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Abstract 

On the basis of the literature review and the results of the authors’ own studies, the thesis can be 
proposed that heating furnace operation results, i.e. steel loss for scale, heat consumption, and CO2 emission, 
are determined by the heating process technology and, for a given technology, by furnace capacity. 

The heating process technology should be understood as the control of the temperatures of furnace 
heating zones.   

The purpose of the work is to carry out the examination of the effect of heating process parameters 
on the results of heating furnace operation at reduced furnace capacity, based on the theoretical analysis and 
the results of laboratory tests. 

In industrial conditions, heating furnaces quite often operate at capacity considerably lower than the 
design capacity. Heating at reduced capacity significantly extends the process duration, which entails an 
increase in steel loss for scale, heat consumption and CO2 emission. 

Heat tests, including heat consumption for an assumed heating technology, are impossible to be 
carried out under laboratory conditions. It is possible, however, to perform quantitative tests of steel loss for 
scale for the assumed heating curve, as determined by the technology and furnace capacity. The developed 
correlations between heat consumption and steel loss enable indirectly the examination of the effect of the 
technology on heat consumption. On the other hand, the magnitude of CO2 emission is related directly to the 
unit heat consumption index, and indirectly to the steel loss for scale. 

 
Introduction 
Factors determining the costs of heating steel charge are the energy intensity of the 

process (heat consumption) and the loss of steel for scale [1,2], therefore the main 
objective of industry development should be to reduce these indices to a minimum.  

As reported in work [13], the quantity of scale forming in heating furnaces depends 
on: 

 charge surface temperature, 
 chemical composition of steel, 
 the magnitude of excess air ratio, 
 fuel type, and 
 the time of charge residence in the furnace. 

In turn, the heat consumption in heating processes is determined primarily by: 
 the design of the furnace, burners and sliding rails, 
 heat recovery from combustion gas and the design of recuperators,  
 charge loading temperature, 
 the magnitude of excess air ratio, and 
 pressure distribution within the furnace chamber. 

The dependence of heat consumption on furnace capacity, as well as on the adopted 
technology, is illustrated in Fig. 1. 



                                
 

Fig. 1 Dependence of heat consumption on furnace capacity and on the adopted technology 
 
 

The diagram includes curves for three technologies:  T1, T2 and T3. 
    When analyzing the above diagram we can notice that, for the same capacity (w1), 

the heat consumption can be substantially reduced by changing heating technology from 
T1 to T3. It is also visible that by selecting the appropriate heating technology, the 
identical heat consumption can be achieved for two different capacities (w1 and w0). Thus, 
the heat consumption is determined by heating technology, and for a given technology, by 
furnace capacity. 

A major environmental problem associated with the process of heating steel charge 
prior to the plastic working process is the emission of carbon dioxide. A basic sources of 
the emissions of pollutants from hot rolling mills to the air are furnaces for the heating and 
heat treatment of mill feedstock. The amount of CO2 emission is directly proportional to 
the amount of consumed fuel.  

From the performed calculations [4,5] and theoretical analyses [6,7] it can noticed 
that the emission of carbon dioxide, but also steel loss and heat consumption, are all clearly 
dependent on the intensity of heating.  The measure of heating intensity is the charge 
surface temperature increase rate, which is determined by the value of the coefficient of 
heat exchange in the furnace chamber and the furnace temperature. 

For each heating case, there is a specific heating rate that ensures the minimum 
consumption of heat and the minimum loss of steel. 

With respect to the incurred costs associated with the charge heating process it is 
known that for a given heating rate, the cost of heat consumption accounts for, on average,   
88% of the heating costs, with the balance of 12% being the cost of steel loss [8]. It is also 
known the production of 1 ton of steel under domestic conditions requires an energy input 
from 30 to 40 GJ. This is definitely too much, given that the heat consumption in a well 
prospering steel mill only slightly exceeds 20 GJ [9]. 

There is a close correlation between heat consumption of and steel loss, which can 
be described by simple mathematical equations. By reducing the steel loss as a result of 
increasing the capacity or changing the technology, the energy consumption is also 



reduced. The developed correlations between heat consumption and steel loss [10, 11] and 
the appropriately designed testing stand enable the influence of technology on heat 
consumption to be investigated in an indirect manner.  

Work [12], based on the original mathematical analysis, provides a number of 
correlations, of which the following types of equations ensure high computation accuracy: 
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In many instances, sufficient accuracy of description is provided by equations in the 

form of: 
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The objective and methodology of the tests 
 

The aim of the experimental tests was to determine quantitatively the influence of 
heating technology and capacity on furnace performance (the energy intensity of the 
process and the loss of steel for scale). 

Test samples of steel S235JR were heated in a natural gas combustion gas 
atmosphere following the heating curves designed based on the measurements of 
temperatures in the zones of a real pusher furnace.  

The final charge surface temperature was 1250C, whereas the final temperature 
difference in the charge cross-section was 50 K. 

The original tests were carried out for one of the heating technologies, 
conventionally referred to as the technology T(a), used in the furnace under examination, 
and for five furnace capacities: 90, 80, 60, 40 and 20 t/h. 

Calculation results for three of the five heating curves used are given in Table 1.  

 
 
 
 
 
 
 
 



 
                     Table 1. Heating curves for the technology T(a) and the capacities of 90, 80 and 60 t/h 
 

90 t/h 80 t/h 60 t/h 
No. 

τ,s 0t ,0C  ,s 0t , 0C τ, s 0t , 0C 

0 0 20 0 20 0 20 

1 1158 404 1184 405 1158 387 

2 2316 686 2368 681 2316 640 

3 3474 886 3553 874 3474 820 

4 4632 1016 4737 996 4632 930 

5 5790 1119 5921 1092 5790 1011 

6 6948 1206 7105 1180 6948 1081 

7 8105 1235 8290 1235 8105 1144 

8 9263 1241 9474 1247 9263 1201 

9 10421 1247 10658 1248 10421 1246 

10 11579 1251 11842 1251 11579 1260 

11 – – 13027 1253 12737 1261 

12 – – – – 13895 1256 

13 – – – – 15053 1255 

14 – – – – 16211 1255 

15 – – – – 17369 1255 

 
 

The surface loss of steel was determined from the equation: 
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where: 

1m – mass of the sample before heating, kg, 

2m – mass of the sample after heating and scale removal, kg, 
F – surface area of the heated sample, m2. 
 

The adopted testing methodology enabled also the calculation of steel loss from the 
relationship below:  
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where: 



– share of iron in the scale, 
Δmp – sample mass increment, kg. 

The measuring stand 

For carrying out the tests, the measuring stand shown Fig. 2 was used. 

                        
 

Fig. 2. The measuring stand: 1. Electric pipe furnace; 1a. Cylindrical heating chamber; 1b. Resistance 
heating elements (silit rods); 1c. Thermal insulation; 2a; Guide for furnace supply setting control; 2b. 
SHIMADEN – FP93 programmable controller; 3. KONWEKTOR – WP-7,6 radial fan; 4. Air valve; 5. 
Rotameter for measuring combustion air flow rate; 6. Gas valve; 7. Rotameter for measuring natural gas flow 
rate; 8. Gas burner; 9. Flame control thermocouple; 10. Notebook with software; 11. PtRh10 (S) control 
thermocouple; 12. PtRh10-Pt (S) or NiCr-Ni (K) thermocouple for measuring test sample surface 
temperature; 13. TESTO 350 combustion gas analyzer; 14. Control thermocouple operating with the silit rod  
protection limiter; 15. Combustion gas exhaust; 16. Steel test sample; 17. RADWAG – WPS 360/C precision 
electronic scales; 18. LUMEL – LS31 electronic electrical energy meter z with digital communication. 
 

The main element of the measuring stand is the laboratory electric (pipe) furnace 
(1).  

Before proceeding with the measurement, the heating characteristics had to be 
programmed with the keypad of the programmable controller (2b). Upon running the 
program, the furnace starts heating in specifically defined steps. The FP93 programmable 
controller offers the capability to program the heating curve with a maximum of 40 steps. 
These steps are defined by the value of temperature and time. 

The purpose of the gas burner (8) is to create a fixed combustion gas environment 
in the furnace heating chamber (1a). The gas atmosphere of the furnace chamber was 
produced by feeding air from the fan (3) and combusting natural gas in the burner at fixed 
volume fluxes of the substrates. The air and gas flow rates were regulated with the 
rotameters (5) and (7).  

The sample (16) suspended on the scales (17) was placed in the combustion 
chamber axis close to the control thermocouple (11). The scales connected directly to the 
computer (10) recorded sample mass increments with accuracy to 0.01 g. The analysis of 
combustion gas composition was conducted with the TESTO 350 analyzer (13). 



General views of the testing stand, the power supply, and the heating furnace 
chamber are shown in Figs. 3 to 5. 
 

                  
 

                                                      Fig. 3. General view of the measuring stand 
 
 

                                 
 

         Fig. 4. View of the furnace control unit   5. View of the heating furnace chamber 
 
 
 

 
 



Test results 
 

The results of steel loss computation are given in Table 3. 
 

                            Table 2. Results of steel loss computation for the technology T(a) 
 

No. 
w 
t/h 

τ 
min 

XFe 
∆mp, 

g 

z1 
kg/m2 

z2 
kg/m2 

zśr 
kg/m2 

zzm. 

kg/m2 

1 90 193 0.764 9.625 5.220 5.104 5.162 - 

2 80 217 0.756 11.569 5.961 6.106 6.034 - 

3 60 289 0.758 14.231 7.471 7.545 7.508 - 

4 40 434 0.756 19.402 9.969 10.185 10.077 
9.704 

(w = 38.45 t/h) 

5 20 868 0.739 33.072 15.633 17.456 16.545 - 

 
For the capacity of 40 t/h, comparison of the steel loss computation results with the 

industrial test results was made. The results of steel loss computation and those of 
industrial measurements are comparable. The obtained difference was 4%. 

On the basis of correlation (2) and the steel loss test results, the heat consumption 
was determined. The coefficients determined by the direct approximation method, as given 
in Table 3 [6], were used in the computation.  
 
                                          Table 3. Coefficient of the function q = f(z) - approximations 
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The results of heat consumption computation using relationship (2) are given in 
Table 4. 
 
             Table 4. Computation results of consumption for the technology T(a) using relationship (2) 
 

w, 
t/h 

qobl., kJ/kg qzm. kJ/kg 

90 1519.507 - 

80 1537.630 - 

60 1596.428 
1470.580 

(w = 60.12 t/h) 

40 2008.596 
1774,130 

(w = 38.45 t/h) 

20 3566.349 - 

 
The results of heat consumption computation made based on the laboratory tests for 

the capacities of 60 and 40 t/h were verified by comparing with the industrial test results. 
The obtained differences are as follows, respectively: 



- for the capacity of 60 t/h: approx. 8 %, 
- for the capacity of 40 t/h: approx. 12 %. 

 
Conclusions 

 

 Heat consumption, steel loss for scale, and CO2 emission are all determined by the 
technology and heating intensity. 

 With increasing furnace capacity, heat consumption and steel loss for scale 
decrease. As indicated by the tests carried out, by increasing the furnace capacity 
from 40 to 60 t/h, the heat consumption could be reduced by 20% and the steel loss 
by 25%. 

 A close correlation exists between steel loss for scale and heat consumption. With 
increasing steel loss for scale, the unit heat consumption increases. To ensure the 
least possible heat consumption in this way, a low scale-forming heating 
technology should be employed. Indirect modelling of the influence of heating 
technology on heating consumption is possible through the determination of the 
quantitative loss of steel for scale. 

 High coincidence of the steel loss and heat consumption computation results with 
the industrial test results is found.  
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