
Advances in Thermal Processes 

   and Energy Transformation 

Volume I, 2018, Kara01, p.14-18, ISSN 2585-9102 

https://doi.org/10.54570/atpet2018/01/01/0014  

 

14 

 

Basic areas of the secondary energy resources use in the blast-

furnace ironmaking and application of heat pumps for utilization of 

sensible heat of the furnace top gas   
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Abstract: Reduction of specific energy consumption at cast-iron production is the topical issue over several decades. 

One of basic areas of the specific energy consumption reduction is the specific coke consumption reduction due to 

injection of pulverized coal fuel (PCF). Under the present-day conditions of blast-furnace shop operation, the use of 

low-potential SERs seems to be the most promising measure with regard to reduction of cast-iron production cost. 

Proposed measures on improvement of blast-furnace gas calorific power due to the reduction of its moisture content 

allow the blast-furnace air temperature increase and coke consumption reduction. Also proposed is partial transfer 

of excess heat from the blast-furnace gas to combustion air by means of the system of heat pumps, which allows 

increase in calorimetric combustion temperature. In this paper, main parameters are calculated of the heat pump 

system operation under the conditions of blast-furnace shop at the increased top gas temperature. This paper 

presents heat pump system operating efficiency and determines conversion factor for the specific conditions (COP). 
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1 Introduction 

For what concerns the energy consumption by 

modern metal manufacturers in Ukraine, its structure is 

approximately as follows: 

1) Coke – 32-35%; 

2) Natural gas – 13-16% 

3) Blast-furnace gas – 17-20% 

4) Coke oven gas – 7-9% 

5) Power-generating coal – 2-4% 

6) Heavy fuel oil – 2-4% 

7) Other fuel types – up to 1% 

8) Electric power – 15-20% 

Energy consumption pattern broken down by main 

process areas of the metallurgical industry in 2010-

2016 is as follows: sintering process – 6-8% of total 

industry-consumed energy; coking process – 4,5-6%; 

blast-furnace ironmaking – 47-50%; steelmaking – 6-

11% (at this processing stage, number of electric 

furnaces increases sharply); rolling process – 6-9%;  

refractory production – 1-2%; electric power 

installations – 12-14%; other consumers – up to 7%. 

Coefficient of major SERs utilization does not 

exceed 40%, which indicates low efficiency of 

recuperation plants and systems. Since blast-furnace 

processing is one of primary energy consumers in the 

industry, improvement of its operating efficiency and 

introduction of new energy-saving technologies would 

allow considerable reduction in total industry-wide 

power costs.  

Pulverized coal injection technology is used in 

growing number of blast furnaces. 

Depending on the used technology and PCF 

quality, this measure provides coke consumption 

savings of 40% to 10%. Previously, coke consumption 

for cast-iron production made 500-550 kg per ton of 

cast-iron, and now some plants reduced this value to 

270-237 kg of coke per ton of cast-iron due to the use 

of PCF. 

However, number of processing complexities is 

related to the PCF preparation process. Primarily, this 
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is proper drying prior to injection into furnace through 

air tuyeres. Natural and blast-furnace gases can be used 

for drying, as well as combustion products escaping 

from hot-blast stove being the secondary energy 

resource (SER), of which efficient use would result in 

the cast-iron production cost reduction. It might be 

well to evaluate the SER use at the blast furnaces in 

present-day conditions.  

2 Performance potential of blast-furnace 

complex constituents with regard to the SER 

usage 

Major portion of total thermal energy generated in 

furnace shaft and carried in with the hot air blast is 

lost: 

1) Blast furnace; 

2) Blast furnace gas treatment system; 

3) Hot stoves. 

1) Blast furnace - for the physical and chemical 

processes inside furnace shaft, for the change of 

enthalpy and melting of charge components, for the 

finished cast-iron and slag overheat, and for heating the 

heat-transfer medium and change of its aggregate state 

in the cooling system; in addition, part of thermal 

energy is carried off with the furnace top gas. 

The most practicable SER sources are sensible heat 

of cooling system heat-transfer medium, sensible heat 

of top gas and partial usage of the overheated liquid 

slag heat. However, such SER usage is scarcely 

adopted, except for the occasional use of heat-recovery 

boilers in the evaporation cooling systems [2]. The use 

of sensible heat of overheated liquid cast-iron is 

challenging target even in theoretical terms, because its 

overheating is relatively low. 

In the blast furnace cooling systems, water is the 

basic heat-transfer medium; in the evaporation cooling 

systems, it may exist both in gaseous and liquid states. 

At the most enterprises, water is cooled with the use of 

cooling towers or special cooling ponds without 

sensible heat utilization. 

 

2) Blast furnace gas treatment system. 

Sensible heat of furnace top gas is main and sole 

heat resource at this facility. When leaving the blast 

furnace, top gas temperature ranges from 170°С to 

450°С depending on blast-furnace smelting features. 

While cleaned blast - furnace gas temperature makes 

from 15°С to 65° С, respectively. The use of high 

temperature of top gas in conventional heat exchangers 

upstream the gas treatment system is complicated due 

to considerable dust content (up to 20g/m3). 

Conventional heat exchangers are virtually inoperative 

at such dust content in one of heat-transfer media. 

 

3) Hot-blast stoves. 

Main secondary thermal energy source is chimney gas 

with temperature 180-250° С from hot-blast stoves [3]. 

These SERs are successfully used at many enterprises; 

however, there is number of limitations as well, which 

reduce sensible heat utilization efficiency. These 

include minimum temperature condition for fumes 

from heat exchanger; temperature must be higher than 

or equal to 110-230° С, since it is the level of dew 

point of sulphuric acids contained in fumes. When 

fume temperature drops below the indicated value, 

condensed moisture is deposited on the heat exchanger 

walls resulting in the acid corrosion. Such phenomena 

cases were observed at the Zaporizhstal Iron & Steel 

Works in 2005. 

Thus, it may be concluded that SER are only partly 

used in the most example cases [4]. 

 

2.1 The use of the system of heat pumps and their 

calculation for the blast-furnace shop 

conditions  

The study proposes the use of the sensible heat 

utilization system based on heat pumps and heat 

transfer tubes. This system includes intermediate heat-

transfer medium and is capable of operation with low-

grade sources of sensible heat [5]. 

One of proposed solutions for the set problem is 

extraction of energy from the blast-furnace gas, both 

upstream and downstream the gas treatment system. 

Here, heat exchanger with intermediate heat-transfer 

medium (Freon or oil) has not necessarily contact 

directly with the dust-carrying top gas, but can be 

securely attached to the external surface of top gas 

discharge duct. In this case, heat amount taken from 

the top gas would depend on the heat-exchange surface 

area, aggregate coefficients of heat transmission from 

surface to the gaseous medium at the “hot” and “cold” 

sides, and on the heat-transfer resistance in the points 

of tubing contact with the top gas line surface. On the 

average, furnace top gas temperature could be 

decreased by 70-120°C prior to the entry into gas 

treatment system. Alternatively, heat exchanger with 

intermediate heat-transfer medium could be installed 

inside the air duct supplying combustion air into hot-

blast stoves (HS). Such installation efficiency could 

make 45-80%, which allows hot blast temperature 

increase by 10-15°C. At the total reduction in blast-

furnace gas consumption for HS heating by 6-8%, 

average value of savings on specific energy 

consumption in the blast-furnace processing would 

make approximately 0.5% [6]. When engineering the 

proposed system, installation of compressor equipment 

and expansion valves (included in every heat pump 

system) could be eliminated, as well as the change of 

aggregate state of intermediate heat-transfer medium. 

Completed system is the system of heat exchangers 

with intermediate high-temperature heat-transfer 

medium. However, if temperature at the “hot” side of 

such system is below 180-200°C, such equipment 
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modification seems being of little promise. Moreover, 

the use of classic heat pump or heat transfer tubes is 

only practical for the blast-furnace gas temperature 

downstream the gas treatment system. Gas temperature 

downstream the gas treatment system makes 40-65°C. 

It should be noted that heat utilization at lower 

temperatures is quite impractical. In our opinion, 

primary objective in this case is not so much utilization 

of small amount of sensible heat as total blast-furnace 

gas temperature reduction downstream the burners. 

The matter is that the blast-furnace gas with relatively 

high temperature (45°C and over) has sufficiently high 

moisture content, which reduces its calorific heat 

value. The work [6] considers in some detail the blast-

furnace gas moisture content data from existing 

furnaces versus temperature and impact of these 

parameters on the eventual combustion temperature in 

HS. The use of heat pump with Freon-type heat-

transfer medium in the internal circuit is proposed for 

this heat utilization and blast-furnace gas temperature 

reduction.   

Following is calculation of such heat pump system 

for operation with low-grade thermal energy source 

under the blast-furnace shop conditions. 

2.2 Calculation of heat pump performance  

Calculation of evaporator for blast-furnace gas 

cooling 

Input data: 

Refrigerating fluid – Freon R22.  

Refrigerating fluid boiling point:  tf = -10°С. 

Freon heat capacity at constant pressure: 𝑐𝑝
𝑓
= 0.714 

kJ/(kgK) 

Inlet blast-furnace gas temperature:  t1 = 65 °C 

Outlet blast-furnace gas temperature:  t2 = 35°C 

Inlet blast-furnace gas humidity:  d1 = 250 g/m3 

Outlet blast-furnace gas humidity:  d2 = 54 g/m3 

We assume equipment size along the blast-furnace 

gas flow (depth) L = 400 mm suitable for 

accommodation of four serial banks of plate fins of 

80x40 mm each.  We assume as follows: fin thickness 

of δp = 0.4 mm, copper tube of 16x1 mm in diameter, 

fin pitch of Sp  = 7 mm. Tubes are arranged in line with 

the same fin pitch in longitudinal and transverse 

directions  S1 = S2 = 0.04 m (Figure 1). 

Nominal fin height: 

ℎ =
𝑑𝑧

2
(1.28

𝑆1

𝑑3
 √

𝑆1

𝑆2
− 0.2 − 1) (1 + 0.805 ∗

𝑙𝑜𝑔 (1.28
𝑆1

𝑑𝑧  
√

𝑆1

𝑆2
− 0.2))   (1) 

where dz is diameter of cooper tube. 

h =
0.016

2
(1.28

0.04

0.016
√1 − 0.2 − 1) (1 + 0.805 ∗

log (1.28
0.04

0.016
√1 − 0.2)) = 0.02 m  

Coefficient of frost build-up on the heat-transfer 

surface of equipment: 

𝜀𝑖𝑛 = 1 +
212.2 (𝑑𝑏𝑓𝑔−𝑑𝑓𝑟)

𝑐𝑝
𝑓

 (𝑡𝑏𝑓𝑔−𝑡𝑓𝑟)
    (2) 

where dbfg is average blast-furnace gas humidity , dfr is 

rime humidity , tbfg is blast-furnace gas temperature, tfr 

is rime humidity. 

𝜀𝑖𝑛 = 1 +
212.2(

152

1.3
−15.4)

714(50+12)
= 1.48  

Blast-furnace gas side heat flux density: 

𝑞𝑝 = 𝛼𝑏𝑓𝜀𝑖𝑛(𝑡𝑏𝑓𝑔 − 𝑡𝑓𝑟)    (3) 

where bf is blast-furnace gas heat-exchange 

coefficient. 

𝑞𝑝 = 78.6 ∗ 1.48 ∗ (50 + 12) = 7212 𝑊/𝑚2  

 
Figure 1 Plate fins 

Nominal fin height: 

𝜀𝑝 =  

𝑡𝑎ℎ(√
2  𝛼𝑓𝑟

𝛿𝑝  𝜆𝑝
  0.02)

√
2  𝛼𝑓𝑟

𝛿𝑝  𝜆𝑝
  0.02

   (4) 

𝜀𝑝 =    
𝑡𝑎ℎ(√

2∗ 11.1

0.0004∗ 204
  0.02)

√
2∗ 11.1

0.0004∗ 204
  0.02

=  0.97  

where p is coefficient of thermal conductivity of the 

edge 

𝛼𝑓𝑟 =
1

1

𝛼𝑏𝑓  𝑓𝑟
+(

𝛿𝑝

𝜆
)

𝑓𝑟

   (5) 

𝛼𝑓𝑟 =
1

1

78.6∗1.48
+

1

12.3

= 11.1 𝑊/(𝑚2𝐾)  

 

Total finning efficiency can be calculated as follows: 

𝜀𝑛 = 𝜀𝑝 + (1 − 𝜀𝑝)
𝑓𝑖𝑠

𝑓Σ
   (6) 

where fis is area of intercostal surface, f is total area of 

heat exchanger. 

𝜀𝑛 = 0.97 + (1 − 0.97)
0.048

0.448
= 0.98  
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We determine evaporator heat-transfer surface as 

follows: 

𝐹3 =
𝑄𝑒𝑣

𝑞𝑝
     (7) 

where Qev is total heat flow 

𝐹3 =
1376∗103

7212
= 191  𝑚2  

Mass flowrate of refrigerating fluid under the complete 

boil-off condition: 

𝑀𝑓 =
4 𝐿∗ 𝑞𝑝 𝛽

𝑑𝑖𝑛(𝑖𝑒𝑛𝑑−𝑖𝑏𝑒𝑔)
   (8) 

𝑀𝑓 =
4∗10∗7212∗10.2∗10−3

0.014∗(701−488)
= 987 𝑘𝑔(𝑚2𝑠)  

where L*- is pipe hose length, L*=10 m are 

refrigerating fluid enthalpies at the equipment inlet and 

outlet. According to the Freon boiling point R22  

ibeg = 488 kJ/(kgK) and   iend = 701 kJ/(kgK), 

 is coefficient of finning  

din- inside tube diameter 16x2 mm is 0.014 m; 

Refrigerating fluid side heat-exchange coefficient:  

𝛼𝑓 = 𝐾
𝑀𝑓

1.4

𝑑𝑖𝑛
0.5     (9) 

𝛼𝑓 = 𝐾
9871.4

0.0140.5 = 35772 𝑊/𝑚2𝐾  

where K is correction factor, we assume  K = 0.272. 

Mass flow of refrigerating fluid: 

𝐺𝑓 =
𝑄𝑒𝑣

𝑖𝑜𝑢𝑡−𝑖𝑖𝑛
    (10) 

𝐺𝑓 =
1376

701−488
= 6.5  𝑘𝑔/𝑠  

Total cross section available for refrigerating fluid 

passage  

𝑓Σ =
𝐺𝑓

𝑀𝑓
     (11) 

𝑓Σ =
6.5

986
= 6.6 ∗ 10−3 𝑚2  

Single tube nominal bore: 

𝑓𝑡𝑏 = 0.785𝑑𝑖𝑛
2     (12) 

𝑓𝑡𝑏 = 0.785 ∗ 0.0142 = 1.54 ∗ 10−4  𝑚2  

Required number of coil sections:  

𝑛𝑐 =  
𝑓∑

𝑓𝑡𝑏
    (13) 

𝑛𝑐 =  
6.6 ∗10−3

1.54 ∗10−4 =  43  

Battery dimensions 2000x650x500 mm, suitable for 

installation of 2 fans. 

Calculation of condenser for air heating is similar to 

that of evaporator. Finally, we obtain following results 

Heat flux density is determined as: 

𝑞 = 𝑘𝑦Σ(𝑡𝑔𝑎𝑠 − 𝑡𝑡𝑏)   (14) 

where ky is equivalent heat transfer coefficient. 

𝑞 = 113 ∗ (50 − 40) = 565 𝑊/𝑚2  

Value of equipment heat-transfer surface area: 

𝐹𝑧 =
𝑄𝑒𝑣

𝑞
     (15) 

𝐹𝑧 =
1378∗103

1130
= 1219  𝑚2  

After inserting the necessary numerical values, let us 

apply these to 1 for determination of compressor 

power: 

𝑁 =
𝜌𝑓𝑟 𝑉𝑓𝑟 𝑙𝑓𝑟

𝜂𝑖 𝜂𝑚 𝜂0
    (16) 

where ρfr is  freon density, Vfr is freon volume flow, lfr 

is specific work,  𝜂i is relative isothermal compressor 

efficiency (0.65 ÷ 0.85), 𝜂m  is mechanical efficiency 

of the compressor, 𝜂0  is volume factor which takes 

into account freon volume losses due to leakage 

through compressor sealing intervals 

𝑁 =
15.4∗0.42∗16

0.65∗0.68∗0.71
= 330 𝑘𝑊  

3 Determination of heat pump COP  

COP is transformation coefficient showing the ratio 

of generated and thermal energy to electric power 

consumed by the heat pump. Coefficient can also be 

defined as the condenser heating effect to screw 

compressor power ratio.   

Heat pump COP is determined according to 

following formula: 

𝜂𝐶𝑂𝑃 =
𝑄𝑐𝑜𝑛

𝑁
    (17) 

𝜂𝐶𝑂𝑃 =
1378

330
= 4.2  

Based on calculation of this heat pump COP, we 

come to conclusion that heat pump generates thermal 

energy 4.2 times as much as its electric power 

consumption for work execution. 

4 Conclusions 

The use of heat pump system for reduction of 

specific power consumption under the blast-furnace 

shop conditions is quite promising trend, and it can be 

applied at virtually every enterprise having blast 

furnaces. 

Primary advantage of the proposed heat pump 

system is integration in the existing top gas treatment 

system. The proposed system does not require major 

reconstruction of existing equipment and features 

relatively small dimensions.  

In addition to the primary objective of increasing 

the blast-furnace gas calorific power (due to the 

moisture content reduction), a few other serious 

practical problems are solved. One of such problems is 

increasing the temperature of combustion air supplied 

to hot-blast stoves. Sensible heat carried by air into the 

combustion zone allows calorimetric temperature 

increase by 3-5°C in the combustion zone, which 

would result in the blast-furnace air temperature 

increase and coke consumption reduction.  

Furthermore, implementation of this system would 

enable production of substantial amount of the 

chemically purified water. The blast-furnace gas 
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cooling in the heat pump evaporator would yield up to 

200g of H2O per 1m3 of blast-furnace gas. This water 

could be further used in the blast-furnace shop cooling 

system. 
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