Combustion Fundamentals

Biomass Combustion



CONTENTS

Solid Fuels

Thermo-chemical Reactions

Effect of raising temp. described
Comparison of coal & wood as fuel
Excess air, Efficiency and Turn-down
Proximate & Ultimate Analysis, HHV
Chemical composition

Furnace Design Calculations



Solid fuels

Fossil fuels:

« (Coal (moisture. volatiles, fixed carbon. ash)
(CHg )

* (Coke (devolatilized coal or petrolenun)
Biofuels:

« Wood (moisture. volatiles, fixed carbon, ash)
« (Charcoal (devolatilized wood)
« Key difference among fuels: the quantity of CO,

formed per unit of energy released. Natural gas
releases —~ 42% less CO, than coal



Chemical equilibiium cotistant are caloulated for following 6 equations Eq NoJd & d1s
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Combustion-
PROCESS DESCRIPTION-1

Combustion refers to rapid oxidation. The
feedstock Is placed into a combustion
chamber, where it Is exposed to high heat.
This completes the drying of the feedstock.

Once all of the water has been evaporated,
the feedstock can become hot enough for
pyrolysis to occur. (In plant matter, this is
440°F-620°F for hemicellulose and 480°F-
930°F for lignin.)



PROCESS DESCRIPTION-2

Pyrolysis refers to the chemical breakdown of
the feedstock, and the primary reactions such
as volatile compounds like carbon monoxide,
carbon dioxide, methane and tar.

The release of volatile gases inhibits further
combustion because they prevent necessary
oxygen from reaching the feedstock.



PROCESS DESCRIPTION-3

When completely pyrolyzed, what remains of
the feedstock is known as char. Given
sufficient oxygen, oxidation of both the char
and the volatile gases will occur.

The oxidation of the gases is referred to as
flaming combustion, and only carbon dioxide
and water will remain if the process Is given
enough heat, turbulence and residence time.
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PROCESS DESCRIPTION-4

Otherwise, this incomplete conversion will
yield intermediate chemical compounds like
carbon monoxide, polycyclic aromatic
hydrocarbons and chlorinated hydrocarbons,
all of which are pollutants.

Likewise, the oxidation of the char Is referred
to as glowing combustion, and its
completeness is also a function of heat,
mixing and time



PROCESS DESCRIPTION-5

So long as every surface of the char

comes Iinto contact with oxygen, it will react
and become carbon monoxide and carbon

O

(

C

loxide.
deally, the carbon monoxide will be oxidized
uring flaming combustion and become

carbon dioxide.)

Combustion gives off heat. A common
strategy Is to co-fire biomass with fuels like
coal.
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PROCESS DESCRIPTION-6

There are marginal efficiency losses from co-
firing biomass, and can provide a waste
handling solution for industry. Similar to the
substitution of gasoline with ethanol, the
Inclusion of biomass in coal-firing operations
can reduce emissions by displacing coal.
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Combustion: A chemical process _ Oxidation of reduced forms of carbon and

hydrogen by free radical processes. Chemical properties of the bio-fuels
determine the higher heating value of the fuel and the pathways of combustion.
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COMPARISON OF COAL AND WOOD AS FUEL
FOR COMBUSTION:

COAL WOOD
Solid fuel, high ash content, Solid fuel, less ash, more volatile, reactive,
used for Raising HP steam, used for Raising HP steam,
Power production with Rankine cycle Power production with Rankine cycle,

Gas Turbine cycles, Brayton cycle Gas Turbine cycles more difficult

Can be used for producing process steam Can be used for producing process steam for

for direct heating direct heating

Large scale availability near mines and Assured availability is only on small scale—
ports Variable

Assured Technology for handling, storage Large scale processing. storage and energy
and Processing well established conversion technology not established in India
Sulfur content and ash content are Moisture content, low bulk density,

problems Location specific availability are problems
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“The chemistry of combustion:

Natural gas is pnmarily composed of methane, CHy.  When mixed with the proper amount of air
and heated to the combustion temperature, it burns. Figure 1 shows the process with the
amount of air and fuel required for perfect combustion.

11 PARTS EXHAUST

1 PART CARBON DIOXIDE
2 PARTS WATER VAPOR
8 PARTS NITROGEN

BURNER

P

1 PART CARBON
10 PARTS AIR 4 PARTS HYDROGEN

2 PARTS OXYGEN
8 FARTS NITROGEN

BOILER

LIEL
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Excess Air, Efficiency and Turndown

Excess Air.  The extra amount of air added
to the burner above that which is required to
completely burn the f uel.

Turndown:  The ratio of the burner's
maximum BTUH firing capability to the
burner's minimum BTUH firing capabillity.

As the excess air is increased, the stack
temperature rises and the boiler's efficiency

drops.
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PROXIMAT.

& ULTIMATE

(L]

ANALYSIS

For expressing the complete composition of any
solid fuel:

the

organic composition,

proximate analysis and
ultimate or elemental analysis are used.

Typical values of chemical composition of some
biomass are shown in Table 1.

Tab
ana

Tab

e 2. shows average composition, ultimate
ysis and bulk density of hardwood.

e 3. and 4.are data of typical compositions of

solid fuels.
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Table: 1.

Chemical composition of some biomass material

Species Total ash% Lignin% Hemi- Cellulose %
cellulose%
Bagasse 2.2 18.4 28.0 33.1
. 16.1 11.9 24.1 30.2
Rice Straw
Wheat Straw 6.0 16.0 28.1 39.7
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Table 2. Av. Comp. & properties of hardwvwwood:

(SroupYWise Composition, ar dried o
Zellulose -0
I={allg PR L
Hemi-cellulose <5
Fats, waxes, and resins 0 o2
Wiwater T0-15
Ultimate Analysis and other properties, dry
basis

_arton %o =
Hyw drogen o =
sy Clern, Yo A3 0
Ash, T 0.
Density, kodim2 =il

alorific walue, lkealflg < SO0
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TABLE 3. TYPICAL COMPOSITIONS OF SOLID FUELS
Froximate Analysis

Types

Wiood
Cak

(dry)
Fine
(dry)
Feat
Lignite
Coal
(Hange
Cf

property)

Bagasse
Coke

Char
coal

Poistu
e

268
348
3-200

“iolatl

=

806

ai.0

26.0
282
16-
40

309

0
4
9

—_——

Fixed

carbo
F

13.0

12.8

1.2
30.8
A0-
il

17.0

ai .
531

Ash

14

a7

5.0
5.2
3.0
40

2.5

107
3.0

Llitimate Analysis

C

082

D022

231
42.4
G-
20

45

89
54

H

6.0

7.0

96
6.7
3.0--
G

6.0

05
23

.

433 0.1

402

o486
43.3
3.0-

432

1.2
107

[

0.3
1.3

=

04
0.7
(0.3-
4.3

0.1
1.0

HH V.

hasis,

lkicalf

4622

D338

4625
G110
4000

to
Z000

4430

105
7130
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Table 4. Crouglas | Western | Bagasse Hice Fittsturgh
Fir Herml ool Hu sl Eiturm.
elels oAl

Al on owven dry basis

FProximate-

W D0 85 5 238 838 B 5 339

wWolatiles

Fixed 134 1.0 127 129 S5 8

artan

Ash 0.8 222 35 22 6 10,3

I_timate-

W0 6.3 S8 S8 £ 4 S0

Hw drogen

CZartbon 23 S0 A5 .5 353 To D

o en 0.5 Sy s 1.7 339 .9

Hitrogen 01 . o2 0= 1.2

Sulphiur -- . - - G

Ash 0= 222 3.5 22 65 10,3

HH" 21 .05 2005 19 32 1281 [ 231,74

Pl b
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To determine the quantity of air required for complete
combustion

To determine the air, the ultimate analysis is useful.
C + O2=CO02 +97644 cal /mole [[15 . C]
Hz +O2 = H20 + 69000 cal / mole [15 . C]

Excess air % = (40*MCy)/(1- MCg) where MCq Is moisture content
on total wt basis (green). For typical biomass fuels at 50 %
moisture content, for grate firing system about 40% excess air
may be required.

For suspension fired and fluidized bed combustion, air required
may be 100 % excess

Distribution of air and whether it is pre-heated is also important
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Higher Heating Value

Calorific value of a fuel is the total heat produced
when a unit mass of a fuel is

completely burnt with pure oxygen. It is also called
heating value of the fuel. When the c.v. is
determined, water formed is considered as in vapour
state, net c. v. is got.

Gross calorific value or higher heating value of a fuel
containing C, H and O Is given by the expression:

Cg =[C x 8137 + (H--O/8) x 34500}/100 where C, H
and O are in % and Cqg Is in calories.

Net calorific value Is the difference between GCV
and latent heat of condensation of water vapor
present in the products
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Combustion of wood / biomass

Biomass fuel enters a combustor in a wet
(50% moist), dirty, light in weight,
heterogeneous in particle size, and quite
reactive condition.

Moisture content lowers the combustion
efficiency and affects the economics of the
fuel utilization.

Biomass fuels are highly reactive, volatile,
oxygenated fuels of moderate heating value.
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Changes during heating to combustion temperature
Due to the effect of heating fuel decomposes as the
exothermic oxidation proceeds.

Drying, pyrolysis of solid particle, release of
volatiles and formation of char are followed by pre-
combustion gas phase reactions and char oxidation
reactions.

[GASES & VOLATILES]| —- FLATAITI S

CONABRTTETTION
/ *

O ABRTTSTTONT

OF OO TaAR

FrAaTER, OO 2, OO0, CHAR| — SLOTE IS
COMMBITSTION

Fig: (seneral pathssrays for pyrolysis and combustion of Wood
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COMPOSITION PARAMETERS AFFECTING
COMBUSTION-1

Net energy density available in combustion of
biomass varies from about 10 MJ/kg (green
wood) to about 40 MJ/kg (Oils/fats). Water
requires 2.3 MJ/(kg of water) to evaporate.
Moisture content (MC) influences efficiency
more than any variable.
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COMPOSITION PARAMETERS AFFECTING
COMBUSTION-2

A system which gives a thermal efficiency of
about 80% while firing a fuel of MC 15%,

gives reduced efficiencies of 65% when the
fuel MC is 50 % or more.

Cellulose embedded in a matrix of hemi-
cellulose and lignin is the main constituent of
woody biomass. Compared to coal, biomass
has less mineral content and wood gives less
ash than agro-residue.
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Conditions for efficient Combustion-1

Sufficient air to provide oxygen needed for
complete burning of the fuel. Higher than
stoichiometric amount of air is supplied.

Free and intimate contact between fuel and
oxygen by distribution of air supply.

Secondary air to burn the volatile mass
leaving the fuel bed completely before it
leaves the combustion zone.
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Conditions for efficient Combustion-2

Volatile matter leaving the fuel bed should not
cool below combustion temperature by

dilution with the flue gas. Flow path should
assure this.

Volume of the furnace should be arranged so
as to provide for expansion of gases at high
temperature and complete burning of volatile
matter before flowing away.
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Induced draft and Forced draft

The Ap required to make the air flow through the
fuel bed and to the flue gas discharge height is
called draft of air in a furnace.

The draft is produced [i] naturally by means of a
chimney [ii] mechanically by a fan.

Mechanical draft can be induced draft [fan is
used to suck the gases away from the furnace] a
forced draft force the air required for combustion
through the grate.
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Principles of furnace design calculations:

Thermal load of fire grate area:

It is the amount of heat generated in kilo-calories by the
complete combustion of a solid fuel on one sqg. m. of grate

area/hour.
Thermal load of fire grate area, QA =W.Cn /A kcal/m2.hr

Thermal load of volume of furnace:
It is the amount of heat generated in kilo-calories by the
complete combustion of a solid fuel, in one cu. m. of
furnace volume/h.
Thermal load of vol. of furnace, QV =W Cn /V kcal/m3.hr

31



Thermal efficiency of furnace:

Thermal efficiency of furnace Is the ratio of actual heat
delivered by furnace to the available heat in the fuel

Thermal efficiency of furnace, nr =
(Heat generated — Heat losses) /
(Net calorific value
of fuel)

= (M.h) / (W C»)
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Examplel. Combustion of Municipal Solid Waste
(MSW):

The ultimate analysis of MSW Is given
below.

C-30% H- 4% O- 22% H20 — 24% and ash--
metal, etc-20%:

Compute the actual air required and the flue
gases produced per kg. of MSW if 50%
excess air Is supplied for complete
combustion.
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Notations for furnace design calculations

Q-~ = Thermal load of fire grate area, kcal/m..hr

Qv = Thermal load of volume of furnace, kcal/ms.hr
W = Fuel burned kg / hr,

Cn = Net calorific value of fuel, kcal / kg

A = furnace grate area, m:

V = volume of furnace space, ms

h = enthalpy of flue gas kilocalories/ ms

M = Flow rate of flue gas, ms/hr
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Rice husk based power plant-1

A power plant of 6 MW power operated In
Raipur district of M.P. [in 1999] It uses 7
tonnes of rice husk an hour to produce high
pressure steam (at 480 o C) used to
produce electricity.

To burn the husk, the plant uses fluidized bed
combustion type boiler supplied by Thermax.
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Rice husk based power plant-2

The plant is owned by Indo- Lahari Power Limited.
The estimated capital cost for a megawatt of power
produced is 35 million rupees as against 40 million
rupees for a coal based power plant.

In Ralpur area one tonne of rice husk costs about

rupees 550 per tonne as compared to rupees 1400
per tonne of coal.
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Combustion Theory

Stoichiometry, Calculations of Equivalent-ratio,
AFR, products of complete combustion,
Concentrations,



Equivalence ratio

The equivalence ratio of a fuel-air mixture 15 defined as

VI g 0 gy ) I- ['.fih'.f V air ! FR-—
r_-jl = = . |_ | | }

t Juel i ‘I:.w (¥ fuel [lt.'."i" si

expressed mn terms of the mass (m) or volume () of fuel and air present m the mixture. The
subscript 8¢ refers to stoichiometric conditions. The equivalence ratio1s related to the Air to Fuel
Ratio (AFR) by

.Hﬁzlﬂﬂw (1.2)
i

Pure fuel corresponds to AFR=0 and ¢-==, while pure air to AFE=== and ¢-0. In some cases, 1t 1s
customary to work m terms of the AFE (or 1/@) (2.2 in gas turbines) and m others to work with @
(e.o. 0 STengines and i flame propagation nluLIumm n llu IAS Experiment).
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Calculation of AFR,

The storchiometne quantity of oxidizer 1s just that amount that s necessary o completely
burn a quantity of fuel. The stoichiometric AFR 1s caleulated by balaneimg C, H. and O atoms i the
combustion reaction. Complete combustion of a general hydrocarbon with- amosphene air 15
written as

.79

at 7u

Colly a0y 1= y) =100, 1,0+ - 13)
- 1 - AR | )

Fach kmol of atmospheric air has 0.79%kmol of Ny and 0.21kmol of Oy, €, H, and N atom balance
have already been enforced m Eq. (1.3). By counting O atoms, 1t 15 easy to see that
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a=rty/4. 14
The stotchiometric AFR (by mass) 15 then given by

(M, +079/0 1My,

AR, , 13
W 54
with @ given by g, (14). The volumetne AFR; 15 given by
i(1+0.79/0.21)
AFREJ,HJ - E - 16)
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For eampl, or CHy x=1 and y=4 b =1 and the volmetne AFR 15 034, whle
155 AFR, 15 17671 e 150 xplt et s o wheter e AR s o s o
ol ol o, e sty ok 1 0. s o, The s ol an b s b find b
storlometne o of any e o any . For evanple, the el my conam e or e
e vanous el ofte enenc ol CHL 0L, whe the O, o b el
st s bt ot atosee i, o el ooy ennchmen
ey gt et

= jE—
—as
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I
—
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Products of complete combustion

The reaction of lean (0<1), storchiometric (¢=1) or rich (@ =1) mixtures with atmosphenc
air can be written in the general form:

: | 0.79 . _ 10.79
C.H,+-(0,+ V) =010y + 4,00+ 0510+ 0yl + 050, t- |
et 0o ot T )

."‘"rllz. ||_:'

One could add other species in the rhs. (eg 0. H, OH etc), if required. Equation (1.7) is the
starting point i evaluating the composition of the product mixture. 1t 1s different from Eq. (1.3)
that we have not assumed vet complete combustion.

o For o= and complete combustion, Eq. (1.7) reduces to Eq. (1.3),

o I ¢<1 and complete combustion oceurs, ay=a,~0 (all fuel is oxidized to COy and Hy0) and
then atomic balances of C, H, and O give that a;=x, a;=w2. and as=a(l-0)/0. The quanhity
(1-0)/01s referred to i the hiterature as the “excess air”

o If @1 1t1s not possible to caleulate the final product composition simply by atom
conservation because CO and Hy are also present (we get more unknowns than equations).
Equilibrium considerations will resolve this in Lecture 3,
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Mole fractions and mass frachions

The Tactor that appears before the chemical symbol m the combustion equation (| 3yor (1.7
5 the number of kmols of that paricular spectes. The toal number of kmols may be different 1n the
products than 1 the reactants. The ratio of the mumber of kmols, i, of a particular species 1 1o the
otal rmber of kmols a1 the mixture 15 the mole fraction or vohane fraction

R
I =— (18]

Hig

The mass fraction 1,15 defned as the mass of 1 drvaded by the total mass. Using the obvious
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N N
) Xi=) 1=l (1)

|:| .'ll

where N1s the tofal number of species in our mixture, the following can be easily derrved for ¥, and

the mean molecular weight MV

V. =1=[ (1,101

:E UH_Z—i | (1.11)

Note that the combustion equation (1.3 or 1.7) gives us mole fractions, which can then be used to
ave mass fractions through the mdividual and the mean molecular weights.
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(oncentralions

The concentration of species i 15 defined as the number of kmols of the species per unit
volume. The usual notation used for concentrations 15 C; or the chemical symbaol of the species in

square brackets, e.g. [CHy] for methane. From this definition and Eq. (1.8).

. n.  X.nm
EI.'=_i=I—fMI. (1.12)
[ [

' ' : . ege o palld » . !
and using the equation of state PV=ng, T (K" 1s the universal gas constant), we get:

) ]
_ ‘1|:l”|ll'-l|l _ - ‘r P -
i 0. -4z (1.13)
5
I il
This relates the concentration to the mole fraction. Note that the total pressure P and the
temperature T of the mixture have now appeared (1e. for given mass or mole fractions, the
i), we

concentrations are functions of pressure and temperature). Applving Eq. (1.10) to Eq. (1.13)

relate the concentration to the mass fraction:

}UT ) Y.0
c, =1 fj: P (1.14)
VIV, BT MW,
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KM P Xy

(; =—— = (1.14]
M. gt M

The mixture density p appearmg m Eq. (1.14) can be related to the mixture conshituent densities by

(1.15]

N N

Pun P,

(- E [ L ':’I.'}':
T S RS

where p, 15 the density of each species calculated at the lotal pressure. The first equality m Eg.
(1.13) constitutes the defimition of the mixture densitv, while the last can be used to get the mean
density from Tables that give the mdividual species densities at a given temperature and pressure.
As a (good] first approximation i combustion problems, the mixture molecular weght {and hence
density) may be taken as that of air due to the abundance of Ny, especially for lean mixtures (Ex. 1-
.
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Real combustion &
Emissions

In biomass & solid fossil fuel
combustion and Gasification



What happens 1n combustion?

* Fuel + oxidizer -> Products + light + heat

* Combustion, 1n 1ts stmplest form. e.g: methane
CH,+ 20, —» CO, + 2H,0

A clean reaction, except for the 1ssue of carbon
dioxide and the global climate

This 1dealized reaction takes place 1n an
‘atmosphere’ (oxygen) free of impurities
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How much CO, is produced when 1 ton of wood (C,;H,,0O,) is burned?

Balance the equation:
C:H,04+ 0, = CO, + H,O
First the carbon:
C:H,,0, +0, — 06C0O, + H,0
Then the hvdrogen:
C:H,,0,+0,—6C0O, +06H,0
Last, the oxvegen (because you can change the oxygen without altering other elements):
CeHp206 + Oy > 6C0O, + 6H,0,

i " _
O=xygen: 6 +x Oxygen: 12 + 6 =18

50,0 +tx =18 — x =11, or 6 O,The balanced equation 1s:
C:H,,0, + 60, — 6C0, + 6H,0
What about the grams per mole of wood (molecular weight):

CcHinOg=(6x12)+({12x 1)+ (6 x16) = 180 grams/mole
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How much CO, is produced when 1 metric ton of wood is burned,
continued ...

From the equation we can find out how much CO; we get per
metric ton of wood.

So, from C H;,0; — 6CO, + 6H,0, we see that:

180g C.H,.O, 10°gCH,O,
264g CO, X gCO,
. A )
A

(12+(2x16)) = 44 grams per mole of CO,

_ 264gx10°g
180g

X =1.47x10%g =1.47 tons of CO,
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Simple combustion equation,
but put 1t 1n air

« Example: methane reacts with air
CH._1 LE ['::IJ + 3. T'ﬁ'Nz] - {:':': + H:E‘ Ll NJ
(this 1s termed the ‘unbalanced’ version)

CH, + 2(0, + 3. 76N,) -= CO, + 2H,0 + 7.52N,

(balanced. stoichiometric: exactly the correct amount
of oxidizer to convert all C to CO,, and all H to H,0)

— Note: Air 1s 78% mitrogen. 21% oxygen, + other stutt
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Real Combustion

» [If combustion occurs without complete oxidation
instead. we get:
CH, + O, = N, — mostly (CO, + 2H,0 +N,)
+ fraces (CO + HC +NO...)
» This can occur when:

— temperature too low,
— msutficient O,

— combustion too rapid.

— poor mixing of tuel and air. ete. ...
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Real, Real (fully nasty), Combustion

At higher temperatures, N reacts with O:
air(N, +O,) + heat — NO,_ (thermal)
« So much for pure fuels. now add impurities:
enter N, S, metals and ash (non-combustibles)
What we really get:
* Fuel (C, H. N, S, ash) + air (N, +O,) —

(CO,. H,0. CO., NO_. SO_. VOCS. particulates) +
ash
— Wolatile Organic Compounds: VOCs
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Historical trend i the average efficiency of electricity generation in
central-station thermal power plants in the TU.S.
(efficiency in percent, hicher heating value (HHV) basis)

&40 |
Higher heating value {gross heat): mecludes heat released when water condenses |
| Lower heating value (net heat): assumes water stays m the vapor state.

1o { MNote: the most efficient furnaces (= 90%:) by

causing combustion gases to cool encugh to
condense the water vapor before it leaves thE
Stack (condensing fumaces).

5]
o
1

THERMAL EFFICIENCY (PERCENT)
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Heat Needed to Convert 1 kg of ice to steam:

200
L3 ; |
~ 150 < Heat liberated Steam
2 _
= Boiling
@ 100
@
(=
£ =50
= Heat absorbed

0 Melting
—50 | I I i I I I I
0 200 400 600 800 Kilocalories
Heat added (to 1 kg of water)
21 kJFFC to heat ice 418 kJI°C 10 heat water 22587 kJikg needed to vaporize

333 kJ'kg needed to melt ice

2.0 kJI"C to heat the vapor
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HHY versus LHY

Higher heating value: mcludes energy of state changes
Lower heating value: without state changes included.

The energy released by burning methane (CH,) 1s 890 kIJ/mol,
including the energy of condensation of the water vapor.
The energy is 810 k/mol without the condensation, or the LHV

Calculate the same way :

Balance the equation

CHy +20, - CO, +2H;0

Since 1 mol of CO 5 has 12 g of carbon. the HHV intensity 1s
12gC

HHV carbon intensity = =00130gC /B =1350gC / MJ
890 kI

122C
810 kJ

LHV carbon intensity = =0012gC /BT =10gC/ MJ
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Summary: Combustion Products

Air, N,, O, Ar
Products of complete combustion: CO,, H,O

Products of incomplete combustion: trace
hydrocarbons. unburned hydrocarbons, CO. H,.
aldehvdes, soot

Fuel impurities: SO,, SO, metals, metal oxides, ash
(silica. sand)

Nitrogen compounds: N source 1s the air or
the fuel, e.g.

NO, NO,. N,0, HONO, NH,
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Emissions

Mole fraction (%, ppm. ppb)
mass/energy 1 (pollutant/MMBtu, Kg/KJ)

mass/distance (g/mile) [vehicle standards]
mass/volume = ug/m?

reference emissions to corrected oxXygen content in

exhaust to prevent apparent emission reductions
by dilution

— Remember, the solution to pollution 1s ... dilution.
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Fossil fuel combustion (chemistry)

Coal = Carbon (C) + impurities (e.g., sultur)
O1l = Mixture of hydrocarbons (C Hy) + imp.
Natural Gas = methane (CH,) + carbon dioxide (CO,) + 1mp.
Combustion = oxidation. exothermic
C.H, + 0, = CO, + H,0 + ENERGY + (CO+C)
| N, + 0,= NO,
S+0,= 50,

Ratio of x:v determines ratio of EGE:I—IE‘D
CH, has lowest x:v and thus lowest CO, per energy

Carbon has the highest ratio
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Chemuical Structure of Coal
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Gas and Liquid Fuels

Natural gas: CHy., C;Hg, N5, CO,
Propane(Cy). Butane (Cy4), LPG (nuxture)
Svynthetic gases (from biomass, coal products)
Petroleum derived fuels (~CH5):

— Gasoline (C, to Cyy. avg: Cg)

— Diesel (Cy,)

— Turbine fuels, kerosene (Cyp)

— Heavy fuel oils

Shale o1l derived liquids
Alcohols, ethers (have oxygen in the fuel)
Hydrogen
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Products

Depend on fuel, mixing, and temperature
At temperatures < 1250 K
— fuel + oxadizer --> O, + CO; + H,O + N,
At combustion temperatures (~1400-2200 K)

— many stable species dissociate

— molecular events and elementary reactions important
+ CO, ===CO+ 1/2 0,
+ H,0<=>H,+ 1/2 0,

— Actual product concentrations depend on balance

among reactions that lead to formation & consumption
of intermediate species (and the kineties)
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Reaction mechanisms

contain several hundred elementary reactions
plus thermodynamic data that allow one to
calculate the major products and all the
trace products for a given mixture of
methane and oxidizer (O, or air) at specified
conditions of temperature and pressure
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All reactions accompanied by
absorption or release of energy

* Ideal system: adiabatic (1deal) combustion

— no heat loss or energy transfer out of the system
— constant pressure process. steady state, exothermic

— Energy expressed as enthalpy

Energy =LE = U + KE + PE
But for gases changes of state require another term. too:
Enthalpy=H = U + pv

internal energy + pressure volume work

H, ooctants = Hproduers fOr an adiabatic system
AH for constant pressure reaction = heat absorbed
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Hreactants B Hpmducrs

H=het CT

= heat of formation + (specfic heat) x (femp)



Other terms

* Mass fuel/mass air

* Mass air/ mass fuel = AFR (air fuel ratio
— typically about 14, 15 for HC

» Percent excess air = 100 {(1/¢) -1}

0% excess air = stoichiometric
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Combustion equipment for solid biomass

For wood:

Inclined step grate furnace
Spreader Stoker

For solid biomass particulates- (agro-
residues):

Cyclonic, Suspension Fired Combustion
System

Fluidised Bed Combustion System
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Inclined step grate furnace

In the inclined grate system, fuel is

fed to the top of the grate. In this system,
heating and drying can occur very near to the
fuel feed shoot. Solid phase pyrolysis can
occur as the fuel is sliding down the grate. Char
oxidation can occur at the base of the grate
and on the dumping grate. Gas phase
reactions can be controlled by over-fire air
distribution and separated completely from
solid phase reactions.
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Spreader Stoker

In the spreader stoker, fuel particles are fed into
the firebox and flung, mechanically or
pneumatically across the grate. Some heating
and drying and possibly some pyrolysis occurs
while the particle is in suspension.

For the most part however, solid phase pyrolysis
and char oxidation occur on the grate.
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Spreader Stoker...

Pre-combustion gas phase reactions occur
between the grate and the zone where
secondary air iIs introduced.

Gas phase oxidation occurs either throughout
the firebox or in the vicinity of the zone where
secondary air is introduced if the under-grate air
IS limited to sub-stoichiometric quantities.
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Cyclonic, Suspension Fired Combustion System

Horizontal Cyclone Furnace:

A horizontal cyclone furnace consists of a horizontal
or slightly inclined cylinder lined with firebricks into
which air is ejected tangentially at a velocity of 6000-
/7000 m/min so that the flame in the furnace revolves
at a rom of 1200 to 1800

The fuel introduced at the cyclone tip is entrained by
the revolving mass and is thrown against the cyclone
walls where it burns.

The flue gases that escape at high velocities through
the aperture at the other end of the cyclone are
substantially free from fly ash.
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Cyclonic, Suspension Fired Combustion...

The heat release rate of (2-5) X 106 kcal/m2-
hr can be achieved for pulverized coal in a
cyclone furnace.

The rotary motion imparted to the flame
results in an intensive mixing of the flame
mass and the fuel particles are subjected to
the action of centrifugal force. This increases
the residence time of the fuel in the furnace
and combustion is complete.
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Fluidised Bed Combustion System-1

In fluidized bed combustion, bio-fuel is
dispersed and burned in a fluidized bed of
Inert particles. Temperature of the bed is
maintained in the range of 750 to 1000 o C
so that combustion of the fuel is completed
but particle sintering is prevented. The
gaseous products leave the bed at its
operating temperature, removing about 50%
of the heat generated.
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Fluidised Bed Combustion- 2

The remainder of the heat i1s available for direct
transmission to heat transfer surfaces immersed
within the bed; in boller applications these comprise
a set of steam raising tubes.

The heat transfer to immersed surfaces is uniformly
high in comparison with the variation of radiation
heat transfer through a conventional combustion
chamber.

Consequently less heat transfer surface Is required
for a given output and a boiler system occupies a
smaller volume.
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BIOMASS TO BIOENERGY
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