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ABSTRACT

Biomass gasification process is considered a promising waste-to-energy conversion technique
to eliminate the immense environmental issues accompanied with open field burning. The
objective of thisstudy isto experimentally study the dynamic behavior of an Imbert based design
manufactured bench scale gasifier using cotton stalks as a feed stock. Air was employed as a
gasifying agent with a biomass batch feed of 4 kg. The gasification process characteristics are
evaluated in terms of lower heating value, gasification efficiency, and operation time. The applied
air flow rates are (60, 100, 150, and 200 I/m) achieving varied equivalence ratios between 0.362
—0.232. An optimum average lower heating value and cold gas efficiency of 4.34 MI¥m?3and 61.7
% respectively are attained at equivalence ratio, ER of 0.304.



1. Introduction

The expanding gap between demand and
consumption of energy particularly in
developing countries has exacerbated the
energy crisis. Furthermore, the accompanied
limitationsrelated to the fossi| fuels such asthe
expected extinction, and pollution, force to
explore aternative renewable energy sources.
The dternative sources, biomass gets
increasing attention, thanks to its carbon
neutral feature [1]. Moreover, it is the only
renewable energy source which contains
carbon to be converted into convenient solid,
liquid and gaseous fuels, and further into hezt,

electricity and transport fuels[2].

Energy from biomass can be obtained via
two major routes, biochemical conversion

(fermentation) and thermochemical

(pyrolysis,
combustion) [1]. Among them, gasification is

conversion gasification,
an interesting technique to convert biomass
into combustible gas mixture called synthesis
gas (syngas). The utilization of biomass
gasification is sorely wide spreading since, itis
reliable and efficient technique that can use
biomass with minimum pretreatments and in
the same place where it is generated.
Generally, gasification involves the reaction of
the solid fuel with co-reactant at temperatures
range of 550-1000 ‘C. Co-reactants are
introduced in sub-stoichiometric amounts in
order to partially oxidize the fud instead of
complete oxidation to CO2 and H20 [3]. The

resulting gasis a mixture of carbon monoxide,
hydrogen, methane, and carbon dioxide along
with small amounts of light hydrocarbons.
Diverse co-reactants can be used such as air.,

oxygen, steam, and COz [3].

Different gasifiers are employed for this
process, mainly including fixed bed, fluidized
bed, and entrained flow [4]. The man
difference between these reactors is
distinguished by how the biomass and the
oxidizer are moving inside the reactor.
Compared with the fluidized bed and entrained
flow gasifiers, fixed bed gasifier is more
suitable for small scale applications [5]. The
fixed bed includes downdraft, updraft and
cross-draft gasifiers. The downdraft fixed bed
gasifier hasthe advantage of low tar generation
by cracking, as the gas passes through high
temperature zone[6]. Therefore, the downdraft
fixed bed gasifier is chosen in this study.

Four sub-processes, namely drying,
pyrolysis, oxidation (combustion), and
reduction (char gasification) overlap a a

particular time along the gasifier[7].

Many researches have been conducted on
downdraft gasifiers for diverse types of
biomass to evauate the gasifier performance
and biomass capability of gasification. Jain [8]
designed and tested an open core throat-less
(stretified) gasifiers with internal diameters
varying from 15.2 to 34.3 cm. The optimum
values of equivaence ratio (ER), gasification
efficiency, and lower heating value (LHV)



were reported to be 0.40, 65%, and 4.5 MJm3
respectively.

Guo et a. [6] used areactor with aninterna
diameter of 0.42 mto gasify the corn stalk with
continuous feeding option. They concluded
that, the optimum equivalence ratio was 0.25-
0.27 giving LHV of 5.4 MJm?® at feeding rate
of 7.5 Kg/h with gasification efficiency of 65
%.

Singh and Sekhar [9] studied
experimentally and theoretically the variation
in performance parameters when gasifying
blends of coconut shell and rubber seed shell.
The equivalence ratio range was (0.2 — 0.34)
where the maximum concentration of
combustible gases occurred a 0.2 and
decreased at 0.3. Coconut shells conducted
combustible species and conversion efficiency
more than rubber seed shells.

Ga and Dong [5] studied the corn straw
gasification in a stratified gasifier with two
stages of air supply. The optimum ER was 0.32
giving LHV of 5.39 MJm®. Yoon et a. [10]
used a larger scale reactor to perform the
gasification of rice husk and rice husk pellets
and reported that, an optimum ER of 0.58 for
rice husk and 0.29 for pellets with HHV of 4.5
and 5.5 MJIm? respectively.

A co-gasification of lignite and waste
wood has been investigated by Patel et al. [11]
that showed a maximum LHV of 4.44 MJm?3
at 30 % wood to lignite ratio. Chen et al. [12]

operated an electrically heated small gasifier at
800 °C using Biogas-derived digestate as a
feed stock and obtained a LHV of 4.78 MJm?3
at ER of 0.25.

Tanczuk et a. [13] determined the
influence of adding dried chicken manure to
the wood pellets at constant ER of 0.21, they
found that when blending wood pellets with
raw chicken manurethe LHV increased from 2
MJmd to 4 MIm3 at 75% mixture. In order to
iImprove the gasification process, athroat could
be incorporated as referred by [14-18]

A preiminary experiment for the
determination of therange of gasifying air flow
rate in batch operation [16, 17] concluded that,
when gasifying 9 kg and 8 kg of Oil pam
fronds, the flare was observed after exceeding
200 I/m of air, then weakens after 400 I/m
while the gasification time was about 34 min.
Besides, preheating air upstream the gasifier
enhanced the HHV from 4.66 to 5.31 MJ/m?®,

Gaindo et al. [19] operated a stratified
gasifier using Encalyptuswood with 12 kg/h as
afeed stock at air flow rates of 300, 333.3 and
366.67 I/m which correspond with ER of
0.303, 0.279 and 289 respectively. They
concluded a maximum LHV of 512 MJm?
when operating at 0.289 equivalence ratio.

Sheth and Babu [15] studied the gasification of
waste wood in batch operation of 3 kg with air
flow rate varied from 30.83 t0 56.67 |/m which
led to 1 and 3.63 kg/h fuel consumption rate



respectively, achieving ER of 0.35 and 0.179

at different moisture content.

Machin et al. [20] created a swirl flow at
the combustion zone while gasifying three
different types of biomass (Olive, Peach, Pine).
An optimum HHV of 3.97 MJm? for Peach at
7.6 kg batch feed with 88.3 I/m air for 2.5

hours.

Sharmaand sheth [21] studied the dynamic
behavior of the gasifier using wood at air flow
rate varying from 25.7 I/m to 41.13 |/m and
reported that, as the air flow rate increases the
biomass consumption rate linearly increase.
Using air-steam gasification exhibited a
calorific value of (3.64 — 4.01) MJm®,

Nisamaneenate et al. [22] identified the
optimal  operating conditions for the
gasification of peanut shell waste using
thermal integration unit coupled to modular
downdraft gasifier. The LHV was observed to
increase from 3.66 to 3.79 MJm? and cold gas
efficiency from 40.17t041.62 % at ER of 0.12.
When operating with heat recovery a ER
nearly 0.21, the carbon conversion efficiency
increased by 5.75 % and a maximum LHV of

3.92 MJm?3 was obtained.

Few  researchers investigated the
gasification of cotton stalk, Karatas et al. [23]
investigated the gasification of cotton stalk in
fluidized bed reactor, they obtaned a
maximum LHV of 3.24 MJm? at ER equals

0.36. Whereas, Wang et al. [24] studied the

cotton stalk pellets in a throated downdraft
gasifier with separated pyrolyzer and reported
aLHV of 4.22 a ER of 0.21.

Hamad et al. [25] used an electric heater to
externally heat the reactor for the gasification
of cotton stalks, rice straw, and corn stalkswith
different catalysts and concluded that, cotton
stalks is more suitable for gasification process.

Besides, an optimum ER of 0.25 was attained.

Most of the researches have included only
steady state operation [10,13,21-25]. Limited
researches have been done on the dynamic
behavior of the gasification process. The aim
of thiswork is concerned with investigating the
gasification with Egyptian cotton stalk waste
using throated downdraft fixed bed gasifier.
Hence, the dynamic behavior of cotton stalks
gasification with the influence of operating
parameters; air flow rate, equivalence ratio,
and gasification temperature  were
investigated. The study was conducted by
measuring temperature profiles, producer gas
composition at the transient conditions inside
the gasifier. In addition, the process evaluation
parameters such as, produced gas caorific

value and gasification efficiency are estimated.

2. Experimental Setup

2.1 Fuel material specifications

Themain source of biomasswastein Egypt
Is the agricultural wastes (crop residues),
followed by municipal solid wastes, animal

wastes, and sewage wastes [26]. Therefore,



Cotton stalks as agriculture waste materia is
chosen for this study. The proximate and
ultimate anal yses of cotton stalks are presented
inTablel

Table 1: Proximate and ultimate anal yses of

cotton stalks [25]
Proximate Anaysis, Mass Fraction %
VM FC Ash
81.24 14.48 4.28
Ultimate Analysis, Mass Fraction %
C H N S O

44.8 5.8 1.09 0.57 43.8
Higher Heating Vaue (MJkg)
155

The feed stock is shredded after open field
drying to aparticle size (aslength) ranged from
1to4 cmand from 2 to 5 mm (as diameter) as

showninFig. 1

Fig. 1. Size and shape of cotton stalks

Due to the importance of moisture content
in the gasification process, it was determined
based on wet basis by the oven drying method
(ASTM D4442-07) [27]. The biomass is
heated at 105 °C for 24 hoursin avented forced
convection oven (Binder FD 23) and then

weighed. The moisture content (MC)
expressed in percentage was caculated
according to equation (1) [27].

m —m
wet dry % 100 (1)

wet

MC% =

Where mary represents the mass of the fuel
after heating and muwe IS the mass of fuel prior
heating. The determined moisture content of
cotton stalks was about 14 %. The feed stock
was then provided to the gasification system.

Lower heating values (LHV) for biomass
was cal culated using the empirical formulathat
reported by Sarkar [28].

LHV = HHV — 2.44 x (9H) ©)

Where H is the hydrogen content of biomass
determined through the ultimate analysis.

2.2 Thegasfier unit

The experimental tests are performed on a
self-made downdraft gasifier. The gasification
unit comprises four main parts: the reactor, the
gasifier casing, the ash disposal system, and
the air supply setup. A throat-type is used as
the core of the gasifier reactor with the
configuration and dimensions shown in Fig. 2.
The core is made of a 3-mm thick steel sheet
with an overal height of 0.67 m. The upper
diameter of 0.32 m is tapered to 0.22 m
diameter at depth of 0.46 m from the top.

This tapered section is followed by a
constant diameter section of 0.22 m in
diameter and 0.08 m in height. Near its lower



end, five air nozzles are regularly distributed

and mounted around the same circumferential

level. The reactor core is ending by a

convergent-divergent section with a throat of

013 m

where both the combustion and

reduction gasification zones are situated. This
constricted area provides a uniform
combustion across the whole area and to force
al of the pyrolysis gases to pass through this

narrow passage [20].
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Fig. 2. The downdraft gasifier reactor
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The throat is followed by the divergent part
where the reduction process is commenced.
The divergent part is important to lessen the
gas flow velocity in order to enhance the rate
of boudouard reaction and water-gas shift
reaction, in order to increase the concentration
of CO and H2 in the producer gas and also
decrease the gas temperature [20]. Under the
divergent part, the ash grate is directly
positioned to hold the hot charcoal for
reduction reactions

The ash grate is made of perforated steel
sheet with openings of 5 mm in diameter. The
grate is formed on the shape of trapezoidal
basket with upper and bottom diameters of
0.28 m and 0.20 m respectively, and a height
of 0.11 m. Also, a small cone of 0.04 m in
height is fixed on the floor of the basket. This
small cone is used to enhance the conversion
reduction reactions by keeping a thin layer of
the hot charcoa in the path of the reactant
gases stream. Besides, the cone is helpful in
expelling the ashes out of the basket when the
grate shaker system isworking.

The core of the gasifier reactor is placed in
acoaxial steel cylinder of 4 mm thicknesswith
aheight of 1.17 m and diameter of 0.36 m. the
reactor cylinder is divided into two parts
assembled together in the purpose of
maintenance and connecting the biomass
feeding system to the upper part. The lower
part of the cylinder works as a shield around

thereactor core. Theair supply connection, the

ignition port, the produced gas outlet port, and
the ash removal port are instaled at the
cylinder side wall. The hot produced gas from
the reactor is passing through the annular
passage between the cylinder and the reactor
core. The flowing hot produced gas is
beneficial for the drying and pyrolysis zones
moreover, to preheat the gasifying agent air.

The Feedstock is fed to the gasifier reactor
by 4 kg batch through a controlled screw
conveyor. The gasifying agent, (air) was
circulated through a copper coil in five
separate paths that are firmly wounded around
the outer wall of the reactor core as shown in
Fig. 2. These paths are ending with five

nozzles of 5 mm exit diameter.
2.3 Cleaning devices

Cleaning the produced gas is often
essential for downstream end-use applications.
Different clean-up methodologies such as
cyclone, and charcoal filter are comprised.
Cycloneisconnected directly to the reactor gas
exit. The solid particles and some ashes are
separated and collected in a collector at the
lower end of the cyclone. Design and
dimensions of the cyclone are based on
Stairmand design [29] with main diameter (D)

of 10 cm.

For further purification of the produced
gas, a charcoal filter mixed with silica gdl in
between as a desiccator is added downstream

the cyclone. The tar flowing out with the



produced gas stick at the outer surface of the

char blocks.

Fig. 3. Charcoal filter with silica gel

24 Instruments and measuring

techniques

The temperatures are measured using eight
K-type thermocouples positioned on the core
wall with distances as illustrated in Fig. 2.
Also, a the gas exit port an additional
thermocouple is mounted to indicate the gas
exit temperature. The thermocouples data are
acquired using a multichannel multiplexer
(KTA-295K) controlled by an Arduino board.

The air flow rate is monitored by two
different flow meters connected in parald,
(Omega, FMA-A2323) is the primary flow
meter providing a reading range of 0-100
SL/M and an accuracy of +1%, besides (SMC
brand, model:PFA511-FO3N-Q) with the same

range of flow and accuracy.

In order to characterize the produced gas,

measurements of the gas compositions are

carried out using gas chromatography (GC) of
Perkin-Elmer, model (Clarus 580) with TCD
detector. This GC is capable of detecting CO,
CO2, CHs4, H2, N2, Oy, CoHs, and CoHs

molecules with an accuracy of 0.01%.

A dipstream of product gasis pulled by 60
ml syringes from the bulk gas stream coming
out of the charcoal filter after further sample

purification by cotton.
3. Test calculations

Equivalence ratio, ER, is considered a
key parameter that affects the gasification
process. It relates the mass flow rate of both
reactant materials including air and biomass

fuel, in actual and stoichiometric conditions.

[ air flow rate ]
ER = biomass consumption rate actual
[ air flow rate ]

biomass consumption rate

stoichiometric

where, the stoichiometric air to fuel ratio
can be calculated as reported in [6] by Guo et
al.

I air flow rate(Kg/h) l

biomass consumption rate(Kg/h) toichi tri
stoichiometric

1.293 Cdat Hyar Sdaf
=—|1. . 7
0.21 ( 866 100 +555 100 +0 100 (3)
—07 0daf>
100

Thelower heating value (LHV) of produced gas
in MJm® can be estimated from the gas
composition using the following empirical

formula (4) [30] asfollows.



LHV = [(10.79 x H,) + (12.636 X CO) ()
+(35.82 x CH,)]

Where Hz, CO, and CHs are the gases
concentrations (% V/V), in the syngas.

Cold gas efficiency (CGE) of the gasification
process is defined as the ratio of the energy in
the product gas to the energy of biomass input
(biomass energy). The CGE% applied in this
work is based on the lower heating vaue
(LHV) of both the product gas and biomass.
Then it can be calculated asin [31].

[LHV ] gas X Yy

CGE % = ————F77——
[LHV] biomass

%X 100% (4)
Where [LHV] viomass IS the lower heating value
of biomass, MJkg and Vg is the volume of
produced gas per unit weight of biomass
(m¥kg). It can be calculated from the
concentration of nitrogen in the product gas
and the total amount of nitrogen entering the
reactor along with air in the gasification
process asin [32] by,

_ (Qair X 79)
97 Ny X my) ©)

Where Qi is the flow rate of air (m%/h), Nz is
the concentration of nitrogen in the syngas (%
V/V), and mpis biomass flowrate (kg/h).

4. Test procedure

Prior each experiment, 4 kg of cotton stalk
(for aspecified particle sizerange and moisture
content) is poured inside the feeding hopper

and fed by the screw feeder. Now, a vacuum
pump is used for the startup ignition with the
aid of a fire torch. Once, some feed material
became red hot, the ignition port is sealed and
the adjusted air flow rate for the case study is
supplied. The gas sampling starts when the
flare starts and repeated randomly during the

experiment until the flare disappear.
5. Resultsand discussion

5.1 Variation of temperature and gas

composition with time.

The temperatures distribution inside the
gasifier, the produced gas composition and its
corresponding heating value are observed to
vary with time. This variation is investigated
for experimental runs at different air flow rates
(60, 100, 150, and 200 I/m) that reported in
Figs. 4-7 respectively. As temperatures and
gas composition of produced gas are varying
continuously. The dynamic behavior of
temperatures and produced gas composition
may provide real time interpretation of the
results and hence the variation of temperatures
and gas composition are presented in this
study. Figures. 4-7 (@) describe the
temperatures distribution while, Figs. 4-7 (b)
show the gas composition with time.

5.1.1 Temperaturedistribution

Temperaturein the gasifier increases along
the length from T1 to T6 establishing zones of
drying, pyrolysis, and combustion respectively
then decreases at T7 and T8 representing the



reduction zone. Generally, the drying zone
temperature (T1, T2) isfoundto beintherange
of 110 °C and around 400 °C is observed for
the pyrolysis zone (T3, T4). In case of batch
operation, the biomass flow downward by
gravity inside the reactor so, by end of the run
T1-T4 increase due to biomass diminishing.
Due to the bridging problem as reported by
[33], an increase in T3 and T4 then decrease
due to biomass collapse after bridging is
noticed a some time during operation.
Besides, combustion temperatures (T5 and T6)
are also affected by bridging in form of T5
increase as presented infigs. 4-7 (a). While, the
reduction zone temperatures (T7 and T8)
showed more stability during operation with

time.

Figs 4-7 (a) show that T6 represent the
maximum temperature in the reactor and its
maximum valueis attained at 100 I/m air flow
rate. When operating the gasifier at high air
flow rate of 200 I/m, it is noticed that T4 and
T5 jump over and exceed T6 representing
expanded combustion zone up.

Meanwhile, the  reduction  zone
temperatures (T7 and T8) are observed in
relatively low range in the case of air flow rate
of 60 1/m and 200 I/m than that obtained at 100
and 150 I/m as shown in figs. 4-7 (a). The
average reduction zone temperatures (T7 and
T8) arein the range of (635 — 455°C and 650 -
560 °C) at the air flow rates of 60 |/m and 200

I/m respectively, while, they were in the range

10

of (720-590 °C and 720 - 570 °C) at air flow
rates of 100 and 150 I/m respectively.

The temperatures fluctuation are observed
and those may be attributed to number of
reasons. One of the prominent reasonsis dueto
the local variation of thermocouple contact

with solid or gas at a particular position [21].

As, the air flow rate increases, the biomass
consumption rate increases thus, the operation
time of the gasification process is lessened. It
was about 105 minutes at air flow rate of 60
|/m then reduced to about 20 min at 200 I/m air

flow rate.
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5.1.2 Composition of produced gas

The produced gas composition varies with
time depending on the instantaneous operating
condition inside the reactor. Gas samples are
taken randomly during operation with 60 ml
syringes. The first sample of gas is taken with
the preliminary appearance of flare. Figs 4-7
(b) show the dynamic variation of the
combustible gas components including Ho,
CHg4 and CO and the corresponding LHV with
time. It is obvious that in batch operation, the
gas components concentrations are highly
affected by the temperature and the bridging
problem inside the reactor. Particularly in
small scale gasifiers, the moisture content,
amount of biomass, and volatile matter in feed
stock are diminishing with time. Thus, The CO



concentration is noticed to increase and H>
decreasein thelast period of operationtime. H»
concentration showed arelatively lower values
at air flow rates of 60 and 200 |/m compared to
itsvalues at air flow rates of 100 and 150 I/m.
Moreover, a 150 I/m air flow rate, CH4
indicated a considerable stable higher volumes
along the run than that obtained at 60, 100 and
200 I/m.

5.1.3 Produced gas heating value

The LHV of the produced gas obtained at
the different studied air flow rates exhibited
fairly fluctuated values at the steady operation
time as presented in figs 4-7 (b). A maximum
lower heating value of 5 MJm?® is attained
once at 100 I/m air flow rate, while it was
achieved three times at the air flow rate of 150

I/masillustrated in fig 5 and fig 6 respectively.
5.2 Effect of air flow rate.

The effect of air flow rate on biomass
consumption rate is shown in Figs. 4-7. It is
found that with the increase of air flow rate,
biomass consumption rate increases. The
increase in the air flow rate provides more
oxygen to oxidize and higher amount of
biomass would get combusted. The energy
released will increase the rate of drying and
pyrolysis. rate

increases not only due to a higher combustion

Biomass  consumption

rate, but also dueto the enhanced pyrolysisand

drying rate.
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The average obtained values of LHV as
well
demonstrated in Fig. 8 at different air flow

as the cold gas efficiency are

rates and their corresponding ERs. LHV and
CGE of the gasification process showed a
significant increasing trend when the air flow
rate changed from 60 I/m to 100 I/m. Almost
constant values of LHV and CGE are attained
till 150 I/m followed by slight decrease upon
reaching 200 I/m of air flow rate. When the air
flow rate is 60 |/m the combustion hesat is
inadequate for reduction reactions, wheress,
increasing the supplied air flow rate enlarges
the combustion heat to be adequate for
reduction zone reactions in addition to
pyrolysis and drying zones enhancement. As
the air flow rate excessively increase to 200
I/m, the combustion heat being greatly

enlarged compared to reduction zone
requirements. Average LHVs of 2.23, 4.21,
4.34, and 4.04 MJmsz are attained at the air
flow rates of 60, 100, 150, and 200 I/m which

correspondsto acalculated ER of 0.362, 0.302,

CGE (%)



0.304, and 0.232 respectively. While the
attained average CGE values are 30.77, 59.55,
61.69, and 41.07 % at ERs of 0.362, 0.302,
0.304, and 0.232 respectively.

6. Conclusion

The experimental
dynamic behavior of cotton stalk batch

investigation of the

gasification in an Imbert design gasifier using
air as a gasifying agent was demonstrated.
From the experimental results; the following
conclusions are drown, In batch operation, the
biomass consumption rate is proportional to
the applied air flow rate as the time of
operation decreases. As the pyrolysis effect
decreases with time, the volume concentration
of Hzin the syngas showed a reduced values
whereas the CO concentration increases due to
the accumulation of char in the reduction zone.
The optimum operating ER for cotton stalk
gasification is (0.302-0.304) which produces a
considerable high lower calorific value of
(4.21-4.34) and cold gas efficiency of (59.55-
61.69 %).

Nomenclature

mass of fuel after heating,
mass of fuel prior heating,
Produced gas yield (m*kg)
Air flow rate (m3h)
Biomass feeding rate (Kg/h)

mdry

Myet
\Z:

Qair

Mp

Abbreviations

ER Equivalence Ratio
LHV | Lower Heating Value
HHV | Higher Heating Value
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VM

Volatile Matter

FC

Fixed Carbon

MC

Moisture Content in feedstock

GC

Gas Chromatography

TCD

Thermal Conductivity Detector

SL/M

Standard Liter Per Minute

daf

Dry ash free
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