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ISSUE ( 04

Energy consuming equipments like furnaces and steam generating boilers operate at very high temperatures (>1000 C). As a consequence of this, vast quantities of heat energy is exhausted through the waste gases generated during the process of combustion. As the useful heat supplied to these devices for performing their function is only a small fraction of the total heat supplied by combustion of the fuel it makes economic sense to recover the waste heat in order to improve thermal efficiency of the equipment and consequently affect fuel economy by reducing consumption. Conventionally this high temperature heat energy is recovered by retrofitting devices like air pre-heaters, boiler feed water heat exchangers or economizers and waste heat boilers. In air pre-heaters the air required for combustion is heated and the hot air is fed to the fuel burners. Heated air supplied increases the flame temperature of the combustion products thereby enhancing heating efficiency and decreasing the quantum of fuel input. The two factors having an important bearing on the decision for installing a waste heat recovery device are (1) the quantity of waste gases generated, and (2) the gas temperature. The commonly used fuels in furnaces/boilers having industrial applications are different grades of coals, fuel oils and gases like natural gas, CO gas, BF gas etc. Sometimes, a combination of these fuel types, are used depending on their availability

Heat recovery equipments may be broadly classified as recuperators and regenerators. Recuperators are continuous heat exchange devices akin to process heat exchangers with the exhaust gases and air heated are separated by ceramic or metallic walls. Ceramic recuperators constructed by many layers of shaped refractory tubes (Silicon Carbide) with passages for flue gases are used to handle waste gases at temperatures >1350C which are encountered in steel heating and glass melting furnaces. The temperature of air obtained in these recuperators can be as high as 700C. The main drawback is the leakage of air through the tube joints caused by high thermal stresses. This can lead to air deficiency and stopping of the furnace for rebuild. Where waste gas temperature is< 700C metallic recuperators which are more compact are used with lower air preheats, around 400C. In steel reheating mill furnaces both types are used, ceramic at higher flue temperatures and metallic at lower gas temperatures used for preheating the incoming fuel gas. By this cascading effect maximum heat practicable is recovered. In recuperators due to the resistance to heat transfer from the various elements the heat recovery is restricted to around 70% depending on the condition of the heat transfer surfaces.

In order to circumvent the problems like clogging of tubes, soot deposition etc that are faced in the operation of recuperators, regenerators which are of more rugged construction are widely used in waste heat recovery. Regenerators are provided in pairs and are cyclic in operation. They are chambers consisting of a matrix of refractory bricks arranged in a manner to permit passage of the gases. Hot waste gases are passed through one regenerator and transmit their heat, which gets stored as thermal energy in the heated refractory bricks. After a pre-determined period of time the flow of hot gases is stopped and the air/fuel gas is passed through the heated unit. The cold air picks up heat from the brickwork and the temperature of air rises and that of the bricks falls. In the meantime the waste gases are being passed through the other regenerator, which picks up heat. In this manner the cycle ON-GAS/ON-AIR gets repeated at regular intervals. It is easier to clean deposits from regenerator bricks and very high preheat temperatures can be obtained in them. The drawback is the higher capital expenditure as compared to recuperators.

The problem of soot deposition and tube choking is more acute in recuperators. In metal heating furnaces natural draft created by a sufficiently tall chimney is adequate to maintain the required hydraulic regime to draw out the waste gases overcoming the resistances offered by the heat recovery equipment in their path. However, a blower is needed to supply the requisite combustion air. ID fans are employed in high capacity boilers to draw out the waste gases due to the greater pressure drops across the economizer and air preheater. While recommending a waste heat recovery system for a furnace, boiler or any heat-generating device the cost of operating and maintenance must be considered with the installation costs when working out the pay-back periods.

In the author’s experience the worst case of damage to heat exchange equipments was observed in the soaking pits of rolling mills. Here steel ingots cast in the Steel Melting Shop were heated in these pits prior to rolling into Blooms & Billets, which were feed materials to the downstream finishing mills. The fuel used for heating was a mixture of CO and BF gas having calorific value of 6.3 MJ/ Cu.M. Due to the high temperatures (1350C) needed for meeting the rolling temperature some oxidation of steel took place and the scale collected on the pit bottom. As the flue outlet was located just above the pit bottom, due to scale build up it entered the flue track and blocked the recuperator tube inlets. This led to pressure build up in the pits and affected heating efficiency. As a result the pit had to be put down for capital repairs within 12 to 15 months. By installing microprocessor based control systems to regulate fuel/air ratio and pit temperature the pit life was increased to almost 3 years. This problem was not felt in the reheating slab/bloom/billet furnaces in the rolling mills. These were also provided with ceramic and metallic recuperators in tandem for pre-heating the combustion air and fuel gas respectively. Here the heat exchangers gave more than 25 years life.

The importance of providing waste heat recovery equipment for improving efficiency and reducing energy input costs is explained in the following example which gives the thermal energy balance for a 5- Zone slab Reheating Furnace in a steel plant.

BASIC INFORMATION 

Slab Output      - 125 Tonnes/Hr

Slab Temp,       -  1250C

Ambient Temp. -      15C

FUEL INPUT

Heavy Fuel Oil   -  7189 Kg/Hr at 104C

CO Gas               -  1277 Cu, M/ Hr

Atomizing steam usage – 4333 Kg/Hr(0.60 Kg/ Kg fuel oil)

Atomizing Steam Condition – 2.75 Bar(Gauge), Saturated, 200C

Skid Cooling – Evaporative Steam Cooling

Steam Make -  8,000 Kg/Hr

Steam Condition – 29 Bar (Gauge), Saturated, 235C

Feed Water Temp. – 70C

Slab Surface Oxidation Rate -  75 MJ/ Tonne Steel

Combustion Air – 15C

Fuel Analysis By Weight)

HEAVY FUEL OIL

% Carbon   -   87

%Hydrogen -  11

%Sulphur    -     2

Specific Heat  -   1.947x 10Exp(-3) MJ/Kg Fuel Oil/C, Oil Temp.-104C

Calorific Value    -   40.36 MJ/Kg(Net)

COKE OVEN GAS

%Hydrogen    -     48.4

%Methane      -     28.0

%Ethane         -       2.9

%Carbon Monoxide- 6.4

%Carbon Dioxide    - 2.2

% Nitrogen        -   12.1

Calorific Value  -     17.88 MJ/Cu,M

Waste gas condition leaving furnace

Temperature   -     1057C

% Oxygen    -    2.5 of Dry Gases

HOURLY HEAT BALANCE

HEAT_INPUT

FUEL OIL             7189 Kg At  40.36 MJ/Kg                                                 290.1 GJ

Coke Oven Gas      1277Cu,M At 17.88 MJ/Cu.M /1000                                  22.8 –do-

Sensible Heat in Oil  7189x1.947Exp(-3)x(104-15)                                             1.3 –do-

(Atomizing Steam   4333x0.35Exp(-3)                                                                   1.5 

Oxidation heat          125x0.075                                                                              9.4

                                                                                                                              -------

                                                       TOTAL                                                           325.1

                                                                                                                               -------

Note - ( Enthalpy of water vapour (ignoring latent heat) at 200C relative to 15C = 0.35 MJ/Kg

HEAT OUTPUT 

Energy to heat steel from 15 to 1250C = 0.844 GJ/Tonne

Total heat per hour =  125x0.844                                                                          105.5 GJ

SKID COOLING

Heat to 8000Kg/Hr water at 70C to steam at 29 Bar(Sat.)                           

     =  8000x(2.806-0.295)                                                                                        20.0-do-

Heat to Waste Gases (see Appendix)                                                                     166.8-do- 

Furnace Losses( By Difference)                                                                               32.8-do-

APPENDIX

HEAT IN WASTE GASES

Waste Gas Volumes

HEAVY FUEL OIL                               Cu.M/ Kg Fuel Oil ( Stoichiometric)

Carbon Dioxide(incl.Sulphur Dioxide)                1.615

Water Vapor                                                         1.211

Nitrogen                                                                8.360

TOTAL                                                                  11.186

CO Gas( stoichiometric)                                          Cu.M/Cu.M Gas

Carbon Dioxide

- from Methane       Same Vol.                                      0.280

- from Ethane           2x Vol.                                          0.058

- from Monoxide      Same Vol,                                      0.064

- from Dioxide          Same Vol                                       0.022

   TOTAL                                                                        0.424

Water Vapor

- from Hydrogen       Same Vol.                                       0.484

- from Methane            2x Vol.                                          

- from Ethane               3x  Vol.                                        0.087

    TOTAL                                                                        1.131

Oxygen 

- from Hydrogen          0.5 x Vol.                                     0.242

-from  Methane             2.0x  Vol                                     0.560

- From Ethane               2.5x   Vol.                                   0. 073

_ from Carbon Monoxide  0.5x Vol.                                 0.032

     TOTAL                                                                         0.907

Associated Air                                                                    4.319

Nitrogen in Air                                                                    3.412

Nitrogen in gas                                                                     0.121

TOTAL   Nitrogen                                                                3.533

HOURLY WG  VOLUME(Stoichiometric)

                              Cons./Hr           CO-2                 H-2 O             N-2           O-2

FUEL OIL             7189 Kg/Hr      11610               8706               60100           -

CO  GAS                1277 Cu.M/Hr     541               1444                 4512           

   TOTAL                                         12151              10150             64612

DRY VOLUME(Stoic.)    =     64612 + 12151 = 76763 Cu,M/Hr

Oxygen content in WG( Dry Basis)   -    2.5%

AIR CONTENT  =   2.5/0.21  =  11.9%

Actual Dry Volume  =   76763/(1- 0.119)  =  87132 Cu.M/Hr

Excess Air =  87132- 76763 = 10369 Cu.M

Oxygen Vol. In EA  = 0.21x 10369 =  2178 Cu.M

Nitrogen Vol. In EA = 0.79x 10369 =  8194 Cu.M

Actual WG Volume from combustion in (CU.M/Hr)

                   CO-2              H-2 O              N-2                  O-2

                   12151              10150          64612 + 8194      2178

                                                                  = 72806

Heat content in the constituents of WG Relative to 15C (Ignoring Latent Heat of Steam)

                     Volume(Cu.M/Hr)          Enthalpy Change(MJ/Cu,M)   Heat Content(GJ/Hr)

CO-2                   12151                                       2.340                                 28.433                         

H-2 O                  10150                                       1.810                                 18.372

N-2                     72806                                          1.468                                 106.879

O-2                     2178                                            1.551                                     3.378

      TOTAL HEAT                                                                                            157.062

Heat from Atomizing Steam 

Amount of atomizing steam   =    4333 Kg/Hr

Volume of steam                    =    5392  Cu.M/Hr

Heat Content at 1057C         =  5392 x 1.81/1000 = 9.760 GJ/Hr

TOTAL Heat in WG    =    157.062 +  9.760  =  166.872 GJ/Hr

Thus it can be inferred from the above heat balance that almost 50% of the heat input to the furnace is being lost to the waste gases going to chimney. If even 60% of this is saved by retrofitting an appropriate air pre-heater in the flue track, substantial savings in fuel oil can be affected. The techno-economics is given as under:

Heat Recoverable  = 166.872 x 0.6 = 100 GJ/Hr

Assuming HHV of fuel oil as 0.0426 GJ/Lit.

Hourly oil savings  =   100/ 0.0426 = 2350/1000 = 2.35 Kilo.Lit.(KL)/Hr

Assuming three shift working of the furnace for 300 Days a year

ANNUAL OIL SAVINGS =  2.35 x 24 x 300 =  16920 KL

Taking cost of heavy fuel oil at Rs 10,000/- per KL

ANNUAL FUEL SAVINGS   =    16920  10,000  =  Rs 16.92 Crores

Assuming that the capital expenditure needed for retrofitting an air pre-heater is Rs 10 crores

PAY- BACK PERIOD =   10/16.92 x12 =  7 Months

It can be seen that installing waste heat exchangers in large installations is very profitable. Moreover these savings last as long as the furnace is working. In smaller units, depending on the quantum of waste heat available and it’s temperature suitable waste heat recovery equipments can be used to save energy and money.                                                        

