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ABSTRACT KEYWORDS
Annually, farmersin Kenya, farmers incur heavy losses on their harvested Cyclonic chamber;
cereal crops as a result of employing unorthodox cereal drying methods Thermal efficiency;
that include drying on tarmac roads and other unused open spacesin urban Thermal stress;
areas. This in most cases compromise on grain quality due to in-house Refractory lining;
grain moulding. Few drying facilitiesare avail able but apply stringent qual- Computational fluid dynamics.

ity standards on purchases of grain, and on the other hand cannot effec-
tively handle all the cereals harvested due to their limited capacity. This
research seeks to design and develop a crop residue burner to produce
heated air for utilization in adirect-fired batch-in-bin dryer. The burner uti-
lizes crop residue left underutilized in the field after each harvest season as
fuel. The design concept entails devel oping a two-section chamber burner
with primary and secondary sections. Mild steel plates of 3mmand 5 mm
sections are used in the fabrication. Thermal stress computations are used
to determine choice of fastening method, with the eventual choice being a
combination of arc welding, riveting and fastening. To achieve optimal com-
bustion efficiency, computation of both stoichiometric and actual combus-
tion of exhaust gases is conducted. To achieve complete combustion of the
fuel, computational fluid dynamics technique (CFD) is applied and a cy-
clonic secondary combustion chamber isincorporated to the burner. Fouriers
heat transfer equations are applied in the determination of suitable refrac-
tory materials in which clay and alumina-silica cement are selected as the
optimal choice. It was found that the burner design achieves thermal effi-
ciencies of 57.7%, produces smokel ess heated air for usein abatch-in-bin
dryer capable of drying approximately 17.82 tonnes of cereals per day.

© 2011 Trade ScienceInc. - INDIA

INTRODUCTION Despite agriculture being such avital sector in

Kenya, food security remainsfar from being achieved

Agricultureisthe backbone of Kenya’seconomy  withmillionsof Kenyansgoing without food dueto stor-

contributing to over 70% of thegrossdomestic prod-  age shortagesexperienced inthenation’sgrat nary; the

uct. Inadditionto providing livelihoodtomillionsof National Cereals and Produce Board of Kenya
Kenyans, it providesthe much needed food for con-  (NCPB).

sumptionand thussurvival™*2., MaizeisKenya’s main staplefood and accounts
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for 80% of total cereals production with an average
per capitaconsumption of 0.97 tonnes. In 2007, the
total estimated maize output was 2.29 million metric
tonnes, consisting of long rain production of 1.84 mil-
lion tonnes. Despite the high maize output, wastage of
mai ze due to improper preservation techniques ac-
counted for alossof approximately 18.5% of thetotal
grossoutput!?.

Graindryingfacilitiesavailable country wideare
solely owned by the NCPB and private millers, witha
total of 23 drying facilities spread acrossthe country.
Despitethelimited availability of thesefacilities NCPB
appliesstringent quality measureswhen purchasing ce-
real grainsfrom farmers. Farmersarerequired to sup-
ply mai ze with amaximum moisture content of 13%
and rotten grain at maximum of 1%. Dueto thesestrin-
gent quality standards applied, farmersoftenresort to
two optionsof ether:
|. Deiveringmaizetomiddliemenat throw away prices,

or
Il. Dryingtheir cerealson tarmac roads and other

open spaces obliviousof associated hygienic dan-
gers

Furthermore, improper storage of maize after har-
vest with moisture content of morethan 18% |leads
to increased in-house mould devel opment associated
with aflatoxin poisoning (mould growth onthe cereal
kernel). Inthe past, aflatoxin poisoning hasled to
human fatalities especially in the eastern region of
Kenya®.

Usudly, oil and gasarethe conventiona fuelsem-
ployed in heated air dryers, particularly so for small
scale operations such as batch-in-bin dryers. Theuse
of thesefoss| fuel sisincreasingly becoming expensive
and environmentally undesirable. Theuseof dternative
renewabl e energy sourceshasgained alot of research
atention going by thenew combustiontechnologiescur-
rently under development. In many areastheresidues
availablefrom grain crops such as maize cobs, whesat
straw, and rice husks are availablein large quantities,
but are generally under-utilized and present disposal
problems. Depending on the crop production systems
applied, other agricultura residuesmay beproducedin
thevicinity of grain drying plantsand may offer dterna-
tivefue options.

—= Full Paper

Few comprehend vestudieshavebeen madeof bio-
massresdueavailability. However, estimateshavebeen
established fromtheratio of cropyieldtoresidue, data
for whichisshownin TABLE 1. Theestimated coun-
try-wide production of agro-residues (ca culated from
thecroptoresidueratio) isgivenin TABLE 2. Much of
thismateria haspotentiad usein awiderange of appli-
cations, but in many casesisunderutilized. TABLE 3
providesdetailsof cdorific valuesof sdected agro-res-
dues and wood™!.

Therearemany different combustion systemsthat
arecurrent and potentially suitablefor combustion of
biomassresidues. Thebroad classification of typesand
their status of devel opment areoutlined below:

TABLE 1: Converson Ratiosfor theEstimation of Crop Resi-
dues®

Crop Residue Crop: Residue Ratio

Barley Straw 1:1.2
Maize Straw 1:2

Millet Straw 114
Oats Straw 1:13
Sorghum Straw 114
Soya beans Straw 111
Whest Straw 1:1.3

TABLE 2: Egtimation of Crop ResdueProductionin Kenya
for theyear 2009

Production . Production
Crop - Residue L
million tonnes million tonnes
Barley 0.44 Straw 0.56
Maize 2.29 Straw 4.58
Millet 0.53 Straw 0.61
Sorghum 0.14 Straw 0.18
Wheat 1.55 Straw 1.76

TABLE 3: Heat energy content of crop residue®

M aterial Gross Calorific Value MJ/Kg
Maize gtaks 18.2
Maize cobs 18.9
Rice straw 15.2
Rice husks 155
Soybean stalks 194
Wheat straw 19.0
*Industrial Diesel Oil 37.0
*Propane 46.57
*Coal (lignite) 20.0
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Gratefurnace

Gratefurnaceisprobably the most commonly used
combustion sysem. Thereexist gratesystemsfor burning
awidevariety of biomassmateridss, including many par-
ticulate residues and straw. The grateis designed to
support thebiomassfud andalow artocirculatefredy
through it. Thissystem exhibitstherma efficiency of
between 55-59%. It operates at amaximum tempera-
ture of 2000°C and is often used to burn rice husks®.

However severd shortcomingshavebeen noted by
Kumar and Fleckl when the system isused for com-
busting crop resduesasfud. Theseinclude unevenfued
digribution, difficulty incontrolling air-to-fud ratios, and
high percentage of unburnt residuein ash* 9.,

Fluidized Bed Systems (FBD)

Thesesystemsareespecialy suited for burning both
largeand smal particulate agricultura resduesof rda
tively high moisture contents. Thefluidized bed furnace
comprisesacombustion chamber contai ning asand bed
acting asthe heat transfer medium. They exhibit mod-
eratetherma efficiency of between 45-55% with atem-
perature range of between 750°C and 950°C. Their
main advantageistheir capability of operating below
thetemperaturerangefor production of noxiousgases
i.e.NO . Although ideal in combusting crop residue,
FBD systemsrequirehigh capita expenditure, skilled
expertiseintheir operation and high energy needsto
power fansnecessary for achieving completefud com-
bustion#57,

Thispaper discussesthedesign processfor aburner
that utilizes crop residue biomass asitsprimary source
of fud.

MATERIALSAND METHODS

M aterialsand design procedure

Inthedesign of theburner, ceredl straw isthemain
sourceof fuel to be used, whilefor construction of the
burner, mild steel and refractory lining of fireclay and
alumina sul phate cement were used. For the burner
design, acriterion was used in determination of the op-
timal designto beselected. Thecriteriaconsidered the
following; safety, reliability, eases of operation, envi-
ronmenta friendliness, and cost of operationand main-

CHEMICAL TECHNOLOGY

tenance. Severa burner designswere devel oped with
each design being evaluated based on a1-9 score as-
signment for each design. Thedesignwith the highest
scorewas eventud ly adopted asshowninFgure1 (1:10
engineering scaedrawing of the crop resdue burner).

Primary chamber szingisbased onthefud density,
and shape considerations. A rectangul ar sectionwas
thusdetermined to be most appropriateconsidering ease
of manufacture, fuel combustion and easeof operation.
Modeling for the secondary cyclonic shapewas car-
ried by use of Computational Fluid Dynamics (CFD).
Selection of appropriaterefractory materia isbased
on principlesof Fourier law (heat transfer by conduc-
tion) and Mac Adams equation (heat transfer by natu-
ral convection)®9,

Sizing of primary combustion chamber

The primary chamber isof rectangular section. It
hasclay refractory lining onitsingdewal withaumina
silicacement and the bonding agent. On top of the pri-
mary chamber isanairtight fuel feed door. Airtight con-
ditionsfor thefud feed door isachieved through pro-
viding awater-tight seal onthe door channel. Therect-
angular section facilitatesease of construction, includ-
ing laying down brick work and lessens maintenance.
Abovethe base of the primary chamber, agrate con-
structed fromY 12 twisted mild steel rodsisfitted to
prevent fuel fromfallingto the base, whileat the same
timeallow easy collection of ash. Theworking model
drawntoascaeof 1:10isrepresentedin Figure2. The
dimensionsof the primary chamber are2 metersheight
by 1.24 meterswidth by 1.24 meterslength. Thesizeis
determined by considering theamount of fuel required
to produce aconstant volume flow rate of heated air
fedtothedryer to dry the batch weight.

Thevolumetric capacity of the burner isanother
important determinant of theamount of energy required
toraisetheambient air temperatureto an optimal level
for drying cereds. Itiscomputed by knowledge of data
on thevolumetricflow rate of hot gaseous products of
combustion, and thetemperaturedifferencerequiredin
theheated air. After the burner capacity wasdetermined,
thedryer szewascomputed from theprinciplesof mois-
ture shrink (amount of water lost asthe cereal grain
driesto standard moisture content of 14%). Through
comparing thewater evaporated fromthegrain, asa
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percentage of thetota grain weight, thedryer capacity
wasdetermined.

Theinner wallsof the primary chamber havealin-
ing of fireclay refractory brick. Choiceof thelining
materia and thicknessisdetermined by considering heat
transfer through the burner wall. The chamber wall isa
compositesinceit hasmorethan onelayer. Fourier heat
transfer equation used isgiven by equation 1:

A (t 2t 2)

K Xo Xy (1)
K 2 K 2 K 3
Where Qistheheat transfer through burner wall in
Joules/second; A isthe heat transfer area; t, andt, is
theinlet and outlet phase temperature on the burner
wall respectively; x thematerial thickness, andK the
coefficient of therma conductivity of individua refrac-
tory lining layer®9,

Q=

Cyclonic secondary chamber design and sizing

The secondary combustion chamber isconstructed
in acyclonic shape and incorporated to the primary
chamber so asto achieve completefue combustion.
Choi ce of the combustion shapewas determined based
on the Compuitational Fluid Dynamics (CFD) simula
tion software. Through CFD, evaluation of hot air ve-
locity, pressure, temperature, and concentration was
made considering different burner shapesand sizes.
The model set-up for the CFD experimentation is
based on thework of Fleckl et.a and involves con-
structing acomputational mesh utilizing body-fitted
coordinate’s approach, which allowsthe creation of
thegrid of complex geometry!> 1, From thesimula-
tion, the cyclonic shapeisdetermined to give the best
possibleresults.

Onthechamber surface, refractory lagging of fire
brick islaid with auminasilicacement applied asthe
bonding agent. Thicknessof thelagging layer isdeter-
mined through Fourier’slaw of conduction given by
equation 2:

2nL (t,—-t,)

@
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WhereQisthehest transfer through the secondary
chamber wall; r andr, outsideandinsideradiusof the
cyclonic chamber; and L the chamber length® 9,

Choiceof construction material

Thecriteriafor choice of material isbased onthe
following: strength a room temperature; materid tough-
ness, materia cost; loca availability; material dengity;
ease of manufactureresistanceto surfaceand granular
corrosion. A scoresheet of 1-9isused for comparing
possi ble congtruction material s based on the discussed
criteria. From the selection process, mild steel isse-
lected for the construction of the burner body. It hasa
tensile strength of 380 MN/m?, density of 7800kg/m?,
Young’s Modulus (E) of 200GN/m?, and acoefficient
of expansion (a) of 12x10t4,

Fire-brick clay refractory i s sel ected because of
itsexcellent refractory properties (therma conductiv-
ity of 0.9375 W/mK, melting point of 2800°C, and
coefficient of expansion of 6x10° metreper °C. Simi-
larly highduminacement (composite of limestoneand
bauxite) hasexcellent refractory propertieswith ather-
mal conductivity of 32 W/mK, melting point of
2500°C, coefficient of expansion of 6 x 10° metre
per °Ci& 9,

Thestructural strength of hingesrequired to sup-
port the burner doorswas determined through consid-
erationsof tota door weight. Forces acting on thedoor
were assumed to act as a cantilever. From theory of
bending moments and shearing forces, the bending
stresses and defl ection werethus computed. Based on
thedeflection of the burner door, thetota bending stress
was determined and thus the number of hinges sup-
porting theburner door. Determination of maximumlin-
ear deflectionisbased on equations(3) and (4).

d
El =d—)2(32’=-|v| ©)

WhereE isyoung’smodulusof eadticity, M isbend-
ingmoment and | isthe 2@ moment of area.

wL*
=i (4)
Wherey __ isthemaximum deflection, w thedis-
tributed load in Newton metre, | the 2 moment of
areaand L thetotal length of the door*2.

ymax
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Exhaust fluegasanalysis

Theultimateandyssof thefud consderedinwhich
theeemental composition of thefuel intermsof car-
bon, oxygen, sulphur, water vapour, nitrogen and ash
contai ned as percentage of thetotal massof thefuel.
By useof combustion equations, both the stoi chiomet-
ricand actua Air: Fuel ratiosweredetermined and us-
ingthisdata, thetota volumetric quantity of heated prod-
uctsof combustionwasthen computed. Asaresult, the
quantity of heated air produced proved useful incom-
puting theburner capacity and sizingthegrain dryer.

Calculating temper atur estressand weld efficiency
for welded chamber joints

High temperatureinducestemperature stresseson
theburner chamber wdls. The chamber compositewdls
(mild stedl body and refractory lining) are affected by
theinterfacia temperature and thusresult ininduced
stress. Thetemperature stressiscal culated from equa:

tion (3) described by Stephens:

Gg&aj Grefractory —

Esteel Erefractory

(8,aracory X teMper aturechangeinrefractory (5)

—ay.q Xtempreraturechangeinsteel)

Weld efficiency iscalculated by considering prin-
ciplesof tenslestrength anadysisof riveted and welded
joints. A welded wall specimenisconsidered withten-
sileforceapplied on opposing directionstill breakage
occurs. Themaximumtensileforceismeasuresand ten-
slestresscomputed through s mpledirect stressequa
tionsgiven by equation (4)™2:
Direct stressonwelded joint ()=

Tensileforceaction (F)
Wall cross—sectional area(A)

©

Cost comparison between residuefuel and indus-
trial diesd ail (IDO)

IDO isthemost popular fossil fuel used for cereal
drying. Thisisduetoitsadaptability for small burner
design, ease of storage and transportation. Assuch, it
was found necessary to make an economic cost com-
parison between use of IDO and crop residueasfuel.
Thecost of IDPfor the designed burner capacity and
that for the crop residuefor the same capacity wasthus

CHEMICAL TECHNOLOGY

compared takinginto account factorssuch asunit trans-
portation cost and labour requirements (loading of resi-
duefud to burner, manual transportation and manual
firestoking).

RESULTSAND DISCUSSION

Thewet gravimetric andys sof theproductsof com-
bustionfromtheresduefue isshowninTABLE 4for a
combustion efficiency of 95% whichisdesirablefor
any ideal combustion system.

TABLE 4: Soichiometricand actual fluegasanalysis

Product ?f(g: % Mass (n':/lol) n= E %er(t)l’
CO, 1.86 18.46 44 0.0423 12.26
H,O 0.553 5.49 18 0.0307 8.901
SO, 0.00004 0.000397 64 6.25x10° 0.000181
0, 0.3685  3.658 32 0.0115 3.334
N, 7.292 72.38 28 0.2604 75.5
Total 10.0735 186  0.34493 95%

Thetotal quantity of hot gasesgiven out for com-
plete combustion was determined to be 2792m3 of hot
air per fuel feed (80 kg per of crop residue cered straw
per feed). Thisresult reflectsthat in order to achieve
complete combustion of theresiduefuel, the products
of incomplete combustion from the primary chamber
such as carbon monoxide and Nitrogen oxide should
further be burnt in the presence of secondary air (this
explainstheimportance of incorporating thecyclonic
secondary chamber).

Thedesgnthermd efficiency of theburner wasde-
termined to be 55.7%. For thisefficiency, thethickness
of therefractory lining was determined asbeing 0.093
metresfor the primary chamber and 0.105 metresfor
the secondary chamber. Theseresults comparefavor-
ably well with modern crop residue combusting sys-
tems such as the fluidized bed system and the grate
furnacewhosethermal efficienciesrange between 45-
59%!%.

For the secondary combustion chamber, acyclonic
shapeisincorporated asshownin Figure 3, and gives
thefallowing results.-

e Impactsaswirlingactioni.e. circular motionincon-
junctionwith thetangentially arranged secondary air
nozzles. The combination of the cyclonic shapeand
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tangentidly arranged secondary air injection nozzles
leadsto ahigh turbulent mixing, homogenousflue
gasdistribution and agood utilization of the second-
ary combustion zone. Furthermore, the swirling ac-
tion eliminatessmokeand filtersout fly-ash passed
on to the secondary chamber from primary cham-
ber.

e Thecyclonic shape concentrates heat at the centre
of the chamber and this assists completion of the
combustion process. Moreover, thishas an effect of
raising thetemperature of the hot gasesfedinto the
burner to gpproximately 1000°C. Theresultsof the
cyclonic chamber design (temperaturerise), agrees
with experiments conducted by® whereby CFD
smulationisused to determineoptimal burner shape
designs.

Theburner capacity from thevolumetricflow rate
of thehot gaseswas 59.2 m? per hour and whenincor-
porated to abatch-in-bin dryer, is capable of drying
0.735 tonnes of cereal per hour and over a 12 hour
period, capableof drying 8.82 tonnesof cereals. These
resultsindicate the high potential for useof cropresi-
dueasan dternative source of fuel and the high quan-
tity of grainthat can be dried will enable many small
scaefarmersdry their ceredls.

Thedoorsof the primary chambersrequire3 hinges
for support with atotal safety factor of 4 which asde-
termined by(™ iswithin theallowablelimitsof safety.
Furthermore, the maximum bending moment isdepi cted
inFigure 2 as5.98 KN/m per hinge, from which the
maximum bending moment is268.2 KN/n.

GRAPH OF LENGTH (X) AGAINST BENDING MOMENT FOR
BURNER FUEL DOOR

=f=Bending Moment (M)

—Paly. (Bending Moment

Bending moment

(M)

50— pls 1 15 y=219.2¢1- 486.0x + 268.3
Ri=1

Deflection
Figurel: Graphical Representation of M aximum Bending
M oment against Deflection for the Bur ner Feed Door
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Theeconomicfeashility isdonethrough cost com-
parison between use of residuefuel andindustrial die-
s oil for the sameburner design capacity isillustrated
by thegraphical relationship below:

COSTCOMPARISON BETWEEN RESIDUE FUEL AND INDUSTRIAL DIESEL
oiL

230

200 [

150

100

Cost im Kshs

50

0y ‘

Industrial diesel oil ‘
229567

Crop residue fuel
‘l Cost{Kshs) 475

Figure2: Economic Feasbility of Utilizing Crop Residueas
Fuel for Cereal Drying

By comparison residue fuel use costsof approxi-
mately Kshs47.5 per burner capacity whilethe cost of
[.D.O for the same capacity isKshs 230. Thisshows
that the cost saving that can be achieved by use of resi-
duefuel isreasonably high.

CONCLUSIONS

Inthis paper, aburner isdesigned and devel oped
usinglocdly availableresources, itsoptimizedindesign
and materid sdection. Thepotentia of useof cropresi-
dueasafud substituteingrain dryingfacilitiesincom-
parisonwithfossil fuelssuchasIDOisevauated. Re-
sults show that by appropriate design of a residue
burner, athermal efficiency of 65.5% isachieved with
complete combustion of the fuel. Furthermore, cost
comparison of using crop residuefuel comparedtoin-
dustria diesdl oil showsthat theresiduefuel reduces
operation cost associated with fuel by morethan 50%.
Thedesignisbest suited for drying cerealsinrurd ar-
easin deve oping countriesduetoitssmplicity and func-
tionality. It usesnatura draught and eiminatesneed for
motors necessary inforced draught operation. Further-
more, itscongtructionisfromlocaly availablemateridl.
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It can thus be concluded that crop residue has a
great potential for useingraindryingfacilitiesand can
complement foss| fuel currently inusewiththeoveral
effect of reducing operation costsof dryer ingtdlations.
Thisisinadditionto availing graindryingfacilitiesto
farmer’s cooperative societies (dueto itssize), thus
improving grainquaity, quantity, thereforeincreasesthe
ultimaterevenueachieved by thefarmers. Thiscontrib-
utesto possiblesustained food security.
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