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ABSTRACT

The heat treating furnaces are one of the largest energy consumers in the
manufacturing sector and therefore many techniques to improve their energy
efficiency have been developed. One of them focuses on the recovery of the heat
contained in exhaust gases and its use to preheat combustion air/charge or to
generate steam. The maximum amount of recovered heat is obtained when the flue
gases are cooled down below dew point temperature in order to recover the latent
heat of water vapor in flue gases. The use of a condensing economizer in a 70 t/h
heat treating furnace allows the decrease of the cost of heated metal bars by 0.32%,

which means a cost saving of 158 lei/h.
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1. Introduction

The heat treating furnaces operate with low
efficiency due to the high temperature at which the
flue gases have to leave the furnace (higher than the
load temperature). That is why the largest amount of
the heat supplied in the heating process is wasted in
the form of sensible and latent heat contained by the
exhaust gases.

This wasted heat by exhaust gases depends
mainly on the design and operation of the heating
equipment. A significant reduction of this waste can
be obtained by heat recovery in order to preheat the
load or combustion air or to generate steam. The
amount of heat to be recovered from exhaust gases
depends on the temperature at which the flue gases

are cooled down. After the preheating of load or
combustion air, or the steam generation, the exhaust
gases usually have a temperature of about 200 °C. At
this temperature the exhaust gases still contain a large
amount of heat which can be recovered by cooling
them down below the dew point in order to recover
both the sensible and the latent heat of water
contained in flue gases.

The dependence of the enthalpy of flue gases on
temperature is almost linear when the temperature is
above the dew pint temperature and has a parabolic
profile for temperatures below the dew point (Fig. 1).

In this paper the thermoeconomic analysis of a
70 t/h heat treating furnace with flue gases
condensation for steam generation is performed.
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Fig. 1. Enthalpy of flue gases vs temperature (natural gas, stack air excess .=1.4)
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2. Enthalpy of flue gases

The enthalpy of flue gases is calculated with the
following equations:

- for temperatures above dew point: eq. (1);
- for temperatures below dew point: eq. (2);

g (T) = mgg, heo, (T)+my, by, (T)+mo, by (T)+mgy, hso, (T)+my oy o(T)+ by ) [KIUNm® fuel] (1)

h (T)=meg heo, (T)+my iy (T)+mo hy (T)+mgy hgy (T)+ My i o (T) + )4 (M0 = My Je -

[kJ/Nm? fuel]

where:

Moy ™0™ Ny ™0, ™50,

H,0, N, O, and SO; in flue gases;

hcoxT), hsox(T), huzo(T), hna(T), hoo(T) — enthalpy of
CO,, SO, H,O, N, and O, corresponding to
temperature ¢, [kJ/kg];

hi— latent heat of water vapour, [kJ/kg]; A = 2502
kJ/kg.

My ,Osat

- mass of CO,,

- mass of water vapour in flue gases at
saturation temperature 7:

Mi,0sat = X fos "1 fgd [kg water/ Nm? fuel]  (3)
Mg = Mo, T Moy T, ¥ M50, 1o dte/Nm? fuel]
4

Xfgs — absolute humidity of flue gases at saturation:

2
X = 062225 )
Py
Veor vV + Vi, +V.
pd/’g :1013105 €02 02V N2 S02 (6)
ga
17.2694—
p, =610.78-¢ (1+238.3) ™

cpw— specific heat of liquid water, [kJ/kg-K]

€,y =2820+11.82-T =0.03502 7% +0.00003599 - T°
(®)

The dew temperature of flue gases can be
calculated by the following equation [1]:

T, = 1000/[2.20732 —2.117187 10 ' Inm — 2.166605 - 107> (In m)? +1.619692 - 10 (In m)* + 4.8998 - 107 (In m)*

+3.691725-10°(Inm)® +1.619692-10* (Inm)°> + 4.8998-107 (Inm)* +3.691725- 10*6(1nm)5] (K] )
PH.o v The fuel used is natural gas with the following

= o PH,0 = 1.013-10° 222 (10)  composition:
10 2 CH4=97.7%, CH¢=0.5%, CsHg=0.35, CiHio

The heat recovered from the flue gases is given
by the following equation:

0, :B[h_fg(Tl)_hfg(Tz)]’ kW] (10
where:

B — fuel flow rate, Nm?®/s; hy(T)), h(T2) — enthalpy of
flue gases corresponding to temperature ¢ at
condenser inlet, and to temperature £, at condenser
outlet, respectively, kJ/Nm? fuel.

3. Description of heat treating furnace

The furnace is schematically shown in Fig. 2. It
comprises the combustion chamber, air preheater,
heat-recovery steam generator, condensing
economizer, air fan, feed water pump and exhauster.

=0.15, N>=0.8%, H>S =0.35, C02=0.15% and the
lower heating value of 35888 kJ/Nm?®. The furnace
heating capacity is 70 t/h. Its operation parameters are
shown in Table 1.

Table 1. Operation data of the furnace

Parameter Value
Natural gas flow rate 0.412 Nm’/s
Combustion air flow rate 4.13 Nm’/s
Air fan power 250 W
Exhauster power 100 W
Feed water pump power 10 W
Saturated team pressure 12 bar
Excess air coefficient at stack 1.54
Dew point of flue gases 51°C
Temperature of flue gases o

. . 157 °C

before condensing economizer
Temperature of exhaust gases 40 °C
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Fig. 2. Schematic diagram of the furnace

4. Thermoeconomic analysis

The exergetic cost of the products heated into
the furnace is calculated using the following exergetic
cost balance equations written for steady state
operation, lei/s:

Csf,e = Cf + CSf,i + Cel + C-vw - C-vsz‘ezztm +

7 oM

. - C]
+Conviron +Z furnace

furnace

(11)

where:
Cf - fuel cost rate: Cf =c,; -Ef , lei/s;
cer - exergetic cost of fuel, lei/kJ (Tab. 2);

E
T~ fuel exergy flow rate, kl/s;

C of i - Cost rate of metal bars at furnace inlet;

E

e,w w

Cew - €xergetic cost of feed water (Tab. 2);

C,, - feed water costrate: C, =c¢

E ,» - feed water cost rate;

C

el
Cel =Wy + Wy + Wae el :

Wy, Wiy, Wae - power of feed water pump, exhauster,
and combustion air fan;
cel - electricity specific cost;

- electricity cost rate:

C,, - steam costrate: C, =G, - ¢

e,st

st "€
G - steam flow rate;
ces - exergetic cost of steam, (Tab. 2);
ey - Steam exergy,

5CI
A furnace
calculated according to [2].

The purchase cost of the heat-recovery steam

generator is calculated using the following equation

[3]:

- cost rate associated with capital investment

0.8 0.8
D (0]
Z :C E EV
1£<ATLM>EJ *(mw)wj ’

. - 1.2
+C,m, +C3mg

(12)

m o m, - steam and flue gas mass flow rate, kg/s;

ATLM - log mean temperature difference;
Op, @y — heat flow rate transferred in economiser
and evaporator respectively;
Ci = 12712 lei/(kW/K)*8; C, = 41165 lei/(kg/s); Cs =
2292 lei/(kg/s)"%;

Zﬁ wce - Cost rate associated with operation and
maintenance of the furnace;

C, - cost rate due to environmental pollution and

eny

energy taxes;

Table 2. Costs associated with furnace operation

Cost rate of cold metal bars 14.088 lei/s

Exergetic cost of fuel 2.440-107 lei/k]

Exergetic cost of feed water 1.170-1073 lei/kJ

Electricity specific cost 7.970-107 lei/k]

Exergetic cost of steam 5.820-107 lei/k]

Cost rate associated with capital
investment without condensing
economizer

1.580-107 lei/s

Cost rate associated with capital
investment with condensing
economizer

1.583-1073 lei/s

Cost rate associated with
operation and maintenance of
furnace

4.88-1031ei/s

The purchase cost of condensing, calculated by
equation (11) leads to a slight increase of the cost rate
associated with capital investment from 1.580-103
lei/s to 1.583-107 lei/s.
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By using the condensing economizer, the
recovered heat from flue gases is equal to 1562.21
kW. The temperature of exhaust gases decreases in
this way from 157 °C to 40 °C.

The flue gas condensation allows for the
increase of the steam flow rate from 1.94 kg/s to 2.49
kg/s. The steam cost rate increases from 0.186 lei/s to
0.233 lei/s leading to the decrease of exergetic cost of
the heated metal bars from 0.002856 Ilei/kJ to
0.002847 lei/kJ.

The cost of the heated metal bars decreases from
0.8387 lei/kg to 0.8360 lei/kg, which means a cost
saving of 158 lei/h.

4. Conclusions

Condensing heat exchangers to recover the heat
contained in flue gases generated especially by the
natural gas burners are widely used.

Combustion type furnaces used to heat treat
metal have low energy efficiency because of heat
losses in different areas and forms, especially with
exhaust gases.

In the studied case, the use of a condensing
economizer allowed for the recovery of 1562.21 kW
from flue gases which led to the increase of the steam
flow rate from 1.94 kg/s to 2.49 kg/s and therefore the
increase of the steam cost rate from 0.186 lei/s to
0.233 lei/s. In this way the cost of heated metal bars
decreases from 0.8387 lei/kg to 0.8362 lei/kg. The
achieved cost saving is 158 lei/h.
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