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Abstract
Wall cooling panels are typically a kind of electric arc furnace equipment that has precisely influence on different aspects 
of the steelmaking process. This investigation employs a CFD method to evaluate the thermal performance of water 
cooling panels in real operating conditions to validate the numerical method followed by replacing cooling water with 
Al2O3/Water nanofluid coolant. The results are revealed that the high rate of receiving heat flux and generated vortexes 
with low-velocity cores lead to hot spots inducing on bends and elbows. In the operating flow rate, the maximum tem-
perature of the hot-side wall decrease by 14.4% through increasing the nanoparticle concentration up to 5%, where the 
difference between maximum temperature and average temperature on the hot-side decrease to 12 degrees. Accord-
ing to the results, use of nanofluid coolant is a promising method to fade the hot spots out on the hot-side and gifting 
a lower and smoother temperature distribution on the panel walls of thereby prolonging the usage period of panels.

Article highlights

•	 Receiving radiative heat flux of a water cooling panel 
(WCP) of an Electric Arc Furnace (EAF) is calculated 
numerically using the S2S model.

•	 Temperature distribution and hot spots is determined 
on the outer wall of CWP.

•	 Heat transfer of WCP is characterized numerically for 
Al2O3/Water nanofluid at various particle concentra-
tions.

•	 Smoothing temperature distribution and hot spot 
removal are dedicated as the results when using nano-
fluid.
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List of symbols
A	� Surface area (m2)
CPbf	� Isobaric specific heat capacity base fluid (J/kg K)
CPnf	� Isobaric specific heat capacity nanofluid (J/kg K)
CPnp	� Isobaric specific heat capacity nano particles (J/

kg K)
CP	� Cooling panel

EAF	� Electric arc furnace
F	� View Factor in radiative heat transfer
gi	� Gravitational acceleration in ith direction (m/s2)
h	� Convective heat transfer coefficient (pure base 

fluid) (W/m2 K)
heff	� Convective heat transfer coefficient of nanofluid 

(W/m2 K)
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Kbf 	� Thermal conductivity of base fluid (W/m K)
Knf 	� Thermal conductivity of nanofluid (W/m K)
Knp	� Thermal conductivity nano particle (W/m K)
Nu	� Nusslet number
p	� Reflectivity
P	� Pressure (Pa)
Pr	� Prandtl number
q	� Heat flux (W/m2)
qin	� Incident heat flux by hot side (W/m2)
qout	� Leaving heat flux by molten steel (W/m2)
ReD	� Reynolds number with the characteristic length 

of WCP inner diameter
T	� Temperature (K)
SR	� Energy source term (J/m3)
ui	� Velocity component in ith direction (m/s)
WCP	� Wall cooling panel
xi	� The ith direction in the Cartesian coordinate 

system (m)

Greek Letters
�ij	� Kronecker delta
�k	� Emissivity of kth component
�	� Stefan–Boltzmann constant (W/m2 K4)
�T	� Turbulent Prandtl number
�	� Nanofluid concenteration
�	� Density (kg/m3)
�bf 	� Base-fluid density (kg/m3)
�nf 	� Nanofluid density (kg/m3)
�np	� Nano particle density (kg/m3)
�	� Viscosity (Pa s)
�t	� Turbulent viscosity (Pa s)
�bf 	� Base-fluid viscosity (Pa.s)
�nf 	� Nanofluid viscosity (Pa s)

1  Introduction

Generally, the new generation of electric arc furnaces (EFA) 
includes a circular wall which is protected by a refractory 
brick liner, a cupped bottom bath and a circular detach-
able roof protected by roof water cooling panels. The walls 
of EAF are usually cylindrical and are made of different 
materials, depending on whether the furnace is acidic or 
alkaline to have been protected by Water cooling panels 
similar to the roof [1]. These cooling panels (CP) experi-
ence conflicting operational situations [2]. CPs are usually 
damaged on the outer side upon receiving heat flux and 
significant thermal stresses, and on the inner side through 
corrosion and erosion caused by circulating cooling water, 
which delays the production process [3, 4]. Regarding the 
previous investigations on the thermal performance of 
nanofluids, use of these specific types of fluids as circu-
lating cooling fluids leads to diminished exterior walls 

temperature of CPs which reduces thermal stress and 
improves productivity [5].

Kilkis et al. [6] presented a simplified analytical one-
dimension model to study radiative and conductive heat 
transfer in EAF whose results matched numerical simula-
tions which were usable in the design and evaluation of 
EAF. Radiative heat transfer modelling continued by Logar 
et al. [7] by applying a surface to surface model to simpli-
fied EAF. Their results revealed geometry simplification had 
a negligible effect on the simulation results and applied 
numerical results was in accordance with measured opera-
tional data. Studies were extended by Henning et al. [8] 
with CFD evaluation roof CP of AC and DC EAF using STAR-
CCM+ commercial code as well as experimental studies by 
liberator prototyping which showed a good agreement 
between CFD and experimental results. They also find out 
that temperature of internal walls of tubes may increase 
up to 100 C caused by cooling water low velocity which 
can be solved by increasing water flow rate. Mombeni et al. 
[9] examined transient flow and heat transfer in EAF roof 
CP using CFD and presented an improved geometry for 
roof CP. Their results revealed that using cooper instead 
of steel can reduce maximum temperature of CP up to 
6% and replacing roof CPs with circular panels will make 
temperature distribution smoother. They also showed 
that hot spots occurred near the elbows. CFD simulations 
were pursued by Yigit et al. [10] to examine temperature 
distribution in an EAF with active burner and electrodes 
by considering combustion reaction and radiative heat 
transfer. They examined temperature distribution on walls 
and slag surface inside an EAF using CFD techniques. Their 
results indicated that walls and roofs received more ther-
mal enegy with comparison of slag surface and the cooling 
system is responsible for significant heat losses in EAF. Guo 
et al. [11] inspected the radiation intensity and influence of 
arc length on heat flux distribution in EAF using CFD. They 
resulted 0.3–2% heat loss in electrodes due to conductive 
heat transfer. Also they estimated maximum temperature 
on the electrodes 3600 K that is not reasonable. Khoda-
bandeh et al. [12] characterized heat transfer phenomena 
in oxidizer lances of EAF, both numerically and experi-
mentally. They applied DO (Discrete Ordinate) method 
in radiative heat transfer to examine the heat transfer 
phenomena. Their results show that 180 degree elbows 
causing returned vortex in pipeline and increase the local 
temperature which headed them to improve water-cooled 
oxidizer lances. They also find out that thermal gradient 
in EAF is a source of fatique and thermal stress. Khoda-
bandeh et al. [13] proceeded with a parametric study of 
EAF cooling system by applying CFD. For numerical for-
mulation they employed S2S radiative heat transfer model. 
They validated CFD results by comparing them against the 
outlet water temperature of CP and revealed the effect 
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of slug thickness on CP outer wall temperature distribu-
tion. Their results also revealed that increase in EAF diam-
eter will lead to higher temperature on roof and lower 
temperature on side walls. Besides, they found out that 
cooling pipes experience high temperature gradient on 
bending which may casus the mechanical failure. Ahmadi 
et al. [14] optimized roof cooling panels of EAF by using 
nanofluid as the cooling fluid. They employed numerical 
simulations using ANSYS Fluent and compared the results 
for pure water and 3% and 5% nanofluid concentration. 
They considered outer walls as constant heat flux applying 
boundary. Their results show that the internal walls tem-
perature decreased by increasing in Reynolds number and 
concentration. Yao et al. [15] developed a 2D numerical 
simulation using ANSYS Fluent to examine molting bath 
cavity in a DC EAF. They realized two clockwise and coun-
ter clockwise flow patterns formed in the molten bath. In 
addition, their results show high temperature region in 
surface of molten bath caused by the plasma sear stress. 
Luo et al. [16] employed ANSYS Fluent for numerical simu-
lations to evaluate effect of EAF on water CP overheating. 
P1 heat transfer radiation and transport species models are 
used by them. Their numerical results show that decrease 
in molten bath and increase in water cooling flow rate as 
well as decrease in arc power are needed to avoid over-
heating of the CPs.

A nanofluid is a mixture of a base fluid and a small vol-
ume fraction (Concentration) of solid particles with dimen-
sions less than 100 nm within the range of sub 1% to 10% 
[17]. In comparison with conventional fluids, nanofluids 
have high thermal conductivity and can transfer heat more 
effectively through the convective heat transfer mecha-
nism. While there are many types of nanofluids, mixtures 
of Al2O3 and Water are more effective at higher concentra-
tion values and can be considered as a Newtonian fluid 
up to 5% concentration [18]. To improve the thermal per-
formance of various types of heat transfer components, 
Al2O3/Water nanofluids were used since geometrical modi-
fications are costly and sometimes impossible [19].

Since the possible use of nanofluids in the cooling sys-
tem of EAF has been investigated rarely so far and consid-
ering that wall CP is principally a heat exchanger, the fol-
lowing cases with various similar applications have been 
adequately reviewed. Islam et al. [20] improved fuel cell 
cooling system using nanofluid as a coolant fluid oper-
ating through a compact heat exchanger. Their results 
showed that an increase in the nanoparticle concentra-
tion led to heat transfer improvement. Sahota et al. [21] 
explored the thermal performance of a helically coiled 
solar collector using two different types of nanofluids 
and showed improved energetic and exergetic efficiency. 
Nanofluid applications in a high rate heat flux cases 
were tested by Nayerdinzadeh et al. [22]. That evaluated 

parabolic through the solar collector using nanofluid both 
numerically and experimentally. Their results revealed that 
while heat transfer coefficient rose by increasing the nano-
particle volume fraction, the elevation of the friction coef-
ficient was negligible. Hosseini et al. [23] evaluated nano-
fluid performance as a coolant fluid in a shell and tube 
intercooler using ASPEN HTFS* commercial software and 
confirmed previous results.

In the present investigation, computational fluid 
dynamics methods were employed to carefully evalu-
ate the thermal performance of a WCP in an EAF which 
employs Al2O3/Water nanofluid as a circulating cooling 
fluid. One of the significant critical aspects of this study is 
marking and fading away hot spots on the outer hot-side 
of CP as well as reducing the average temperature of outer 
CPs hot-side. Numerical investigation was conducted on 
an Isfahan steel factory EAF WCP. Initially, CFD simula-
tions were verified by comparing them against operating 
data exported from the monitoring system under identi-
cal specific conditions using cooling water as a coolant. 
In the second step, pure water was replaced by Al2O3/
Water nanofluid with 3%, 4%, and 5% particle volume 
concentrations.

In the next section, we consider the methodology that 
includes geometry and mesh generation, Governing equa-
tions, and Boundary conditions. Section 3, provides the 
results and discussion that also include the validation and 
the mesh independency study. Finally, in Sect. 4, we pre-
sent the conclusion.

2 � Methodology

This study conducted CFD simulation in the two divided 
parts to EAF WCP: in the first place WCP receiving heat flux 
was calculated under identical operating conditions based 
on simplified EAF geometry produced by CATA V.5. Accord-
ing to [7], geometry simplification has a negligible influence 
on final results. Mesh generation and CFD simulations were 
done using GAMBIT and ANSYS FLUENT 19 commercial 
code, respectively. Since radiative heat transfer mechanism 
claims the most sizeable share of heat transfer in EAF, other 
heat transfer mechanisms were neglected. Also, S2S radi-
ant model was employed to model radiant heat transfer 
between the hot molten steel surface and WCP hot-side. 
At this stage, based on identical operating conditions, it 
was reasonably assumed that the electric arc was offed 
for a while and electrodes had been lifted up. In addition, 
molten steel was still static in the furnaces’ bath. Also, a WCP 
was placed in the wall of circular furnaces while the rest of 
the wall was assumed to realistically be at a constant tem-
perature equivalent to the panel surface. Further, regarding 
to Isfahan steel factory surface temperature and emissivity 
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of molten steel assumed 1600 centigrade and 0.63, respec-
tively. On the other hand, numerical simulations were done 
in a steady state to achieve the spatial heat flux distribution 
on the hot-side of WCP and validated against the operat-
ing empirical data. In the second part of the simulation, the 
validated spatial heat flux distribution was applied as a heat 
flux profile to the hot-side of WCP in order to simulate the 
internal flow and heat transfer to the cooling fluid. Initially 
in this part, pure water with an empirical operating flow rate 
was considered as coolant to validate the results against the 
outlet temperature [5]. Next, simulations were conducted 
on pure water and 3%, 4% and 5% particle concentrations 
of Al2O3/Water nanofluid at 9, 10 (nominal flow rate), 11 and 
12 kg/s flow rates. It is predicted that low concentration of 
nanoparticles will not demonstrate any significant improve-
ment due to the immense values of flow rates. The proposed 
nanoparticle properties, WCP material (ASTM A106 GR.B), 
and nanofluid calculated thermophysical properties are 
presented in Tables 1, 2, 3 respectively. A flowchart of meth-
odology steps was dedicated to Fig. 1 to make it easier to 
understand the simulation steps.

2.1 � Geometry and mesh generation

Since in the first part of the simulation to calculate the 
receiving heat flux on hot-side of WCP, electric arc is 
assumed to be offed, the sole source of heat energy is hot 
molten steel through the furnaces path. The geometry for 
the first part is depicted in Fig. 2. In addition, WCPs geom-
etry and dimensions reported by Isfahan Steel Factory for 
the second simulation part are presented in Fig. 3.

The geometric properties of EAF and WCP are pre-
sented in Table 4.

Figure 4 illustrates the generated grid on the domain 
walls and Fig. 5 outlines a planar view of the internal grids 
indicating a higher resolution near the WCPs wall. Fur-
ther, Fig. 6 displays the mesh generated for the second 
simulation part which includes the internal flow and heat 
transfer.

For both simulations, an unstructured pyramidal gird 
was employed, and four grid resolutions were adequately 
studied in order to properly investigate mesh independ-
ency. The numbers of cells studied for the first and sec-
ond parts of simulations are 454,123, 491,231, 540,133, 
601,234; and 912,314, 1,042,341, 1,131,806, 1,326,871, 
respectively.

2.2 � Governing equations

The governing equations are classified into three classes:
(i) fundamental equations of S2S radiative heat transfer 

that govern the heat transfer outside the WCP and result 
heat flux distribution on the WCPs outer hot-side Eqs. 1–5 
[24].

In these equations, qout,k is leaving energy flux from kth 
surface which is calculated by composing directly emitted 
and reflected energy. Also, �k , � , pk and qin,k are emissivity, 

(1)qout,k = �T 4

k
+ pkqin,k

(2)Akqin,k =

n
∑

j=1

Ajqout,jFjk

(3)AjFjk = AkFkj for j = 1, 2, 3,…N

(4)qin,k =

N
∑

j=1

Fkjqout,j

(5)Fij =
1

Ai
∫
Ai

∫
Aj

cos �i cos �j

�r2
�ijdAidAj

Table 1   Nanoparticle properties

Property Value

Chemical formula Y-Al2O3

Nano powder color White
Shape Spherical
Averaged diameter 20 nm
Specific surface area 128 m2/g
Density 3.89 g/cc
Heat capacity 880 J/kg K
Purity 99%

Table 2   Thermophysical properties of WCP pipes

Property Value

Pipe ASTM A106 GR.B
Thermal conductivity 51 W/mK
Specific heat capacity 461 J/kgK
Density 7850 kg/m3

Table 3   Calculated thermophysical properties of Al2O3/water nano-
fluid

Particle concentration 3% 4% 5%

Density (kg/m3) 1074.909 1101.869 1128.829
Specific Heat Capacity (J/kgK) 3829.222 3723.949 3623.706
Viscosity (Pa s) 0.000776 0.000797 0.000818
Thermal conductivity (W/mK) 0.763006 0.809568 0.85613
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Stefan–Boltzmann constant, reflectivity and incident 
energy flux for kth surface. F defined as surface to surface 
view factor and A is are of the surfaces.

(ii) Internal flow and heat transfer inside the WCP are 
provided in Eqs. 6−12 [9, 24].

Continuity and momentum equations dedicated in 
Eqs. 6 and 7, respectively.

(7)
�

�ui
(�ui) = 0

(8)�

�xi
(�uiuj) = −

�P

�xi
+

�

�xi
[(�t + �)(

�ui

�xj
+

�uj

�xi
) −

2

3
(�t + �)

�ul

�xl
�ij] + �gi

Fig. 1   Schematic flow chart of the methodology
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where the � , ui and P are density, velocity component and 
pressure, respectively. Also, �t , � , �ij and gi are turbulent 
viscosity, laminar viscosity, Kronecker delta and gravita-
tional acceleration component, respectively.

Energy equation defined as Eq. 8:

(8)
�

�xi
(�uiT ) =

�

�xi

[(

�

Pr
+

�t

�T

)

�T

�xi

]

+ SR

Fig. 2   EAF Geometry and the 
location of WCP

Fig. 3   Geometry of wall water 
cooling panel (WCP)

Table 4   Geometrical dimensions of EAF and WCP

Parameter Value

EAF diameter 4.6 m
EAF roof distance from molten steel 3.3639 m
WCP distance from molten steel surface 0.828 m
WCPs inlet and outlet inner diameter 55 mm
WCPs pipes inner diameter 77.02 mm
WCPs pipes thickness 5.49 mm
WCP dimensions 1.73344*1.23493 m2
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In this equation T is the temperature, Pr is Prandtl num-
ber, �T  and SR are turbulent Prandtl number and energy 
source term, respectively.

In addition, realizable k–ɛ model has been considered 
in order to model the turbulent flow regime. Realizable 
k–ɛ model meets certain mathematical constraints on 
Reynolds stress, which correspond to turbulent flow 
physics [16]. Furthermore, compared to the standard 
k–ɛ model, the realizable k–ɛ model shows significant 

improvements in streamline curvature, vortices, and 
rotation features. Also, different Studies of flows with 
complex secondary flow features have shown that the 
realizable k-ɛ model performs best among all the k–ɛ 
models [24]. Due to the complex vortices and secondary 
flow features in the bends of WCP, this model has been 
employed in the recent investigation.

(iii) equations of nanofluid properties governing the 
thermophysical properties of nanofluid function of vol-
ume concentration in Eqs. 9 to 12 [5, 25]. In the following 
equations thermophysical properties have been consid-
ered temperature independent.

where the � is concentration and defines as ratio of nano-
particles volume to the total volume of nanofluid. Besides 
in all equations np, bf and nf indices reference to nano-
particle, base fluid and nanofluid respectively. � , Cp , K and 
� represent the density, isobaric specific heat capacity, 
thermal conductivity and viscosity, respectively.

2.3 � Boundary conditions

Since simulation has been done in two steps, specified 
different boundary conditions have been set correspond-
ing to each simulation. Although for the first step all of the 
boundaries including WCPs outer hot-side, furnace walls, 
and molten steel, assumed solid walls due to using S2S 
model, varying types of boundaries were set in the second 
step as presented in Fig. 7. In this regard, Table 5 reports all 
boundary types and identical values used for each step of 
the simulation. This is valuable to notice that the average 
temperature on the hot side of the WCP has been reported 
by factory data for the 10.0407 kg/s flow rate. However, 
any change in flow rate may cause affect this temperature 
and incident heat flux. Regarding the radiative heat trans-
fer equations (Eqs. 1–5), 10 degrees change in the average 
temperature of WCPs hot side leads to a 0.0115% increment 
in the incident heat flux which is negligible. As a result of the 
molten steel’s temperature being significantly higher than 
that of the WCP, this occurred.

(9)�nf = �bf (1 − �) + �np�

(10)Cpnf =
�nf (1 − �)Cpbf

�nf
+

�np�Cpnp

�nf

(11)Knf =
Knp + 2Kbf + 2�(Knp − Kbf )

Knp + 2Kbf − �(Knp − Kbf )

(12)�nf =
�bf

(1 − �)2.5

Fig. 4   Generated grid for first step (receiving heat flux) simulation 
on the boundaries of domain

Fig. 5   Planar view of generated grid inside the EAF domain in first 
step (receiving heat flux) simulation
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For the internal flow (second step) simulation, WCPs 
wall was divided into two separated hot-side and cold side. 
Indeed, the cold side is towards the refractory bricks expe-
riencing no radiative heat flux; thus it is far colder than hot-
side which experiences a significant amount of heat flux. The 
calculated heat flux results of the first step were applied as 
a profile to the hot-side and convective heat transfer coef-
ficient equivalent to 3 W/m2 was applied to the cold side 
[9]. The free stream temperature around the panels was set 
50 °C based on the operating condition. The geometry of 
the WCP was defined as inner diameter and outer wall diam-
eter modeled as the shell conduction model with 5.49 mm 
thickness. The shell conduction model typically calculates 
the outer wall temperature solving the conduction heat 
transfer equation.

3 � Results and discussion

Initially, various simulations were performed to study 
grid independency under the corresponding empiri-
cal operating conditions. Generally, the operating WCP 
mass flow rate should be higher than 9 kg/s [1]. However, 
the monitoring system reported 10.0407 kg/s flow rate 
under the mentioned condition. Figures 8 and 9 illustrate 
the average receiving heat flux on the WCP hot-side and 
maximum temperature induced on the outer hot-side ver-
sus the number of grid cells, respectively. Although the 
number of cells increased considerably, the value of heat 
flux remained almost constant and the difference in the 
maximum temperature was less than 0.4% from the low-
est cell numbers to the highest one. To make the compu-
tational cost reasonable, the grid with 540,133 cells has 
been selected for the first part of simulation. The devia-
tion of average heat flux received by hot side of CWP for 
the grid with 540,133 cells and the grid with 601,234 cells 

Fig. 6   Generate grid in second 
step (WCP internal flow) 
domain; A cross section of 
WCP pipes, B symmetrical plan 
of WCP and C WCP walls
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has been calculated less than 0.004%. In the same aspect, 
maximum temperature on hot side calculated by the grid 
with 1,131,806 cells show less than 0.015% deviation from 
the grid with 1,326,871 cells. Consequently, for the second 
part of the simulation, the grid with 1,131,806 has been 
employed for comprehensive simulations.

On the other hand, the heat flux received was calcu-
lated 103,677 W/m2 while it was measured 99,662 W/m2 
under real empirical conditions. In this regard, Mombeini 
et al. [9] reported 108,236 W/m2 for receiving heat flux. 
Thus, comparison of the heat flux reported in the present 
study, measured data, and previous work [9] validated the 
simulation results. According to Fig. 10, the differences 

between calculated and measured heat flux are less than 
4%.

Likewise, validation by Khodabandeh et al. [13] using 
the outlet temperature versus real empirical data for 
pure water flow showed practically complete covering 
with numerical simulations. Studies have also compared 
to modified Pak and Cho [26] correlation for nanofluids. 
According to [26, 27], the average error in this experi-
mental equation is function of Reynolds number. How-
ever, based on Fig. 11, Reynolds number increment led 
to decreased divergence for the nanofluid at all particle 
concentrations. Also, at a constant Reynolds number, the 
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Fig. 7   Boundary conditions for second step (WCP internal flow) simulation; Blue: velocity inlet, Red: pressure outlet, Yellow: symmetry, Gray: 
wall

Table 5   Boundary conditions

Boundary Condition Value

Receiving heat flux simulation (first step)
WCPs hot-side Wall Constant temperature 60 Celsius regarding empirical condition
Molten steel surface Wall Constant temperature 1600 Celsius regarding empirical condition
EAF roof and wall Wall Constant temperature 60 Celsius regarding empirical condition
WCP internal flow simulation (second step)
WCP inlet Velocity inlet Regarding mass flow rate 9–12 kg/s; 30.527 Celsius regard to 

empirical condition
WCP outlet Pressure outlet Gauge pressure = 0
Wall inlet and outlet Symmetric –
WCP hot-side Wall Receiving heat flux profile
WCP cold side Wall Convective heat transfer h = 3 W/m2K and Tsur = 50 Celsius
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particle concentration decrement resulted diminished 
divergence.

Similar to previous studies [9, 12, 13], since the recent 
study was performed on an industrial case, Figures are pre-
sented as a function of flow rate which is a more common 
parameter in industrial applications. Note that, though, 
due to the presence of various particle concentrations, 
thermophysical properties of nanofluid are not constant 
where results variable Reynolds number at a constant flow 
rate. While this paper is an industrial case study, some of 
the critical heat transfer parameters have been presented 
as a function of Reynolds number at the end of results.

For the purpose of hot spot marking, heat flux reception 
and temperature distribution on the outer hot-side of WCP 
are dedicated in Figs. 13 and 14 at 10.047 kg/s flow rate, 
respectively. Comparison of Figs. 13 and 14 with Fig. 12. 
[9] confirmed mechanical failures due to the thermal 
stresses which resulted from hot spots. Nevertheless, the 
areas close to the elbows and curved bindings are com-
mon places for hot spot induction because of magnificent 
receiving heat flux and low velocity stream due to the siz-
able vorticities. In the same way, an expanded hot area is 
beheld closet to the outlet where induced for the reason 
that a big vortex with very low velocity core near the outlet 
decreased convective heat transfer rate.

Further, various accurate simulations were conducted 
to evaluate influences of the change in the flow rate and 
nanoparticle concentrations including simulation at 9, 10, 
11 and 12 kg/s flow rates for 3%, 4% and 5% of particle 
concentrations. Initially, as a critical parameter maximum 
temperature on WCPs outer hot-side has been presented 
in Fig. 15 for constant flow rates versus various particle 
concentrations as well as Fig.  16 for constant particle 
concentrations versus various mass flow rates. Based on 
Figs. 15 and 16 for all flow rates, at a constant flow rate, 
the maximum temperature decreased with concentration 
rise. Similarly, at a constant concentration, the maximum 
temperature dropped by increasing the flow rate. Addi-
tionally, constant flow rate diagram slopes increased upon 
reduction in the flow rate revealing that increment in con-
centration exerted a higher influence at lower flow rates. 
Subsequently, the results yielded the highest and lowest 
maximum temperature for pure water at 9 kg/s equivalent 
to 96.5558 °C and for 12 kg/s for 5% concentrated nano-
fluid equivalent to 76.1993 °C, respectively.

Likewise, the highest differences between maximum 
and averaged temperature on WCPs outer hot-side 
occurred at 9 kg/s for pure Water equivalent to 47.6681 °C 

Fig. 8   Grid study for first step of simulation

Fig. 9   Grid study for second step of simulation
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and lowest at 12 kg/s for 5% concentration equivalent to 
29.4546 °C. Based on Fig. 17, at a constant flow rate, the 
maximum and average temperature differences decreased 
by increasing the particle concentration. Since the maxi-
mum and average temperature difference constitutes a 
major reason of hot spot induction, the concentration 
and flow rate elevation led to reduced hot spot influences 
on the mechanical behavior of WCP. In other words, a 
decrease in the maximum and average temperature leads 
to smoother temperature distribution on the hot-side; 
thus, the thermal stresses produced from non-uniform 
thermal strains decreased causing less mechanical failure. 

Notably, smoother temperature distribution occurred as 
a direct result of reduction in differences between local 
and average convective heat transfer coefficient yielding 
a uniform heat transfer.

Generally, different EAF cooling systems are divided 
into open circuit and closed-circuit cooling systems [5], 
where this investigated case includes a closed circuit 
cooling system. To examine the influence of nanofluid 
application on the whole integrated cooling system, 
Fig. 18 presents the WCPs outlet temperature at con-
stant flow rates versus particle concentrations. Regard 
to the factory monitoring system, the inlet temperature 
for all simulations is assumed equivalent to 30.527 °C. In 
contrast to the maximum outer hot-side temperature, 
the outlet temperature increased by elevation of particle 
concentration at a constant flow rate. Since the simula-
tion was conducted under steady state condition to WCP 
and the summation of heat flux received was constant 
for all simulations, the transferred heat was constant for 
all simulations. Hence, the differences between the out-
let temperature occurred as a result of reduced specific 
heat capacities by increasing particle concentrations at 
a constant flow rate.

In addition, convective heat transfer coefficient (h (W/
m2 K)) is another effective parameter in thermal operation 
of WCPs, as studied in Fig. 19 for constant flow rates ver-
sus particle concentrations. The results presented in Fig. 19 
revealed that elevation of the particle concentration led to 
a significant rise in the convective heat transfer coefficient 
as a result of elevated thermal conductivity of nanofluid 
with the growth of concentration. On the other hand, the 
increase in heat transfer led to reduced average hot-side 
temperature, explaining the heat losses in EAF studied as 
a ratio of heff/h and presented in Fig. 20. It illustrates that 
the particle concentration increment resulted in reduced 
heff/h. Indeed, the rise in particle concentrations affected 

Fig. 11   Comparative Nusselt number (a) and Nusselt deviation (b) 
with experimental correlation Pak and Cho [26]

Fig. 12   Mechanical failure locations on WCPs hot-side [9]
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the convective heat transfer coefficient more at lower flow 
rates. Accordingly, the highest and the lowest values for 
heff/h occurred at 9 kg/s (which is the lowest flow rate) 
and 5% concentration equivalent to 1.175959, 12 kg/s 

and 3% concentration equivalent to 1.05081, respec-
tively. Notably, the increase in the momentum transport 
with the flow rate elevation produced stronger convective 
effects; thus, the impact of conductivity increment on heat 

Fig. 13   CFD result of receiving 
heat flux distribution on the 
hot-side of WCP

Fig. 14   CFD result of tem-
perature distribution on WCP 
hot-side (degree of Celsius)
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transfer phenomena dropped significantly. Conversely, 
Nusselt number (Nu) which is another effective thermal 
performance parameter, decreased with the rise of par-
ticle concentrations at a constant flow rate as presented 
in Fig. 21. On the other hand, with particle concentration 
elevation, Nu diminished due to the reduction in Reynolds 
and Prandtl Numbers.

Further, the temperature contours on the WCPs hot-side 
are presented in Fig. 22 at 10.047 kg/s and various parti-
cle concentrations. Based on Fig. 22, not only higher value 

contours have obviously covered the surface of hot-side 
when the coolant was pure water, but also the hot spots 
expanded into a wider area of hot-side. The particle con-
centration rise yielded a smoother temperature distribu-
tion as well as a lower maximum and average temperature 
on the hot-side as confirmed by Figs. 15, 16, and 17. Fur-
thermore, increment in the particle concentration faded 
hot area coverage and drove them only at the elbows and 
bends occurring as a result of increased local convective 
heat transfer rate and reduced averaged and local h differ-
ence over the hot-side.

Fig. 15   Maximum temperature on WCP hot-side at constant flow 
rates vs concentration

Fig. 16   Maximum temperature on WCP hot-side at constant con-
centration vs flow rate

Fig. 17   Difference between maximum and averaged temperature 
on WCP hot-side

Fig. 18   Outlet temperature of WCP at constant flow rate vs concen-
tration
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Figure 23 illustrates the temperature distribution on 
the symmetrical plane of WCP at 10.047 kg/s flow rate 
and various concentrations. Accordingly, the patterns of 
coolant fluid temperature changes are almost the same, 
though the higher concentration led to a wider high tem-
perature zone because of augmentation of heat transfer 
with the increment in concentration. Similarly, Fig. 24 
shows the velocity magnitude contours on the symmet-
rical plane of WCP at 10.047 kg/s flow rate and for pure 
water and 5% concentration. Although the velocity pat-
terns are almost similar, low velocity areas are wider for the 

5% concentration. Since the concentration increment led 
to increased viscosity, the flow areas affected by viscous 
area are wider at the 5% concentration. In other words, the 
increase in viscosity naturally led to diminished velocity 
magnitude in viscous flow areas.

Figure 25 displays the streamlines in the presence of 
velocity magnitude contours in the symmetrical plane of the 
WCP for pure water at 10 kg/s flow rate, revealing the direc-
tion of fluid particle motion. According to Fig. 25, in areas 
with high velocity, the flow pattern is axial. Inspecting the 
streamlines in the bends and elbows presented in Fig. 26, it 
can be clearly seen that in the low-velocity zones, some vor-
tices exist causing the appearance of extremely low veloc-
ity spots in the center of the vortices near the bends. These 
low velocity areas develop hot spots due to diminished local 
convective heat transfer on the hot-side surface. These hot 
spots can be reduced by increasing the conductivity of the 
coolant fluid. The increase in thermal conductivity is due 
to the elevation of the nanofluid concentration of the base 
fluid, which is why the temperature distribution of the hot 
spots declined and temperature distribution became more 
uniform with the concentration increment.

Above all, for academic aspects Fig. 27 presents the maxi-
mum WCPs hot-side temperature as a function of Reynolds 
number ReD at constant concentrations. Based on the 
results, at a constant concentration, the rise in ReD led to 
diminished maximum temperature of the hot-side. Using 
Vertical lines in Fig. 27, illustrates that for a constant ReD, the 
particle concentration increment led to reduced maximum 
temperature on the hot-side. Accordingly, the highest and 
lowest maximum temperatures occurred at ReD = 230,810, 
equivalent to 96.5558 °C and ReD = 307,747, equivalent to 
76.1993 °C, respectively. Similarly, as dedicated in Fig. 28, the 

Fig. 19   Convective heat transfer at constant flow rate vs concentra-
tion

Fig. 20   Convective heat transfer coefficient ratio at constant con-
centration vs flow rate

Fig. 21   Nusselt number at constant flow rate vs concentration
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differences between the maximum and average tempera-
ture on the WCPs hot-side decreased with elevation of the 
ReD number except for 5% concentration which is almost 
constant and independent of ReD number as also noticed in 
previous studies [22]. Using a vertical line in Fig. 28 revealed 
that increment in ReD resulted lowered maximum and aver-
age temperature on the hot-side. Finally, the heff/h ratio 
function of ReD for constant concentrations is illustrated in 
Fig. 29. Based on the results, for a constant concentration, 
rise in ReD led to reduced heff/f. The maximum and minimum 
values for heff/h were accurately calculated as 1.17596 and 
1.05081 corresponding to ReD = 230,810 at 3% concentration 
and ReD = 285,191 at 5% concentration, respectively.

4 � Conclusion

In this study, computational fluid dynamics simulation was 
conducted to an electric arc furnace wall water cooling 
panel located in Isfahan steel company in two steps while 
considering the real condition using water for validation 
and Al2O3/Water nanofluid at 3%, 4%, and 5% particle 
concentrations to evaluate thermal performance of WCP. 
After accurate and numerous validations, the maximum 

temperature, differences between maximum and aver-
aged temperature, and temperature distribution on WCPs 
hot-side were calculated for 3%, 4%, and 5% concentra-
tions and flow rates between 9 and 12 kg/s. The findings 
can be summarized as follows:

•	 At steady state and assuming that electric arc is off, 
receiving heat flux to the hot-side was equivalent to 
103,678 W/m2K which was calculated 4% higher than 
the real empirical condition. This confirmed that geo-
metrical simplification has a minor effect on the calcu-
lated receiving heat flux.

•	 Heat flux exposure and temperature distribution on the 
hot-side of WCP confirmed that hot spots were induced 
near the elbows and bends.

•	 The highest maximum temperature on the hot-side 
was calculated 96.55 °C for 9 kg/s with pure water cool-
ant while the lowest maximum temperature was found 
76.2 °C for 12 kg/s and 5% concentration which showed 
21% differences.

Fig. 22   Temperature distribution on WCP hot-side (Celsius)
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•	 At the nominal flow rate 10.047 kg/s, the average tem-
perature on the hot-side decreased by 1.87%, 2.87, and 
2.97 for 3%, 4%, and 5% particle concentrations relative 
to pure water, respectively.

•	 Differences between the maximum and averaged tem-
perature on the hot-side dropped by 2% to 12% upon 

alteration of particle concentration from 3 to 5% at 
10.047 kg/s flow rate.

•	 The outlet temperature of the cooling fluid increased 
by 1.45%, 2.29%, and 3.03 for 3%, 4%, and 5% particle 
concentration relative to pure water at 10.047 kg/s, 
respectively.

Fig. 23   Temperature distribution on symmetrical plan of WCP (K)

Fig. 24   Velocity magnitude contours on symmetrical plan of WCP at 10 kg/s (m/s)
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Fig. 25   Streamlines and veloc-
ity contours on symmetrical 
plan at 10.047 kg/s

Fig. 26   Detailed streamlines 
near the elbows and bends at 
10 kg/s
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•	 Convective heat transfer coefficient increased by 10.3%, 
13.1%, and 16.05% for 3%, 4%, and 5% particle concen-
trations relative to pure water, respectively.

It is worth noting that in this study, although the elec-
trodes at the refining stage have been lifted up, a small 
portion of electrodes remain in the EAF, which may affect 
the heat flux distribution on the panels that can be taken 
into account in a future study. A transient state of the EAF 
can also be considered during the melting process. Fur-
thermore, the performance of other nanofluids may be 
estimated by considering them as a coolant of a WCP.
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