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SUMMARY

The aim of this study is to determine the combustion characteristics
of cotton stalk pellets and from these results desipn an efficient cotton
stalk pellet-burning stove to be used by Egyptian Farmers.

The literature that has been reviewed in this thesis concerns the
importance and annual vields of the available agriculturzl wastes, the
pelletization of agricultural wastes, the pyrolysis of a solid fuel, the
combustion of the char, the ignition of a solid fuel on a grate, the com-
bustion of solid fuel in a fixed bed, and the technology of existing
domestic cookers which use solid fuels.

The theories of solid fuel pyrolysis, together with the combustion of
char and pyrolysis gases have been reviewed and the effect of the presence
of ash in the cotton stalk char on its rate of burning was investigated.
4s a result of these studies, the theoretical instantanegus rate of burning
of cotton stalk char, M, was calculated using the analogy between heat and

mass transfer and is given by:

B o= 1’ii:nii:i‘:-ll
Rglmass -1
1 + QD— R,n(l—f]
shell
R/D hell
where Hinitial is the imitial rate of burning and = is the ratio
Pi8 1 mass

of the ash resistance to the gas film resistance to the diffusicn of oxygen
to the unreacted core.

The thickness of the oxidation zone in a fixed bed of cotton stalk
pellets, X is related to the rate of air flowing through unit arez of the

grate, m', by:
_ 0.00498 m'
o} KWFPS
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Thermogravimetric analysis was used to determine the combustion char-
acteristics of sinple cotton stalk pellets., The asymptotic weight loss of
a single pellet during pyrolysis in a nitrogen atmosphere, 4w , was related
to the pellet final temperature, Tf, by 4w = 0.0013 Tf - 0,326, The
heat content in the pyrolytic products of cotton stalks at 340° € as a
fraction of the calorific wzlue are as follows: char = D.38, tar = 0,27,
and gases = 0.15.

The experimental and theoretical rate of burning of cotton stalk char
were compared. Although the agreement was quite good, there was a dis—
crepancy between these two rates due to the presence of some volatiles in
the char which were initially lost.

The air drawn in by the draught of a 30.0 c¢m long chimney was consumed
through a distance of 2.6 cm to 3.9 cm in a cotton stalk pellets bed.

This result is in good agreement with the calculated thickness of the oxid-
aticn zone.

A cotton stalk pellets-burning stove to be used by the Egyptian farmers,
was desipgned and tested. In this stove, the green pellets were pyrolyzed
in a separate annular contziner. This pyrolysis container or gasifier
enclosed the fixed bed and received heat from it. The char produced in the
gasifier was saved and later burnt on the grate as a fixed bed with the
combustion air and the pyrolytic products entering the bottom of the bed,
The stove used a 30.0 ¢m long chimney to draw the required combustion air
through the bed. The combustion efficiency of cottonm stalk pellets in this

improved stove was about 88%.
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NOMENCLATURE

Cross—-section area of the pellet, m?,

Inner surface area of the stove gasifier, m?.
Quter surface area of the stove gasifer, m?.
Quter surface area of the stove insulation, m?.

Thermocouple surface area, m?.
Ratic of the surface area to mass of the solid fuel, »* /kg.

Driving force of mass transfer, dimensionless.

Fraction of gases striking unit axial length through the fixed bed,mﬁl
Constant from the reaction {fluid}+b{solid} + fluid and solid products
Specific heat at constant pressure, J/kg.k.

Depreciation of knife mill and densifier, $/tonne.

Concentraticn of oxygen in combustion air, kmol/m?.

Lower calorific wvalue of cotton stalks, kJ/kg.

Lower calorific value of coal, kI/kg.
Diffusion ceefficient, m?/sec.
Fixed bed diameter.

Effective diffusien ccefficient of oxygen in the ash layer,m? fsec.
Knudsen diffusion coefficient, %{BRTfﬂﬂji LG w/sec.

Quter diameter of the stove pasifier, m.

Diffusion coefficient through the ash shell, m? /sec.

Diameter of the pores in the ash shell, pm.

Pelle; diameter, m.

Average pellet diameter, defingd as the diameter of a sphere of
the same volume as the pellet, m.

Factor defined by 1/[1+6.7 En{l—f)'i], dimensionless.

Fractional conversion of the pellet, dimensionless.

Friction factor, dimensionless.
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Sheat

glheat

gmass

glmass

Acceleration gravity, 9.8 m/fsec?.

Reynolds flux, kg/m? .sec.

Reynolds f£lux for heat transfer from ambience to the core of
the cotton stalk char, kg/m?.sec.

Reynolds flux for convection to the outside surface of the
cotton stalk, kg/m? .sec.

Reynolds flux for mass transfer, kg/m?.sec.

Reynolds flux for mass transfer at the beginning of the char
combustion, kg/um?.sec.

Chimney heipht, m.

Convection heat transfer coefficient, w/m?.K.

Hectar, 10,000 m? .

Radiation heat tramsfer coefficient, w/m?.E.

Mass transfer coefficient between gas and char, m/fgec.

Total heat transfer coefficient hc + hr’ wim? K.

Thermal conductivity, w/m.k.

Effective thermal conductivity of the cotton stalk pellets
in the stove gasifier, w/m.K.

Defined by K" = F K",

K0 = e{df4) , m,

Thermzl conductivity of the cotten stalks, w/m.E.
Defined by equaticn “A =K’ ﬁPA.
Temperature rate coefficient, 11:.1'.1:1.-'1

Height of the green charge in the gasifier, m.
Particle size, m.

Labour cost, §ftonne.

Flame length, m.

Height of the pellet, m.
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M Molecular weight, kg /kmol.

Ma Molecular weight of air, kg.kmel.

M Instantanecus rate of burning of char from ome cotton stalk
pellet, kg/fsec.

july The price of as~harvested cotten stalks, $/tonmne,

Hc Waight of stalk charg, kg.

Hg Molecular weight of flue products,kg/kmol,

Hinitial Initial rate of burning of char from one cotton stalk pellet, kg/sec.

M Total weight of wheat per hectar per year, tonne/ha.year,

m Mass flow rate of air entering the bed per umit cross sectional
area of the grate in kg/m?.sec.

moz,g Mass fraction of oxygen in the main stream, dimensionless.

mp Mass flow rage of the pyrolysis gases and tar through the grate,
kg/m? .sec.

o' Mass flow rate of air {after the deduction of air required for
burning the pyrolysis gases and tar) per unit area of the grate,
kg/m? .sec.

' Rate of burning of sclid particle per unit surface area,kg/m?.sec.

N, Number of kgram mole of any species diffusing across the laminar
boundary layer from the core between the particles in the fixed
bed to the particle surface in one second and unit volume of
the bed kmel /e’ . sec.,

Nﬁe Hodified Reynolds number E%TE

n' defined by Ny = n'nt.

P Barometric pressure, N/fm?..

PCclz Partial pressure of carbon dicxide through the fixed bed.

Py Applied pressure on the pellet during densification, N/m?,
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Rcfw

Partial pressure of the non-transparent gases through the gas
film, dimensionless.

Partial pressure of oxygen.

Partial pressure of oxygen in the combustion air after the
burning of pyrolysis gases and tar only.

Stove perimeter, m.

(1-2 np)f(l-np)

Cost of consumed energy in briquetting cotton stalks, §/tonne.
Heat transfer rate, w.

Heat released through the fixed bed per unit weight of air kJ/kg air,
Heat of reaction during pyrolysis, kJ/kg.
Char initial radius, m

Gas constant of air, 288 Jikg. K,

Repair and maintenance costs, $ftonne,

Thermal resistance for radiation between the two sides of the stove
gasifier, Kiw.

Thermal resistance for conduction through the green cotton stalk
charge in the stove gasifier, K/w.

Thermal resistance for radiation and convection between the outer
surface of the stove and atmosphere, E/w.

Universal gas constant, 8314.3 J/(kmol.X),

Amount of consumed carbon through the fixed bed per umit weight
of air, kg carbon/kg air.

Defined by 1 kg carbon + r kg oxygen —+ (l+r) kg product.
Unreacted core radius, m.

Sherwood number, h_x dpre

Selling price of coal, $/tonne.

Average chimmey temperature, K.

Final pyrolysis temperature, K.
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T Temperature of the reaction zone, K.

G
Tg Temperature in the main body of the gas, K.
TI Temperature at the inner surface of the stowve gasifier, K,
TDI Temperature at the outer surface of the insulation, X,
TOS Temperature at the outer surface of the stove gasifier, K.
tru True temperaturs,K.
T3 Temperature of the surface of the particle, K.
Tt Pellet temperature during the pyrolysis, K.
T4 Reading of the thermocouple, K.
T, Amblent temperature, K.
tb Burning time of char from radius R to ..
tP Time at which the surface of the pellet starts to pyrolyze.
tc Time at which the surface of the pellet starts to char.
tps Time at which the pyrolysis front reaches the centre of the pellet.
ts Time at which the char front reaches the centre of the pellet,
t' Pyrolysis time, min.
th Insulation thickness, m.
u Defined by B, x, dimensionless.
W Energy consumed in densificatiom, J/pellet.
X Distance, m,
X Thickness of the oxidation zone, m.
¥! Cost of cotton stalk pellets, §/tonne.

Greek Symbols

o Proportion of oxygen molecules that react with carbon and produce
carbon monoxide only, dimensionless.
o Absorptivity of the gas at the inner surface temperature of the stove.

E,l
u Dynamic viscosity, kgfm.sec.
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Thermal efficiency of the fuel bed,.

Thermal efficiency of the improved stove,
Thermal efficiency of the traditiomal stove.
Thermal efficiency of ccal burning stove.
Porosity of ash, dimensionless,

Fractional voidage in the bed, dimensionless.
Emissivity of the outer surface of the stove insulation.
Emissivity of carbon dioxide at gas temperature,

Emissivity of carbon dioxide at the inner surface temperature of
the stove,
Emissivity of gas at the gas temperature.

Emissivity of water vapour at the gas temperature.

Emissivity of water vapour at the inner surface temperature of the
stove,

Emissivity of the inner surface of the stove gasifier.
Emissivity of the ocuter surface of the stove gasifier.

Emissivity of the thermocouple.

Shape factor of the solids in the bed defined as the quotient

of the area of a sphere equivalent to the volume of the pellet
divided by the actual surface area, dimensionless.

Density, kg/m*.

Molar density of the char, kmol/fm*.

Time required for complete burning of the char, sec.

Heat of reaction, kJI/mol.

Difference between the partial pressures of species A at the core
and at the partial surface, dimensionless.

Fractional weight loss of a single pellet during pyrolysis up to
time t

Asymptotic fractional weight loss of a single pellet during pyrolysis.

Stefan-Boltzman constant, 5.67x1078 w/m? K%,

3
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CHAPTER 1.

INTRODUCTION

1.1 The General Problem,

The fossil fuels upon which our current civilization iz largely based
are non-renewable and limits to their availabilicty are clearly seen. It
is for this reason that so much attention is now being given to the search
for alternative and supplementary fuel supplies which have the advantage
of being renewable,{1}.

The renewable alternatives of fuel supplies include wind and wave power,
gsolar energy, animal wastes and agricultural wastes.

1.2 The Specific Problem.

Cotton is the main crop in Egypt and the weight of its harvested stalks
is estimated to be nearly 5.0 million tomnes per year (2.6 million tomnes per
year coal equivalent},(7). These cotton stalks are used as a domestic fuel
in the Egyptian willages.

Many difficulties face the use of cotton stalks at the present time,
Among these difficulties are, low density and low volumetric energy content
of the as-harvested cotton stalks which increase the volume of the stove and
consequently the percentage of heat lost by radiation and convection. The
traditicnal stove is an open fire enclosed by three walls and these types of
stoves have very low thermal efficiencies due to the heat loss from the fire
to the envirenment. Additiomal problems come from the storage of the fuel,
on the roofs of the houses where it is not only a serious fire risk but alse
plays a part in the life-cycle of cotton insect pests which hibernate in the
harvested material and re~infest future crops.

The study has therefore aimed to develop an easy and attractive way of
burning the cotton stalks and tc provide an alternative to the Egyptian
government to solve the problem of the use of the cheap government subsidised

liquid and gaseous fuels currently in use in the villages.
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