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ABSTRACT

The industry represents an important sector of the final energy consumption and
despite the effort made so far, energy saving potential still remains in this sector.
This paper presents an example of energy efficiency improvement in a furnace for
metal heating by adjustment of burners and recovery of heat. The useful concept of
exergy is used to investigate the exergy efficiencies of the furnace operating in
different situations: with air preheating using the waste heat contained in exhaust
gases and with different air excess. The overall exergy efficiency of the furnace
decreases with the increase of air excess and increases from 29.65% to 52% by
using air preheating. The exergy efficiency of combustion is higher (70%) than the
exergy efficiency of heat transfer from flue gas to metal (36.4%).
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1. Introduction

Energy efficiency improvement is one of major
concerns in all EU countries as the main objective of
the EU 20-20-20 directive is to reach the following
climate targets by 2020: a 20% reduction in
greenhouse gas emissions, a 20% improvement in
energy efficiency, and a 20% share for renewable in
the EU energy mix.

Furnaces are the most common and important
facilities in metal industries. The product heating in
furnace is accompanied by heat losses in different
areas and forms such as: stored heat in furnace
structure; heat losses through furnace walls; material
handling losses; cooling media losses; radiation
(opening) losses; loss due to air infiltration and
wasted heat in exhaust gases. Thermal efficiency of
furnaces used as heating equipments is low due to the
heat losses mainly by heat in exhaust gases. The
energy efficiency improvement can be achieved by
implementation of energy management, optimisation
of energy flows and improving the existing facilities
by optimisation of thermal insulation, adjustment of
burners, use of efficient burners, recovery of heat,
installation of variable speeds on engines.
Implementation of the above  mentioned
improvements is well analysed using exergetic
approaches which take into account the quality of the
energy used.

This paper presents an example of energy efficiency
improvement in a furnace for metal heating by
adjustment of burners and recovery of heat. The
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improvements
approach.
Energy analysis cannot offer information on the
location, cause, and true magnitude of waste and loss.
Energy can neither be produced nor consumed; it is
always conserved-a first law concept. The second law
of thermodynamics that is exergy analysis provides
better understanding of the process, to quantify
sources of inefficiency, to distinguish quality of
energy used [1]. For real processes, that are
irreversible processes, exergy is not in balance, it is
partly consumed due to irreversibilities. This exergy
consumption is called exergy destruction. The exergy
output consists of the utilized output and non-utilized
output, i.e. exergy of waste output. This latter part is
entitled exergy waste. It is very important to
distinguish between exergy destruction caused by
irreversibilities and exergy waste due to unused
exergy, i.e. exergy flow to the environment. Both
represent exergy losses, but irreversibilities have, by
definition, no exergy and no environment effects [2].

are analysed using the exergy

2. Description of furnace for forging
The furnace for forging is schematically shown in
Figure 1. The fuel used is natural gas with the
following composition: CH,;=97.9%, C,H,=0.8%,
N,=1.2%, CO,=0.1% and the lower heating value of
35420 kJ/Nm®,
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The furnace heating capacity is 315 kg per charge and
the total time of heating is 1.7 hours. The furnace
operation parameters are shown in Table 1.
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Figure. 1. Schematic diagram of the furnace for
forging
Tab 1. Operation data for forging furnace (metal bars
heating)
Without With combustion
Parameter cotnbustion air air preheating
preheating
Capacity (kg of metal parts) (steel with 0.5% carbon) 315kg 315 kg
Total tune for heating 1.7 hours 1.7 hours
Matural gas flow rate, B 20.14 Nmh 13.63 NmPh
Combustion air flow rate 237 Nm#fh 154.17 Nrih
Alr fan power, Wy 250W
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3. Second law analysis
The adiabatic temperature results from energy
balance of combustor:

Ne - LHV +mg, ‘Cpa (Ty) T, = Cp.cp (Tag) " Tag @1
where: 1,=0.99, combustor efficiency;

LHV=49610 kJ/kg (lower heating value of natural

gas);
Mg, — mass of combustion air, kg air/(kg fuel)

C,.a (T) - air specific heat, kl/(kg air-K).

Specific heat as a function of temperature
(temperature range: 273-1800 K) is calculated for the
different gases as it is shown in Table 2 [5];

Cocp(T) — specific heat of combustion products,
kJ/(kg-fuel-K):

Cp.ep(T)=Cp.co, (T)-Mco, +C,0, (T) Mg, +Cp 1,0 (T)- mH20(3'2)

+Cpny, (T) My, +Cps0, (T) Mso,

Tab 2. Ideal-gas specific heats of various gases

¢,(D)= 4 +BT+CT + )T

Substance 4 By G Dy

it Dy | ooemeeint | Lasmin? | smesint
Nitrogen 10316 | ase0e10t | 28e4t07 | Lo2selnl
Duyzen (17963 475404 1235107 41101
Water vapor 1728 ologtot | sesetot | 1510l
Cathon dioxide 0.305 Lt s | el
iy, dioxide 04028 o0saTt | 5952107 | 1345610l
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The exergy balance for combustor (the exergy
associated with the entering matter is equal to the
exergy of the exiting matter plus the irreversible
destruction of exergy associated with the combustion)
is:

E, +E, =E, + [Kikgfue)] (33)

where: E; - chemical exergy of natural gas. It is
evaluated according to Kotas [3]:

Epo =¢-LHV =1.04-49610=51594  (3.4)
kJ/(kg fuel)

E. - exergy of combustion air:

.
E,, = mc{ Tacp'a(T)(l— Tl?jdt +R,T,In p] (335)
To pO

[kJ/ (kg fuel)]
R,=0.2868 kJ/(kg-K) — air gas constant;
Ey - exergy of flue gases:

(3.6)

™
Efg = Eep

— —
thermomech anical  chemical
exergy exergy

Tad T
+ ES = jcp‘cfg(T)[l——OJdT
To T

+[anaﬁ +8.314T, ¥ 0y In ka
k k

- molar standard chemical exergy, kJ/kmol

e 0
o
(Table 3) [3];

Tab 2. Molar standard chemical exergy [3]

Molar standard

Substance Tﬂol}:l;{;l;;!s chemic al exergy
’ £ KJkmol

Ay 1897 i
Mitroges 28013 70
Oxygen 31009 970
W ater vapor 12015 11710
Carbon dioxide 440 0140
Eulfur dioxide 64,062 303 500

The exergy destruction can also be expressed as:

I=T,S :T0|:Z(ni S )uut Z(nisi)in:| =S, —Sou (3'7)

where: S, , S, - entropy flow corresponding to

in?
reactants (air and fuel) and combustion products,
respectively:

Sin = mcasa(Tcal p0)+sf (TOl po)

Suut :kask (Tadl po)

k

(3.8)
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S, - air entropy;
s - fuel entropy;
Sout - €xhaust gases entropy.

The exergy efficiency of combustion,
defined as the ratio of energy outputs to exergy inputs
is:

Eq

_ 3.9
E, +E; 3.9)

1/]comb =

The exergy efficiency of heat transfer from
hot flue gases to metal is given by the following
equation:

E
Niex = metal (3.10)
E fg — E fg,exh
where: E_ ., - exergy of metal parts: E_ ., =m-e;

m — metal mass inside the furnace, kg;
e; — specific exergy of metal [3]:

e = +ef = cp[T ~To-Toln _;_r—oj+et°h [kJ/kg]
(3.11)

¢, — specific heat at constant pressure of metal,
kJ/(kg-K);
etCh - chemical exergy of steel [3]:

et = 6763.84 ki/kg;
Efg.exn - €Xergy of flue gases at furnace outlet.

Variations of exergy efficiency of combustion, heat
transfer inside the furnace and adiabatic temperature
with variation of excess air for two cases with and
without air preheating are given in Figures 2, 3 and 4.
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Fig. 2. Exergy efficiency of combustion with and
without air preheating
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Fig. 4. Exergy efficiency of heat transfer
from flue gas to metal with and without air preheating

The exergy efficiency of furnace in both cases

of operation with and without air preheating as
function of air excess is given in Figures 5 and 6.
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Fig. 5. Exergy efficiency of furnace
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Exergy efficiency of Funace with air preheating (%)
o
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Fig. 6. Exergy efficiency of furnace with heat
recovery for air preheating.

4. Conclusions
The adiabatic temperature inside the furnace
decreases with the increase of air excess. The increase
of adiabatic temperature due to air preheating is about
370K from 2200K.
Exergy efficiency of combustion and exergy
efficiency of heat transfer in the case without air
preheating decreases slightly with the increase of
excess air and increases with excess air in the case of
air preheating.
The exergy efficiency of combustion is higher than
exergy efficiency of heat transfer (70% compared to
36.4%).
The exergy efficiency of furnace increases from
29.65% to 52% when the waste heat in exhaust gases
is recovered to preheat combustion air.
In both cases of furnace operation, with and without
air preheating, the exergy efficiency of furnace
decreases with increasing of excess air.
The second law analysis of a furnace highlighted the
directions of energy improvements: enhancement of
heat transfer from flue gases to metal parts, recovery
of heat waste contained in exhaust gases and burner
adjustment.
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