
difference scheme. Four slag temperatures were considered. A length of ten me-
ters, a width of 0.2 m, and an inclination angle of five degrees were also set. In
order to know the influence of the channel inclination angle on the type of flow,
an additional numerical simulation was carried out using an angle of 1 degree. A
volumetric flow rate at the inlet was set at 0.038 m*/s. A half-sinusoidal pulse in
the volumetric flow of slag with a duration of five s and amplitude of 75% of the
initial flow was established at the entrance of the channel in order to observe the
response of the system. From the results of the numerical simulations, the follow-
ing conclusions can be drawn:

1) For the channel considered, the slag flow is supercritical in nature, regardless
of the value of the slag temperature.

2) The slag flow, in terms of height and velocity, reaches a steady state whose
values are dependent on temperature.

3) Steady-state height decreases with temperature, while steady state velocity
increases with temperature. In both cases, the volumetric flow remains constant.

4) The Froude number increases with temperature. This means that if the tem-
perature of the slag increases, the supercritical nature of the flow becomes more
intense.

5) An inclination angle of one degree of the channel produces a transient flow
of transcritical nature, that is, it presents a temporary transition from subcritical
flow to supercritical flow. An angle of five degrees does not present such a transi-
tion.

Of course, all numerical results and conclusions shown in this work should be
verified with plant data or published works. However, to the authors’ knowledge,

that information is not available.
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