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Abstract— In this study a unique recuperator was designed in order to increase the combustion air temperature entering into 
hot stove for recovering the heat from flue gas of hot stoves. Recuperator thermal calculations were performed for different 
flow arrangement to determine the most profitable flow option in terms of heat transfer surface area (AR), recovered heat 
and investment cost. At the second step, Mr. Strelow’s static simulation model was used to determine the outlet temperatures 
of hot and cold flows and temperature distribution in entire recuperator for the steady state condition independent from time 
variable for different flow arrangements. Results of the simulations were demonstrated via curves and evaluated in terms of 
heat transfer rate, outlet temperatures and required AR. 
 
Index Terms—Heat recovery, hot stove recuperator, static simulation.  
 
I. INTRODUCTION 
 
Over the globe, 26% of total energy is released via 
flue gas by releasing into atmosphere as a waste 
heat[1]. Hence, there is considerable seconder energy 
resource in flue gases via utilizing a proper heat 
exchanger that transfers the energy from one medium 
to another medium for recovering the waste heat [2, 
3]. Waste heat recovery provides benefits via two 
groups. First group benefitsdirectly improve the 
system efficiency using thermal energy. Second 
group provides a reduction in environmental 
pollution, decrease the dimensions and variety of the 
operated equipment and decrease the fuel 
consumption[4, 5]. Recuperator is a type of heat 
exchanger utilized for recovering the heat from the 
waste flue gas, generally to combustion air in order to 
improve the total efficiency of facilities[6]. In 
addition, utilization of recuperator decreases flue gas 
temperature and thus, cooling expenses of flue gas, 
while increasing the temperature of combustion air 
and saving fuel. Due to these benefits recuperators 
are indispensable devices in all facilities using 
thermal energy[1]. Issue of selecting suitable type, 
dimensions, materials and flow arrangement are very 
significant for achieving the aimed heat recovery 
amount. However, most essential steps are 
discovering the characteristics of the fluids, design 
and arrangement of the facility where the recuperator 
will be placed and lastly operating conditions before 
the design step of recuperator. That’s because all 
these titles directly affect the overall heat transfer 
coefficient (U), dimensions and heat recovery 
capacity of recuperator. Furthermore, pipe 
arrangement is another important factor on 
performance of recuperators due to its effects on the 
mean flow speed (um), Reynolds number (ReD) such 
as longitudinal and transverse distances of pipes, 
inner and outer diameters of pipes. But, distances and 
diameters of the pipes needs optimization from points 
of thermal performance and provide proper operating 
conditions such as easy cleaning, keeping the 

pressure drop low and easy production of pipe arrays 
[7].  
Manufacturing industry occupies almost 33% of the 
total energy consumption in over the globe. Energy 
consumption for iron steel production is second 
highest energy user in production industry with 20% 
account[8].  Since, iron steel production is performed 
in high temperatures required for reduction reactions 
and whole process consist of many heating and 
cooling processes. Operating in high temperatures 
always bring some energy loses from the system. [9]. 
Blast furnace is the major process in iron steel 
production with the highest energy consumption ratio 
with more than 50% in the facility[10].  Preheated air 
passing through the hot stoves heated up to 1250 °C-
1350 °C is used in the blast furnace process for the 
major energy source. Hot stoves are huge cylindrical 
regenerative heat exchangers consisting of refractor 
matrix arrays used as an auxiliary equipmentin all 
integrated iron&steel factories [11, 12]. Although, 
most of the energy is transferred to air, flue gas of the 
hot stoves still carries so much energy within 260°C 
flue gas.  In this paper, recuperator design and 
simulation study were performed in order to improve 
the efficiency ofcombustion in hot stoves by 
recovering the waste heat from the flue gas of hot 
stoves to the combustion air.  
 
Nomenclature 
AR : Heat transfer surface area (m2) 
ACR : Cross section area at flue gas inlet 
Cp : Specific heat (kJ/kgK) 
D : Diameter (m) 
Δp : Pressure drop (bar) 
E : Unit matrix 
f : Surface roughness 
ε : Effectiveness 
h : Heat convection coefficient (W/m2K) 
I : Input Matrix 
k : Heat conduction coefficient (W/mK) 

 : Mass flow rate (kg/s) 
Nu : Nusselt number 
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NTU : Number of transfer unit 
O : Output matrix 
Pr : Prandtl number 
Q : Volume flowrate (m3/h) 
Ρ : Density (kg/m3) 
ReD : Reynolds number 
S : Structure matrix  
ST : Transverse distance (mm) 
SL : Longitudinal distance (mm) 
ܶ
  : Inlet temperature of hot flow (°C) 
ܶ
 : Outlet temperature of hot flow (°C) 
ܶ
 : Inlet temperature of cold flow (°C) 
ܶ
 : Outlet temperature of cold flow (°C) 

Tc : Temperature of cold flow (°C) 
Th : Temperature of hot flow (°C) 
TI : Inlet temperature of recuperator (°C) 
TO : Outlet temperature of recuperator (°C) 
U : Overall heat transfer coefficient (W/m2K) 
um : Average velocity of combustion air (m/s) 
 
II. MATERIAL AND METHOD 
 
In conventional iron steel factories blast furnaces and 
hot stoves are standard departments utilized for Steel 
production. Process of steel production requires 
thermal energy and fuel in high level for the 
reduction reactions of Fe2O3. In order to improve 
combustion efficiency, decrease fuel consumption 
and emissions, flue gas temperature, the heat 
recovery potential of flue gas was determined. For 
this purpose, flue gas components, temperature and 
flue gas speed measurements were performed. In 
addition, design specifications of hot stoves and 
average values of monthly fuel components were 
received from the management of blast furnace 
department. Flue gas components measurements were 
performed utilizing Testo 350S working based on 
electrochemical detection method. For the flue gas 
speed and pressure measurements Testo 445 
employed in order to calculate the volumetric and 
mass flow rate of flue gas. The results of flue gas 
components measurements and average fuel 
components were given in Table 1 and Table 2 
respectively. 

Table 1. Flue gas components at furnace of hot stoves. 

 
 

Table 2. Monthly average fuel components of fuel combusted 
inhot stoves. 

 
After the measurements and data collection from the 
management of the facility, theoretical calculation for 
the heat recovery potential was performed. Heat 
transfer application with pipe bundle in cross flow is 
a common method in many industrial facilities. Thus, 

in this study a cross flow recuperator is taken into 
account for recovering of flue gas heat to combustion 
air used in hot stoves. Flow specifications and the 
purpose of the study in terms of the outlet 
temperature is summarized in Table 3. That is to say, 
difference of the outlet temperatures aimed to be 
maximum with optimum flow arrangement and 
minimum required AR.  
 

Table 3. Specifications of flows 

 
 
A. Theoretical Heat Recovery Potential 
Calculations 
In order to calculate transferred heat from flue gas to 
combustion air, overall heat transfer coefficient (U) 
must be determined. First of all, thermophysical data 
such as Prandtl number (Pr), kinematic viscosity (ν), 
heat conduction coefficient (k), specific heat (Cp) and 
density (ρ) as listed in Table 3, were taken from the 
thermophysical tables belong tocomponents in flue 
gas for average film temperature. 
Thermophysical properties are used in calculation of 
cross flow over pipe bundle as external flow in the 
recuperator. Pipe arrangement was given in Fig. 1 and 
Fig. 2 schematically. 

 
Figure 1. Schematic of pipe bundle in recuperator. 

 
Pipes inside the recuperator were designed in regular 
square arrangement as demonstrated in Fig. 2. For the 
external flow consisting of 10 or more pipes, 
Reynolds number between 2000 and 40000 and 
Pr≥0.7, Equation 1 was used in order to calculate 
Nusselt number[13]. 

For regular pipe arrangement Vmax calculated for 
incompressible fluid, from the Equation 2[13].  
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Figure 2. Pipe arrangement of pipe bundle in recuperator. 

 
Reynolds number was obtained from the following 
Equation 3[13].  

Table 4. Thermophysical specifications of flue gas. 

 
In internal flow calculation, mass flow rate was 
calculated with multiplying mean velocity umfluid 
density ρ and cross section area Ac of the pipes as 
given in Equation 4[13].  

Reynolds number was calculated with Equation 
5[13].  

Another point considered in pipe flows is friction 
factor. The friction factor is a function of the tube 
internal surface condition. It is negligible on smooth 
surfaces and increases as surface roughness rises. 
Equation 6 was used because of giving good results 
on smooth surface conditions[13]. 

Heat convection coefficients of the flows were 
calculated with Equation 7[13]. 

U was calculated with the equation for the cylindrical 
shapes as given in Equation 8[13]. 

Equation 9 was used in pressure drop (Δp) 
calculations[13].   

In this study regular pipe arrangement was used. 

Longitudinal and transverse distance between the 
pipes were selected 70 mm. Outside diameter and 
inside diameter of the pipes were selected 33.4 mm 
and 26.64 mm respectively.    
 
B. Static Simulation of Recuperator 
After calculation of possible maximum heat recovery 
potential, recuperator was simulated in steady state 
conditions utilizing linear equation systems based on 
a static simulation model studied by Mr. Strelow[14]. 
According to this static simulation model recuperator 
was divided into several sub sections (cell) and 
considered as a heat exchanger network connected 
each other depending on flow arrangement in the heat 
exchanger. We have tried several recuperator static 
simulations in order to determine the best recuperator 
in terms of minimumAR, high combustion air 
temperature, low flue gas temperature. Static 
simulation model is based on the Effectiveness-NTU 
(ε-NTU) method as given in Equation 9. Relation 
between effectiveness and outlet temperatures of the 
flow were rearranged and they written via linear 
equation systems for simplifying the simulation[14]. 
In static simulation recuperator was divided into 
desired numbers of cellsand it was converted into a 
recuperator network. Paths of flows were described in 
structure matrix (S) according to the selected flow 
types.  

Inlet temperature distribution through the recuperator 
for the flows were calculated with the following 
equation in static simulation[14].  

Substitution of Equation 10 into Equation 9, Equation 
11 was obtained which gives the outlet temperature 
distribution through the recuperator[14].   

 
 
III. RESULTS AND DISCUSSIONS 
 
In this study, required data received from the 
management of the blast furnace department and 
measurements were performed in order to realize the 
thermal calculations. With the application of a 
recuperator, the temperature of flue gas was aimed to 
decrease from 260°C to 140°C-160°C interval with 
the minimum required AR. In addition, temperature 
of combustion air was aimed to increase from 20°C to 
more than 180°C -225°C interval with the minimum 
required AR.Specifications of the flows subjected to 
thermal calculations in the recuperatorwere given in 
Table 4. Firstly, thermal calculations were performed 
for single pass crossflow heat exchanger model for 
design study. At the end of the thermal calculations 
difference of ARis determined for targeted 
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temperature difference (ΔT) as given in Fig. 3.  There 
is a slight slope at the curve of area versus ΔT. 
However, when ΔT reached to 108 °C, required area 
is increasing suddenly. Thus, it’s understood from 
Fig. 3, area values versus ΔT, after the 108 °C are not 
profitable because of low ΔT values versus extremely 
high required AR. Furthermore, required AR is being 
more than double times from 100 °C to 108 °C. This 
means that only 8 °C temperature advantage causes 
too much expense for the blast furnace department.   

 
Figure 3. Increase of AR versus temperature difference of flue 

gas 
Parallel to Fig. 3, curve of required pipe length 
forming the AR is identical with the slope of required 
ARversus ΔTdemonstrated as in Fig. 4. Required 
pipe length also determines the height of the flue gas 
inlet cross section area. Thus the extreme increase 
after the ΔT is 108 °C, the area values are not feasible 
for building a recuperator containing long pipes.  

 
Figure 4. Increase of pipe length versus temperature difference 

of flue gas. 
In addition, increasing pipe height and increasing 
array number increases the cross section area of flue 
gas inlet and combustion air inlet respectively. The 
increase of cross section areas causes decrease in 
flow speeds and Reynolds numbers. In Fig. 5, we 
observe that U is decreasing with increasing ΔT. For 
ΔT the values after 108 °C, U shows a rapid fall 
according to Fig.5. 

 
Figure 5. Decrease of overall heat transfer coefficient versus 

temperature difference of flue gas. 

Fig. 6 validates Fig.5 due to curve showing the 
decrease of U versus increasing cross section area of 
flue gas inlet.  Fig. 7 shows the relation between 
Reynolds Number and U. Increasing Reynolds 
number always increases U due to the speed 
characteristics of both flows.  

 
Figure 6. Decrease of overall heat transfer coefficient versus 

increase of cross section area of recuperator. 
 

 
Figure 7. Increase of overall heat transfer coefficient versus 

increase of Reynolds Number. 
 
Consequently, when taking into account the Figures 
3-7 together, there is a logarithmic relation between 
the required AR and ΔT. For this study for the ΔT 
values higher than 108 °C are not profitable and 
feasible due to so high area requirement for a little 
ΔT advantage. In addition, there is strong correlation 
between the pipe length, flue gas cross section area, 
Reynolds number and U. Increasing ΔT requires 
higher pipe lengths, higher pipe lengths increase the 
cross section area, higher cross section area decreases 
flow speeds and Reynolds number. Lower Reynolds 
number results low U values. Evaluations direct us to 
select the lowest cross section area, lowest pipe 
length, highest Reynolds number. All these selections 
result maximum U for selecting the most efficient and 
lowest cost recuperator option.  
After the determination of correct configuration for 
the single pass recuperator, three flow types were 
simulated with static simulation method[14] and 
outlet temperatures were compared in order to choose 
the most profitable flow type. First simulation was 
performed for the single pass cross flow recuperator 
option. Second simulation was performed for the 
double pass cold, single pass hot cross flow 
recuperator option. Third simulation was performed 
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for the three pass cold, single pass hot flow 
recuperator.In Fig. 8 static simulation results were 
shown for a single pass crossflow recuperator in order 
to validate the thermal calculations. According to the 
simulation results, flue gas and combustion air leave 
the recuperator at 156°C and 188°C respectively with 
a AR of 1195 m2. In the next simulation models AR 
of single pass cross flow recuperator was considered.  

 
Figure 8. Static Simulation results for single pass cross flow 

recuperator. 
Fig. 9 demonstrates the results of static simulation of 
for double pass cold, single pass hot cross flow 
recuperator consisting from the same AR with single 
pass cross flow recuperator for two flow types. It is 
clearly seen that from Fig. 9, double pass cold, single 
pass hot cross flow recuperator option is more 
advantageous in terms of outlet temperatures of the 
flows. Outlet temperature of hot flow decreases to 
141 °C from 156 °C and cold flow outlet temperature 
increases to 212 °C from 188 °C by changing only 
the flow arrangement. That is to say, outlet 
temperature combustion air increases 24 °C, flue gas 
temperature decreases 14 °C.  

 
Figure 9. Static simulation results for double pass cold, single 

passhot cross flow recuperator. 
Additionally, there is another advantageous option 
with 135 °C hot flow outlet temperature and 222 °C 
cold flow outlet temperature as seen in Fig. 10. 
However, this option makes the construction of the 
recuperator more complex according to its minor 
benefit.  

 

Figure 10. Static simulation results for three pass cold, single 
pass hot flow recuperator. 

Pressure drop (Δp) values of the three options were 
calculated such as 0.00232 bar, 0.0156 bar, 0.0477 
bar respectively. For the given specifications and 
desired ΔT, option 2 seems more profitable due to the 
high temperature difference with the minimum 
possible AR and relatively simple construction. From 
the simulation results we understand that increasing 
cold flow passage number become unnecessary from 
two pass due to the minor temperature difference and 
increasing complexity. By utilization of second 
option, 2688 kW heat will be transferred to 
combustion air from flue gas ejecting from hot stoves 
funnel.  
 
CONCLUSION 
 
In this study, 2688 kW heat recovery potential was 
determined and double pass cold, single pass hot 
cross flow recuperator was designed and simulated. 
Required design parameters and specifications were 
received from the management of blast furnace. Flue 
gas speed, flue gas components and temperature 
measured from the funnel and combustion air speed 
was taken from the records of facility management in 
order to calculate the flue gas and inlet air mass 
flowrate. In thermal calculations cross flow on pipe 
bundle principles were taken into account and 
simulations were performed with the Strelow’s static 
simulation model based on ε-NTU method[14]. 
According to thermal calculations and simulation 
results option 2 was determined as a most profitable 
and feasible recuperator with. By utilizing the 
recuperator in option 2, combustion air will be heated 
from 20 °C to 212 °C and flue gas will be cooled 
from 260 °C to 141 °C. This application will increase 
the performance of the hot stoves due to insertion of 
heated combustion air instead of cold combustion air. 
In addition, fuel consumption and emissions will be 
decreased significantly and enhance the efficiency of 
blast furnace. This study is not only very valuable for 
the researchers studying on design and simulation of 
heat exchangers but also essential engineers studying 
on efficiency improvement and determination of heat 
recovery potential occasion in blast furnace 
department management.  
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