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Abstract: The Hlsarna off-gas system wall is a cooling jacket made of cooling pipes arranged in the
radial direction and in a circular pattern. Part of the off-gas system cooling pipes are isolated using
a low-thermal-conductivity refractory material to protect the cooling pipe from melting and thermal
stresses. During long runs and due to thermomechanical stresses, the refractory material is lost, and
its thickness is reduced. It is possible to measure the thickness of the refractory layer only during
shutdown, which is a disadvantage during long runs. The aim is to investigate the possibility of
predicting the thickness of the refractory material by using other parameters that are possible to
measure during the operation. A combination of FEM and CFD modeling is used to develop a
methodology for detailed wall modeling and refractory material loss prediction. Finite element
method (FEM) analysis is used to obtain the thermal properties of the wall using detailed geometries
for variable refractory thickness. The obtained properties are then used to build CFD models to
study the effect of refractory thickness on wall heat loss, temperature and composition profiles. The
proposed procedure is validated against the plant measurement, and according to the findings, it is
possible to relate the wall thickness to measured parameters such as heat loss through the walls,
temperature and carbon conversion.

Keywords: computational fluid dynamics (CFD); finite element method (FEM); Hlsarna; off-gas
system; reflux chamber; heat transfer modeling; wall modeling; shell conduction modeling

1. Introduction

From 2018 to 2020, approximately 1.85 tons of CO: were emitted from every ton of
produced steel. In 2020 alone, 1860 million tons of steel were produced, which directly
emitted 2.6 billion tons of CO2. In other words, if we count the steel industry as a nation,
it would rank fifth among the nations with the largest CO: footprint, representing 7% to
9% of global CO:z emissions [1-3]. This tremendous CO: emission has made researchers
seek alternative ways of steel production to limit pollutant emissions. Among the
investigated routes, the HIsarna process has proven to be a promising alternative.

The Hlsarna process is a new concept that utilizes the smelting reduction of iron ore
to produce liquid hot metal. In this process, unlike the blast furnace, fine ore and coke are
directly injected into the process without sintering and coking, which are responsible for
20% of the COz emission. Figure 1A shows the overall scheme of the process built in pilot
scale with a capacity of 8 ton/h of hot metal. Since 2010, pilot plants have been developed
constantly to finalize the industrial demonstration. The main reactor is usually classified
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into two different regions: the cyclone converter furnace (CCF) and the smelting reduction
vessel (SRV), which accommodate the “Bath” that contains molten slag and iron.

I Ore injectors

I Oxygen injectors (CCF)
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| Coal injector
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Figure 1. (A) Hlsarna process scheme; (B) CCF and SRV main components; (C) off-gas system with
plant measurement points A to D [4].

The smelting and reduction of iron ore take place inside the CCF and the SRV, and
resulting off-gas from reduction reactions travels upward and enters the off-gas system,
which is divided into four parts of “Reflux Chamber”, “Air Quench”, “Up Leg” and
“Down Leg”.

The flue gas entering the off-gas system contains a CO2-H20-N2 mixture with a minor
amount of CO, Hz, Oz, carbon and pre-reduced molten iron ore particles. Oxygen is
injected to combust the remaining CO and H: and carbon in the gas. The flue gas is
quenched via air in the air quench section immediately at the outlet of the reflux chamber.
Further cooling of the flue gas is achieved via evaporative cooling by injecting water
(droplets) using an atomizer in the down-leg section (using nitrogen as carrier gas).
Ultimately, the flue gas is passed through a gas cooler and a set of dust-capturing units.

Figure 2 shows the wall of the reflux chamber, which is in fact a circular cooling jacket
made of steel pipes. The cooling water runs through the cooling pipes to maintain a low
wall temperature. Since the temperature inside the reflux chamber could locally reach
1900 °C, a refractory layer is applied on top of the cooling pipes to avoid pipe melting. On
each cooling pipe, rows of anchors are welded to firmly hold the refractory material.
Above the reflux chamber, the flow temperature is much lower than the melting point of
the cooling pipes; therefore, no anchors and refractory layers are applied. The average
thickness of fresh (as-built) refractory material is 49.5 mm, which is 10 mm above the
anchor tips.

The harsh conditions inside the reflux chamber, including complex chemical attack
and thermomechanical loading, as well as temperature fluctuations during the operation
periods, lead to an irreversible structural response of the refractory material, such as
cracking, crushing and gradual loss of material. Due to continuous thermomechanical
stresses during long operating periods, the thickness of the refractory material is locally
reduced. Moreover, the molten iron particles (escaped from CCF) can build up on the wall,
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creating a thick layer of frozen slag. These phenomena make the performance of the reflux
chamber rather complicated.

Refractory

Anchor

Cooling Pipe

Figure 2. Reflux chamber walls, including cooling pipe arrangement and applied refractory material
during construction (A) and CAD geometry (B).

In Figure 3, the reflux chamber wall near the oxygen lance is shown after a long
operation for two different inspection campaigns. From the figure, the erosion pattern is
obvious, and locally speaking, it could lead to a considerable material loss so that the tips
of the anchors become visible. For the used wall (non-fresh) and based on the laser
measurements at different cross-sections, the average thickness is between 32 and 38 mm,
which is lower than the built-in average thickness of 49.5 mm. The change in refractory
thickness causes thermal and structural performance changes over time. This, in turn, will
lead to difficulties in process control and might negatively affect the cooling efficiency and
accelerate refractory wear, limiting the operation periods.

Figure 3. Reflux chamber wall inspection: (A) inspection in 2021; (B) inspection in 2019. Circles
with the same color indicates identical areas.

In order to formulate precise mathematical models, the thermophysical properties of
the wall must be calculated and assigned correctly. The assigned properties determine the
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heat loss through the walls, which has a considerable impact on temperature and
composition profile predictions.

For the current case, the modeling of the walls and assigning thermophysical
properties is not a straightforward task. Complexities arise since the refractory material
has a very low thermal conductivity, and anchors are made of steel with relatively high
thermal conductivity. Therefore, practically, the wall of the reflux chamber can be
considered as a composite material of refractory and aligned steel anchors. Along with
refractory thickness, the effect of embedded anchors on the calculation of density, thermal
conductivity and heat capacity of the modeled wall must be considered.

The initial CFD models were set up using an original refractory thickness of 49.5 mm
and a thermal conductivity of 1.15 W/(m K) (without considering the anchors’ effect). The
heat loss prediction was not precise, and along with the calculated temperature profile, it
was at a huge discrepancy with counterpart plant measurements. The model was then
improved by tuning the thermal and physical properties of the wall to match the heat loss
and correctly predict the temperature profile. The results were published and analyzed in
another study by the same authors [4]. In this study, a detailed discussion on wall
modeling is presented to obtain a more precise and physically sound approach for
accurate wall property prediction using finite element analysis. The obtained wall
properties are then used to build a CFD model without requiring complex parameter
tuning for different operation periods where the refractory thickness changes. The
ultimate goal is to investigate how wall thickness and parameters that can be measured
during the operations are related. Achieving this will enable us to have an idea of the wall
condition during a run with fixed operating conditions without direct measurement of the
wall thickness, which can be achieved only during plant shutdown.

2. Wall Modeling in CFD

Three methods can be used to model a wall in CFD. The first option is directly
resolving the wall by considering the wall details and its thickness in the geometry. The
wall thickness can then be discretized (meshed) and assigned as a solid zone in the CFD
solver. This is the most thorough approach, and heat transfer in all directions can be
resolved; however, it leads to a very fine computational grid in the wall region and can
become computationally expensive. For example, in the current case, considering the
refractory thickness, anchor detail, cooling pipe and a reasonable cell size would lead to a
total grid size of 2.5 x 10° cells, which is practically impossible to model with available
computational resources. In order to reduce the numerical efforts, the wall layers are often
not resolved directly and are modeled using the thin-wall approach.

This leads us to consider a second option where only the fluid region is meshed, and
the wall is modeled by specifying a wall thickness and assigning a specific material to it.
In the setup model, the detailed wall geometry is not considered, and instead, a fixed wall
thickness with assigned thermal properties is imposed. However, with this approach,
conduction is considered in the normal direction only, and considering different wall
layers is not possible.

If the wall is composed of different material layers and conduction in the planar
direction of the wall is of importance, a third option known as the “Shell Conduction”
approach can be utilized. The wall thickness is considered virtually by growing a layer of
prism or hex cells in which the three-dimensional conduction heat transfer equation is
solved. Figure 4 shows a visual summary of the discussed approaches for wall modeling.
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Figure 4. Wall modeling approach in CFD.

There are numerous studies where the shell conduction approach has been used to
model conductive heat transfer through walls. Mahmoodi et al. [5] used this approach to
model heat transfer through an industrial sulfur removal unit and reported well-predicted
heat loss and temperature profiles. Ghosh et al. [6] used the shell conduction model to
investigate thermal convection inside a space flight sensor. Al-Abbas [7] studied heat
transfer in a solar heating system and used the same approach to consider different wall
layers for conductive heat transfer through a wall. Jayakumar et al. [8] modeled the walls
of a coiled heat exchanger, and Popescu et al. [9] modeled the walls of a swirl combustor
using the same technique.

In this study, the walls are modeled using the shell conduction approach. A schematic
view of the detailed wall geometry is shown in Figure 5A with the refractory material,
embedded anchors and cooling pipe thickness. In the shell conduction approach, layers
are distinguished from each other in series, and only one material can be assigned to each
layer. Therefore, the detailed wall is simplified to a two-layer wall, as shown in Figure 5B.

The first layer is in fact an “Equivalent Wall” with the calculated effective
thermophysical properties of a composite mixture where the refractory material is a
matrix and anchors are fillers. The second layer is a cooling pipe wall thickness that is
made of steel with known properties. The cooling water heat transfer properties, such as
average temperature and heat transfer coefficient, are imposed at the outer surface of the
second layer as a boundary condition.

Cooling Water

; I 7 II T Pipe Wall Pipe Wall
% Y ™ Refractory material Refractory Equivalent Wall
Anchor
E Flue Gas Flue Gas

0 — 0

Figure 5. Reflux chamber wall with anchors (A); simplified wall representation for CFD modeling

(B) [4]-
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For the equivalent wall, the effective thermal conductivity, specific heat and density
are important properties to correctly predict the heat transfer phenomena. Effective
specific heat and density are calculated using mixing law by considering the mass fraction
of the matrix and filler. However, among the mentioned thermophysical properties,
thermal conductivity has proven to be the most important and effective parameter in
thermal exchanges [10]. Different correlation and numerical approaches are available to
calculate the effective thermal conductivity of composites in the literature, which will be
discussed in the following section.

3. Effective Thermal Conductivity Prediction

As mentioned before, the equivalent refractory wall of the reflux chamber can be
considered as a composite made of refractory material as matrix and anchor rods as fillers.
A basic model for calculating the thermal conductivity of heterogeneous material is the
Maxwell model. It has been used as a base model for many other models and
modifications [11]. Maxwell considered the problem of the dilute dispersion of spherical
particles of conductivity kr embedded in a continuous matrix of conductivity k», where
thermal interactions between filler particles were ignored. Maxwell’s expression is as
follows:

kegr 3¢
K, Lt (kf T 2km> B 1)
T =T

Maxwell’s formula was found to be valid only in the case of low ¢ (under about 25%).
Different models and correlations to predict the effective thermal conductivity of such
composite materials are available in the literature, which are known as effective medium
approximations (EMAs). Among the available correlations, Lewis—Nielsen [12], Rayleigh
[13], Bruggemann [14], Springer and Tsai [15], and Hamilton and Crosser [16,17]
correlations can be mentioned. A detailed formulation of the mentioned EMA models can
be found in the Appendix A. EMA models are generally unable to accurately predict the
properties of heterogeneous material beyond a percolation threshold of filler volume
fraction. Also, for models that consider cylindrical fillers, the alignment of fillers is regular
and perpendicular to the heat transfer direction, which is not the case in the reflux
chamber wall. It is also impossible to accurately predict the conductivity for complex
geometries and random filler orientations.

The most reliable approach is to use the finite element method (FEM), which can
handle any geometries and orientations using numerical discretization of the domain.
There are quite a number of studies to model heat transfer or calculate the thermal
conductivity of a composite material using FEM analysis.

Rashid et al. [18] investigated and measured the thermal conductivity of burnt clay
bricks reinforced with fibers using finite element analysis. In their study, the effect of filler
material, volume fraction, length and diameter on thermal conductivity is investigated,
and their modeling results are validated against experimental measurements.

In another study, FEM analysis is utilized by Nagy et al. [19] to investigate the effect
of different fillers on the thermal properties of steel-fiber-reinforced concrete and
determine the equivalent thermal conductivity of the mentioned composite. FEM analysis
can also be used to study the effect of thermal stresses on material properties and possible
failures, as performed in a study by Andreev et al. [20]. In their research, the
thermomechanical response of refractory material during startup and operations in the
teeming ladle is investigated. With their obtained results, further analysis of lining design
and material selection is presented. On the same subject, Gruber et al. [21] studied the
effect of temperature on the thermomechanical behavior of the refractory lining of a blast
furnace. They used FEM analysis to select the proper material for the lining by considering
the complex nature of the refractories.
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In this study, the FEM method is used to calculate the effective thermal conductivity
of the “equivalent wall” (shown in Figure 5B) of the reflux chamber for different refractory
material thicknesses, followed by a comparison with EMA correlations. Ultimately, the
calculated thermal conductivities from the FEM analysis are used to perform a CFD
sensitivity analysis to estimate the wall thickness.

4. Model Setup and Procedure

Figure 6 shows the methodology and procedure used in this study. The idea is to use
FEM analysis to acquire the effective thermal conductivity for the equivalent wall
(refractory material with embedded anchors) for different refractory material thicknesses.
Then, using fixed operation conditions, a set of CFD modeling is performed for the
different equivalent wall thicknesses by assigning the thermal properties obtained by the
FEM analysis (Step 1). For each thickness, different parameters are calculated. The
parameters are chosen so that there is an available measured counterpart at the plant such
as heat loss through the walls, temperature at different points (Figure 1A,B,D), flue gas
composition at different points (Figure 1A,D) and carbon conversion. A graph is obtained
for the calculated parameters versus the equivalent wall thickness (Step 2). Ultimately, the
measured values are mapped on corresponding graphs to see at which thickness they
intersect (Step 3). The obtained thickness is then compared to the measured one. As will
be discussed, this approach will lead to a fair prediction of the wall thickness inside the
reflux chamber (which is impossible to measure during the operation) using other
parameters that can be measured during the operation.

g
= Step 0
a
-g Wall geometry Assigning material Imposing FEM Calculating thermal properties for
E and anchors properties boundary condition different refractory material thickness
Ll
[T
Step 1
| CFD model set up and parameter |
| tuning with a fixed operating condition |
4
Step 2 2
23
Different parameters calculation for 3 5
different wall thickness K]
(such as heat loss, carbon conversion E 1
and temperature at point A, B and D) 30
oo T 0 05 1 15 2
c &
= Equivalent wall thickness
% Step 3 a
° N a — il
E Mapping the measured counterpart .—: 3 S —
a value and determining the intersection % 2
[ between calculated graph to find the 2 1
(S intersected wall thickness 5
=0 *
5
5 0 05 1 15 2
Measurements for longer run with B Equivalent wall thickness
the same operating condition
Is obtained wall
| | Changing Wall material and/or thickness in agreement
geometry/orientation of anchors with measured
thickness
1 Changing the operating conditions NG

Figure 6. Methodology and procedure to couple CFD and FEM analysis.

It is important to note that this approach is applicable for fixed operating and inlet
conditions for a certain operation period. In case the inlet conditions, such as inlet
temperature, composition and flow rate, or any other operating conditions are changed in
a long run, Steps 1 to 3 should be repeated. This repetition is important since, during long
runs, further reduction of wall thickness might occur, which can change the performance
of the whole off-gas system. In case the refractory wall material is changed or the shape
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and orientation of the anchors are modified, the whole flowchart, including the FEM
analysis, must be repeated.

4.1. FEM Analysis

To obtain the properties of the equivalent refractory wall, a steady-state thermal
analysis using FEM is performed. As mentioned before, a full-scale numerical analysis of
large structures may be complicated and computationally expensive. This can be
overcome by considering a smaller part that can represent the whole geometry. In this
approach, the refractory wall with embedded anchors can be considered as a patterned
array of identical cells, often referred to as “unit cells” or representative volume elements
(RVEs) [22]. In short, a unit cell is a periodic representation that repeats itself throughout
a larger geometry. The geometry of the unit cell and dimensions is depicted in Figure 7.
»w »w

V) 4 ) 4

50mm

! 28mm Unit Cell

@28mm

Figure 7. (A) Part of the cooling pipe assembly; (B) unit cell with indicated components; (C) unit cell
dimension and parameters (d: tip thickness and D: base thickness).

As can be seen, the anchors are covered by the refractory material and two different
thicknesses, namely “d” and “D”, are defined for the refractory material. The parameter
“d” is called “tip thickness”, which refers to the thickness of the refractory material from
the outer surface of the pipes. The “D” value is named “base thickness”, which refers to
the refractory thickness starting from the middle of the cooling pipes where the refractory
material begins. The pipes and anchors are made of steel (P235GH-TC1), and the
refractory material is an alumina-silica material with the commercial name “Calde Stix
151”. The material properties for the thermal analysis are listed in Table 1. The thermal
conductivities for both materials are considered as a function of temperature.

Table 1. Material properties for FEM and CFD analysis [23].

. o) k Cp .
T
Material (ke/m?) (W/m K)) (J/(kg K)) hickness (mm)
. _ (0.00025 x T[K] + 0.80175 1073 < T < 1273 .
Pure Refractory (Calde Stix 151) 2200 k= {0.0007 « T[K] + 02289 1273 <T < 2273 900 variable
_ (—0.0099 x T[K] 4+ 59.7019 273 < T <370
Steel (P235GH-TC1) 7850 k= {—0.0425 x T[K] + 71.7876 370 <T < 673 40l 5
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The temperature field is calculated using SOLIDWORKS software by solving a three-
dimensional conduction heat transfer equation as stated below:
OkTaT 6kT6T akTaT —TCTaT 2
ax("()ax)+ay(y()ay)+az<z()az)+0‘p()p()at 2)
Assuming an isotropic material in steady-state modeling without heat generation,
Equation (2) can be simplified as Equation (3):

9°T 0°T 9°T
k(T)[WJ“a_szrﬁ]_o 3)
where k is isotropic thermal conductivity.

Besides conductive heat transfer, heat can be transferred to the surroundings through
convection, for example, the convection of heat from the flue gas to the refractory surface
or heat convection from cooling pipes to the cooling water. To consider the heat transfer
from the surfaces to the surroundings, convection boundary conditions are imposed

according to the equation below:

9
k(T) (%) FR(T=T) =0 4)

Figure 8 A shows the convective boundary conditions considered for the simulations.
The inner side of the unit cell is in touch with the hot flue gas with an average temperature
of 1673 K and a heat transfer coefficient of 200 W/(m? K). The heat transferred through the
walls of the cooling pipe is absorbed by the cooling water at an average temperature of
313 K and a high convective heat transfer coefficient of 5000 W/(m? K). The outer surface
of the cooling pipe is exposed to the surrounding air at a temperature of 298 K and a heat
transfer coefficient of 40 W/(m? K). The mentioned data regarding the heat transfer
coefficient of the hot flue gas, cooling water and surrounding air are obtained based on
the flow thermophysical properties, the calculated Re and Pr number and by using the
Pak and Cho correlation [24].

In touch with flue gas In touch with cooling water
T: 1673 K, h: 200 W/m2.K T: 313 K, h: 5000 W/m2.K

In touch with surrounding air
T: 298 K, h: 40 W/m2.K

Figure 8. Boundary conditions (A) and grid cell (B) for FEM analysis of the unit cell.
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The periodic boundary condition is imposed on the side walls. The computational
domain consists of 750,000 tetrahedral cells (element size =2.5 mm). The heat flux through
the walls and surface temperatures are calculated and then used to estimate the effective
thermal conductivity of the refractory material and anchor composite. The calculated
values for effective thermal conductivity are discussed in detail in Section 5.1. The solid
body is discretized with tetrahedral cells with a uniform cell size of 2 mm, as depicted in
Figure 8B.

4.2. CFD Model of the Off-Gas System

A comprehensive CFD model for the current pilot-scale HIsarna off-gas system is
established using the detailed geometry shown in Figure 1C. A detailed discussion on
CFD model development has been published in another study by the same authors [4].
We would like to refer the readers to our previous study for detailed information;
however, a brief description of the geometry, mesh, boundary condition and governing
equations are mentioned in this paper.

4.2.1. Computational Grid

The generated computational grid (mesh) is composed of polyhedral cells with a total
number of 1.5 million for all calculations. A representation of the computational grid is
shown in Figure 9. The cell size in the reflux chamber (orange region), air quench (purple
region) and up/down leg (blue region) is 40, 30 and 50 mm, respectively. The areas near
the oxygen injection, nitrogen injection and also air quench pipes are meshed with 5 mm
cells.

Figure 9. Generated computational grid for CFD modeling.

4.2.2. Governing Equations and Solution Procedure

Over the discussed computational grid, a set of conservation and transport equations
is solved to describe the different phenomena in the modeled system. Table 2 lists the main
solved equations [25].
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Table 2. Governing equations and sub-models for CFD modeling of HIsarna off-gas system
[25,26].

Main Equation Sub-Equations and Constants

Continuity a a
—(p)+—(u) =0
equation G 5P+ wm)
0 _
—= V.u.IM
o axl
S itV + 2 (pit)= P 0|, (0% 0% u=u—u
Momentum ©) at (pir) + 0x; (pulu]) R + 0x;j [,u <0Xj * 0x; e ou, Ju,
1 2 au; a —7 wu = - — + _J
equation 551,], 6_:)] + aj (—pu) pU Y He (6xj 6xl->
+ 2( k+ ai‘) 5
z te—) 8
3 P taxi Y
T 1
urbulence Realizable k-¢ Model
models
Equation for turbulent kinetic energy (k)
9 9 okip) = -2 Hey Ok — pe —
0 RO+ GkE) = [+ 2] 4 G+ G, — e 2
YM +Sk Uy = pCﬂk_
. . . . . . &
Equation for dissipation of turbulent kinetic energy o, =1 and o, =12
(68) . Cre = 1.44
— —_ i c,=19
ot (ps) + ax] (psuf) 2
8 N PN
) _ax,- (u 08)6x]- Pr18
40800y + S
pCz k+ \/% 1le k 3eYb €
d _
equation =V. (keffVT - Z h]]—]) + (Teff' 17.)) + Sh ' Plim Sct ' m T
j
Radiati
adiation Discrete ordinate model (DOM)
models
- o\ - - = UT4 a. 4 - - -
(10) V- (1 (r,s) s) + (a + gy)l (r,s) = anzT + ﬁj I(r,s")¢(s,s)dQ
0
Species P P
transport (11) a(pyi) + a(pUYi) =V +R+5S
equation '
Turbulence-
hemist
ChenusTy Eddy dissipation concept (EDC)
interaction
models
(12) R;= T*[(l_—m(yi -Y) C, = 0.4082
e~ 0.25
B =)
05
14) o =c (E)
Particle force
balance - = >
du u—1u - o
equation— (15) m, d_tp =m, " L+ " g(p,; p) +F
T b

Discrete phase
model
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Particle
. dmp Yl s Yl 00
evaporation  (16) —— =k A,p.In(1 +—=—3—)
odel dt 1Y
mode
dm
. (17) Repar = d_tc = _Apijchar,i
Carbon particle 1
reaction rate (18) Renari = 1 N T N T (l - 1) (P, —P})
kairri = ksiY? "~ Kaasni \Y

ANSYS FLUENT software is used to set up, solve and couple the governing
equations. The coupled algorithm is used for pressure—velocity coupling along with the
second-order upwind scheme to discretize all of the convective terms. Simulations are
performed in steady-state mode, and the solution is stopped after reaching the
convergence criterion of 10

4.2.3. Inlet and Wall Boundary Conditions

Table 3 reports the inlet boundary conditions that are obtained by averaging the
measured transient data from the pilot plant over a fixed operating period.

Table 3. Inlet boundary condition for CFD model setup [4].

Reflux Chamber Air Quench Oxygen Port Nitrogen Ports Water Spray

Inlet Temperature (K) 2086 293 293 293 293
Actual volumetric flow rate (m?3/s) 20.8 3.10 0.206 -
Average density (kg/m?) 0.208 1.19 1.31 1.25 998
Inlet mass flowrate (kg/s) 4.33 3.69 0.27 0.205 0.45
Composition—mole fraction

CO 0.0261 0 0 0 0
CO2 0.61 0.0003 0 0 0
H> 0.002 0 0 0 0
Oz 0 0.21 0.995 0 0
N2 0.166 0.78 0.005 1 0
H-0 0.2 0.012 0 0 1
Post-combustion ratio (%) 96.63 - - - -

For CO-Hz mixture combustion, the kinetic mechanism proposed by Frassoldati et al.
[27] is considered. Carbon particle reactions are considered through the expressions and
constants proposed by Wen et al. [28].

One important factor is the number of representative particles for both carbon and
water droplet particles. As mentioned before, carbon particles are carried with the inlet
flue gas into the off-gas system, and water is injected at the end of the off-gas system to
perform evaporative cooling. A better representation of particulate flow is achieved in the
models by incorporating a higher number of particles. However, a higher number of
particles leads to a higher computational cost. In order to set an appropriate number of
particles, a sensitivity analysis is required to investigate how the composition and
temperature profile and also carbon conversion are changed by increasing the number of
particles. The details of this analysis are not mentioned in this paper for brevity; however,
based on this analysis, a total of 20,000 and 2000 particles are considered to represent the
carbon and water droplet flow, respectively. A further increase in the number of particles
will not change the species and temperature predictions. The diameter of carbon particles
is considered to be injected with a uniform size of 120 pm, which is obtained from the
outlet prediction of the CFD models for the CCF reactor.

At the pilot plant, water is injected using a two-fluid atomizer. and only the measured
injection flow rates are available as input data. The injection velocity and approximate
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diameter for the measured injection flow rate were obtained from the study of Poozesh et
al. [29]. The spray injection is considered using the cone injection model with a spray angle
of 30 degrees, a uniform diameter of 90 um and an injection velocity of 25 m/s.

To reiterate, the reflux chamber wall is modeled as a two-layer wall (Figure 5). The
first layer is the refractory equivalent wall, and the second layer is the cooling pipe wall
thickness made of steel. The first layer has variable thermal properties that change based
on the wall thickness. These values are calculated based on the FEM analysis. The second
layer is considered to model the cooling pipe wall thickness (5 mm thickness) with the
thermophysical properties of steel (reported in Table 1). Above the reflux chamber, the
walls are modeled by considering only one layer with the same thickness and properties
as the steel layer mentioned for the reflux chamber.

The outer layer of the wall for the whole off-gas system is in contact with the cooling
water, and the respective heat transfer coefficients of cooling water for each cooling stack
(Figure 1C) are reported in Table 4.

Table 4. Wall convective heat transfer parameters for CFD model setup.

Stack 4 Stacks 2 and 3 Stack 1
Average temperature of cooling water (K) 314.5 307 314
Heat transfer coefficient of cooling water (w/(m? K)) 4000 4500 5000

4.2 .4. Plant Measurements for CFD Model Validation

Measurement points are shown in Figure 1C.

The temperature and gas composition are measured using high-temperature
thermocouples and gas analyses in real time and are averaged over a full operating period.

These measurements are used for the validation of the CFD model and are reported
in Table 5. The measured heat loss through the off-gas walls is also reported in the same
table. The measured values do not represent the real heat loss to the cooling water as some
of the heat is lost into the surroundings. According to FEM calculations, the ratio of heat
loss into the surroundings to total heat loss is 0.075 and 0.35 for the reflux chamber (Stack
1) and the rest of the wall (Stacks 2—4), respectively. The heat loss to the environment above
the reflux chamber is larger due to the high thermal conductivity of pipes with no
refractory coating applied. The total heat loss reported in Table 5 should be used to
compare with the model prediction. The reflux chamber refractory wall thickness (used
wall) is another parameter that will be used for model validation. Carbon conversion at
the outlet of the reflux chamber is determined to be 50% from the pilot plant data [4],
which will also be used for the model validation.

Table 5. Measured temperature and composition.

Composition (Dry Basis Mole Fraction)

Point A Point B Point D

CcO 0 - 0
COz 0.749 - 0.327
H> 0 - 0
Oz 0.0542 - 0.134
N2 0.197 - 0.539
Temperature (K) 1710 * 1023 * 713 *
Heat loss (MW)

Measured Loss to the surrounding Total loss
Reflux chamber (Stack 1) 3.6 0.30 3.9
Rest (Stacks 2—4) 3.5 1.9 5.4
Sum 7.1 2.2 9.3

* The values are measured with +10% error.
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5. Results and Discussion
5.1. FEM Analysis and Estimation of the Effective Thermal Conductivity (Step 0)

Using the calculated temperature profiles and heat flow from the FEM analysis, the
effective thermal conductivity is calculated as follows:

HF
Kegr=g 7 ders (19)

where HF is the calculated heat flow through the unit cell, dey is the average thickness of
the refractory material (CHTD), T}, is the hot surface temperature and T, is the outer surface

temperature of the cooling pipes, which is equal to the average temperature of the cooling
water. The measures of d and D are shown in Figure 7. The mixing law is used to calculate
the effective density and heat capacity as follows:

Peff = MgPy + My Py (20)

CPerr = MeCpp + My Cppy 1)

The values for the effective thermal conductivity based on the FEM analysis and
reviewed EMA models are shown in Figure 10 for different refractory thicknesses (and
filler volume fractions). Most of the EMA models predict a similar trend and values that
are in significant discrepancy with the FEM analysis results. Only the Rayleigh model has
predicted values close to the FEM analysis; however, there is still a large difference
between the two as Rayleigh predicts higher values than those obtained with the FEM
analysis.

As can be seen, for all analyses, there is an increase in thermal conductivity with
decreasing refractory thickness. The FEM analysis predicts a sharp increase in effective
thermal conductivity once the tips of the anchors become visible (d =25 mm). The effective
thermal conductivity reaches a constant value close to the average conductivity of the pure
refractory material (k=1.15 W/(m K)) by increasing the refractory thickness. The predicted
thermal conductivities using all of the analyzed correlations (except for the Rayleigh
model) predict a value close to the pure refractory thermal conductivity. At first glance,
one can conclude that these predictions are not satisfactory, and using them in the CFD
models will not lead to an improved prediction. Therefore, the values obtained by the
FEM analysis will be used and discussed for further analysis in the CFD models, and as
will be discussed, assigning the thermal conductivity obtained by FEM will lead to much
more reliable and reasonable predictions. This is due to the fact that detailed geometries,
such as filler complex shape and orientation and their uneven concentration inside the
matrix, can be precisely taken into account using the FEM analysis, while it is hard or
impossible to consider these factors using any EMA correlations.

5

—#-FEM Analysis

—+—Rayleigh models
+—Maxwell
—4—Lewis-Nielsen
——Bruggemann
——Hamilton and Crosser

Springer

kes [W/m/K]

15 ——0

—— g —
e
1 > = —— - =

25 35, 45 55, 65 75 85 95 105
d [mm]

Figure 10. Calculated effective thermal conductivity using different models (in all calculations kn =
1.15 W/(m K), kr = 55 (W/m K), and the volume fraction of the filler is calculated for different
refractory thicknesses).
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Figure 11 shows the temperature distribution over the unit cell volume for different
“d” values. As can be seen, the highest temperature occurs at the outer surface of the
refractory material, where it is in touch with the hot flue gas. However, for the cases with
a lower wall thickness, the surface temperature of the refractory material reduces as more
heat flows through the wall thickness due to the higher thermal conductivity of the unit
cell.

One reason for the increasing effective thermal conductivity is the increase in the
anchor volume fraction by reducing the refractory thickness. Since anchors are made of
steel with a much higher thermal conductivity compared to the refractory material,
increasing their fraction will increase the effective thermal conductivity.

x o~ y N ‘ ‘

.

PPy

80 mm 100 mm

Figure 11. Calculated temperature contours for refractory and embedded anchors (A) and the
anchors (B) for different “d” values.

The other reason is the fact that much of the heat is conducted through the anchors
to the cooling pipes, as depicted in Figure 12, where directional heat flux is shown for a
single anchor. It is evident that the highest heat flux in the refractory material occurs near
those regions where the anchor is located. By reducing the refractory thickness, which acts
as an isolation, the tips of the anchors will be closer (or imposed) to the hot flue gas, and
more heat will flow through the anchors and, therefore, through the whole wall.

Heat Flux [W/m?]
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Figure 12. Calculated directional heat flux in the unit cell.
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Another interesting finding is depicted in Figure 13A, which shows the isotherm
pattern for different temperatures. There is a clear relationship between the isotherms and
the erosion pattern inside the reflux chamber (Figure 13B). As can be seen from the
obtained isotherms, the refractory regions close to the tips of the anchors will have a lower
temperature (due to higher heat flux) with respect to faraway regions and vice versa. Thus,
near the tips of the anchors, lesser thermal stress is experienced by the refractory material,
which leads to a longer life cycle in those regions. Nevertheless, the thermal expansion of
the anchors, which can also cause cracks and ultimately material loss on the walls, must
not be ignored.

Temperature [K]

1470

I 1341
- 1213
1084
Il{sss
- 827

! 699

570
I o
313

Tieo = 1470 K

Tiso = 1100 K

Tieo = 900 K Tio = 700K

o

Figure 13. Predicted isotherm for different temperatures (A) and observed erosion inside the reflux
chamber (B).

5.2. Sensitivity Analysis Using CFD Model (Steps 1-3)

The CFD analysis of the whole off-gas system is performed using different wall
boundary conditions inside the reflux chamber. As mentioned before, the wall is modeled
with a two-layer approach. For all layers, thermal conductivity, heat capacity, density and
layer thickness must be assigned. For the equivalent wall layer (first layer), five cases are
considered, as highlighted in Table 6. For each case, kef, cpef, pes and des are assigned for the
thermal conductivity, heat capacity, density and thickness of the layer, respectively.

Table 6. Obtained values for equivalent (composite) wall from FEM analysis.

d (mm) 25* 30 35 40 45 50 60 70 8 90 100
D (mm) 4 49 54 59 64 69 79 8 99 109 119
def (mm) 345 395 445 495 545 595 695 795 895 995 109.5
HF (kW/m2) 115 725 573 483 419 371 302 255 221 195 175
T (K) 333 329 326 324 322 321 320 319 318 318 317
T (K) 1258 1323 1387 1431 1463 1487 1522 1546 1563 1576 1586
kegr (W/(m K)) 429 288 240 216 200 189 174 1.65 158 154 1.51
peff (kg/m?3) 3251 3136 3044 2970 2908 2855 2771 2707 2657 2616 2583
cperr (J/kgK) 818 827 834 840 845 849 856 861 865 868 870

* bare anchors.

For the simplicity of the analysis and plotting graphs, the cases are named based on
the tip thickness (d). So, for example, a case with d = 40 mm corresponds to a case where
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the equivalent wall thickness, thermal conductivity, density and heat capacity are 49.5
mm, 2.16 W/(m K), 2970 kg/m? and 840 J/kg-K, respectively, in the CFD model. The pipe
wall thickness (second layer) is a steel material with known properties, which is similar
for all studied cases. The rest of the boundary conditions and model setup are the same
for all cases.

Figure 14 shows the calculated temperatures (Points A, B and D), Oz mole fraction
(Point A) and heat losses in the reflux chamber and the rest of the off-gas system for
different cases (based on corresponding d values). The horizontal dot lines represent the
measured values at the pilot plant, as reported in Table 5 for each parameter. For the
temperature graphs, a +10% measurement error is also shown with extra horizontal lines.
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Figure 14. Predicted heat loss (A,D), carbon conversion (B) dry basis O2 mole fraction (C) and
temperature (E-G) for different “d” values (“Rest heat loss” refers to the losses through the air
quench, up leg and down leg).

As can be seen from Figure 14A, by increasing the equivalent wall thickness in the
models (and generally increasing refractory wall thickness), the amount of heat loss from
the reflux chamber walls is substantially reduced. On the other hand, a lower heat loss
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will increase the temperature inside the reflux chamber and other parts of the off-gas
system (Figure 14D-F). Due to the higher temperature within the reflux chamber, an
increase in the rate of CO-H: and carbon particle conversion (Figure 14B), and
consequently a reduction in the O2 amount (Figure 14C) at the outlet of the reflux chamber,
can be expected.

Based on Figure 14A-E, the calculated curves and measured lines intersect at a “d”
value between 25 and 35 mm. This interval corresponds to an average wall thickness (d.f)
between 34.5 and 44.5 mm (see Table 6), which is in good agreement with the measured
average thickness of 32 to 38 mm during the reflux chamber wall inspections. The
calculated temperature graphs at Points B and D (Figure 14F,G) are also shown, and as is
evident, the measured mean values fall outside the calculated range. However, the
calculated graphs are still between the measured error lines.

As can be comprehended, using the mentioned methodology (summarized in Figure
6), it is possible to have an approximate average refractory thickness and, in general, an
idea of the refractory condition without direct measurements, using parameters that can
be measured during the operation without going into shutdown.

Using these graphs, specifically those with the least errors (heat losses, O:
composition and carbon conversion), it seems that for the current measured data, d =27.5
mm, which corresponds to an averaged equivalent wall thickness (def) of 37 mm is a
reasonable value for tuning the heat transfer for final CFD model of the current
operational and wall condition.

The properties corresponding to the considered equivalent wall thickness are
acquired from Figure 10 and Table 6 and summarized in Table 7. One more set of CFD
calculations is performed using the tuned values (hereafter called the used-wall case), and
the results are compared to the fresh-wall case where d = 40 mm (def = 49.5 mm). Fresh
wall refers to the case with the original refractory thickness applied while constructing the
reflux chamber.

Table 7. Wall properties used in shell conduction model for tuned (used-wall) CFD calculation.

Equivalent Refractory (First Layer) Steel Pipe Thickness (Second Layer)

deff (mm) 37 5
kett (W/(m K)) 3.65 Function of temperature (see Table 1)
oetf (kg/m?) 3010 7850
cpett (J/kgK) 836 461

Figures 15 and 16 show the predicted gas temperature and composition profile for
the fresh- and used-wall cases. The calculated profiles are plotted along the centerline of
the off-gas system geometry (length). As can be seen from Figure 15, there are three
noticeable temperature drops along the off-gas system. The first occurs after post-
combustion oxygen injection in the reflux chamber (length = 3 m), where cold oxygen is
injected. A drastic temperature drop occurs at the air quench section (length = 10 m),
where atmospheric air is injected in a large quantity. Ultimately, there is another
temperature drop via evaporative cooling after injecting water spray in the down leg
(length =29 m). From the temperature profiles, there is a significant discrepancy between
plant data and fresh-wall predictions, but a good agreement with the used-wall case. This
discrepancy is not visible or is minor in the predicted gas composition profile, as depicted
in Figure 16.
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Figure 15. Predicted gas temperature profile using the tuned CFD model. Measured temperatures
are shown with +10% error bars [4].
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Figure 16. Predicted gas composition profiles using the tuned CFD model [4].

For more precise quantitative comparisons, Figure 17 shows the calculated and
measured heat loss (at different regions), oxygen mole fraction, carbon conversion and
temperature at different measurement points. Again, the same discrepancy can be seen
between the plant measurements and the fresh wall, but a good agreement with the used-
wall case.

The obtained results point to the fact that the state of the refractory material thickness
has changed and can no longer be considered fresh. This conclusion is also confirmed by
the reflux chamber wall inspection, where local erosions and material loss have been
observed. The reduction in refractory material thickness will increase the thermal
conductivity and thus the heat loss through the reflux chamber wall. This in turn will
reduce the local temperature profile and ultimately might affect the composition of the
off-gas. For example, considering the fresh-wall properties for the equivalent wall leads
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to a higher local temperature, a higher carbon conversion and a slightly lower oxygen
molar fraction at the outlet of the reflux chamber. In general, for this specific modeled
operating condition, the change in off-gas composition is minor for different equivalent
wall thicknesses.
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Figure 17. Calculated and measured parameters at different regions and measurement points (+10%
plant measurement error for temperature is not shown).

6. Conclusions

A comprehensive study is performed to demonstrate the importance of wall
modeling for the proper prediction of heat losses through the walls of the HIsarna off-gas
system. According to the models and also plant inspection, it turned out that the refractory
wall thickness inside the reflux chamber is reduced due to the aggressive atmosphere.
This change has a noticeable effect on the composition and flow temperature.
Furthermore, in order to properly set up a CF model, the wall thickness and effective
thermophysical properties must be properly assigned. The direct measurement of the
refractory wall thickness is only possible during shutdown. Moreover, the thermophysical
property calculation of the walls is not a straightforward task due to the presence of steel
anchors inside the walls. Therefore, a methodology is offered and discussed in order to
indirectly measure the refractory wall thickness inside the reflux chamber, and the
thermal and physical properties of the off-gas system walls are calculated.

A set of FEM analyses is performed with the detailed wall geometry of the reflux
chamber to obtain the effective thermal conductivity associated with refractory material
with embedded anchors for different refractory thicknesses. The calculated values are
then used in the CFD analysis to calculate the heat loss, temperature and gas composition
for different refractory effective thicknesses. Then, the measured values for each
parameter is mapped on the corresponding graph so that the calculated graph is
intersected in a certain effective wall thickness (de) value.

According to the measured plant temperature, composition and heat losses, as well
as the comparison with calculated values, the effective wall thickness of the reflux
chamber is predicted to be in the interval of 34.5 to 44.5 mm, which is in good agreement
with observations and the measured average thickness of 32 to 38 mm during reflux
chamber wall inspections.
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The proposed methodology results are valid for a fixed operation condition and inlet
boundary conditions and also a fixed anchor geometry and orientation. In case the
operating condition is changed, Steps 1 to 3 of the proposed flowchart must be repeated.
If the anchor geometry/orientation and refractory material are changed, the whole
flowchart must be repeated; however, the methodology remains the same.

Besides the mentioned conclusions regarding the proposed methodology, the
following can also be concluded based on the obtained results:

1. Wall modeling and thermophysical property assignment in the CFD model have a
significant effect on the prediction of temperature, composition and heat loss profiles.

2. Inthe Hlsarna off-gas system, the applied refractory at the reflux chamber has a very
low thermal conductivity; however, the embedded steel anchors inside the refractory
material can increase the thermal conductivity by a factor of 3.

3. Refractory loss and thickness reduction increase the thermal conductivity of the wall.

4. Using the original refractory thickness (thickness during the reflux chamber
construction), CFD models predict much lower heat losses and much higher
temperature profiles. Based on these results, the thickness of the refractory material
inside the reflux chamber can no longer be the same as the original thickness. This is
confirmed by the direct measurement of the walls during the shutdown period.

5. FEM analysis is more reliable than the available EMA correlation for predicting the
thermal conductivity of the composite walls with random-shape matrixes and fillers
as in the reflux chamber wall.

6. Based on the proposed methodology, on average, an effective wall thickness of 37
mm predicts heat losses, temperature and composition profiles, which is in excellent
agreement with the current plant measurements. The predicted wall thickness is in
good agreement with the direct thickness measurements, which was between 32 and
38 mm.

7. According to the proposed methodology, it is shown that it is possible to indirectly
measure the refractory thickness from other measured values during operations such
as heat loss, temperature and gaseous compositions.
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. Overall rate of solid reaction per unit
Ap Particle surface area Rehari . p
particle surface area (kg/m?2-s)
. .. User-defined source terms in turbulence
a Absorption coefficient Sk and Sg .
equation
net rate of creation by addition from the
C Constant coefficients S dispersed phase-like particles (source

term in species transport)
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Turbulent kinetic energy (m?/s?),
Effective thermal conductivity (W/(m K))
thermal conductivity of fillers (W/(m K))
thermal conductivity of matrix (W/(m K))
Mass transfer coefficient (m/s)
Kinetic rate constant (kg/m?-s-Pa)
Diffusion rate constant (kg/m?s-Pa)
Ash diffusion rate constant (kg/m?-s-Pa)
Thermal conductivities along their respective
axis
Molecular weight of species i (kg/kmol)
Filler mass fraction
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Source term for the reaction heat and
other volumetric heat sources
Position vector (m)
Direction vector
Scattering direction vector
Path length (m)

Outer surface temperature of cooling
pipes (K)

Hot surface temperature (K)
Particle temperature (K)

Temperature (K)
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Fluid fluctuating velocity (m/s)
Fluid mean velocity (m/s)

Fluid velocity (m/s)

Particle velocity (m/s)
Contribution of the fluctuating dilatation
in compressible turbulence to the overall

dissipation rate
Local mass fraction of each species
Mass fraction of fine-scale species after
reacting over the time 7~
Vapor mass fraction at the surface
Vapor mass fraction in the bulk gas
Mass fraction of reactive surface species
Greek letters
Stefan—Boltzmann constant
Scattering coefficient
Solid angle
Effective diffusivities (kg/m-s)
Energy dissipation rate (m?/s?)
Turbulent viscosity (m?/s)
Molecular viscosity (kg/m-s)
Density of fluid (kg/m?)

Effective density (kg/m?)

Filler density (kg/m?)
Matrix density (kg/m?)
Density of the particle (kg/m?)
Density of solid (kg/m?)

Particle relaxation time

Time scale in EDC

Turbulent Prandtl numbers
Length fraction of the fine scales
kinematic viscosity (m?/s)
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Q Heat generation per unit volume ® Filler volume fraction
R Universal gas constant (J/kmol-K) Om Maximum filler volume fraction
R Net rate of production/consumption of
' species by chemical reaction (mol/s)
Appendix A. List of EMA Model Details
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kp =k ) \koss perpendicular to the heat
flow.
1-(B22 Kk
Springer and Tsai k.rr = kn,[1 — Zﬁ +ilp - —— tan? ) ] B=2-[—-1] [15]
T B Jl—(Eﬂ%) 1+B\E kg
Hamilton and ke + 2k — 20 (ky — Kkf)
kerr = k.
Crosser eff m [ ke + 2k + @k — k) [16,17]

References

1. IEA, Iron and Steel Technology Roadmap. Available online: https://www.iea.org/reports/iron-and-steel-technologyroadmap
(accessed on 9 October 2021).

2. Worldsteel, Press Release. Available online: https://www.worldsteel.org/media-centre/press-releases/2021/Global-crude-
steeloutput-decreases-by-0.9--in-2020.html (accessed on 19 October 2021).

3.  Climate Policy. Available online: https://www.worldsteel.org/publications/position-papers/climate-change-policy-paper.html
(accessed on 19 October 2021).

4. Hosseini, A.; Dhiman, V.; Meijer, K.; Zeilstra, C.; Hage, ].; Peeters, T.; Offerman, E.; Yang, Y. CFD modelling of the off-gas system
of HIsarna iron making process. Part 1: model development using detailed reaction mechanism for post-combustion of CO-H>
mixture and carbon particles. Ironmak. Steelmak. 2022, 49, 828-844. https://doi.org/10.1080/03019233.2022.2062929.

5. Mahmoodi, B.; Hosseini, S.H.; Ahmadi, G.; Raj, A. CFD simulation of reactor furnace of sulfur recovery units by considering
kinetics of acid gas (H2S and CO2) destruction. Appl. Therm. Eng. 2017, 123, 699-710.

6.  Ghosh, M.; Ghosh, P. CFD evaluation of thermal convection inside the DACON convection sensor in actual space flight. Nat.
Sci. 2011, 3, 419-425.

7. Al-Abbas, A.H. Computational fluid dynamics (CFD) modeling study of thermal performance for multipurpose solar heating
system. Al-Nahrain . Eng. Sci. 2017, 20, 222-234.

8. Jayakumar, ].S.; Mahajani, S.M.; Mandal, J.C.; Vijayan, P.K.; Bhoi, R. Experimental and CFD estimation of heat transfer in
helically coiled heat exchangers. Chem. Eng. Res. Des. 2008, 86, 221-232.

9.  Popescu, F.; Mahu, R.A.; Antonescu, N.A.; Ion, L.V. CFD prediction of combustion in a swirl combustor. IOP Conf. Ser. Mater.
Sci. Eng. 2018, 444, 82009.

10. Joliff, Y.; Belec, L.; Heman, M.B.; Chailan, J.F. Experimental, analytical and numerical study of water diffusion in unidirectional
composite materials—Interphase impact. J. Surf. Eng. Mater. Adv. Technol. 2011, 1, 141-145.

11. Pietrak, K.; Wisniewski, T.S. A review of models for effective thermal conductivity of composite materials. ]. Power Technol. 2015,
95, 14-24.

12. Nielsen, L.E. The thermal and electrical conductivity of two-phase systems. Ind. Eng. Chem. Fundam. 1974, 13, 17-20.

13. Rayleigh, L. On the influence of obstacles arranged in rectangular order upon the properties of a medium. Lond. Edinb. Dublin
Philos. Mag. 1892, 34, 481-502.

14. Landauer, R. The electrical resistance of binary metallic mixtures. J. Appl. Phys. 1952, 23, 779-784.

15. Tavman, LH.; Akinci, H. Transverse thermal conductivity of fiber reinforced polymer composites. Int. Commun. Heat Mass
Transf. 2000, 27, 253-261.

16. Wang, H.; Rao, Z.; Wang, W.; Liao, S. A reconstruction of Hamilton-Crosser model for effective thermal conductivity of

nanofluids based on particle clustering and nanolayer formation. Case Stud. Therm. Eng. 2021, 26, 101051.



Processes 2023, 11, 3082 24 of 24

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

Baheta, A.T.; Woldeyohannes, A.D. Effect of particle size on effective thermal conductivity of nanofluids. Asian J. Sci. Res. 2013,
6, 339-345.

Rashid, K.; Haq, E.U.; Kamran, M.S.; Munir, N.; Shahid, A.; Hanif, I. Experimental and finite element analysis on thermal
conductivity of burnt clay bricks reinforced with fibers. Constr. Build. Mater. 2019, 221, 190-199.

Nagy, B.; Nehme, S.G.; Szagri, D. Thermal properties and modeling of fiber reinforced concretes. Energy Procedia 2015, 78, 2742~
2747.

Andreev, K,; Harmuth, H. FEM simulation of the thermo-mechanical behaviour and failure of refractories—A case study. J.
Mater. Process. Technol. 2003, 143—144, 72-77.

Gruber, D.; Andreev, K.; Harmuth, H. FEM simulation of the thermomechanical behaviour of the refractory lining of a blast
furnace. . Mater. Process. Technol. 2004, 155-156, 1539-1543.

Gou, J.-J.; Dai, Y.-J; Li, S.; Tao, W.-Q. Numerical study of effective thermal conductivities of plain woven composites by unit
cells of different sizes. Int. ]. Heat Mass Transf. 2015, 91, 829-840.

Hosseini, A.; Hage, ].L.T.; Duiker, A.; Meijer, K; Peeters, T.; Offerman, E.; Yang, Y. Off-Gas System Scale-Up of Hlsarna Iron-
Making Process: A CFD-Based Approach. Metall. Mater. Trans. B 2022, 53, 3557-3574. https://doi.org/10.1007/s11663-022-02620-
4

Pak, B.C.; Cho, Y.I. Hydrodynamic and heat transfer study of dispersed fluids with submicron metallic oxide particles. Exp.
Heat Transf. 1998, 11, 151-170.

Ansys® Fluent, Release 2021.1, Help System, Theory Guide, ANSYS, Inc. Available online:
https://www.ansys.com/academic/terms-and-conditions (accessed on 19 October 2021).

Hosseini, A.; Hage, ].L.T.; Meijer, K.; Offerman, E.; Yang, Y. On the Importance of Model Selection for CFD Analysis of High
Temperature Gas-Solid Reactive Flow; Case Study: Post Combustion Chamber of Hlsarna Off-Gas System. Processes 2023, 11,
839. https://doi.org/10.3390/pr11030839

Frassoldati, A.; Faravelli, T.; Ranzi, E. The ignition, combustion and flame structure of carbon monoxide/hydrogen mixtures.
Note 1: Detailed kinetic modeling of syngas combustion also in presence of nitrogen compounds. Int. . Hydrogen Energy 2007,
32, 3471-3485.

Wen, C.Y.; Chaung, T.Z. Entrainment Coal Gasification Modeling. Ind. Eng. Chem. Process Des. Dev. 1979, 18, 684-695.

Poozesh, S.; Akafuah, N.K.; Campbell, H.R.; Bashiri, F.; Saito, K. Experimental and Mathematical Tools to Predict Droplet Size
and Velocity Distribution for a Two-Fluid Nozzle. Fluids 2020, 5, 231. https://doi.org/10.3390/fluids5040231.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.



