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Abstract. The reheating furnace of the steel industry was evaluated in the present study, which uses the gas mixture from
coke oven (COG), steelmaking process “Linz-Donawitz” (LDG) and blast furnace (BFG). The purpose of this article
was to estimate the thermal powers at each stage of the reheating furnace process. Each case was analyzed for mixtures
of COG/LDG and COG/BFG; obtaining the quantities of the following thermal powers: Heat supplied by the fuel, heat
loss by heat transfer, heat absorbed by steel, heat of the combustion gases, heat for air preheating and other heat losses.
The thermal powers obtained was presented in a Sankey diagram. In addition, to reduce losses by heat transfer in the
furnace below 2% in each case. An analysis of insulation was carried out on the roof, walls and floor, taking into account
the types of materials and thickness in each layer. It is evident that for the COG/LDG mixture, 46.7% of the heat
transferred to the steel was obtained, and among the losses, 13.3% was obtained from the combustion gases, 1.6% from
the heat transfer and 31.6% from other losses in the furnace, being a total of 46.5%. For the COG/BFG, the results
obtained were similar.
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1. INTRODUCTION

Since the 1970s, due to the global energy crisis and the development of a high-speed rolling mill, modeling and control
of reheating furnaces has received much attention (Hu et al., 2018). Considerable progress was made since then by
including applications of some sophisticated strategies for real-time furnace reheat control.

Continuous plate or billet reheating furnaces have an important performance in the area of hot strip rolling. These are
where intermediate products, such as slabs or billets, are reheated until they become sufficiently plastic for subsequent
processing (Luo and Yang, 2017).

The steel industry has grown a lot in its production, energy economy, product structure, and is an important industry
in the world economy (Barmatov, 2017). The rapid growth of the industry is accompanied by huge energetic consumption,
which happens in Brazil, in Europe, in China, and worldwide. Energy consumption by the steel industry represents
between 10% and 15% of total energy consumption in the world (Chen et al., 2018).

Reheating furnaces consume too much energy in the steel industry, in the same way that the refrigeration industry also
consumes too much energy (Marifios et al., 2019). These furnaces are used for heat treatment and reheating processes
forming a metal powder and molding solidified products. Reheating furnaces represent 67% of the energy used in a steel
industry. 31.36% of the total energy consumed by furnaces is expelled into the environment through combustion gases at
temperatures of 800 to 900 °C (Johansson, 2013). The specific energy refers to energy consumed to heat a portion of the
processed steel. Energy consumption is an indicator which is related with the carbon emissions and the operating costs
(Gunarathne et al., 2016).
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One of the first studies that improved the efficiency of the reheating furnace was the work of Martensson (1992). Its
methodology consisted of having a control of the furnace energy, determining the different thermal input and output
powers at each stage of the process. Martensson's (1992) work consisted in determining the thermal powers supplied,
used and lost in the reheating furnace processes. In this research, the author obtained in his results the heat supplied by
the fuel which represented 100%, and the heat from iron oxidation of 3%. Among the thermal powers used by the furnace,
the heat absorbed by the steel was 46%, the heat for preheating the air was 14% and the heat for the cooling water was
13%. In addition, it obtained a total heat loss of 44%, composed of flue gas losses (24%) and other losses (20%).

The objective of this research is to estimate the thermal powers at each stage of the reheating furnace process. The
heat lost by combustion gases was also studied through the first law of thermodynamics. In addition, to reduce furnace
heat transfer losses below 2%, an insulation analysis was performed on the furnace walls, taking into account the types
of materials and thicknesses of each layer.

2. MATERIAL AND METHOD
2.1 System components for the production of steel plates
2.1.1 Walking beam reheating furnaces

The hot strip rolling of the steel industry located in the state of Espiritu Santo/SP - Brazil has 2 reheating furnaces of
mobile beam steel plates with a capacity of 490 tons per hour of nominal production, each supplied with mixed gas.
Currently, the average productivity is approximately 400 tons of plates per hour. The average outlet temperature of the
carbon steel plate is approximately 1200 °C. Furnace 1 was chosen for the development of this work. The structure and
characteristics of the furnace 2 are the same (Marifios et al., 2020a, 2020c).

2.1.2 Production of steel plates

The plates enter the furnace at different temperatures, ranging from environmental temperature to 800 °C and are
transported inside by a mobile beams system. The heating cycle inside the furnace is approximately 3 hours, from the
plate entry to its exit.

2.1.3 Features of heat recuperator

The heat recuperator is a device that allows the recovery of part of the energy inside the combustion gases, through
the mechanical ventilation system. This is done by means of an exchanger that puts into contact the internal gases that are
extracted with the outside air that is introduced, without mixing the fluids of the two circuits.

The combustion air is reheated in the hearth located in the vertical duct of the reheating furnace. The hearth consists
of 3 units and each unit consists of 3 tubes. The furnaces work with controlled combustion air between 0.95 - 1.05.

2.1.4 Characteristics of process gases

In the steel industry the following mixtures are employed: process gases coke oven (COG), steelmaking process
(LDG), and blast furnace (BFG). Mixtures among these gases are also used: COG/BFG or COG/LDG. (Marifios et al.,
2020b, 2020c).

Coke oven gas (COG) contains high concentrations of methane and hydrogen and is generated during the coking of
coal and iron ore. It has a calorific value of approximately half that of natural gas. The biggest consumer of this gas is the
coke plant, which uses up to 50% as fuel. The COG goes through a cleaning process where dust, light oil, tar, naphthalene,
sulfur compounds and the cracking of ammonia in hydrogen are removed. As it has a relatively high calorific value, it
can be used alone or mixed with other gases in reheating furnaces of hot-band mills, coke ovens, blast furnace stoves, but
also in annealing lines or power plants (Caillat, 2017).

Steelmaking process (LDG) or Basic Oxygen Furnace Gas (BOFG) is one of the most important secondary energy
sources in the steel industry, which can be used directly as fuel for many production equipment, such as heaters and steam
generators. LDG generation and consumption suffer from massive fluctuation that results in increased operating costs,
environmental pollution and even a threat to proper production. LDG is generated as a result of the partial oxidation of
carbon in liquid iron to carbon monoxide. In the period where the carbon monoxide concentration in the gas is sufficiently
high (> 30 %), the gas is collected in a gasholder and can be valorized. The lowest heating value of BOFG is about a
quarter of natural gas, this is usually saturated with water vapor (Caillat, 2017).

Blast furnace gas (BFG) generally contains about 1 to 8% of hydrogen and 19 to 27% of carbon monoxide, and a large
amount of carbon dioxide and nitrogen. It can be relatively clean. The temperature of the adiabatic flame is too low to
heat the product above 1200 °C, this is because it has a low caloric power between 2.6 and 4.0 MJ/Nm?, that is, about one
tenth of the natural gas. Therefore, it is used in processes that involve low temperature, such as in coke ovens and hot jet
stoves, or is often used with preheated air or enriched with natural gas or COG before being used as fuel.
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2.2 Method for estimating heat losses in the reheating furnace

The development of the method to estimate heat loss in the furnace will be applied to 12 hours of productivity and
will be analyzed for COG/LDG and COG/BFG mixtures. The heats to be evaluated are shown in Fig. 1 and consist of the
following: heat supplied by fuel, heat lost by heat transfer in the furnace, heat absorbed by steel, heat from combustion
gas, heat from air preheat, heat lost by combustion gases, heat from iron oxidation, heat from cooling water and other
heat losses. Its formulation is presented in Eq. (1).

quel + Qiron oxidation + Qai‘r preheating — Qcooling water + Qabsorbed by steel + qurnace heat transfer +

Qcombustion gases + Qother losses (1)
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Figure 1. Method for estimating heat losses at each stage of the reheating furnace process.
2.2.1 Heat provided by the fuel
Heat provided by the fuel is the heat produced by the chemical reaction of the fuel with the oxidizer that is
accompanied by energy release and usually manifests itself by incandescence or flame through the injectors. It is
expressed as follows:
Q¢ = LHV iy )

To obtain the caloric rate in kJ/kg, it is divided by the mass flow of production. Eq. (2) is represented as follows:

Q; = LHV V; — ©)

Mpro

From Eq. (3), Qs is the heat provided by the fuel and .., is the productivity.
2.2.2 Furnace heat transfer

Heat transfer will be used to quantify the heat lost by conduction through the furnace walls. An evaluation will be
carried out to determine materials that allows obtaining the minimum transfer of heat and temperature to the outside.
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A more exhaustive methodology to evaluate the heat transfer in the furnace was developed and presented by Marifios
et al. (2020a, 2020b) from which the results that will complement this work will be obtained.

2.2.3 Heat absorbed by steel

Heat absorbed by steel is the heat used by steel to heat the plate from an initial temperature to a final temperature. It
is obtained with Eq. (4).

Qs = mg Cpg AT 4)
To obtain the mass of the plates we multiply the productivity with the production time. Eq. (5) is expressed as follows:
Qs = l'hpro At Cpg AT Q)

From Eg. (5), AT; is the temperature variation of steel plates. Energy balance first requires determination of the heat
transferred to the plates, which requires knowledge of the specific heat of the steel.

2.2.3.1  Model for specific heat of steel

To obtain the specific heat of steel, we have to know the heat used by the steel plates and apply the model developed
by Prieto et al. (2001). Eqg. (6) shows the specific heat depending on the temperature.

- 1 (T
Cp = 55 p. Cp(DdT (6)

The model of Prieto et al. (2001), presents a graph that shows different curves of the specific heat of steel as a function
of temperature. These curves are within a temperature range that influences the increase or decrease of specific heat.

To get an approximation of the heat transferred to the steel plates, we employed Martensson's Sankey Diagram (1992),
which determines that the plates use a 46% of the energy that enters the reheating furnace.

Martensson's Sankey Diagram shows the results of heat loss and use at several stages of the process of a continuous
furnace. It presents the heats provided by the fuel, the heat of oxidation of the plates, the heat of the preheated air, the
heat of the cold water and the combustion gases, as well as the heat transferred to the steel, among other losses. Martensson
determined that steel plates take advantage of 46% of the total heat entering the furnace. This result was used to estimate
the heat used by the steel plate in Mcal/t and determine the specific heat of the steel for different temperature ranges.

To know the heat transferred to the steel plates, two trials were accomplished, one for each fuel mixture (COG/LDG
and COG/BFG). For this we needed the heat of the fuel that was determined by Eq. (3). The heat obtained was 1766 MJ/t
and 1498 MJ/t for the COG/LDG and COG/BFG mixtures for a volumetric flow of 30000 Nm?3/h of fuel.

Two attempts were made following the model of Prieto et al. (2001). With the aim of reaching the value of 812 MJ/t
and 689 MJ/t representing 46% of the energy for each mixture, respectively, for the temperature range of 10 to 1200 ° C.
Table 1 shows the specific heat and heat transferred from the steel at the different temperature ranges.

Table 1. Specific heat and heat transferred from steel at different temperature ranges. Enter the temperature values in °C.

Temperature (°C) Cp (J/kg °C) AH (J/kg)
COG/LDG a b a b
10 — 350 600 0 600 0
350 — 650 308.33 0.83 308.33 0.42
650 — 730 —206.25 1.63 —206.25 0.81
730 — 800 4421.40 -4.71 4421.40 -2.36
800 — 1200 650 0 650 0
COG/BFG a b a b
10 - 500 550 0 550 0
500 — 680 272.22 0.56 272.22 0.28
680 — 700 — 4450 7.50 — 4450 3.75
700 — 750 5466.70 - 6.67 5466.70 -3.30
750 — 1200 600 0 600 0

From Eq. (6) we obtain the specific heat of steel presented by Eq. (7), and by integrating it we obtain the heat transfer
of the steel shown in Eq. (8).
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Cp=a+bT (7
AH = a(T, — Ty) + b(T? — T?) ®)
The data for the coefficients of Egs. (7) and (8) are presented in Tab. 1.

To determine the data presented in Tab. 1, some curves were made on the model provided by Prieto et al. (2001)
maintaining the proportions of the specific heat in each range, in order to reach the heats of 812 MJ/t and 689 MJ/t used
by the steel plates for each fuel mixture. The curves were performed in a calculation software, and its results are shown
in Fig. 2.
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Figure 2. Attempt to approximate the specific heat of the steel for the different temperature ranges of the mixtures:
(@) COG/LDG and (b) COG/BFG.
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2.2.4 Heat of combustion gases

Heat of combustion gases is the heat of combustion products emitted into the atmosphere as a consequence of the
chemical reaction between the fuel and air. The steel industry generates huge amounts of combustion gas through the
chimney of COG, LDG, and BFG reheat furnaces. The goal is to harness the residual heat from the combustion gases
from the reheat furnace chimney by applying a technology such as the heat recuperator to recover unused energy content
through these effluents, and thus meet a site’s need such as preheating of combustion air (Marifios et al., 2020a).

There are two ways to quantify the heat of combustion gases, the first is through the use of Eg. (9) and the second is
through the energy balance procedure applying the adiabatic flame temperature.

Qg = mg Cpy (Tg - Ta) 9)

We employed the energy balance procedure to determine the stoichiometric reaction and obtain the adiabatic flame
temperature. The same equation was used to obtain the enthalpy variation (AH) as a function of gas temperature. Knowing
the variation of gas enthalpy divided by the LHV of the fuel mixture, we obtained the percentage of heat emitted to the
atmosphere. On the other hand, knowing the temperature of the chimney heat recuperator and substituting in the enthalpy
variation equation we obtained the percentage of heat used by the heat recovery that is used for the preheating of the
combustion air.

2.24.1 Adiabatic flame temperature

The adiabatic flame temperature for the combustion gases can be determined by the energy balance shown in the
following equation (Carvalho and McQuay, 2004):

LHV = fTTif[Zi nicp;] dT (10)

From Eq. (10), n; is the number of moles of gaseous components of combustion products. The energy equation is
applied to the perfect gas, according to the first principle of thermodynamics.

2.2.4.2  Stoichiometric reaction general equation
In each part of the Eq. (11) there are reagents and products.
mixed gas + aa (0O, + 3.76 N,) > bCO, + cH,0+d S0, +e 0, +fN, (11)

Where, ais the excess air, (0, + 3.76 N,) is the air composition for complete combustion, CO,, H,0, S0, 05, N, are
the products obtained after combustion and (a, b, ¢, d, e, f) are the indexes to get the stoichiometric balance.

The variation of enthalpy (AH) for a temperature range from T; to T,, where T, is the gas temperature. The variation
of enthalpy is given by Eq. (12) proposed by Carvalho and McQuay (2004):

AH = fv;;f[z:inicp,i] dT (12)

This parameter is important because AH/LHV represents the percentage of energy lost to combustion gases at a
temperature T;.
From Eg. (12) and the coefficients of chemical Eqg. (11), we obtain:

Ty T
AH pived gas + fTi aa[Cpo, +3,76 Cpy,|dT = fTif[b Cpco, +€Cpmy0 +dCpso, +€Cpo, +fCon,| AT (13)

From Eq. (13), AHpixed gas 1S the combustion enthalpy of the mixed gas composition COG/LDG and COG/BFG, and
Cp,co, Cp1,0s Cp,so, Cp,0, € Cp n,are the specific heat at constant pressure of the combustion products.

Reagent and product values can be found from the stoichiometric reaction equation. Therefore, the only variable to be
determined in Eq. (13) is the adiabatic flame temperature T;.

The necessary parameters such as the specific heats at constant pressure of some substances and the thermodynamic
properties for the calculation of adiabatic flame temperature are presented by Perry and Chilton (1973).

2.2.5 Heat used by air preheating

The heat gain through the enthalpy of the air warmed from an initial temperature T; (here considered as 300 K) to a
temperature T, after the combustion reaction to the mixed gas, is provided in Eq. (14):
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AH,;, = a [ [a; Cpo, +a, Cpy,] dT (14)

p.02 p.N2
A three-stage heat exchanger installed in the chimney is used in the steel industry. The recovered heat is directed to
preheat the combustion air. The combustion air temperature at the stove outlet is 560 °C.
Obtaining the air enthalpy variation (AH,;.) and dividing the LHV of the fuel mixture gives the percentage of heat

recovered by combustion air preheating.
2.2.6 Heat lost by combustion gases

Heat lost by combustion gases is described as a part of the heat of combustion gases that cannot be recovered. which
is defined as the total heat of the combustion gases minus the heat used by the heat exchanger installed in the furnace
chimney. It is presented in Eq. (15):

ng = Qg — Qair (15)
2.2.7 Heat of iron oxidation
The heat gain through enthalpy for iron oxidation according to Eq. (16) is:

Q= (nrust g At) AH, (16)

Where, 1t 1S the rust fraction formed, mg is the mass flow of the plates inside the furnace, At is the time interval
and AH,¢,ction IS the oxidizing enthalpy of iron.

The reaction was considered Fe + % 0, = FeO, for which AHreagdo = — 272 Kk]J/mol. Substitute for reaction. The
molecular weight of Fe is 55.85 g/mol.

2.2.8 Heat of cooling water

Heat loss for cooling water is defined in Eq. (17):

Q,, = (m,, At) Cp,y AT,, an
2.2.9 Other heat losses

Other heat losses are the heat lost through the process and is quantified as the difference between the incoming and
projecting heat at each stage of the reheat furnace process. It is determined with Eq. (1).

3. RESULTS AND DISCUSSIONS

The physical parameters shown in Tab. 2 were given by the hot strip rolling area of the steel industry located in the
state of Espiritu Santo/SP - Brazil. The most important parameters are 11.72 hours of production and the productivity of
257 tons per hour (Marifios et al., 2020a, 2020b). The equations developed in section 2 will be applied.

3.1 Results of the estimate of heat losses in the reheating furnace

Using the production and mixed gas data from Tab. 2, and the equations developed in section 2, results presented in
Tab. 3 are obtained.

In Tab. 3, it is observed that the heat provided by the COG/LDG mixture is greater than the heat provided by the
COG/BFG mixture. This is because the LHV of the LDG is greater than the LHV of the BFG.

The heat supplied by the fuel represents 100% of the input heat. It is also shown in Tab. 3 that the heat lost by heat
transfer is very low, which means that the materials used in the furnace's roof, wall and floor layers are correct (Marifios
et al., 2020b).

In addition, it is observed that the heat absorbed by steel from the COG/LDG and COG/BFG mixtures are the same,
because the heat needed by the plates to achieve productivity is the same regardless of the type of fuel used. On the other
hand, the combustion gases losses are obtained by the difference of the total combustion gas heat and the heat used by
the heat exchanger installed in the reheat furnace chimney. These losses involve the heat lost by the reaction in some
endothermic dissociations, the heat lost by the furnace efficiency, and the heat used by other equipment.
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Table 2. Data to estimate thermal powers in the reheating furnace of the steel industry.

Parameters | Specification | Units

For production

Productivity 257 t/h

Production time 11.72 h
For mixed gas

Flow rate 30000 Nm/h

LHV (COG/LDG) 11769 kJ/Nm3

LHV (COG/BFG) 9986 kJ/Nm3

Specific mass (COG/LDG) 1.03 kg/Nm?®

Specific mass (COG/BFG) 0.98 kg/Nm?®
For steel plates

Cps [Obtained by Eg. (7)] 630 Jkg K

Tinitial/ T final 200/1217 °C

For combustion gases
Ty 840 °C
Cpq 1.147 kd/kg K
For air

Excess air (o) 5 %

Tinitial/ T final 27/560 °C

Cpa 1.009 kdrkg K

Specific mass 1.1614 kg/m?®

For iron oxidation
Rust formation (Carvalho, 2015) 0.8 %
AHreaction =272 kJ/mol
For cooling water
Flow rate 1066 Nmé/h
Tinitiat/ Tfinal 28/35.6 °C

Table 3. Thermal powers at each stage of the reheating furnace process for fuel mixtures.

Heats COG/LDG COG/BFG Units
Heat supplied by fuel ﬁ?g ii(lsi |\S|;JJ/t
Heat lost by heat transfer (Marifios et al., 2020b) ggg ggg |\S|;Jj/t
Heat absorbed by steel 1694313 16%1313 |\§|3J\]/t
Heat of combustion gases 1459081 1446194 |\§|3\]J/t
Heat for air preheating gi?ﬁ gg; |\§|3\]J/t
Heat lost by combustion gases igi %2 |\§|3\]J/t
Heat of iron oxidation ;713 5713 |\§|3\]J/t
Heat of cooling water igi igj |\§|3\]J/t
Other heat losses 1433058 2203091 |\§|BJJ/t

The Sankey diagram of the Fig. 3 shows the thermal powers at each stage of the reheating furnace process for the
COG/LDG mixture.

The Sankey Diagram Table shows all previously obtained heats in percentages; In addition, it is observed that the heat
used by the steel plates in the cases analyzed is 46.7% and 55.1% respectively, and the total lost heat composed by the
combustion gases losses, heat transfer losses and other losses is 46.5% and 37% for each case.
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The heat absorbed by steel is 46.7% and 55.1% for each fuel mixture, values that are very close to that obtained by
Martensson (1992) which was 46%. This shows the effectiveness of the procedure performed and supports the
considerations made at each stage of the process.

Heats (%)  COG/LDG COG/BFG
The data presented corresponds to the COG/LDG mixture. == 100 100
| | 23.1 25.5
—/ 2.8 33
Heat for air preheating 23.1 % :IIZI ig': ‘1‘2';
— 9.6 113
Heat lost by combustion gases 13.3 % — 46.7 55.1
—/ 316 20.5
Heat of combustion == 1.6 1.9
36.4% Heat of cooling water
9.6 %
Heat
w
supplied g
by fuel =
2 X
o 2 Heat absorbed by steel
100 % § o 46.7 %
<
w
T
w
<
2.8% : — ]
Heat of iron oxidation 1.6 %

Heat lost by heat transfer
31.6%

Other heat losses
Figure 3. Sankey diagram to estimate the thermal powers at each stage of the reheating furnace process.
3.1.1 Validation of the method of estimating thermal powers in the reheating furnace
The validation of the thermal powers estimation method at each stage of the furnace process will be performed by
comparing the results presented in the Sankey diagram of Fig. 3 with the results obtained by Martensson (1992). The

comparison is presented in Tab. 4.

Table 4. Validation of the method of estimating thermal powers at each stage of the reheating furnace process.

COG/LDG mixture Martensson (1992) .
Heats Units
results results

Heat supplied by fuel 100 100 %
Heat lost by heat transfer 1.6 - %
Heat absorbed by steel 46.7 46 %
Heat of combustion gases 36.4 38 %
Heat for air preheating 23.1 14 %
Heat lost by combustion gases 13.3 24 %
Heat of iron oxidation 2.8 3 %
Heat of cooling water 9.6 13 %
Other heat losses 31.6 20 %
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Table 4 shows the results of the comparison, and it is observed that the total losses heat composed for the combustion
gases losses, heat transfer losses and other losses is 46.5%, while Martensson obtained a total loss of 44%.

Apparently, our results show that in other losses it was 31.6% while Martensson (1992) obtained 20%, that is because
in our case the industry has a greater use of heat for preheating the air, taking advantage of 23.1% of 36.4% of heat of
flue gases. On the other hand, Martensson took advantage of 14% of 38% of the heat of the flue gases. The case analyzed
for the COG/LDG mixture presents an income of 125.9% of energy to the furnace compared to the results of Martensson
(1992) which presents an income of energy to the furnace of 117%. While the energy entering the furnace increases, the
losses will also increase.

4. CONCLUSIONS

The method developed in this work was the basis for estimating the thermal powers at each stage of the process. Final
results were presented in a Sankey diagram. It was analyzed for a productivity of 257 t/h and a time of 11.72 h. Obtaining
46.7% of heat transferred to steel, with a total loss of 46.5%, with data from the COG/LDG mixture. On the other hand,
for the COG/BFG mixture, 55.1% of heat transferred to steel was obtained with a total loss of 37.0%, lower values than
the COG/LDG mixture.
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