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ABSTRACT

The Generation and Use of Producer Gas

in Stationary C.I. Engines

Derrick A. Ingram

A fixed bed downdraft gasifier capable of wusing
charcoal and woodchip as the feedstock was designed and
fabricated.

Using air as the gasifying agent and with charcoal
as the feedstock, the optimum operating point of the
gasifier was established. At this setting a gas with
a calorific value of about 4.7 MJ/Nm2? with a CO concentration
of 32%ia H2 concentration of 7.6% and a CH4 concentration
below 1% was generated.

Using a mixture of air and steam and a mixture of
air, steam and CO2 as the gasifying agents, gases with
comparable heating values to that generated when using
air alone, was obtained at the lower prevailing reaction
temperatures. Operating at these lower reaction
temperatures, reduced the occurence of slagging, that
was present when air alone was used.

Exhaust emissions from a C.I. engine was reused as

the gasifying medium to determine whether any savings

in carbon could be achieved. It was found that a 10%



concentration of the exhaust emission in the air stream
gave maximum benefit and a 4.5% saving in fuel.

Wwith the gas mixture generated at the operating
point 'of the gasifier wusing alir as the gasifying agent,
the producer gas was used as the primary fuel along with
quantities of diesel injection for ignition purpose,
£ dual fuel a €.I. engine rated at 9 KW at 1800 RPM.
The ratio of diesel fuel injection under normal diesel
operation when compared to the quantity injected for
dual fuel operation was as high as 10:1 in instances
and with producer gas operation, the torque range available
was greater than that obtainable wunder normal diesel
operation. The proportion of energy supplied by the gas
to the engine decreased as the speed increased and as
high as 90% of fuel energy replacement between low and
intermediate torque 1levels could be supplied by producer
gas. Producer gas use in the engine resulted in higher
pollutant levels at low engine torque than with diesel
fuel alone but as. the' %torgue increased, the pollutant
levels became comparable with those of normal diesel
operation.

For the cost of shaft power wunder producer das
operation to be significantly lower than the diesel
operation, a fuel energy replacement of over 50% by the

gas is required.
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CHAPTER 1

INTRODUCTION, LITERATURE SURVEY,

RESEARCH OBJECTIVES AND LINES OF APPROACH




INTRODUCTION

Most of the countries in the Caribbean, with
the exception of Trinidad and Tobago, which:  is!i a
major oil producing country, relmsEo 1 anvvery, large
extent, on imported fuel which in .most « instances,
provide well over 90 percent of commercial energy
requirements (1).

This has severe economic conseguences oOn foreign
exchange earnings and has had adverse effects on
the economic development of the countries. i
becoming increasingly important therefore, for them
to identify and develop indigenous alternative energy
resources.

One of the alternative energy sources available
in reasonably abundant gquantities in the region,
is biomass which could include wood, Crop residue,
animal manure, food processing waste etc. (2
1f this biomass could be harnessed, it could provide
a significant amount of useful energy.

Biomass may be used directly or converted for
use through gasification. This means of conversion
bt ers an attractive supplement or replacement
to fossil fuel and under suitable condition,
can result in a significant reduction
in energy cost. The product of the gasification

of biomass namely Producer Gas, has been



used extensively A1) Compression Ignition {C.. T

engines and Spark Ignition {S T 4) engines. Its

application in small stationary Internal Combustion

(f.c ) engines “for (ishakt power generation, is quite

attractive since in most developing countries, about

95 percent of shaft power requirements are in systems
below 10kw (3).

In general, producer gas is made when a thin

stream of air passes through a bed of glowing coal.
This coal may originate though, from quite a varied
number of feed stocks which may include wood and
crop residue.
Most of the carbon dioxide and steam 1initially
formed by the burning of solid fuel, are reduced
to carbon monoxide and hydrogen on the incandescent
carbon surface of the glowing coal which are
combustible (4).

Producer gas by itself under conditions existing
in the C.I. engine, will not undergo spontaneous
ignition. However by admitting a small amount of
diesel fuel into the cylinder for ignition purposes,
the engine will operate satisfactory.

Generally, no significant modifications are
necessary for coniverting a C.l. engine to operate
with producer gas. Whatever modifications are required

are simple and can be effected quite simply (5). Such



modifications can infact be undertaken while the
engine is in operation and hence, a minimum of downtime
for conversion is incurred.

Furthermore since the primary reactions occurring
in the gasifier are the conversion of carbon dioxide
to carbon monoxide and steam to hydrogen, it would
appear that the carbon dioxide and steam 1in the
exhaust of the engine, may wusefully be converted
to carbon monoxide and hydrogen by recycling through
the gasifier. The above regeneration process seems
also to be practical for the products of combustion
from direct combustion systems which provide process
heat.

The ‘cost of " producer gas generatlion, 'cCan Vvary
from" 'location ' to 1location. However, provided the
feed stocks are available within close proximity
and the processing cost are low, the gas production
cost can be much less than that of the fossil fuel.
It cannot be over-emphasised that existing high
cost of fossil fuel and the high capital cost required
for electricity generation and distribution to rural
areas make it often uneconomical for local farmers
to use power from the local grid.

Here again 1t should be noted, that within
the Caribbean, the majority of farmers operate at

a subsistence level and would welcome an inexpensive

energy source.



By applying this technology, it may be possible
to achieve much more economic development, since
small farmers can then mechanize. The saving in
fuel cost would then represent a significant increase

in disposable income.

CASE FOR STUDY

The use of producer gas systems can find extensive
applications in the West Indies. However, experience
in the design, fabrication and use of such systems,
are virtually unknown in the region, though a few
units are known to have been used in Guyana. A
study of the design, fabrication and operation of
producer gas systems may therefore be considered
an essential starting point for the wider utilization
of such systems in the West Indies and which could
lead to reduction in reliance on imported fossil

fuel with beneficial consequences flowing therefore.

LITERATURE SURVEY

Historical Background

The history of gasification can be traced
pack to the 17th century when Shirley and Clayton
obtained coal gas from pyrolytic experiments (20 )%

Towards the end of the 18th century, Gardner

generated gas from coal and used it extensively



for lighting purposes and for the firing of furnaces
in the iron working industries. The first
commercially used gas producer can be attributed
to Bishof, Simons and Duncan in the mid 1800's
(161

These were the first systems that were used
|
successfully on stationary engine and could be

described as being the starting point of modern
gas producer engine systems.

] By the beginning of the 20th century, gas
| producers were used to power pumping systems of

about 1000Hp in capacity.

The outbreak of the First Wworld ‘War in 1914,

resulted in an increase in demand for automotive
Eue s Since the availability of 1liquid fuel was
limited in Europe, attention was focused on portable
gas producer systems (3). The systems in use
then were of the updraft type and were not highly
successful in their adaptation to engine operations.

By the early 1920's, several other types
of systems were manufactured. One | of: ‘the' more
popular design was the "Imbert" downdraft gasifier.
This new system proved to be the most successful
to date and was widely used on I.C. engines.

A+ the start 'of the ! Second World War, the

production of gasifier systems was Sandalt ol be



e 2

limited only by the shortage of metal and tyres
(4) (50). . Gasifiers came 1into widespread use
in all European countries and were largely used
on automobiles, trucks, tractorsy river Dbarges
and large river boats. Following the war, the
use of the gas as a fuel for transport and stationary
engine was largely discontinued with the easy
availability of) liguid. Euels Within recent time
however, in response to the instability in petroleum
prices . and further , threat of shortages, several
agencies and engineers have begun re-investigating
the uses of gas producers and their modern potentials.

Presently, gas producer systems have found
application in the supplying of shaft power to
stationary I.C. engine for electricity generation,
water pumping and for process heat generation.
This technology has however, wider applications
in rural areas where there is a scarcity of cheap
power supply and an abundance of agricultural

residues.

Producer Gas Generation

Gasification is in essence, the conversion
of =solid carbonaceous material to gaseous and
liquid products, leaving the mineral constituent

of the fuel as a residue. The gasification of



solid fuel wusually takes place in an air sealed,
closed chamber (called the Ggasifier) sometimes
under slight pressure relative to ambient pressure.
The fuel column is ignited and exposed to a
controlled air blast and the gas 1is then drawn
(o i E

The 'main products of 'gasification are CO,
ot CH4 and N2 with several trace gases. Four
main types of gasifiers may be identified as (3)

H2, co

(7)) 18) {9) 10y (1x) (12) {13) =~
(1) Updraft gasifier

(2) Downdraft gasifier

{3) |Cross draft gasifier

(4) Fluidized bed gasifier.

The main properties of the fuel that identify
their suitability or otherwise 1in the various
type of gasifiers are:-

(1) Percentage moisture content

(2) Percentage ash content

(3) Bulk density {kg/m3)

(4) - Physical size (length and cross—-sectional
area)

(5) Volatile matter.



Euel with high., moisture  content can cause
a . lowering  of  'reaction  temperatures as a result
of quenching. This can result in poor gas quality
) L5 ) (16) .

Fuels possessing high ash content, can pose
problems of slagging (3) (6). This is as a result
of the melting of the oxide of silicon and its
fusing together at high | reaction A temperatures.
This can obstruct gas flow and result in poor
gas quality production.

With regards to bulk density, feed stocks
with low bulk density can create flow problems
and can cause excessive pressure build up in the
system. This type of fuel can also create space
problem as a result of the large volume occupied
by a small mass. The fluidised bed system tries
to overcome some of these problems. However,
if the fuel is required for use in the other systems
mentioned, they would have to be densified (17).

Large particle size can cause bridging which
can allow the iair  blast and gas produced to be
forced through an uneven fuel bed. The net result
could be .slagging,..caused by hot spots ,and  low
residence time of the gas generated. These both
can result in poor quality gas (3).

The presence of large guantities of volatiles



in the feed stock can be undesirable if the system
is not designed to crack the tar generated after
the ~Fuel 1s pyrolyzed. The extent to which the
gas is' cleaned depends to a 1large extent on its
final use. However, if the system is not capable
of doing this, additional tar removal egquipment
has to be incorporated (18).

As far as fuel feed for the gasifier is concerned,
there are two modes of operations available.
The fuel can be gasified directly or pyrolyzed
fiefore gasification to give a char (14). Separate
pyrolysis before gasification means that at least
50 percent of the . energy is 1lost (6). However
the 'design is much simplier since tar removal
equipment is less elaborate.

Some of the more common feed stocks used are
charcoal, woodchip, peat, coconut shell, corncob,
rice Busk | rice straw and saw dust (3)' (11) (15)
(19) 20T

Pitakarnnop (12) and Kaup (21) used a fluidized
bed gasifier to produce low Btu gas from rice
husk. Both investigators indicated that, there
was a substantial gquantity of tarry liquid present
dfter  pyrolysis. ‘ Pitakarnnop produced charcoal
briquets with the char leaving the system and

also collected the tar oil produced. This tar



0il was blended with normal furnace oil for steam
generation in an oil fired boiler.

Locke et al (17) have done work in establishing
an Integrated Rural Energy Centre (IREC) in Sri
Lanka. The centre primarly was used to dry coir
and Forma itilintor brigquets. The briquets were
then gasified in a fixed bed gasifierx, where the
producer gas generated was used to fuel a Diesel
engine which was coupled to a 140KVA dgenerator.
The power generated was distributed to local
consumers and was used also to operate the briqueting
system.

it has been reported (14) (22) (23). ~that
the injection of steam into a generator can greatly
improve the quality of gas obtained and in addition,
can. ‘largely reduce the. effect  of sllagging of the
ash formed after combustion (16).

Steam injection is practiced on dry, high
carbons fuel such as charcoal, anthracite, coke
etc. which burns with high heat and are less easily
guenched (6) (50).

This method however, is not:il appropriate Eor
most agricultural residue since their moisture
content are already sufficiently high.

White, Fox, Fleer and Weiss (24) (25) (26)

did extensive studies on catalytic reaction of



carbon with steam—-oxygen mixture using coke.
The catalysts used were sodium and potassium
carbonate. The effect of the catalysts. were to
assist in the dissociation of steam so that the
hydrogen content and hence the energy content
of the gas could be raised. One of the observation
was that after conversion started, the reaction
rate was doubled for each 75°C rise in temperature
in the gasifier and at 1000°C, practically complete
decomposition of steam was obtained, with a contact
time of about 5 seconds.

Reaction temperatures in the gasifiers can
L Eiiin i tha! T region ' 'pE H11000-1500%C. Such high
temperatures are required in order ' to approach
equilibrium conditions for the two main gasification
reactions of carbon, namely the Boudouard reaction
and the water gas reaction which are temperature
dependent (12) (15) (16) (24) (25) (26).

The channeling of exhaust emissions from
1.C. engines through gasifiers has been explored
(120" L (502 The kalle gasifier (50) allowed about
25 percent of automotive exhaust emission through
1ijoet It's primary purpose was to maintain low
levels of reaction temperatures.
M 1iame et calici(20) . indieated dits practicality

by interconnecting the exhaust of a stationary



3.3

C.I. engine to a gasifier. Result of his findings

were not available.

Engine Operation With Producer Gas

The use of producer gas in I.C. engines can be seen

from the Swedish Experience 1939-1945 (50) as
one ' of the possible !alternative: to. fossil fuel,
if dits limitations are understood and accepted.
Before ité use in the engine however, the
gas has to be cooled and cleaned. Cooling increases
the engines volumetric efficiency and cleaning
prevents any moisture, acid vapour, tar and ash
firem « reaching the engine {5) (6) (7 () (257}
(L Eiit29) (30) (31) (32) (51)%

Faup and GCoss (6)  found ' 'that  the wear ' of
parts in the engine cylinder during producer gas
operation was largely as 'a result of corrosion
and to a lesser extent abrasion.

The reason given was that, the wall temperature
of the engine, was lower = during producer gas
operation, than in normal diesel operation, in
view of the lower adiabatic flame temperatures
in | the ' cylindexd The corrosion was attributed
mainly to the presence of acetic acid, ammonia
and sulphur compounds. The acid vapours changed

the pH of the lubricating oil slightly.



In the conversion of diesel engine to producer
gas operation, the options available were to run
on the gas totally using a spark ignition system
or using the gas as the main fuel with the injection
of diesel fuel for ignition purpose (5) (6).

For running on producer gas using a spark
ignition system, gasoline cannot be used with
compression ratios above 9.5 unless a high proportion
of alcohol or tetraethyl 1lead is added to the
gasoline to increase the octane number (50).

On the other hand dual fuel operation would
involve only slight modifications and possibly
could be done while the engine was actually in
operation (5). For best diesel fuel economy however,
it may be necessary to adjust the fuel pump since
it was observed that the required quantity of diesel
injection in most cases,6 were lower than the amount
injected (20).

Williams et al (20) working with a 4 stroke,
six cylinder, direct injection diesel engine, dual
fueled with producer gas, found that alterations
has to be done to the engine control 1in order
to obtain and maintain minimum diesel injection.
For most of the test the pilot injection guantity
was kept constant. The gquantity was Jjust the
amount needed for no load idling at 1800 rpm.

It was discovered that at torque levels greater

(%07 10 BE REMOVED |



i gl o |

than 60 percent ‘of ‘maxamuam , torgue, the engine
would not operate without knocking occuring and
at below 60 percent torque 1levels, they were able
to achieve a gas-diesel fuel energy ratio of about
4.5

Karim, Klat and Moore (33) "noted " that <the
knock limited power output of a dual-fuel engine,
depends largely on the nature of the primary gaseous
fuel being used, the temperature and to a lesser
extent, ©on the mnature of the piiot "ligquid fuel
employed, to initiate combustion of the charge.
The effect of the charge temperature on the knock-
limited output, was found by them to be predicted

well by the following relationship.

log (knock-limited BMEP) = A + 2
o
where A & B are constants depending on the fuels
and e is the absolute 1intake temperature. From
tests done on a single cylinder direct injection
c.I. engine using methane, it was found that as
pilot gquantity increased, the ignition delay
decreased. Phis was attributed to the change
in overall mixture strength.
Broeze (34) described the dual fuel engine

as one with a high degree of technical and economical

flexibidldity. They are modified diesel engines



in whose design, special attention was paid to
the injection of very small amounts of fuel normally
5 percent at full load and approximately 15 percent
for normal no load conditions.

Annand and Abayazid (i35 did work :on  the

self-ignition of natural gas using a supercharged
C.T: engine.
ke gas inlet temperature, nlet pressures
and engine speed were varied. With varying mixture
strength between the air and the gas the occurence
of self-ignition of the mixture produced a POP-
The observation showed that the firing frequency
depended on the inlet mixture pressure and
temperature. At the highest frequencies, self
ignition occured near Top Dead Centre (IRENARand
the lowest frequency occured near the end of the
expansion gtroke:

Several investigators did work on the effect
of addition of Fuel e intake ‘alr iteelf on a
c.I. engine (36) (A a8 (33) (A0)T (41).442)
(43) (44) (52)-

Karim and Weizba (40) found that the
introduction of a small amount of gaseous fuel
with air when using pilot injection in C.I. engines
roduce & significant increase in the ignition

does p

delay period of the pilot. This they said can



cause a significant reduction in power output

at light load, combined with a significatn increase
in the specific energy consumption of the engine.

Karim (41) also found that the knock phenomenon
observed in dual fuel C.I. engines is of the auto
ignition nature and was as a result of the gaseous
mixture around the ignition centre. He also observed
that the levels of oxides of nitrogen in the exhaust
emission was gsignificantly reduced under dual
fuel operation. This suggested that this was
as- @ Lresalt ' of the reduced levels of liquid fuel
being used.

Lyon, Howland and Lom (42) working with . «a
c.I1. engine found that the performance of a indirect
injection system dual fueled with LPg Wwas unsatis-
factory when compared to the direct injection
system under the same conditions. in the indirect
injection system there was a persistent knocking.
Attempts at eliminating it met with little success.
They also observed that the levels of aldehydes,

hydrocarbon and CO dm 1 Ehe exhaust under light

loading condition was high.

Giffen et al (43) found that high power output

with a C.I1. engine Wwas possible when the engine

was running at injection | PUmRR setting giving

visible though not excessive smoke. However the



setting normally used was in the interest of fuel

economy and to avoid exhaust smoke. They £further
gtated . that " changing injection 'timing . did. . nek
significantly affect the power output. Mechanical
interconnection of the gas and air throttles were
found to be critical and that independent controls
were better for good performance.

Negretti (44) did extensive work on producer
gas operated C.I. vehicle nsing! a . turbocharger.
From the investigation it was showed that it is

possible to increase the output power by 60 percent

compared to normally aspirated engines. Several
other investigators (20) (45) confirmed Negretti's
findings. However, excessive shaft wear of the
turbocharger may result due to the presence in

the exhaust gas of water vapour and dust particles.

In looking at the development of C.I. engine
under dual fuel conditions, it was thought useful
to 1look at work done by some investigators on
spark ignition (31) engine systems. Both systems
can have similarities in their operation and
information drawn from their findings could prove
useful 1in gaining a petter understanding of the
gas operation in C.1. engine.

The octane number of producer gdas can be

as high as 120 when compared to that of gasoline



of '90=1065(4) 16).:

The high octane number makes it  possible
to run the engine at much higher compression ratios
in S engines and hence, high combustion
efficiencies can be achieved.

From investigations done on the S.I. engine
using producer [ gas "(46) '(47) " (48)  (49), it was
the general conclusion that, a loss of power can
be expected with an unmodified gasoline engine
and that like the C.I. engine the ignition timing
may have to be advanced beyond the setting for
normal operation. Advancing the sgmition. facilitates
the flame to cross the combustion zone before
the piston reaches Top Dead Centre (TDC).

The greater the hydrogen content 1in the gas,
the less the engine timing needs to be advanced.
Ag - i= ke case yith WCCE.T engines . an increase
in | Diguid . EFocl supply, supercharging and turbo-
charging were each found to result in an improvement

of engine performance.

RESEARCH OBJECTIVES AND LINES OF APPROACH

From the foregoing review, Tl g Yelear ! that
extensive investigative work has been carried

our. inithe design and development of the gasifier

and its use in I.C. engines.



the

with

In the West 1Indies however, experience in
design and wuse of gasifiers and their uses
B engines abrs limited or non-existent.

The main purpose of the present investigation

may therefore be summarized as follows:-

(a)

(b)

(c)

To desigrn, construct and operate a gasifier
system using locally available charcoal as
the fuel input.

To study the effect of the primary parameters

suach as:—
(1) Alr
(L) Mixture of air and steam

(1349) Mixture of air, steam and CO2
on the performance of the system in term
Qi 2~
(i) The composition of the gas

(ii) The energy content of the gas

(add}) The conversion efficiency.
To study the performance ef & C.l1. engine
designed for normal diesel fuel operation,
when operating ofFf the gas from the gasifier
with diesel fuel, used mainly as a mean for
the ignition source.
A relative economic analysis will also be
cd cout ke determine the condition under

cary i

which a gas producer supplied C.I. engine

system will be economical.



CHAPTER 2

APPARATUS AND PROCEDURE FOR THE

GASIFICATION OF CHARCOAL




INTRODUCTION

Types Of Gasifiers

The main types of gasifiers in general
identified in Section 1.3 &s:=
(1) "Bpdraft gasifier
(i) Downdraft gasifier
{(1ii)  Cross draft gasifier

(iv) Fluidized bed gasifiers.

Each particular type has its different mode

were

of

operation and consequently the gas generated would

be of varying quality (See Figure 2.1}).

(i) Updraft Gasifier

This type of gasifier is shown schematically

in Figure 2.1(a) and may be the oldest and

simplest type of gasifier. The aixr enters

at the bottom of the fuel bed and the gas

leaves | jatis Ehe il Combustion occurs

the bottom of the system and from the

at

heat

transferred throughout the fuel bed, devol-

atilization of the fuel at the top of the

reactor occurs thereby allowing volatiles

and acid vapours to be entrained in the gas

stream produced.
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(i1) Downdraft  Gasifier

With this system shown in Figure 2.1(b), the
producer gas 1is removed at the bottom of
the W Eualiy column i isoe; | Ethat he (Eueli and, the
gas moves in the same direction. On their
way down, the acid  rand | tarry: distillation
products pass through a glowing bed of charcoal
and are therefore converted to gases like
Coliand (CH

H2, ce Depending on the tempera-

" 4°
ture of the reactor bed and the residence
time of the tarry vapours, a more or less

complete breakdown can be achieved in Ehig

way .
(iii) crossdraft  Gasifier
The crossdraft gasifier shown in Figure

2.0({e) | ‘censtitutes ian adaptation ' to. tLhe’ use
of high' ' carbon fuel. This system suffers
from the disadvantage of minimal tar converting
capabilities and the associated need for
high gquality (low volatile content) fuel.

A concentrated combustion zone is achieved
by one single nozzle and result in high gas
exit temperatures, relatively poor CO2 reduction

and high gas velocity with extremely short

gas residence time.



(iv)

The nozzle in most cases are water cooled
because of the high 1local temperature that

develops.

Fluidized Bed Gasifier

The other three systems mentioned before
are limited by the morphological, physical
and chemical properties of the fuel. Problems
commonly encountered by them are 1lack of
bunker flow, slagging and high pressure drop
across the gasifier. The fluidized bed gasifier
aims to alleviate these problems.

The solid particles are kept 1in a state
of suspension byl ithe  introduction of a high
Velocaity @ air blast. This system however
suffers from the disadvantage of high tar
content in the producer gas generated.

From the déscraption of the systems
operating characteristic, ) is | oseefny that
the downdraft system has the best overall
tar «cracking capabilities. This allows for
a  wider  wvamiatien in veolatile  content  in
the fuel used and at the same time produces
a gas that has a very low tar content.

For use in C.I. engines, it 1s necessary

that the gas produced be free of  karry



distillates. Clearly the downdraft gasifier

is the one that could meet this requirement.

DESIGN CONSIDERATIONS

Since the gas produced would ultimately be
used to fuel a C.I. engine, the downdraft system
was chosen. This was because of its ability to
produce gas with a low tar and acid content.

The minimum capacity of the gasifier required
was based on the amount of gas required by the
engine. With this in mind, the system was designed
giving main consideratiomns to the following aspects:-
(a) Diameter of reactor zone
(b) Diameter of the constriction (throat)

{c) Position of the air inlet
(d) Diameter of air inlet (nozzles) and velocity
of air entering

(e) Depth of reactor bed.

In order to have an even air distribution
within the combustion zone, the air was supplied
by ./a . ring .eof nozzles which were placed at equi-
distance at the top of the zone (Seet Bigure 2:2)%
With a knowledge of the gas guantity needed, the
required air flow rate could be determined.

The throat concept was used in order to maintain



an even temperature distribution in the reactor
and also to allow the reactor temperature to build
up to sufficiently high  values for distribution.
This was accomplished through a throat which is
a reduction in the reactor cross sectional area
(See Figure 2.2).

The position of the dgrate determines the
height of the Yyeactor 'bed. FhHis s ol magoer
importance since the residence time ef . the  gas
and hence its quality is highly dependent on thisl
The cracking of tars usually takes place in regions
close to the grate.

The reactor was designed to supply about
0.6 Nm3/min (2.2 isEEMY. of gas. The position
of the grate along with the nozzle size and reactor
size, were calculated based partly on theoretical
considerations (1oes quantity of gas required,
quantity of charcoal consumed in the process)
and partly on an evaluation of the dimensions
of successful . gasifier designs done by Venselaar,
Schlapper and Tobler (8) who presented several
plots relating throat sizes to height of nozzle
above throat, diameter of air inlet, air o dnlet
velocities and depth of reduction zone.

Although the primary fuel to be used in the

system was charcoal, the gasifier was capable
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of handling a much wider range of raw material

eg. woodchip and corn cob.

APPARATUS

The Gasifier

Details of the gasifier is shown in Figure
2.2 and its general interconnection shown in Plate
2= The system comprises essentially of a steel
container with an overall height of about 1.82m
(6'0") and an overall diameter of 55.8 cm 022"
The three distinct sections of the gasifier
are bolted together, and can be described from
top to bottom, as follows (See Frgure i 2.2) :—
(i) The fuel storage and drying section
(ii) The combustion and reduction section (firebox)

(iii) The ash bin.

(i)a The Fuel Storage And Drying_ Section

This is 1located 1in the upper section
of the gasifier and houses the cover which

allows for easy loading.

On ' the lcover, | provision 1is made for
releasing smoke that would result from the
initial lighting up process.

A pressure | relief “valve which ~is .  spring

loaded 1s also located on the cover. This



PLATE 2-1

LAYOUT FOR AIR AND AIR-STEAM GASIFICATION OF CHARCOAL




performs "’ the function oOf * pressure relieving
in the event the pressure in the gasifier
builds | up " to ‘unasceptable’ levels, "as’' can
eccur !lwhen'® thelituel'“'bed ""is " tightly ' packed
and the gas produced is confined to the system.

For sealing the @cover ‘after closure,
asbestos gaskets were used. In facti this
type of gasket "was used at all the bolted
connections on the system.

The fuel storage and drying section
along with the other sections is fabricated
from mild steel. It has a volume of about
0.06m3® (2.2 cu ft) and can store approximately
@k bags of chargeal (1 bag is approximately
2710 1b/123  kg). The section has a perforated
lining, -the specific) function of which was
to allow any water vapour driven off from
the fuel, to pass through and then be collected
in a condensate tank. A ‘“drain ' tap 'wWas
incooperated to drain the condensate
periodically.

The fuel normally feeds from the storage
section through the reaction =zone wunder the
influence of gravity. A crank mechanism
is incooperated in the system to enable the
fuel feed to be agitated if for any reason,

blockages occur in the system.



(1)b

{a1)

This mechanism essentially consists
of "a  crank handle which is located on the
ontside and a  crank ‘with a push rod. The
Yotating of the  crank ‘‘handle results 'in “a
reciprocating movement by the push rod which

agitates and forces down the charcoal.

An ignition port was provided just towards
the bottom of the storage and drying section
and comprises o¢fl a pipe of diameter 5.1 cm
(2") to channel the igniting flame and fuel
towards the combustion zone (See No. 4 Figure
Pl

A wick attached to a handle was used

for lighting the gasifier.

The combustion and reduction section
is situated in the lowest section of the
assembly i.e. Jjust below the storage and
drying section. The primary reactions take
place in the fire box (See Nos. 9 and 14
Figure 2.2) which is 30.5 cm (12%) in diameter

and 1is enclosed by the outer casing ©of the

system.



Towards ‘the bottom ™ of the fire box is
@  supporting grate (See No. 8 Figure 2.2).
Ih addition +to supporting the fuel bed, the
grate allows for the seperation of the ash
from the fuel bed. The grate which is slotted,
is incooperated with a wiper which rests
on i tap ofr itg A shaft extending outside
from the wiper is connected to a handle which
is used for rotating the wiper. The rotating
action of the wiper, forces the ash through
the slotted grate into the ash bin (See No.
ZeFigure: 2.2) .

The gasifying agent normally is supplied
radially inwards to the fixed fuel bed through
six nozzles which are fixed to the fire box
wall and which are spaced equidistant to
each other around the circumference inside
the fire box .iSee HNeo. 13, Figure  2.2). The
gasifying agent initially enters the system
through a 2" bore pipe and is distributed
by an internal cylinder Jjacket (See No. 12
FPigure 2.2}. This jacket also acts as a
preheater for the gasifying agent.

The throat (See No. 10 Figure 2.2) 15
a size reduction in the cross sectional area

of the fire box from Fplslom (12" ) intdiameten



2

{1a3)

o Agad em - (5 eine gdikametexs Just above
the grate are '@ 1located two clean out ports
for easy removal of ash and wunburnt fuel

(See No. 6 Figure 2.2).

The Ash Bin

The ash big . jis adconicall shaped chamber
aituated to ithe ibettem . of theligasifier |USee
lower section Figure 2.2).

Ash that remains after the combustion
and reduction processes, are swept through
the grate by the wiper and is collected by
the bin. At ‘the 'bottom of the .ash bin is
another clean out port.

The gasifier was supported by three
legs all fixed ¢to. the  storage bin. This
construction facilitates easy dismantling
by simply removing the connecting nuts and

bolts.

Instrumentation

(1)

Air was ‘supplied! to the Iigasifiext i by
5 0.38 Kwi (0.5 HE) ‘blowerirated tabssabout

0.56 M2 /min: {20 ‘cEm)s ‘through 'a 5. Liremitiai)

bore pipe.



(i)

I e T

A suitable valve was used o regulate
the air flow while the flow rate was measured

through a calibrated orifice plate.

The gas sampling probe shown in Figure
2.3 consists of a perforated tube, 1.27 cm
(") diameter inserted in the gas supply
pipe and through which the gas sampled was

drawn.

Shielded cromel alumel thermocouples
were placed at suitable points in the system
to record temperatures (See Figure 2.4).
Vi) o zonen flat bed records were used
to record the temperature continuously 1in
the storage and drying section, the combustion
zone and the reduction zone. In the combustion
zone, a thermocouple was placed just above
the air stream.

In the reduction zone, a thermocouple
was placed Jjust towards the lower section
of the zone. For measuring the temperature
in the storage and drying section, the thermo-
couple was placed at the top of L thefuell

bed (See No. 3 Figure 2.2).
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Insulation

In order to maintain high reaction temperatures
and to reduce the possibility of physical damage
by getting burnt, it was necessary to insulate
the reactor. Fibre gas was used for this purpose.
The section surrounding the combustion and reduction
zone were covered with several layers since, the

operating temperature there was expected to be

very high.

Fuel

Charcoal used for the investigation was produced

from mixed forest wood.
In order to maintain uniformity in the quality
of the charcoal, sufficient gquantities for all

the experiments were purchased at one time from

one supplier and stored.

Producer Gas Analysis

(i) Fyrite Analysis
The percentage of carbon dioxide present
in the gas was measured using a Fyrite analyser
{See No. 3 EBlaeemocgiic
et consists principally of two chambers

connected by a central Dbase alongside of

which is an adjustable scale.



PLATE 2-2

GAS ANALYSING APPARATUS

1 - Orsat Gas Analyser
2 - Drager Gas Analyser

3 - Fyrite Gas Analyser



The scale is calibrated to measure the
percentage of carbon dioxide present in the
gas mixture.

The bottom chamber contains a solution
of potassium hydroxide which rises to about
L" above the bottom of the bore.

The top chamber contains a plunger valve
which in its normal position seals off the
content of the sampler.

To admit the sample, the plunger valve
is depressed. When all air has been displaced
from the instrument, the valve 1is released
and the sample is mixed with the solution
of potassium hydroxide (coloured for easy
visibility) by inverting the samples and
then returning to its original position.

The carbon dioxide present in the sample
is absorbed and a partial vacuum is created.
This causes the solution to rise in the bore
to a level corresponding to the carbon dioxide
absorbed.

The simplicity of operation and easy
reproducibility of results are two advantages
of this method. The scale 1is graduated to

read carbon dioxide to an accuracy of 0.5%

by volume.



(a3 )

This is sufficiently accurate for

gualitative analysis.

Number 1, Plate 2-2 shows the Orsat apparatus
used to measure the concentration of carbon
dio%ide, carbon monoxide and oxygen in the
gas mixture. The type used was a Fisher
Scientific Model.

The principle of this method of analysis
is similar to ‘that of the Fyrite method
described above. A measured sample of the
gas mixture is passed into successive pippettes,
each containing a reagent for absorbing a
particular constituent of the sample.

For carbon dioxide, the absorbent used
is potassium hydroxide.

For oxygen, alkalyine pyragallol is used
and for carbon monoxide, alkalyine cuprous
chloride. The 1levelling bottle, partially
filled with' a 10&% | sulphuric acid solution,
coloured for easy visibility is used together
with taps tes=

(1) Draw in the sample of gas and reduce

it to atmospheric.

{2) Expell air initially from the apparatus.



(ii1)

(3) To ensure absorption of the constituent in the
pipettes measuring the amount absorbed,
again under atmospheric condition.

The burette is graduated to hold 100 ml of

gas hence making it possible to obtain directly

the percentage by volume of the constituent
absorbed.

The volume of capillary tubing connecting
the pipettes, is small compared with that
of the burette used to collect the samples.
Measurement of concentration by this
method is usually more accurate than the fyrite
analyser. However it can only be used to detect
gases occuring in concentrations above 0.1%

by volume.

This was the most effective method used
for detailed analysis of the gas mixture
and for a definite identification of the
different components present in the gas mixture.
It involved separating the mixture into its
individual constituents sa- theaeh) rcounld . be
analysed separately. The | type ‘of system
used was a Perkin Elmer Type using a Thermal

conductivity detector along with a Pora pak-0Q

column.



PROCEDURE

Before the charcoal was supplied to the gasifier,
it was first graded through a 2"x2" mesh size.
The charcoal was then loaded into the gasifier
making sure that there was a continuous flow through
the combustion zone to the grate.

A small . guantity of  kerosene . 0Or diesel oil
was then poured inside through the lighting, port
and the system ignited by a wick. After the charcoal
was ignited, the blower was switched on and the
air flow @ rate regulated to ensure continuous
combustion of the charcoal in the combustion zone.
The 1id was left open in order to drive off any
moisture in the charcoal that would affect the
gas production.

The presence of a thick white smoke was taken
as an indication of the pressure of moisture.
After the excess moisture was driven off, the
1id was closed.

The gas produced, was observed and tested

with a flame at the burner, Eol e i f At was of

sufficient combustible quality. This continued
until a flame was maintained. The total starting
operation took about 15 minutes. At this point

the gasification of charcoal wusing the various

gasifying agents can proceed.



After each test setting, the system was allowed
to operate for about 10 minutes to acquire steady
running conditions. Gas samples were then taken
for analysis and the gquantity of gas generated
determined from a calibrated orifice plate. The
system temperature was monitored continuously.

Throughout the « investigation, the 'burner
was kept 1lit in order to eliminate the possibility
of CO build up in the lab and also as an indication

of the combustible characteristic of the gas.



CHAPTER 3

GENERAL CONSIDERATIONS FOR

CHARCOAL GASIFICATION




INTRODUCTION

Intitthicy colfapter:: thelWitheoreticall principles
involved 1in the manufacture of producer gas 4is
explained.

Phe main processes namely drying, pyrolysis,
oxidation and reduction along with the wvarious

chemical reactions are described.

GENERAL CONSIDERATION

Chemistry Of The Gasification Process

Within the downdraft gasifier, four distinct
processes take place; drying of the fuel, pyrolysis,
combustion and reduction. Although there exists
considerable overlaping between the various sections,
particular processes may be considered to take
place in separate and distinct zones. For total
gasification, the fuel must pass through all these

zones (See Figure 2.2).

(i) The Combustion, Oxidation on Hearth_ Zone

This zone is usually situated close
to the base of the gasifier. et e b s 9
this area that the air or oxygen 1is fed,
allowing combustion' of the fuel to take place.
It is very important to ensure that the air

supply is restricted to the combustion zone



since 1f thils 1s not done the gasifier would
simply operate as a stove producing incombustible
gases. Within this zone, oXxygen combines
with carbon from the fuel to produce carbon
dioxide (C02). This is an incombustible

gas, and the process 1s exothermic 1i.e.

S - 02 —>-CO2 (3.1}

(11) Reduction Zone

The gas 1s then drawn from the combustion
zone through to the reduction 2zone which
is usually situated below the combustion
zone in downdraft gasifiers. It s within
this zone that the CO2 formed in the combustion
zone 1s reduced 1in the presence of glowiling
carbon to CO at sufficiently high temperatures.

This is sometimes referred to as the "Boudouard"

reaction and is endothermic i.e.

C + CO,=— 2¢O {(3..2)

2

Idealy no “oxXyden "1s i desired in this ' zone,
since the chemical reactions 1s no more one

of oxidation but reduction. This s, nat



always the case and small gquantities still
pass through. The reduction @ reaction pre-
dominates however since there 1s an abundance
of carbon available.

Another important reaction that takes

place 1in the reduction zone 1s that between
water vapour and carbon. This reaction 1is
also endothermic and takes place at temperature
above 900°C.
(B HzO;—*CO % H2 (3439
Puring. (‘this reaction water 1s dissociated
yielding CO and H2. The end " result lor i these
endothermic reactions 1is a progressive drop
in temperature. As the temperature falls,
a different set of reaction takes place,
one of which is also between carbon and steam
but of a different kind. This usually takes
place at temperatures between 500 and  LE00RC
and is endothermic i.e.

— 3.4
C + 21+120v--co2 + 2H2 ( )

1f there is excess water 1in the reduction
zone, the so called "Water Shift" reaction
can take place in which CO reacts with water
to give CO2 and H2 Atlen

E0+ H20 -:"-'-'CO2 + H2 (3 25



(1a2)

This 1s exothermic and 1is unfavourable since
it reduces the CO concentration.

Depending on the fuel used, methane
(CH4} can also be obtained 1in the reactor.
With charceal K as the =Ffuel, i (from which most
of the wvolatile components have been driven
of in the manufacturing process) small
guantities of hydrogen may be available and

hence . one of  the ' ¥eactions ' thati can ' oceur

1s
gk 2H2 —>-CH4 (3 e6)
This is exothermic. Methane again may

conceivably be formed according to the followling
equation.

@0 i 3H2 > CH4 + H20 B

When the feed stock 1s not mainly
carbonaceous, then Jig undergoes thermal
disintegration and pyrolysis in the pyrolysis
zone, which 1s generally located above the
combustion and reduction zone and very little
air 1is normally supplied there. Heat 1is
drawn  from ‘the hotter adjacent zone and at
about 400°C the fuel breaks down. This  is
similar +0 what goes - 0On in a kiln

in the manufacture of charcoal. Water



vapour, methanol, acetic acid and a considerable

quantity of heavy tars are evolved. The
remaining solid material after pyrolysis
is '‘carbon. ini the .form. of. ¢harcoal. The tar
laden gases then pass through the combustion

and reduction zones.

If the temperature is high enough and the time taken
to pass through is sufficiently long, the majority of the
tars will be broken down thus giving a relatively
clean final wgds.: However 1if the gases are
to be used in an Internal Combustion endine,
it ihas | to belltariiEree:, The 'gasifier system
then would have to be designed with this 1n

mind.

(1v) The Drying_Zone

The dEyingidssone is ausually situated
at ‘the'top of the gasifier. The temperature
is relatively 1low and hence virtually no
chemical reactions take place. Moisture
present in \'the i fuel is drivem off in the

form of water vapour.

3-8 CHEMICAL EQUILIBTUM

The composition of the gas produced by a

gasifier depends on the degree of equilibium attained



in the various reactions. The ratio of reactants
in a gasifier at equilibium condition 1s usually
expressed by the so called equilibium constant.
This is a function of temperature and pressure
and its value may be determined experimentally
(507} . (55) . The equilibium state of the reaction
described by equation 3.2 may therefore be expressed

by the equilibium constant k as

pB
2
(e
K = where p. represents the (3.8
PB [PCO ] 1
2 partial pressure of the

constituents -1

for reactions at 1lAtm

2
[VCO]
K = where V. represents the (39
PB [VCO] i
partial volume of the
constituents -i
for eq. 3.3
IV b ]
g i CEE (3.10)
Eh v, o
H20

for eq. 3.8

1+ B3 ]

Veo

K, = e (311
(v BT
C02 H2
Mew partial volume of CO
VCO2 - partial volume of CO2
Wl partial volume of water vapour



partial volume of H2

partial volume of CH4
equilibium constant for Boudouard reaction
equilibium constant for carbon-steam reaction

equilibium constant for water gas reaction.



CHAPTER 4

THE GASIFICATION OF CHARCOAL USING

AIR AS THE GASIFYING AGENT




SUMMARY

The following sections describe the results
obtained wusing air as the gasifying medium with
ehaxcoal + as  the primary .  fuel  in  the: faxed bed
downdraft gasifier. The reaction temperatures
and gas quality were observed for various air flow
rates. It was, found, that 'as: Ehe air flow  rate
was increased, the heating valve of the gas reaches
a maximum value and: then decreases. The point
at which the gas has its maximum energy content
was noted. This point was used as the fixed point
for the other investigations and also for fueling
80C. 1. cengine gt aplatersisbage. The heating wvalue
of the gas mixture was calculated from a knowledge
of the effective heating value of its constituents

and the gas analysis.

Slagging | oecurreda. in the  reactor . bed and

necessitated frequent cleaning.

INTRODUCTION

The « .Gasifiecation & of i charcoal | results . in. a
gas mixture | that stoFes §a significant  amount. of
the chemical energy of-the charcoal. The chemical
reactions that occur during further carbonization
and ' combustion : of ithey eharcoal | are complex  and
result 1in successive exothermic and endothermic

phases which on balance are slightly exothermic.



The air used as the gasifying agent 1is forced

through a deep bed of fuel in the closed gasifier.
Bhocityields aviwide ' range'l of Ygases, as' 'well as
condensable vapours consisting of higher hydrocarbon.
The products which normally contribute more than
1 pereent i S(3M L iof ithetitoLalivgas ' volume Naxre! CO,;
CH4, H2, COZ’ N2, 02 and H2O. 2 CH4 and H2 are
combustibles and the value of the gas as a fuel
depends on the proportion in which they are present.
An.  Impertant «characteristie of: the; process iis
that no external heat is applied to the gasifier,
once the burning of the fuel inside the gasifier
has started, the air which 1s used to make the
gas, sustains a continuous process of combustion
and a sufficiently high temperature 1is maintained
to effect the necessary reaction.

The temperatures, residence time and gas solid contacting
methods employed in gasification equipment, strongly affects
the degree to which equilibium 1is attained. Not
having these parameters at the required levels
can result in a gas mixture with low concentration
of combustibles.

If in addition to the air, steam and/or Co,
were to be passed through the reaction zone, these

can be dissociated to H, and CO respectively provided

2

the reaction temperatures are appropriate.



Object And Method Of Investigation

The maip: objective of (this part of the
investigation = was to determine the effects of
varying the quantity of air supplied on the gas
quality produced. Since the temperature level
may be considered a very important parameter in
the system, it was considered useful to simultaneously
study the effect of air flow rate on temperature
and hence, the effect of temperature on gas quality produced.

The arrangement for the air supply 1s shown

in | Pigure 4.1 'and\o@late  2-]1. andl is descriibed

an Section ' Z2.3.2: Throughout the investigation,
the combustion zone temperature was measured just
above the nozzle while the reduction zone temperature

monitored, was towards the bottom of the zone (See

Nal R aF Lgute i 2 o 2

To obtain some degree of uniformity in the
charcoal particle size supplied to the gasifier,

a mesh size with 2"x2" sections was used for screening.

RESULTS

Charcoal Analysis

Charcoa k samples were taken from several
patches crushed and analysed in a Mahler-Cook.
Bomb calorimeter to determine its calorific value.

The average value was found to be 33.2 MJ/kg.
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The molsture content was determined by heating
a known weight of charcoal and calculating the
loss in weight to a percentage. An average value
of 10% was obtained. These values were comparable
with other wvalues given in literature (53) (54).
Table 4-1 shows the analysis of the charcoal used.
These values were obtained from the present work
done and gave a good representation of the elemental

composition.

TABLE 4-1 - ANALYSIS FOR CHARCOAL

Element Percentage Welght Percentage Welght
(Dry basis) (Ash free)

Carbon (C) 8l.4 84.2

Hydrogen (H) 3 32

Oxygen (O) 1123 11.6

Nitrogen (N) 0.8 082

Ash 3.4 -
Higher Heating Value (HHV)a 33.2 MJ/kg
Lower Heating Value (LHV) 32,59 Md/ %y

Stoichiometric Oxidant Ratio

Stoichiometric weight Ozldry charcoal 2.27k902/kg fuel
Stoichiometric weight air/dry charcoal 9.78kg air/kg fue:
4unv (LHV) = Heat of combustion with product water in

liquid (vapour) form.
HHV Kg/g - 0.2122 x wt% H (14)

LHV KJ/g
b

0 = 2.667.C + 794 H + 8 - O kg/kg fuel

stoichiometric



4.2.2) Bffect’ Of  'Adr'Flow  Rate !!On, The 'Composition And

Energy Content Of The Gas Produced

(1) Eguivalence_ Ratio_(ER

——————————————————— PG)

)

The concept of Equivalence Ratio (ERPG
has been widely used in the study of hydrocarbon
fuel combustion (14)as21) The equivalence
ratic" ' is V'defined ‘Es’  the "ackual'‘oxidant to

fuel ratic “divided by the stoichiometric

ratio.V 1 cen

_ Weight of Oxygen/Weight of Charcoal
PG ~ Stoichiometric oxidant/charcoal

ER (4-1)

For complete combustion of the fuel to CO2 and
water vapour, one of the conditions to be
satisfied is that the equivalence ratio must
be greater than or equal to 1.0. An equivalence
ratio of 0.0, corresponds to thermal decompos-
ition without external oxygen introduced.
For gasification as they occur in practice,
the equivalence ratio 1s within the range
0.2-0.4 ‘and 'this ‘isimormally 'in the partial
combustion zone (6). This  concept then can
be used to describe the main reactions that
take place 1in a gasifier, namely pyrolysis,
gasification and combustion since the quality
of gas produced can give an indi catnons ot

the equivalence ratio levels.



'Figure 4.2 1s a plot of percentage volume
of the wvarious gas constituents as a function
of air flow rate. Carbon monoxide (CO) proved
to be the main combustible in the gas mixture.
With an saty! £lew  xate ' lof "0.15  Nm2/min,  'the
@0 concentratiendiihadal alc vailue: ef ' about 25
percent. With 5 further increase to 0.35 Nm?/min,
the CO concentration reached a maximum value
of 32.5% and then decreased as the air flow

rate 1increased further.

The Hydrogen (Hz) content shows a similar behaviour

to the CO plot. Starting from a concentration of

352 at Ethe  Teweskt air . Flow  rate,  the H?
concentration  rose to . a maximum value @ of
7. 6% This occurred at the corresponding
air flow rate that gave the CO its maximum
value. Beyond this point the H2 concentration

also decreases.

Methane was present in the gas mixture in relatively
low quantities. Throughout this investigation the methane
gas concentration maintained a value of about
0.05% and was not considered significant.

Carbon dioxide has its highest value of
a2 ek thew i lowesk il ri i low ! rate. The

concentration then fell to a minimum value
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of 0Bl at an  air flow rate of about
0.4 Nm3/min and then increased steeply beyond this.
The oxygen and the nitrogen plots
are similar to that of the COz. Both plots
indicate their highest wvalue at the Ileast
air flow rate and have minimum values of
13 and 58% respectively. This occured at
an air flow rate of 0.35 Nm23/min. The guantity
of gas produced during gasification reaction
is as a result of a series of chemical reactions.
From the two main heterogenous gasification

reactions with steam and CO it can be seen quite

27
clearly that under ideal condition, there
can be a doubling in volume in the gasification
product (See | Eds. 352 and (3.3).

The plot of gas quantity produced against air
flowrate is shown in Figure 4.3. As expected,
the dnhcrease in air flow rate resulted 1in
an increase 1in the gas quantity produced.
The quantity produced however was significantly
larger' 'than' the 'guantity of air supplied.
A better understanding can be gained by looking
at the main reactiomrs involved.
¢ .+ 0,3 3.76 MEEmEO T 5.76 N, (4.2)

(EaaE CO2 gt s T N2—4'2CO L Bb A N2 (4.3)
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From equations 4.2 and 4.3 it can be seen

that Jithe  gas  preduced 'is| ‘pPotentially. 21%
greater | in volume ' than  the | air supplied.
Using air as the gasifying agent as 1is seen
in’ egwation 4.3, results | 'in - ‘& significant
amount of noncombustible gas. The proportion
of combustible gas produced 1n the mixture
is 34.7% as opposed to complete conversion
when oxygen 1s used.

Figure 4.4 1is the plot of reaction temperature
in the combustion and reduction zone against
air  flow''rate: The plot shows that as the
air flow rate increases, both reaction
temperatures increase. The combustion =zone
temperature as was expected, attained ia much
higher wvalue than that of the reduction zone.
The combustion zone reached a value of 950°C
at the 1lowest air £flow rate and then rose
to 'a value of '1225°¢ ‘at the highest air flow
rate while the reduction zone had its lowest
value of 700°C and its highest value of 875°C

at the corresponding air flow rates.

4.2.3 Temperature Effects And Distribution

(i) Effect of Temperature on Gas Production

The relationship between gas composition
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and reduction =zone temperature 1is shown in
Figure 4.5, The plot shows that as the
reduction zone temperature increased to 750°C,
the levels of CO and H2 reached thelir maximum

values and beyond this point thelr concentration

decreased. The concentration of CO, however fell

to ra minimam S valuellat s about | 775°C and  then
rose steadily beyond this point. The
temperature and partial pressure of the gaseous
reactants along with the equivalence ratio
influence the degree of conversion attained
in the systenm. As the equivalence ratio
rose and the reduction zone temperature rose
above 775°C, there was a decrease 1in the
combustible fraction although there was a
continual rise in reaction temperature.

The Boudouard reaction which is one
of the primary reaction, is a typical equilibium
reaction (See Egs. 3.2 and:. 3.8). _The plot
of equilibium constant KPB for the Boudouard
reaction against reduction 2zone temperature
igltehown! I 0@ E jeiy il The presence of large
quantity of ‘@i €ah cause a .decrease in the

CcO and H2 concentration (See Fig. 45200 Per

the plot this occurs beyond 775°C. Equilibium

conditions which are temperature dependent,
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(11)

can bring about i bigh* ‘concentration o . CO
and H2. This however 1s possible when the
equivalence ratio 1is within the acceptable
Limit [(Seel Section (A4I20300 Phespilokdan (Rig

4.6 however shows that equilibium condition

can be approached.

Dividing the gasifier into separate
zones 18 ' not . realistie but is /'nevertheless
conceptually useful. The =zones within the
system were already discussed 1in Sections
2.3 and 3.1 and were identified 1in sequence
from top | to bottomn: Figure 4.7 . gives . the
general temperature profile in the system
at the highest air flow rate of 0.46 Nm3/min.

The highest temperature as expected occurs
in the combustion zone and was about 1250°C.
The reduction zone which 1lies below the
combustion zone maintained a temperature
in the region 700-875°C. The pyrolysis zone
lies immediately above the combustion zone.
No temperature was taken in this zone. Within
this section of the reactor however the
devolatalization of the fuel usually takes

place and it is expected that the zone would
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4.2 301

maintain a temperature in the range of 200-500°C.

The temperature of the drying zone varies
somewhat and depends on the height of the
fuel bed. A packed system will result in
a welatiwvely . lowi zohe ' temperature. The
temperature however was expected to be about
LS50S

Within the downdraft fixed bed gasifier,
the final gquality of the gas can depend to
a large extent on the temperature existing
at the point 3just before the gas leaves the
system. For this system the reduction zone
which is the final reactive zone would reduce
or eliminate any low molecular weight hydro-
carbon, oil or tar that might have been present
in the gas mixtueed (4)  (50). No tests were
pexr formed ) investigate the presence of

o1l and tars.

GENERAL EFFICIENCY OF PROCESS

Gas Heating Value

The curves in Fig. 4.8 illustrates the variation

between the ' calorifiec wvalue, sensible heat and

total heating value of the gas with air flow rate.
This was calculated after a gas analysis was done

and the effective heating wvalue of the gas
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constituents determined. The sensible heat is
effectively the quantity of heat carried by the
gas from the gasifier and was based on the value
of the gas temperature 1leaving the gasifier (See
BErgure 4.9). The calorific wvalue of the gas had
a maximum value of 4.75 MJ/Nm3® at an air flow
rate of 0.35 Nm3/min casd '@as the air flow rate
increased beyond this point, the gas heating value
decreased. The sensible energy content showed
an increase as the air flow rate increased beyond
0.4 Nm3/min. This was expected since for previous
graphs, it was apparent that as the air flow rate
increased, the reactor temperatures increased.

The point at which the maximum total energy occurred
should be the most @suitable operating point of
the air-blown gasifier and for the system wunder

study, the optimum air flow rate is 0.35 Nm3*/min.

Charcoal Consumption

The efficiency of the system may be assessed
in terms of the gas produced to the charcoal consumed.
Pigure 4.10 shows the effect of air flow rate
on charcoal consumption*. As 1is expected, the
charcoal consumption increases with air flow rate

Bimest  linearly but tehds'ite fall 'off at 'higher

* See Appendix 1(ii) for method used to determine charcoal
quantity consumed.
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air flow rates.

Figures 4.11 and ~4.12 sheow  the  wvariation
of other parameters with charcoal consumption,
Figure 4.11 which is a plot of percentage wolume
of +the ‘various dgas constituents 1in the producer
gas against charcoal consumption, shows that for
the two major combustibles, as the charcoal
consumption increased, thelr concentration increased.
They both reached a maximum value at a charcoal
consumption rate 'of about 100 .gram/min 'and then
decreased. The wvariation between charcoal consumed
and producer gas gquantity generated 1i.e. Fig.

4,12 showed & similax plot te Pig. &4.3.

Degree Of Conversion

The conversion ratio which relates the degree

to which CO2 is cenVerted ! boACO during the . process

in the gas mixture is defined as:

_ Percentage CO (4.4)

Conversion Ratio (CR) = Percentage (CO + CO.)
2

Figure 4.13 is a plot of conversion ratio against
air flow rate. The plot showed that the conversion
vatio was - almost) constant varying = between: 0.9
and 0.95 for the air flow range and may be considered
very satisfactory. In addition to Conversion

Ratio, the conversion efficiency can be expressed
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in terms of overall heating value of the gas produced
and that of the quantity of charcoal consumed

during the process 1i.e.

Heating value of gas
Heating value of charcoal consumed

Efficiency = (4.5)

Figure 4.14 gives the plot of efficiency as a
function of ‘air | fleowl rxates. The point at which
maximum efficiency  lecours. '‘ean be | inferred  from
Figure 4.8 which shows the variation between energy
generated and air flow rate. The cold gas efficiency
which relates "to the ealerific walue of the gas
after cooling and cleaning varied between 66 and
76%. The overall efficiency which included the
sensible heat content of the gas and the Calorific
Value as expected had higher values. This wvaried
between 69 and 81%. The purification and cooling
of the gas causes condensable vapours with a
significant heating value to be separated from
the 'gas mixture. | This/ in éddition to the loss in
sensible heating would result in the lower cold
gas efficiency.

SLAGGING IN GENERATOR

The mineral content in the fuel that remains
in oxidised form after complete combustion 1s
usually termed ash. From the 1initial analysis

of the charcoal, it was noted that the ash content
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PLATE 4-1

SLLAG FORMATION IN AIR GASIFICATION




was 3.4%: [(See  Table 4.1). The silicon element
content was found by digesting the other minerals
present in the ash mixture with a strong solution
of acid and calculating the percentage weight
difference and was found to be about 60% of the
ash content. The high temperatures reached during

reactions can cause the silicon dioxide to melt

and form sSlags. This occurs at temperatures above

2000°C (8) 421}.

Frequently, particularly when there is significant variation

in the feed size, there occurs a phonemenon known as "Bridging"

in which contact between feed stock masses, cause

s s mal-distribution of . air flow reate  leading Yo

lacal "hot spots"™ in ‘which melting of the silicon
dioxide takes place. The melten silica tends
to flow  together . to form  large clinkers which
adhere to internal sur faces thereby, reducing
the reactor volume and obstructing fuel flow and
air flow. Typical ¢linker obtained are shown

in Pplate 4-1.

DISCUSSION

As mentioned earlier (in Section 4.2.4) the
level of temperature attained in the system is
of primary importance to the overall operation

of the gasifier. The combustion zone which starts



the initial oxldation process does this with

sufficient oxygen to favour almost complete CO

2
formation. The gas stream which issues from this
zone 1s hot and rich in CO2 and steam. The high

temperature favours kinetically and thermodynamically
the Boudouard reaction and the Water Gas reaction
The products @ of  pyrolysisiiand coembustion ! which
are drawn through the bed of charcoal with
temperatures between 650/°C and 875°¢C approach
equilibium closely. This ' can be iseen ‘inp FPigure
4.2 where the concentration of co, reached its
mimimum value while the concentration of CO reached
BEs maximum. value  takidandiiaisr. Elowirateliofaiabout
0.35 Nm3/min.

Throughout the investigation, as was expected
the combustion =zone temperature maintained much
higher values than those in the reduction zone
(See Figure 4.4). The reduction reactions that
occur in the zone are temperature controlling
and controls the wupper 1limit of the temperature
in the zZone. The temperature stabilization
phonemenon (14) helps to explain what happens.
When the system attempts to attain a temperature
higher than usual, then the endothermic reactions

are thermodynamically favoured and begins to moderate

the temperature. At very high temperatures, the



reduction reaction constitutes an effective heat
sink and 1limits further rise in temperature. Hence
as the reaction temperature increases, the percentage
of CO and hydrogen will rise if the equivalence
ratio 1is within the allowable 1limit (See Sections
40203 andl AL 20

The concept of equivalence ratio which was

introduced earlier can play a major role in:

(1) Determining the size of the reactor.

(2) Determining the gquantity of air to be supplied.

(3) Determining the guantity of charcoal that
should be available for the reaction.

For the gasifier system used, a knowledge of the

air flow rate and the equivalence ratio required

for gasification,  made ;it possible | to estimate

the <charcoal reguirement for the reactor. Using

the bulk density of the charcoal, a suitable volume

could be arrived at.

From the definition of equivalence ratio,
it is apparent then that too high a wvalue, could
contribute to the production of unfavourable gas
quality. This to some. extent could  have been
the case at the latter part of the investigation
where the levels of combustibles in the gas mixture
fell while the levels of the CO, and 0, in the gas

mixture was increased (See Figure 4.2). For the



initial stage of the reaction a high equivalence
ratic, idis'' required Ffor a 'successful combustion
process. Following this reaction low equivalence
ratio are desired for the gasification process.

In addition to the effects of temperature
and equivalence ratio on the gas quality and quantity
produced, the uniformity of the charcoal particle
size and shape can play a significant 1role in
the efficient performance of the ' system. The
physical process that transports one reactant
to «the other is referred to' as mass exchange ox
mass transport. This 1is extremely essential if
the reaction sequence is to proceed in the order
pyrolysis, combustion and reduction. This transfer
depends to a ' great “deal on’ the characteristic
of the gas flow and on the fuel flow. The amount
of 'surface area; +the particle size and "the bulk
density are some of the more important parameters
that governs the actual consumption rate of charcoal.

With the obvious irregularities in particle shape
and size, the 'air” blast and partially converted
gas, can! be forced through the uneven fuel bed
caused by the separation of the fine and the coarse
particles. This would then mean that the rate
sification and hence the rate of fuel consumption

of ga

will be reduced. Undersized particles can cause



large variation in pressure drop and inability
of the oxygen to penetrate the fuel bed.

The use of a mesh for screening of the charcoal
particle used in the gasifier, was largely successful
in eliminating larger particles although as could
be expected, the smaller particles got through.
The process however significantly reduced the
variation in particle size.

When the air supplied is excessive, oxygen
can pass over to the reduction zone and find its
way into the gas produced. This undesirable
pccurence . can.  be  as a .l result of  bridging (See
Section 4.6). One  ofiithe effect. . ofi bridging a8
that, the residence time for the reacting gas,
can be significantly reduced, and hence low quality
gas can result. Bridging can cause high reaction
temperature and in addition to slagging, the
excessive temperature can cause reactor burn out.
This would then require periodic repairs of reaction
chamber.

Thropghout pethe investigation it was . quite
noticeable that the concentration of methane (CH4)
in the gas mixture was below 1%. This 1is due
pessibly to the,  fact that the most favourable
temperature for methane formation is between 300

ard 400°C . (6) . (15) Li(16). L (50}.. | The. reactor. was



operated at much higher temperatures the lowest
beihge G5 0Ra:, At these high temperatures the
equilibium is shifted towards rapidly decreasing
guantities of CH4. The charcoal which was used
throughout the investigation had already undergone
devolatilization when manufactured from mixed
forest wood' and in'effectl ‘got rid of most of" the
lower molecular weight hydrocarbon, alcohol, acids,
el l 'and tars  pregsentdy If however there were
volatiles in the <charcoal, because of the high
temperatures that exists in the reaction zone
the hydrocarbons would undergo cracking and reforming
ot CO and CO, - This hydrogenation process

is exothermic and therefore supplies heat for

to H

endothermic reactions.

Theoretiical v when Hearbon  ‘dg.  donverted Wite
carbon monoxide in the producer, a significant
amount of ‘the 'heat' 'of <combustion ' of the caxrbon
is 1liberated; the remaining depending on end use
will be liberated when the CO is burnt to CO,
afterwards. All the heat set free however in
the producer is not wasted but will be carried
in the form of sensible heat by gas as it leaves
the system at high temperatures. If the gas is
weed &k this  g¥age; motSimach Yol this fsensible

heat will be lost. Theoretically it may be possible



foxr ; the .eénergy content .of the gas to approach
the same energy content as that of the solid fuel.
In practice however this is not possible. The
chief 'difficulties lie in | the fact that, all the
CO2 in the oxidation reaction will not be converted
o €O that +there mustFbelisoma’ loss Haft Heat i tby
radiataen  from | reacter surface | ‘and ) Ehat' fat as
not possible to transport sensible heat from one
point to the other without 1loss, especially at
high prevailing temperatures.

The total energy supplied by the gas as mentioned
before was as a result of the ecalorific:B wvalue
and sensible energy generated. The plot in Figure
4.8 showed that as the air flow rate increased
o 0.4  Nm2/fmin the “ealorific wvalue of the igas
started to decrease, This was not the case with
the sensible heat since its value is dependent
on the exit temperature which increased continueously
with increasing air flow rate.

Internal burning of the combustible fraction
CO and Hé can occur when there 1s oxygen present
towards the end of the combustion zone. This
can result in several things taking place.

{1) The content of coz, steam and N2 increasing and

thereby reducing the quantity of gas produced.

(2) There will be an increase in the sensible



heating value of the gas.
£3) A lreduction’ im " the'l'calorific 'wvalue |of | the

gas.

The occurrence beyond 0.35 Nm3®/min of air flow
suggests’ that  this!' eould ) have ‘in | fact raffected
the reduction in combustibles since, as the air
flow rate and the reactor temperatures were increased,

the 1level of the combustible fraction decreased.

CONCLUSIONS

The foregoing investigation describes the
effects of varying air flow rate on the performance
of a fixed-bed downdraft gasifier. Several
conclusions were drawn and they may be summarised
as follows:-

(1) The gasifier produced gas with a maximum
calorific value of 4.7 MJ/Nm3.

(2) The maximum CO concentration in the producer
gas was 32% by volume.

(3) The maximum H2 concentration in the producer

gas was 7.6%.

(4) The CH, content was very low.

4
(5) The guantity and guality of ' 'the gas does
not depend totally on temperature but also
on  the gquantity 'of air supplied. This was

observed during the investigation when although



the temperature was increasing with
ihcreasing cair 'gquantity,! the quality «ef +the
gas produced decreased.

(6) Significant amount of slagging can occur
in a fixed bed downdraft gasifier using air

and charcoal.



CHAPTER 5

THE GASIFICATION OF CHARCOAL USING A MIXTURE OF

AIR AND STEAM AS THE GASIFYING AGENT




SUMMARY

This chapter deals with the effect of using
a mixture of air and steam as the gasifying agent.
The air flow rate was fixed at 0.36 Nm3/min.
This flow rate gave the highest heating value
of . the. gas  produced ,in. the .previous test. The
steam which was generated in the system from water
supplied was increased 1in gradual steps. Gas
guality and temperatures were monitored. It was found
that as the water feed was increased, the reaction
temperatures decreased and beyond a certain feed
rate, the gas heating wvalue decreased. It was
however possible to obtain a gas with a heating
vailue. .comparable, ko ithat of the previous test

at the lower reaction temperature levels.

INTRODUCTION

The chief  obdeaiive oot thiaspart: of  the
investigation was to determine the influence of
steam on the general working and efficiency of
the system. The supply of air to the gasifier
was therefore kept fixed at 0.36 Nm3/min while
the steam supply was varied between 0;005 and
() kgkkg charcoal consumed. The air flow rate
Was chosen from the results described in Chapter

4 and was the wvalue that gave the gas its highest



energy content. The steam required for this purpose
was generated within the gasifier while the air
was supplied in the same manner as in the previous
test.

Large gquantities of steam <can affect the
gasifiex's operating efficiency since, too large
a steam guantity could dinfact significantly affect
the reaction temperatures and thereby, affect
the gas' qualityl land ‘quantity. Throughout the
experiment, the parameters relevant to the air
and steam gasification process were noted and
from the findings, it was expected that they would
be appropriate for similar systems and hence throw

some more light on the topic.

Method of Approach

(i) Steam Generation and_Supply

Water stored in a tank was metered through
a Gilmount shielded flow meter. The water was
transported by the primary air stream to the
manifold adjacent to the combustion zone
(See ! Figure 5. l) " iwherefiigt " was | lconverted Lo
steam. The steam then entered the fixed
fuel bed in the combustion zone through nozzles.
The temperature of the steam generated was

monitored by a chromel alumel thermocouple
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placed in the steam jacket (See general

arrangement in Plate 2-1).

(11) Steam Decomposition
The gquantity of steam decomposed during
the thermal reactions, was determined based
on a mass balance. The mass balance took
into account the following:
(a) The elemental composition of the charcoal
used.
(b) The moisture content of the charcoal.

(c) The quality of steam supplied.

(d) The composition of the gas produced.

RESULTS AND DISCUSSION

Gas Quality

The composition of the gas generated when
the water feed into the gasifier 1is varied is
shown 1in PFigure 5.2. The plot shows that the
CO concentration remained fairly steady initially
as the water feed increases and then decreases
te its lowest wvalue when the qguantity of water
feed reached its highest value of 0.17 kg/kg charcoal
consumed.

The H2 concentration rose from a wvalue of

about 5.5% at the lowest water feed to a maximum
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value of about 8.25% at a water feed of 0.07 kg/kg
charcoal consumed and then decreased to its lowest
value .of 3.5% 'at the highest 'level of water feed.

The C02 concentration gradually increased
from its 1lowest value of about 2.9% at the lowest
water feed and rose gradually to its highest value
of about 5% at the water feed of 0.17 kg/kg charcoal
consumed.

The O2 concentration showed a slight increase
Ind (its'  value \From Wlissl tox aboidt 25 It£" had
its largest value when the water feed was highest.

The methane concentration throughout the
test maintained a value below 1%.

The nitrogen concentration in the gas was
reduced significantly from a wvalue of 59% at the
lowest water feed, to its minimum wvalue of 55%
at a water feed of about 0.07 kg/kg charcoal consumed
and then steadily increased to its highest value
of 67.5% at the largest water feed.

It is interesting to note that the concentration

of CO., gradually increased as the water feed was

2
increased. This of course 1is apparent since the

CO concentration showed the reverse in its level.
This appears to be as 'a result of ' the cooling

down of the reactor.

Another noticeable point that showed up in



the test was that there was an increase in the
H2 concentration as the water feed was increased
to 0.07 kg/kg charcoal and beyond that point the
H2 concentration fell from its maximum value to
its lowest wvalue. It was also beyond this point,
where the H2 had its maximum concentration of
8.:25%, that the CO level started to decrease
significantly. This point as seen in Figure 5.3
corresponds to a water decomposition of about
15% of the total weight of water supplied to the
gasifier. These observations seems to relate
to the water shift reaction Eg. 3.5 i.e.

Cco +H20 #.CO2 + H,

and is very important as it shows that there is
a maximum amount of steam that can be decomposed
by the charcoal at the ' prevailing  operating
temperatures.

Figure 5.3 show that total water decomposition
never occured throughout the investigation and
that the fraction of steam +that was decomposed
gradually fell from 77% to below 5% as the water
feed was increased.‘

Figure 5.4 shows the variation between water

feed and water decomposed per kilogram charcoal

The plot shows that as the water feed

was increased from 5 x 1077 #6 iabout 906 kg/kg

consumed.
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charcoal consumed, the quantity of steam that
was decomposed by the charcoal gradually increased
to a maximum value of about 0.016x10 2 kg/kg charcoal
consumed and with a further increase in the water
feed the quantity of steam decomposed was gradually

reduced.

Temperature Effects

The level of temperature maintained in the
system  is one of the most 'important factors that
directly affects the extent of the conversion
reactions. The temperature variation in the combus-
tion 2zone and reduction =zone with water feed is
shown in Figure 5.5. The plot shows that as the
water feed increases throughout the testing range,
the reaction temperature 1in the combustion zone
fell from 975°C  to about 750°€ and the reduction
zone temperature rose to a maximum value of about
8202 and ‘then  fell to va wvalue. oflabeut ' 725%€¢.
Between the water feed of 0.025 and 0.104 kg/kg
charcoal, the combustion temperature remains fairly
steady at a ‘value ofi about 830°C. It s also
between this range that the reduction zone temperature
reached its maximum value.

It seems apparent from the temperature plot

that with the combustion zone temperature above
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825°C,; " sufficient heat is generated to maintain
a high 1level of conversion in the reduction zone.
When the reduction zone temperature is above 800°C,
the CO level maintains a relatively high and almost
constant concentration while the H, concentration
gradually rose to its maximum value. For further
decrease 1in temperature the concentration of the
combustibles in the gas mixture gradually decreased.
The effect of temperature is. then clearly 'seen
on thel degtree |fofiisteam decomposition, since as
the temperature falls from the resulting increase
in steam supply, the percentage of the steam that
decomposes decreases.

Clinker Formatien' ‘which ‘usually ' occeurs ldn
fixed bed gasifiers systems are undesirable (See
Section: 4.6 An inspectieon of the ash content
at the ' end ‘cf N theswsuns indicated that! clinkex
formation 'was| im factWxreduced ‘when ! compared @ to
the previous test using air. Hence one of the
objective of reducing clinker production by the

use of water feed was in fact shown to be possible.

Fuel Consumption and Efficiency

(i) Charcoeal Consumption

The variation of charcoal consumption

with quantity of steam injected 1is shown



iniyBlaure - 5.6 The ' plot shows that from
the lowest steam quantity of 1.04 x 10*3Nm3/min

BS 90, % 10 ° Nmdlmin b change in charcoal
consumption was marginal. Beyond this range
however, the charcoal consumption showed
a noticeable decrease. The quantity of charcoal
consumed at the highest steam quantity supplied
was 98 gm/min as compared to a maximum
consumption of about 112 gm/min at a steam

: Nm3/min.

supply of 20 x 10

The . decrease | dn €O 'cencentration @ as the
steam guantity supply increases (See Figure
5.2) is an | ahdieation that, ' the  Boudouard
reaction has been shifted to the left (See

Egil B2 aiie

COL # E == ZE0

2
This is as a result of the lowering of reactor

temperature and hence the reaction temperature.
The | decrease ‘in 'charcoal consumption . then
can be seen to be as a direct result of the
lowering of the reaction temperatures that
result  From . Ehe ' increasel in. . steam  sSupply.
A fuel savings of about 7% was obtained when
the quantity of charcoal consumed to provide
the maximum calorific wvalue in the present

test, was compared to the quantity of charcoal



consumed to give a Calorific Value of similar

magnitude in the previous test using air.

(ii) Heating Value of Gas

The variation of gas heating wvalue and
"water feed is shown in Pigure 5.7. The total
energy content of the gas leaving the gasifier
was 1n the range of 3.30 to 5.1 MJ/Nm2 while
the calorific value was in the range of 3-4.7
MJ/Nm3. Higher wvalues appear to be possible
however, this relatively 1low value may be
seen due to the relatively low percentage
of hydrogen which was the outcome of a high
air to steam ratio.
The temperature of the gas at exit
(See Figure 5.8), showed a decrease as the
water feed increased. This reduced appreciably
the sensible energy since a significant amount
of heat was used up for steam generation.
The nature of the fuel used also is accountable
for the level of CH4 in the gas. 1Its constituents
mentioned earlier 1in éhapter 4, can largely
influence the calorific value of the gas
mixture. It is quite noticeable from Figure
5 9. _that  the. combustible. had. their highest

overall concentration at a water feed of
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FIGURE 5.6 - EFFECT OF STEAM INJECTION ON CHARCOAL CONSUMPTION
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about 0.07 kg/kg charcoal consumed. This
is about the point the calorific value reaches

its maximum value.

The efticiency of the gasifier is ' taken
to be the ratio of the energy provided by
the gas and the calorific value of the charcoal
consumed (See Section 4.5.3). The maximum
efficiency occurs at a water feed of about
0.08 kg/kg charcoal consumed (See Figure
5.9 This 3is about the point where the
H2 concentration reached its maximum value
and  also ' that of "the Heating wvalue of @ the
gas (See Figure 5.7). It then seems to follow
that this was the point where the maximum
efficiency would occur. The overall efficiency
took 1into consideration the sensible energy
and the calorific value of the gas.

The conversion ratio (defined previously)
is plotted against water feed in Figure 5 l0h
The conversion <ratio maintains a value of
about 92% for the earlier section  of the
test and then falls to 78% at a maximum water

feed.

The quantity of gas produced 1is shown
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a0 Pigure 5.171. The plot shows that there
ieilan incresse in the gas quantity as the
water feed increases. A maximum value is
reached and was maintained for a considerable
change in water feed and then decreases toward

the point of maximum feed.
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DISCUSSION

From +the investigation it is seen that as
the water feed to the gasifier increases, the heating
value of the gas increase to a maximum value and
then decreases. The actual  point. at.swhich ' this
occurs would quite likely be different for different
systems, since their reaction characteristics
depends on a varied number of parameters. However
it is clear that if too large a gquantity of steam
is allowed into the system, the reaction temperature
and hence the gas quality will be reduced.

In its reaction with charcoal, the steam
could have done 1it the following ways: 1i.e. Egs.
3.3 .and, 3.4.

C+H20 —)CO+H2 (3<3)
Cpi ik 2H20 > CO, + 2H2 (3.4)
These are both endothermic and require a significant
amount of heat. e sy clear ibhat sBqu. 3. 3+ gives
a richer gas and would require the greater amount
ofi . heal. The actual reactions in the gasifier
however are by no means as simple as it would
appear from the foregoing equations since when
CcO and steam are present, the following reversible
reaction can take place i.e. Eq. 3.5.

Co + H,0 ==CO, + H,

2
At high temperatures (1000°C) the 1left hand side
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predominates and at lower temperatures CO2 and H2 are
formed. The steam then determines the predominance
of oneside or the other of the reversible reaction
and 'so controls| the composition 'and ‘'yield of the
gas and hence the efficiency of the process.

The charcoal wused had an initial moisture
content | of! aboutiidi0g, This along with the water
feed would have considerably increased the amount
of water per kg charcoal, which as‘ was seen,
significantly affected, the reaction temperatures.
The combustion zone temperatures had 1its highest
value of ‘about 1 875%C  while 'the!  reduction ;zZone
had its maximum temperature of about 825°C. These
temperatures apparently were not high enough to
give a greater degree of decomposition of the
steam and as can be seen in Fig. 5.3 a significant
amount of the steam left undecomposed with the
gas mixture. It is interesting to note however
that a gas with a calorific value comparable to
that which was obtained 1in the previous test was
possible at a reduced reaction temperature.

The maximum calorific value obtained from the test
using air at a maximum measured reactor temperature
of about 1050°C was about 4.8 MJ/Nm3 (See Figs.
4.4 and 4.8) while that for the present investigation

measured at 825°C was 4.7 MJ/Nm® (See Figs. 5.5
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arrd gt The cold gas efficiency obtained in

the . above investigation was comparable to the

values obtained in the previous test using  air.

The maximum value obtained was 75 and 76% respectively
{(Seel Pigs. 4.14 and 5.9).

This is of major significance since the
possibility of hot spots and reactor burn out
occuring is significantly reduced and in the process,
still being able to get gas of suitable quality.

The degree of decomposition of steam with
charcoal as stated by Clement and Adams (50) depends
to, a large extent on the reaction temperature
and the residence time of the gas. It is important
to note however that for most systems and especially
small ones, the possibility of undecomposed steam
in the gas 1is highly probable since a compromise
usually has to be made between total reduction
and decomposition of the gas as against increase
in reactor volume. The quantity of steam supplied
per kilogram charcoal however cannot be excessive.
The effect of this was seen in the investigation
concentration showed a gradual increase,

when, the H2

the water ' feed 'was 1increased ' ‘te 0.07 kg/kg

as
charcoal consumed. The quantity of steam up to
this point' could 'be " termed ! reaCtive "since; it

did not significantly affect the gas quality although,

the reaction temperature was always decreasing.
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Beyond this point however, the steam took on a
different <characteristic as is geen  from '« the
temperature plot. The reaction temperature was
significantly reduced thereby lowering the heating
value of the gas. This proved to be an important
observation since in the interest of improving
the hydrogen concentration by increasing steam
supply, the reaction rate and hence the temperature
could be significantly affected. It would appear
that the maximum advantage that can be obtafhed
with the wuse of steam may be dependent to some
extent on the thickness of the fuel bed. A shallow
fuel bed with a relatively high mean temperature
may be able to accommodate a significant quantity
of steam and thereby increase the reactive 1limit
@fiuthe steam guantity.

The formation of clinker which is primarily

as a result of high reaction temperature, was
significantly reduced when steam was supplied
to the ! gasifiexr. The  '‘preoblems| associated with
its formation were discussed in Chapter 4. This
method then seeﬁs to be useful 1in reducing clinker
formation when feedstocks with high ash content
are  gasified in fixed-bed | dasifiers. However
N the | dnterest efrireducing dts L Tormatron;, it

may not be necessary to use too large a quantity
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of steam since excessive amount as was shown can
be harmful to the gas generation process.

The heating value of the gas can be significantly
affected by the sensible energy obtainable from
the reactions. This becomes extremely important
whenever the gas is to be used for direct combustion
purposes. The increase 1in water feed results
in a decrease 1in the gas exit temperature and
hence a decrease in the sensible energy obtainable.
The difference 1in temperature was about 50°C for
the exit gas throughout the test. Exit gas with
a high proportion of undecomposed steam will require
larger gas <coolers than gas with 1low moisture
content 1if cooling of the gas 1is necessary before
usage (50). This can mean additional equipment

cost and is not desirable.
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CONCLUSIONS

In  the foregoing test, a nixture of air and

steam was wused to gasify charcoal in a fixed bed

downdraft gasifier. The following are the main
findings:
(1) Combustible gas with calerific value ‘of

4.7 MJ/Nm®* was obtained from the system at
temperatures lower than that of the air operated
system (see Chapter 4).

(2) A gas with CO concentration of 31% was produced

by the system.

(3) The H, concentration was 8.5%.
(4) The CH4 content was below 1%.
(5} Total decomposition of steam never usually

occur with charcoal in practical systems
operating at temperatures below 1000°C (See
Figure 5.3).
(6) The addition  of water to the system will
cause a ‘temperature reduction in the reactor.
(7) The occurence of slagging is reduced and
this may be due to the relatively lower

reaction temperatures.



CHAPTER 6

GASIFICATION OF CHARCOAL USING A

MIXTURE OF AIR, STEAM AND CO2
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SUMMARY

This chapter describes the effects of wusing
a mixture of Air, Steam and CO2 as the gasifying agent
in the production of gas from charcoal in a fixed
bed downdraft gasifier. As the CO2 concentration in
the mixture introduced was varied, the gas quality
and reaction temperatures were monitored. Too
high a C02 supply reduced reaction temperatures
and decreased the gas quality produced.

The general findings demonstrated that it
would be possible to regenerate the CO2 in products of

combustion to combustible fuel through the gasifier

1E their levels were controlled,

INTRODUCTION

One of the ‘nmaint yreactions  that) occur in' a
gasifier 1is the reduction of co, (produced in the
combustion zone) to CO in the reduction zone. iE
therefore CO2 was to be passed from an external
source through the gasifier, it appears possible
that this CO2 could also be reduced in the reduction
zone. This leads to the possibility of recirculating
with advantage, the products of combustion from

any combustion system 1in which the producer gas

is burnt such as the internal combustion engine.

In the previous section the effect of addition
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of HZO (also a constituent of engine exhaust)
has been studied. In this chapter are reported
the effects of the addition of C02 to the gasifier

stream.

(1) Object_and Method of Investigation

The main object of the investigation
was to see the effect of injecting a mixture
of air, steam and CO2 in the fixed fuel bed
of the gasifier. From the previous analysis
using air and steam, tﬁe point at which maximum
efficiency and heating wvalue occured 1in the

gas produced was when an air flow rate of

.36 '‘Nm3/min .and a steam 3injection rate of

3

5.5 x10°° Nm3/min were used. This point was

kept fixed throughout the investigation while

the quantity of CO2 was varied. The CO2 injected
WAE Uaried Petwesa 8x10° > Hm3/mis and 48510

Nm?3/min which represented a concentration
range of 1.8 to 11.3%, values representative

of concentration available in engine exhaust.

(ii) Method of C02 Supply

The CO2 used 1in the investigation was

tank C02. The gas pressure was firstly regulated
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PLATE 6-1

LAYOUT OF SYSTEM FOR AIR, STEAM AND

CO2 GASIFICATION OF CHARCOAL
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and then metered through a "Victor Gas Flow
Orifice Meter and Pressure Regulator". The
CO2 was then injected in the air-steam mixture,
preheated and then injected into the fuel
bed. (See Figure 6.1). The general system

arrangement is shown in Plate 6-1.

RESULTS

Gas Quality

Figure 6.2 shows the relationship between
percentage volume of gas constituents and wvarying
quantities of CO2 injection. The plot of CO2 injected
against CO produced shows that the level of CO
varies between 28 and about 30% for the entire
range of the experiment. This was from a CO2 concen-
tration of | 1.8% in|'the supply 'gas mixture to &
concentrationiy ok a3 The CO concentration
in fact rose slightly as the co, concentration
supply was 1increased and reached its maximum value
at. a CO2 concentratien of about 7%. Beyond this
point the CO concentraticn fell.

The values attained in this investigation
was generally higher than those obtained in the
previous test although their maximum values were
higher. The maximum values obtained for air and

air and steam mixtures were 32.5 and 31% respectively

(See Figures 4.2 and 5.2).
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The hydrogen concentration had its highest

value of 5.5% at the lowest CO2 concentration level

and gradually fell to a value of 2.5% at the highest
CO2 injection level. This maximum value was lower
than those obtained from the previous investigations
which were 7.6 and 8.25% for air and air and steam
mixture respectively (See Figures 4.2 and 5.2).

The plot of e ik the gas mixture showed

2

that with the lowest CO2 injection gquantity of 1.8%,

the co, concentration 1in the gas mixture was about

2.85%.  As the CO2 injection rate increased, the

CO2 concentration in the gas mixture rose gradually

and eventually reached its highest value of 4.5%.

This was at a CO, injection concentration of 11.3%.

2

In observing the concentration of CO, in the producer

2
gas, it is seen that beyond C02 injection quantity

3 ; ) .
Nm3/min which represents a concentration

of 20x10°
of 5%, its concentration was lower than the co, supplied.

The oxygen plot showed a gradual increase
from 2.5% at the lowest CO2 injection level to
its highest walue of ' 3.5% at the highest level
injection.

of CO2

The niltrogen concentration was almost constant
throughout the testing range and maintained an

average value of about 60%.
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CO2 Effect on Reactor Temperature

Figure 6.3 is the plot of quantity of CO., injected

2
against reaction temperature in the combustion
and reduction zones. At minimum co, injection; the
combustion temperature was at its maximum value
of 1060°C.. It then fell gradually to about 900°C
as the CO2 injection concentration increased to
about 8% and then remained almost constant for
the remainder of the testing range. The reduction
zone showed much less variation as is seen 1in
the plot. The temperature rose from 700°C ¢to
a maximum value of about 720°C and then fell gradually
to its lowest value of 690°C. Beyond a C02 concen-
tration of about 7% in the supply mixture, the
rate of C02 formation appeared to remain fairly
constant. This is inferred from the steady combustion
temperatures. This condition clearly is desirable
since the reaction temperature as with the previous
test with steam (See Chapter 5) could be controlled

to operate at imuchS lowersslevels sand. the. rate of

charcoal consumption possibly reduced.

Heating Value and Efficiency

The plot of heating value of the gas against

C02 injection rate is shown ins:Bigure | :6.4. the

maximum heating value occurs at an injection rate



Reaction Temperature - °C

1200

1100L

1000

900}

800[

700

600["

= T8y =

A Combustion Zone
] Reduction Zone
T o P SRR S Y

_0—0
o—0 et oI

1 1

5 10 e

Percentage Carbon Dioxide Injected

FIGURE 6.3 - EFFECT OF C02 INJECTION ON REACTOR TEMPERATURE




=18 e

3

of 20x10 ~ Nm3/min of CO._. Because the variation

2
in the reduction zone temperature was small, the
sensible heat generated throughout the investigation
was fairly constant. This then caused the maximum
calorific wvalue of 4.5 MJ/Nm3 to occur the same
point at which maximum total energy occurred.
The overall energy value of the gas was however
lower than those obtained 1in the previous tests
(See Figures 4.8 and 5.7).

The system’'s efficiency was found based entirely
on ‘the quantity of «charcoal consumed and was
ealculated '‘Bs  done an Sections 4.5.3 .and 5.2,3.
The efficiency plot (Figure 6.5) shows a fairly
rapid increase from about 74% and then appears
to be approaching a maximum value in the region
of about 85%%. This was based on the calorific
value of the gas. The efficiencies reached in
the investigation was generally higher than those
experienced in the two previous tests (See Figures
4.14 and: 5.9%%

The guantity lof producer gas gdgenerated per
kilogram of charesal is shown ~in Figure 6.6.
It is seen from the plot that at the lowest co, supply
rate, the gas yield was lowest and as the CO2 supply
was increased the gas yield increased. The range

of values obtained ‘throughout  'the test was 5.8
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to B.3 NMm3/kg. Although there was an increase

in the gas yield as the quantity of CO supplied was

2
increased, Figure 6.7 which is the plot of calorific
value against percentage fuel savings, shows that
an increase in CO2 supply also results in a decrease
in the calorific wvalue of the 'gas. The plot also
shows that there was a gradual increase in the
calorific wvalue of the gas as the percentage in
fuel saving increased to about 7.6% and with further
increase in fuel savings, the calorific wvalue
fell to its lowest wvalue of about 3.9 MJ/Nm? at

the largest CO, supply guantity.

2

The resulting fuel savings from the CO2 supplied
(See Figure 6.8) is in keeping with the findings
of Gulbransen and Andrews SN whet Found  Sthat
on passing CO2 from an external source over carbon
at temperatures above 600°C, there was a conversion
of CO2 L0 G0

The conversion ratio for the investigation
is shown in Figure 6.9 and shows that as the quantity

of CO2 supply was increased, its values fell .

The highest conversion ratio was seen at the lowest

co, supply of 8){10—3 Nm3/min. There was a rapid
fall of in its value initially, however Dbeyond
3

a2l @O supply of 20x10°~ Nm3/min, the conversion

2

vatio continued to fall gradually for further increase in
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CO2 supply. The general 1level of conversion ratio
obtained for this test was lower than those obtained

i Sections™d 5L 2 and tHa 2 1S3

DISCUSSION

The injection of steam and co, to the gasifier
can have the positive effects of improving fuel
quality and quantity along with reducing slagging
by maintaining moderate temperature in the system.
C02 and steam have different levels of reactivity
with charcoal. Hedden (55) showed that the
reactivity level in decreasing order was 02, steam
and COZ' This would then mean that the attacking
gases will each be competing for reactive surface

on the solid fueil. Nevertheless on the introduction

of the CO steam and air mixture to the fixed

2f
fuel bed, a number of reaction will take place.
TnTaddition tothe®ustuall ‘oxidation: of' thel'charcoal

and its subsequent reduction, the CO, injected will

2

also be subjected to the same reactions i.e. Eq.

B2

CO2 HHE TSN IAE0

This will occur at the high prevailing temperature
and in regions with depleated oxygen supply.
From the initial stage of the CO2 Lnjection it

was quite noticeable that the reaction temperature
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started to decrease (See Figure 6.3). As the
CO2 concentration was increased, the concentration

of O2 in the gasifying agent was , lowered. This
then placed an early limitation on the maximum
attainable temperature. In .addition..to &this,
for the CO2 supplied to react with charcoal, reaction
temperature above 400°C (55) (56) have to exist
before any significant conversion to CO can take
place. The CO2 supplied . had . to .,then  raise , its
temperature from ambient to or above this wvalue.
This resulted in an obvious reduction in temperature.

The ability to produce large gquantities and

good gquality gas is a desirable feature in gas

producing systems. The gas yield from charcoal
consumed in Figure (6.6) showed improvement in
gas quantity as the CO2 supplied was increased.

The quality however showed a decrease and this
is seen from the calorific value plot in Figure 6.7.
Figure 6.2 shows that while the CO concentration
maintained a fairly steady value, the hydrogen
concentration fell gradually. The reverse shift
reaction Eq. 3.5«

oo, +-H, =,€0 % HZO

2 2
could have resulted in the reduction of. the gas

@galorific value.

The reverse shift method has been studied

by Berkley et al (63) and was found to be an
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effective way in controlling the ratio of hydrogen
to carbon monoxide in synthetic gas. The injection
of CO2 can be deleterious if high hydrogen fraction
is required in the gas mixture. However for fueling
I.C. engines where hydrogen concentration beyond
20% 1is not desirable (6) this method seems adequate.
The gquantity of gas produced per kg charcoal
(See Figure 6.6) increased as the CO2 supply increased
and seems to be approaching its maximum value
For C02 quantities in excess of those used 1in
the investigation. The plot suggests that there
is a maximum volume of gas to be obtained during

CO., supply. However if the optimum CO2 supply is

2
exceeded, the quantity of gas produced decreases.
As shown in Section 4.2.3, the Boudouard reaction
results in‘an increase in the volume of gas produced
over the quantity of gasifying agent supplied.
With a lowering of the xeaction ' ‘temperature as
experienced in the investigation, the level of
conversion will reducé and cause high gquantities
of CO., to leave with the gas generated.

2

With CO, supplied from external sources,

2
A is guite possible to attain higher fuel
efficiencies. In Pigures i6.6; 6.7 crandigibe8 At

is seen that as the quantity of CO2 supplied increases

and the percentage savings in fuel improves, the
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system efficiency rose gradually and appears to
be reaching its maximum value. An 1increase in
co, quantity obviously means an increase in available

carbon, however too high a CO, quantity can cause

2
severe cooling of the reactor (See Figure 6.3)
and at the same time make available, gquantities
gl Viearben fer conversion. High efficiency and
high gas yield does not necessarily mean high
heating wvalue. This is seen in Figures 6.6, 6.7
and 6.9 where the highest efficiency and the highest
gas yield did mnelt occur ' at' the highest calorific
value. Although the temperature 1in the reactor
did not 'reach 'significantly low walues ''tofigtop
the conversion process, it can be seen in Figure
6.9 that approaching 30x10—3 Nm3/min co, supply or
about 11% CO2 concentration in the supply mixture,
the conversion ratio showed signs of a gradual
slowing down of the process. Further decrease
in temperature would see an increase in co, leaving
in the gas mixture and much lower conversion ratios.
With regards to the level of CO obtained
throughout the test, it was seen that the
concentration obtained were much higher than those
in the other two investigation at corresponding

temperature (See Figures 4.5, 5.5 and 6.3). This

fact is of major significance since the ability
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to maintain high conversion ratios at relatively
lower reaction temperature 1s always desirable

since it extends the working 1life of the system.

CONCLUSION
From the foregoing 1investigation where a
mixture of air, steam and CO2 was used as the
gasifying agent in the gasification of charcoal,
the following main conclusions may be drawn:-
(1) There is no significant increase in the percent-
age of CO in the producer gas mixture.
(2) The concentration of H2 in the gas mixture
is reduced as the CO2 supply is increased.
(3) Methane concentration below 1% was obtained.
(4) Higher system efficiency 1s obtained when

CO, 1s added to ' the air/steam stream - from

2
an external source through the fixed fuel
bed.

(5) Optimum fuel savings of about 7.5% is obtained.

(6) The effect of slagging is reduced.



CHAPTER 7

RECIRCULATION OF EXHAUST EMISSION IN GASIFIER
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SUMMARY

The following chapter deals with the effects
of recirculating . exhaust emissions from . a  C.I.
engine through a fixed bed, downdraft gasifier
using charcoal as the primary fuel.

The concentration of the exhaust emission
in the gasifying agent was varied by fixing the
air flow rate and varying the exhaust gas in the
mixture. The resulting producer gas generated
was analysed.

The gquantity of charcoal consumed based on
the content of the producer gas generated along
with the fuel saving if any, was determined. In
addition to the above, the exhaust concentration
that gave maximum efficiency 1in the gasifier was

found.

INTRODUCTION

The main constituent of exhaust emission from
Cc.I. engines are CO, COZ’ water vapour, unburnt
or partially burnt hydrocarbon, oxides of nitrogen
and oxides of sulphur.

In the previous investigation, a mixture of
air, steam and CO2 was passed through the gasifier
with a view to generating combustible gases of

comparable heating values with those of wusing air
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and a mixture of air and steam. A maximum calorific
value of 4.4 MJ/Nm3® (See Figure 6.4) was obtained
from the gas mixture produced. The investigation
therefore demonstrated that it would be possible
to regenerate the exhaust emission from C.I. engine
in a gasifier. Regeneration of exhaust emission
in" the' gasifier, 1is 'taken to be the conversicn 'of

CO2 and steam in the exhaust primarly to H, and Cco.
The main aim of this section of the investigation

was to see the effects of passing exhaust emission

from a stationary C.I. engine through a downdraft
fixed bed gasifier. A successful operation would
then seem to suggest that:-

(1) Engines fueled by producer gas could in fact
recirculate a fraction of its exhaust emission
for regeneration and re-using through a gasifier.

(2) Exhaust products from combustion systems could

be regenerated in a gasifier.

APPARATUS

A 'single 'cylinder Petter C.I. engine rated
at 9KW at 1800 rpm was used to supply its exhaust
emission to the gasifier. The pipe taking the
exhaust gas from the engine, was branched with a
Tee fitting in order to take a portion of the exhaust

gas to the gasifier and the remainder to waste
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(See Figure 7.1 and Plate 7-1). The pipes taking
the exhaust gas to the gasifier, was insulated with
fibre glasswool to eliminate the possibility of
condensation of water vapour. The pipe transporting
the exhaust gas to the gasifier system, was connected
to the system through the air supply. Allowance
was made to throttle both the exhaust gas supply
and the primary air supply. Orifice plates were
used to meter the gasifying agent to the system
and thermocouples were used to monitor the gas/air

mixture temperature supplied to the generator.

METHOD

After the gasifier was 1lit and the combustible
gas obtained was 1lit at the gas burner, the engine
was started. The engine was set to run at full
load at a speed of about 1500 rpm. The air supply
rate was fixed at 0.36 Nm3/min which was the
operating point of the gasifier using air and the
guantity of exhaust gas in the air mixture was
gradually increased 1in steps. The percentage
of constituents in the gas mixture supplied to
the system was noted. As the exhaust gas—-air mixture
was passed through the gasifier, it was ensured

that the level was such as to maintain a flame

at the burner.
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BLATE 7-1

LAYOUT FOR EXHAUST RECIRCULATION
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Samples of the gas produced in the gasifier

were taken for analysis.

RESULTS

The variation between percentage constituents
of the gas mixture produced and the gquantity of
exhaust emission 1in the supply mixture to the
gasifier is shown in Figure 7.2.

The CO concentration shows a gradual 1increase
from a wvalue of 26% at the 1lowest exhaust con-
centration | of. 5l we ja  maximum  concentration
of about 26.5% at an exhaust emission quantity
of about 11% and then decreases for a further
increase in exhaust concentration.

The H2 concentration had a gradual increase

from 3% to a maximum value of about 4.5% at a exhaust

emission concentration of about 12% and then

decreased for a further increase in exhaust
concentration.
Throughout the investigation, the co, concen-

tration in the gas mixture generated, showed a
gradual increase as the exhaust concentration was
increased throughout the testing range. Tt is
interesting to note also that the concentration

of CO. leaving the 'gasifier in the 'gas  mixture

2
produced was lower than the concentration supplied

in  the gasifying -agent mixture (See Pigure 7.3},
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The N2 concentration was high overall. Its
concentration varied between 65 and 67.5% and was
much higher than the values obtaned in all the
previous tests on the gasifier.

The quantities of CH4 obtained throughout the
investigation was below 1%.

The temperature plot in Figure 7.4 as was
expected, had '‘a gradual decrease 1in its value as
the exhaust concentration supplied was increased.
The temperature however was maintained at sufficiently
high values for combustible gas generation and
as already shown 1in Section 4.2, the extent of
the gas quality produced depends largely on the
reaction temperatures maintained 1in the reactor.

The  conversion  ratio is shown in Figure 7.5,
The plot shows that as the -exhaust concentration
supplied to the gasifier increases, the conversion
ratie deereases. The highest wvalue obtained was
about 94% with a gradual reduction to its lowest
value of about 81% at the highest exhaust
concentration.

The calorific value of the gas produced is
shown in Figute F.6. Its maximum value could be
inferred from Figure 7.2 where the concentration

of CO and H2 were seen to reach their maximum values

at an exhaust concentration of about 150 B R The
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range of heating value obtained was between 2.8
and 3.7 MJ/Nm?* and was lower than the values obtained
in the previous tests.

The cold gas efficiency of the system was
found based on the actual charcoal consumed (See
Section 6.2.3) and was in the range of 68 to 83%
[See . FPigure. 7.7} This value when compared to
the system wusing air as the gasiying agent was
higher and is seen to be as a result of the extra
carbon supplied to the system from the exhaust

emission mixture.

Figure 7.8 shows the percentage in fuel savings

when the exhaust emission is supplied to the system. It

is apparent from the plot that as the quantity of exhaust emission

increases in the supply, the quantity of fuel supplemented

would increase and would result in an increase
in fuel savings. Although high percentage in
fuel saving is desirable, the reaction temperature
decreased with 1ncreasing exhaust quantity. This
would then mean that thg highest saving in fuel
that would allow the system to perform at maximum

efficiency is about 4.5%.

DISCUSSIONS

The regeneration of the exhaust emission

in the gasifier resulted in a  lowering of the
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reactor temperature (See Figure 7.4). This decrease
in temperature may have been as a result of some
of the factors mentioned in Chapter 6 and appears
to have an adverse effect on the levels of
combustible gas obtained. This is seen when compared
ta “those in Sectiens (4.2.4) (SPNRg S andt (6295
It 1is gquite noticeable from Figure 7.3 that the
level of combustibles obtained in the investigation
was lower than the values reported in Chapters
At B and ) 6L The exhaust emission leaving the
engine had its oxygen concentration depleated
and resulted in a gas mixture with high concentration
of nitrogen. This appeared to have significantly
reduced the 1levels of combustible gases produced.
The reverse shift =reaction deseribed 'in Eg.' 3.5
and Section 6.3 quite likely could have also affected
the level of combustible attained in the gas mixture
by supressing the H2 concentration in the gas
mixture produced. The low level of combustibles
then seem to be primarly as a result of low reactor
temperatures, the high level of nitrogen supplied
in the gasifying agent and the resulting reverse
shift reaction described in Eg. 3.5 and Section
(3t

Resoring to duel fuel operation with gaseous

fuel containing 1little or no nitrogen eg. natural
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gas, LPG etc. could effectively reduce the excess
alr available for engine operation and thereby
reducing the 1level of nitrogen produced in the
engine exhaust.

For optimum operation a exhaust concentration
of about 10% resulted in a fuel savings of about
4.5% (See Figures 7.6 and 7.8). This is an important
finding since it suggests that similar systems
attempting to operate in this mode should not
use exhaust quantities far in excess of 10% for
satisfactory operation.

In addition to supplementing the charcoal,
the exhaust emission enters the system in a preheated
state. This would then mean that the amount of
heat that would be required normally for raising
such a mixture temperature would be lowered.

It is highly unlikely that the wgasifier will
operate satisfactorily working entirely with
the products of combustion as the primary gasifying
agent since high oxygen concentration is necessary
to maintain the reactor at sufficiently high working
temperature. Throughout this investigation, the
oxygen concentration supplied was maintained at
levels between 17.8 and 19%. The exhaust emission
as stated in Section 7.1 had quantities of hydro-

carbon, sulphur dioxide and oxides of nitrogen.
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These were however in parts per million and data
as to their effect were not available. It o=
quite possible though, that the hydroéarbon present
would have been oxidised in the combustion zone
and take part in the subsequent reduction reactions.
Between 200 and 250°C,; sulphur dioxide reaects
with oxygen -and water to give sulphuric acid.
This is always undesirable since the acid is highly
corrosive. At the prevailing temperatures which
were *highor Swkhan M250°€  #gee  Figure' M 4y " rhere
can be a reduction of the sulphur dioxide by CO
to ' sulphuf Y(8See Equation "7.1) " and an ‘oxidation
of H2 to water and sulphur, Equation 7.2:-
200 +/80, SPCO.+F"8 S

2 2
20, + 80, "¥ 2H,0 + 8 {7.2)

2 2
These effects however will be very low in magnitude
since their contribution in the exhaust quantity
is relatively_small.

The ability to regenerate combustion products
from operating system in a gasifier has demonstrated
that ‘it s Npossibile “to “obtain "Substantisl ™ Euel
savings in systems operating. in this dual mode
if proper conditions are maintained. These would
include sufficient O2 for maintaining suitable

reaction temperature and a controlled supply of

exhaust emission.
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In addition to the obvious fuel saving, lower
reaction temperature can be maintained and as
mentieoned in Chapter 6 reduces the occurrence

of slagging and reactor burnout.

CONCLUSION

From the foregoing investigation, several
conclusions were drawn. They are as follows:-
(1) It is possible to regenerate exhaust emission

from a C.I. engine in a fixed bed downdraft
gasifier.

{2} A gas with @& €0 concentration of  26.5% can
be obtained from similar systems.

(3). A I-l2 concentration of 4.5% can be generated
in the gas mixture.

(4) A gas with a heating value of 3.65 MJ/Nm?3
can be generated in the system.

(5) The maximum concentration of exhaust emission
allowable in the air  supply for satisfactory
operation is about 10% though this may depend
on the design of the system and the composition
of the exhaust.

(6) Fuel savings of about 4.5% can be obtained

when the system 1is operating at maximum

efficiency.



CHAPTER 8

APPARATUS FOR ENGINE TEST WITH PRODUCER GAS
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INTRODUCTION

As described in Chapter 4, producer gas was
generated in a fixed bed downdraft gasifier using
charcoal as the fuel and air as the gasifying agent.
Alsgas imwrth' G leallabie ey a ue YgEF ST inm 3 ang
a CO and H, concentration of 32 and 7.6% respectively

2

was obtained. The CH, content obtained was below
155

A C.I. engine can be operated on producer
gas with the injection of a small quantity of diesel
fuel "to initiate "the 'combustion’ ‘Of "“the' air-gas
mixture. Dual fueling and pilot injection are
the two possible modes in which a C.I. engine can
operate wusing producer gas as the primary fuel.
The essential difference between the two modes
is that the pilot injection system allows for a
fixed diesel fuel while the dual fuel system allows
for varying diesel feed to match loading requirements.

The gaseous nature of the fuel can produce
a better engine-transient operation and response
together with improved fuel control. The ' gas' can
have exceptionally high resistance to knock thereby,
allowing high compression ratio operation to be
made without the onset of knock wunder a fairly

wide range of operating condition. Moreover since

the fuel is gaseous under normal conditions, a
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simple carburetion and control system is adequate.
Excellent mixture with the air is assured when
the gas 1s introduced into the engine intake and
results in a much better mixture control and charge
distribution in single and multi-cylinder engines.
This inherently is advantageous in term of engine
peiformance and torque characteristic. The gaseous
homogeneous nature of the charge,allows for a smoother
engine heat release by combustion following the
ignition of the pilot diesel fuel. Producer dgas
can have quite a varied flame temperature and flame
speed 1in air since, it 1is possibe to control to
some extent the constituents of the primary combustible
fraction in the gas mixture i.e. CO, H2 and CH4.

A desirable feature of a duel fuel engine
digic dibs albidadepiictaiilibe | convertedld o gas lor | ol
operation without dismantling or adding any parts.
This change over from one fuel to the other can
in fact take place without the engine being stopped

or any change in its load.

APPARATUS USED

The Engine

(i) The engine wused for the investigation
was a Petter  PHW .Single. Vertical.)cylinder,

naturally aspirated, water cooled direct
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injection engine. Its general arrangement
and interconnection with the gasifier system
is 'shown in Figures 8.1, 8.2, 8.3 and Plate
S Specification and other particulars

of the engine are listed below:

Cycle of Operation : 4 stroke diesel cycle
Engine rateé)output = S X
Maximum speed : 800 Epm

Bore s BTSN

Stroke il 0 LGl 1

Displacement 3 ©59 cm?

Compression ratio - o |

Dynamometer type BK compound 1800 xrpm

maximum speed

Torgque arm z 220 mm

The fuel injection release pressure is between
140=221  Kg/em? ' with i dinjection 'starting 24°
before TDC for speeds up to 1650 xrpm. The
inlet valve opens at 4%° before TDC and closes
at 35%° after BDC and the exhaust valve opens

abl 35k haforal R PHEIands el goad wiat WA SRS F ey

THES

Power and speed ratings (manufacturers)
2.9 KW at 1000 rpm

3.7 KW at 1200 rpm .
4.7 KW at 1500 rpm
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(b)
PLATE 8-1

LAYOUT OF GASIFIER ENGINE SYSTEM
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The fuel was supplied to the engine from
difistorage” Sank "ot " capacity " 27 | 1itres. The
fuel” Flowed by " gravity o a glass ‘bBurette
With e bapanity ot eaboul’ 100 Ve MIH 25 e
graduations. From the burette the fuel flowed
through a filter to the fuel pump and finally

to the injector.

Cooling water was supplied to the engine
through the use of a circulating pump. Fresh
make up water at a controlled rate from the
main, was constantly added to the system to
maintain a constant acceptable temperature
in' “the! eylinder ' block: Cooling temperatures
were monitored by observing temperature readings
of the" znlet vand " exit "'point "of "the ' e6oling

water system.

The engine was coupled to a DC dynamometer
with a rating of 7 KW which supplied current
o a  Yoading "banki The desired load can be

obtained by suitably connecting the 1loading
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banks in parallel to the dynamometer terminal.
A variable resistance was included 1in the
e€ircuit f£or - further 'fine adjustment of  the
load. A voltmeter and ammeter were provided
in the circuit to determine the load applied
to the engine. For determining the brake
power on the engine using the dynamometer

the following formula was used:-

F x RPM
5 13,41
F = Force measured in Newtons at the reaction

arm at 0.22 m leng.

The exhaust gas sampling probe used is
similar Go the one described! in Pigure 2.3
for producer gas sampling. It was placed

at a suitable point in the exhaust line.

Some of the instruments used for exhaust
gas analysis were the same as those used for
producer gas analysis. The CO2 fyrite analyser
and the orsat gas analyser were used as

described earlier 1in Section 25350 These
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analysers however measured the concentration
of oxygen, carbon dioxide and carbon monoxide
when they were present in concentrations above
G228 The other exhaust constituents namely
oxides of nitrogen, formaldehydes (and low
concentration of carbon monoxide) that were
noted, had to . be 'measured with 'a drager gas
detector. (See No. 2, Plate 2-2).

The principle of the Drager gas detector
is that a sample of the exhaust gas is sucked
by .means of .a hand operated bellows tLype
pump through glass tubes containing special
absorbers, one for each gas to be analysed
in the sample. The  concentration of a
particulat. ) eonstituent  din, the, ‘exhaust gas,
is measured by the length of the discoloured
zone of the reagent in the tube, which is
graduated in ppm. The drager tube was chosen
because of its simplicity and reproducibility
of results. However its accuracy was limited
and the results were of a qualitative rather

than of a quantitative nature.

The exhaust temperature was measured
using a shielded cromel alumel thermocouple.

The emf measured was converted to the
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corresponding temperature . by, a calibration

plot done before the analysis. The thermo-
couple was placed just down stream of the

exhaust valve in the exhaust manifold.

The Gas Producer System

The gas producer system essentially consisted
of the gas generator in addition to the cleaning
and cooling system. The gas generator has already
been descfibed in (Secktion' 2.3 The cleaning and
cooling system comprises of a cyclone separator,
atiiwel: serubber,Salilgas) cooler, 'a' dry ibeds €1 litayr
and & safety filter (Bee Figures 8.1 and 8.37).

They are described in the following section.

(i) The_Cyclone Separator

The gas firstly passes through the cyclone
Separatok (See Not 4. Figure 8L1). ‘Thisg plece
of equipment is a dust collector without any
moving parts, in which the wvelocity of the
inlet gas stream is transformed into a confined
vortex. The dust separation from the gas
stream takes place through centrifugal forces.
The entrained fly ash tends to be driven to
the 'wall  of " £he' eyclone  and isﬁ collected in

an ash bin at the bottom. This is the first
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stage of cleaning for the raw gas and is located
just after the gas leaves the gasifier. The
separator usually removes the <coarser ash
particles from the gas stream. From the cyclone
separator the, gas then  travels to . the wet

scrubber.

The Wet Scrubber

The scrubber {See' No¥ G " Eigure's 8.1}
was used to fulfill two purposes, namely cooling
and cleaning. The gas enters the scrubber
and 'is 'bubbled through the liquid mixture
of 01l and water. The gas then exits giving
up most of the ash and some of its sensible

heat ‘and then goes to the ‘gas cooler.

The Gas Cooler

The main functions of the gas cooler (See
No. 7, Figure 8.1)  iave tol reduece | the high
temperature of the gas to a value acceptable
tor  engine; Hse ' i.e. | eboub B 4B=60:560 " akd . Lo

collect <¢endensate. For stationary engine

systems, a rather large cooling area is needed
since natural convection 1s used. The system
was  ‘made simply ' from gdlvanlzed piping  and

the surface area was increased by using

relatively small bore pipes.
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Within the dry bed filter (See No. 8,
Figure 8.1) the gas passes through a bed of
charcoal where additional filtering takes
place as well as the removal of additional
water that would have been condensed. Steel
wool was used after the charcoal bed for
additional filtering. After leaving the dry
filter bed of charcoal and steel wool, the
gas was metered using two Singer  Rotary
gasmeters. Between the gas meters and the
engine, was 'a drum used as a surge tank to
act as a buffer, to eliminate the pulsation
that would be transmitted from the engine
suction back to the meter.

A  final | safety €filter was placed just
between the surge tank and the engine. The
safety filter consisted of a wire screen of
very fine mesh. The purpose of this filter
was to safeu guard the engine iq&ase of

failures in the other filters.

METHOD OF AIR/FUEL MIXTURE

The set up used for gas producer and engine
interconnection 1is shown 1in Figure 8.3. The air
and gas were mixed in a simple mixer at a T-joint

some distance from the engine inlet. The amount
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of air used by the engine was measured by an orifice
meter:. Butterfly valves were used to regulate
the air flow rate. The air metering system supplied
with the engine was used as a leaning device for
the ‘air—-gas mixkture. This was positioned after
the point where the main air-gas mixing took place.
The air supplied for the main mixing was measured

through a separate metering device.

PROCEDURE

In order to. establish ' @ ! sound!''basis of
comparison for the primary test of the investigation
(1Loe. Producer gas with diesel fuel injection)
a preliminary test was done using diesel fuel alone.
These tests were carried out under varying loads
and at speeds oef 80057 1000, “¥200"hand w1500 frpm
respectively. With the engine in operation, it
was allowed to run for at least 10 minutes at the
required speed and load setting to ensure that
steady state running conditions were achieved.

For each | test peint, <cooling water ' temperature,

air flow supply rate, fuel consumption, exhaust
gas temperatures and exhaust gas constituents were

monitored. For the performance test with producer

gas and diesel fuel injection, additional parameters

including producer gas supply rate, air-gas mixture
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ratio, gas producer temperature, water vapour content
along with impurities in the gas and gas inlet
temperature to the engine were monitored.

The gasifier at its operating point produced
about 0.55 Nm2/min and was capable of generating
about 12 KW of power. The engine's maximum demand
however at 1500 rpm was 2:":10_3 Nm3/min and the excess
produced was bypassed and burnt at the flare.

The engine speed was set initially at the
required value and the load set at its maximum
value. The diesel fuel injection quantity was
gradually reduced while that of the gas supplied
was gradually increased until the point was reached
where any further reduction 1in the diesel fuel
injection resulted in unstable running of the engine
as evidenced by knocking. For the «duration' of
the main investigation, the point is referred to

as the point of stable operation.



CHAPTER 9

ENGINE TESTS WITH PRODUCER GAS
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SUMMARY

A C.I. engine normally aspirated and rated
at 9KW at 1800 rpm, was run on producer gas generated
from charcoal in a fixed bed downdraft gasifier.
The gas was cooled and cleaned before engine use.
The producer Qas was found to supply up to BO0%
of the total energy at between low and intermediate

torque levels and provided a wider operating torque

 range for the engine.

During producer gas use, the levels of pollutants
at low engine 1load were higher than with normal
diesel y.operatien .. bukt..as . the torque . increased;,
the pollutant 1level fell to levels comparable

with that of the diesel operation.

OBSERVATION

In a given speed, the diesel fuel pump was
set at the point that just allowed the engine to
operate at no load condition so that when the engine
was loaded slightly, instability develéped and
the engine tended to stall. With this fuel pump
setting, the 1load and gas supply were increased
step by step until the regquired load conditions
were attained with the engine stalling.

For the general operation throughout the

investigation, it was observed that on the admission
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of the producer gas to the engine, the engine started
to accelerate. Further increase in the gas admitted
caused the operation to become unstable. This
was highlighted by a knocking sound. On increasing
the load however, the engine operation became more
stable. When operating under the same low load
condition, a further increase in the gas admitted
resulted in a more intense knocking sound.
Conditions were made stable by increasing the diesel
fuel input to the engine. However the noise level
of the engine was lower to some extent when operating
under dual fuel condition than when under normal

diesel operation.

RESULTS

Fuel Economy

Figures 9.1(a) - 9.1(d) shows the plots of
fuel consumption of diesel fﬁ21 and ' of ‘charceal
in kg/hr against Brake Power in kilowatts for both
modes of operations at speeds of 800, 1000, 1200
and " "I500 ‘rpmi Under dual fuel operation at the
lTower = leading ‘Eange 'Vat"all “ispeeds, the “quantity
of diesel fuel supplied remained almost constant.
At 800 <rpm | (See “Figure 9.1(a)), the diesel “fuel

consumption gquantity remains almost constant at

about 0.07 kg/hr for almost 70% of the loading
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range after which it increased fairly rapidly for
a further increase in the engine 1load. With the
other speeds, for about 40% of the loading range
the diesel fuel consumption was almost steady and
beyond this point, the consumption increased with
a further increase in load; for speeds of 1000,
1200 and 1500 rpm, the diesel fuel consumption
remained steady at about 0.05, 0.225 and 0.325
kg/hr respectively.

For all four operating speeds in the dual
fuel mode, it appears that the lowest diesel fuel
injection used for the test were much lower than
that which was necessary for stable operation.
This is quite noticeable from the plots since although
the power output was 1increasing gradually in the
lower range, the quantity of diesel fuel injected
remained steady as the quantity of producer gas
was 1increased. Approaching intermediate and full
load setting for all four operating speeds, as
the diesel fuel injection quantity increased, the
quantity of producer -gas consumed by the engine
reached a maximum value and then started to decrease.
It 'is also interesting to note that 'for all speeds,
the highest power generated under dual fuel operation
than that which was available under

was greater

normal diesel operation. For 800 rpm the difference
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in power generated was about 30%, at 1000 rpm about
35%, at 1200 rpm about 30% and at 1500 rpm about
15%.

Under low load conditions, dual fuel operation
was able to maintain lower 1loads than that which
was possible under normal diesel operation. The
lowest loads obtained under normal operation was
0.65; 1.25 and 1,95 KW while under dual fuel operat-
dien | the low lead B wvalues were 0:25,; 0.75 and 0,45
KW ‘at 1000,4=1200..and 1500 rpm respectively. This
suggests that it may be possible to obtain a much
wider range of loading conditions under dual fuel
operation than that which 1is possible under normal
diesel operation.

Figure 9.2 is the plot of energy supplied
by the producer gas as a percentage of total energy
supplied to the engine against Brake Torque 1in
N—-M. The plot shows that at the lowest operating
speed of 800 rpm, the percentage of energy supplied
by - the gas in the mixture is highest. The guantity
at 1000 rpm was next followed by the quantities
at 1500 rpm and 1200 rpm respectively. The general
trend seem to follow the pattern that as the speed
increases the percentage of gas in the mixture

decreases.

The plot for 1200 rpm did not seem to follow
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the general trend and had a lower percentage of
producer gas than that of the 1500 rpm plot. The
possible reason for this may lie 1in the engine
fuel supply systenm. The " fuel pump sekting was
not able to supply gquantities of diesel fuel in
small steps. The situation could then arise where,
the required quantity for stable operation was
a small amount of fuel but because of the fuel
pump setting, the quantity of fuel supplied exceeded
the amount. This could then mean that the production

of energy supplied by the gas would be lowered.

Torque Speed Characteristic

The ability of the engine to respond favourably
to changes 1n leading conditions is an. important
characteristie of any engine. This may not be
so critical when operating in situations that demands
fixed loads and constant speed eg. water pumping
since gas supply quantities can be preset. However
2ol situations where increasing torque requires

constant speed or an increase 1in speed, the torque

speed characteristic becomes very crucial.

Figure 9.3 is a plot of torque against speed
for engine operating in both fueling modes. Both

plots followed the standard plot i.e. as the speed

increased the torque value increased towards a
r

~ L-
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maximum value and with a further increase in speed
the torque value decreased. The torque level for
the dual fuel operation was higher than that for
the diesel run. For the dual fuel test, the maximum
torque of 33 N-m occured at a speed of 1200 rpm
while that for the normal diesel run reached a
maximum value of about 25 N-m at a speed of 1500
rpm.

For mobile vehicles, the general objective
is to obtain the flattest possible shape in the
curve so as to have a wide range of engine speed
within which the torque is nowhere very'far below
its maximum value. This would ensure a relatively
constant torque over a fairly wide speed range
and hence . more flexibility thereby eliminating
the need for frequent gear ehanging. For systgps
operating at constant .sgeed with wvarying torque,
the . .ability for the. dual _fuel system to respond
to increasing demand 1is of major significance.
The ability to respond to varying speed and varying
load condition is an indication that, with a proper

fuel control .system, the designed response ,could

be obtained.

Gas Utilization in Combustion Process

The dual fuel engine has the ability to operate
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over a wide range of mixture strength and would
involve various combustion reactions. Some of
the primary products of combustion for both modes
of operation were monitored at engine speeds of
800 and 1500 rpm and are shown in Figure 9.4 (a)
=9 dfd) .

Under dual fuel operation at the Ilower speed,
the CO 1level fell gradually from its highest
concentration of about 7.5% at an operating torque
of 3.25 N-m to its lowest concentration of about
1.25% at the highest operating torque of 26.25
N-m. This value was ‘significantly 'higher than
that obtained at the same speed operating fully
with diesel fuel which varied between 1000 ppm
and 300 ppm.

At the higher operating speed of 1500 rpm,
the CO concentration with producer gas maintained
lower levels. It had its highest value of 5% again
at the lowest load and then decreased gradually
lowest value of about 1.5% at the highest

o ats

torque levels. These values again were significantly

higher than those obtained from the normal diesel

operation at the corresponding speed although at

high 1loading conditions, the CO concentration were

approaching typical values obtained from normal

diesel operation.
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The high CO concentration in the exhaust gas
at low load conditions under dual fuel operation,
seems to suggest that poor gas utilization occured
in the combustion chamber at this point and its decrease
in concentration as the load increases, suggests
that the gas utilization in the combustion process
was 1improving with increasing load. Approaching
full load condition for the diesel operation at
both speeds, the' €O eoncentration , decreased to
minimum values and then started to show an increase.
This could be an indication that the maximum
combustion efficiency possible under the operating
condition was reached and then started to decrease.
For the dual fuel operation and approaching full 1load
conditien,  the €0 concentration ' continued to £all,
The slope then was not as significant as seen at low
load conditon and seems to suggest that the combustion
efficiency and gas utilization was approaching
its maximum value.

The levels of formaldehyde 1in the exhaust
fuely operatien  than with

was higher under dual

the normal diesel operation. At 800 rpm with producer

gas, as the diesel injection quantity was increased,
r

the formaldehyde concentration SFell Sifrom: 30  ppm

to 15 ppm while that of the normal diesel operation

fell from 10 ppm to about 4 ppm. At 1500 RPM the
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concentration fell from about 20 ppm to about 8
ppm and from about 15 ppm to about 8 ppm for dual
fuel and normal diesel operation respectively.
The oxide of nitrogen level under normal dual
fuel operation, maintained much lower values than
those of the normal diesel fuel test although the
oxide of nitrogen level in both modes of operation
increased as the load increased. At 800 rpm for
normal operation, the oxide level varied between 240
and 400 ppm while for the dual fuel operation, the
value varied between 40 and 80 ppm. At the higher
speed of 1500 rpm, the range of values were between
300 and 600 ppm and 43 and 144 ppm for diesel and
dual fueling operation respectively. 1t is
interesting to note from the plots that the highest
levels of formaldehyde 1n the exhaust mixture and
the lowest 1levels of oxide of nitrogen occured at

around the same low . load.gondition for both modes

of operation.

Effect of Engine Operating Conditions on Efficiency

The variation between thermal efficiency and

Brake Mean Effective Pressure (BMEP) For the

investigation ' is shown in. Figures 9.5{a) = 18.:5(d).

At 800 rpm which is the Jlowest operating speed

of the investigation, the thermal efficiency under
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diesel operation was higher than the values obtained
under the dual fuel test. At an increased speed
of 1000 rpm, the efficiency value under normal
operation maintained a higher value for about 70%
ofthe : loading | range. Beyond this, the thermal
efficiency of the dual fuel system surpassed that
of the normal operation and reached its highest value
of, about. 30% at  the ; highest ; load. The maximum
efficiency obtained with the normal diesel operation
was abaouk  25%. At speeds ,0f,,1200.  and, 1500 .xpm
the thermal efficiency under dual fuel operation,
maintained in general a higher 1level than that
of ; the.  normal ' diesel,  rumn. Low BMEP (Low Load)
and associated cylinder temperature seems to be
linked with much lower thermal efficiency with
producer gas use than with the other mode of operation
since, as the 1load and speed increases and the
operating temperature increases, the thermal
efficiency with producer gas reaches higher values

than that of the normal operating condition.

The Utilization of Air During Engine Operation

For adequate combustion to occur, there needs

Eouwbe LsufElicient alE.: The Equivalence Ratio (ERE)
for the engine operation may be defined as:

_ Air/Fuel (Stoichiometric)
ERp = Air/Fuel (Actual)
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where values below 1.0 indicate leaner their
stoichiometric Air/Fuel ratio and values above
1.0 indicate a rich mixture. For the investigation,
the stoichiometric air/fuel ratio for diesel fuel
combustion 1is taken to be 14.88:1 and that for
producer gas taken to be 1l:1 (See Appendix 1(IV).
Figures 9.6(a) -~ 9.6(c) are plots of equivalence
ratio against BMEP. For the first plot at a speed
of 800 rpm, it was observed that the equivalence
ratio | forl dua fuel* operation was greater than
that for the diesel operation. For this partieular
speed there was a significant difference in levels
between both modes of operation. Beyond about
80% of the dual fuel loading range, the air fuel
mixture became rich and resulted in equivalence
ratios above 1.0. This could be attributed to
ehe [ Tact ) that atd the | lower speeds, the proportion
of total energy supplied by the gas was higher than
the diesel fraction (See Figure 9.2). As the speed
increased to 1000 rpm and the BMEP increased, the
equivalence ratio for both modes of operation
became much closer. In fack beyond. 60% of ‘the
loading range the equivalence ratio of the dual

fuel operation fell below that for the normal diesel

operation.

*

Equivalence Ratio
the composite fuel mixture.

for dual fuel operation is based on
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At 1500 rpm and at low load conditions, the
equivalence ratio for the dual fuel operation was
lower than that for the diesel operation. As the
load increased to about 70% of the loading range,
the equivalence ratio for the dual fuel operation
attained higher values than that for the other operating
mode.

With a varying diesel injection quantity it
is expected that the equivalence ratio would show
a8, ysignificant /variation .. gince, ua high producer
gas content would displace a considerable amount
of the air aspirated, while low producer gas quantity
and high diesel quantity would result in a relatively
large amount of available air for engine use.
It 1is apparent however that higher equivalence
ratios are associated with dual fuel operation
since a quantity of air is always displaced by

the gas allowed in the system.

DISCUSSION

The producer gas generated for engine use
has a lower calorific value than diesel fuel i.e.
4,15 MJ/kg -and: 45.8. M3/ kg: If it were possible
to operate the engine only on producer gas, the
ratio of the enexgy obtainabie from the stoichiometric

air fuel mixture between the normal diesel operation



= ol =

and the producer gas operation would be about 1:0.65.
This obviously would mean a significant difference
in the level of power generation possible between
the two modes of operation.

Erom  the | plots) sin Figure 19,2 it can’.be ;seen
that as the engine speed increases, the contribution
by the producer gas to the total energy supplied
to the engine fuel decreased. The resulting increase ir
diesel fuel requires a corresponding increase in
air. guantity for combustion. When the producer
gas was being supplied to the engine in the air
intake, a quantity of air was displaced. Increasing
gas supply furtger would result in a gradual reduction
in the air being available for diesel combustion
in the engine. With too high a producer gas content
usually led to excessive knocking in the engine.
This knocking may be due to the uncontrolled
combustion occuring when at the instant of ignition,
the cylinder is filled with a combustible mixture.
It was also observed, as to be expected that under
such  conditions, there was a significant reduction
in the power output combined with 'a :significant
increase in the specific energy consumption of

the engine.

Aeraiallusfour: operating speedsEcads: 800 ,m0d0000%

A

1200 and 1500 rpm, the guantity /of producer gas
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supplied to the engine rose to a maximum value
and then fell off. This was the situation as the
load increased and the quantity of diesel fuel
increased.

Pre-ignition is one of the undesirable
phenomenon that can occur at high loads under duel
fuel ¥ ‘operation " and  ¢an "limit " the 'output “of" “the
engine. Pre=Ignition '"ig'“taken""tg be " “the' earily
ignition of the gas-air mixture by some means other
ttan = “thel™ pilolot ' "dnjection . This could have
originated from:

(1Y "Ignition at 'a 'hot surface.

(2) " "Ignition by hot ‘deposits:

(3) Ignition by compression.

(4) Ignition by the mixing of fresh charge with

hot residual gases.

Hydroden 'lias ''a relatively 1low: level "of pre-
ignition resistance when compared to other gaseous
fuels. This makes producer gas gquite vulnerable
to this etfeactt

King (1948) (62) found that pre-ignition
by the mixing of fresh charge with hot Xesidual
gases was highly probable in dual fuel engine.
This " ‘“was "because ‘“actiwve " garbon"l species ¥ present
in the residual gases are quite capable of promoting

spontaneous ignition of fuel ‘with @& significant
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amount of hydrogen. This phenomenon could have
partly contributed to the decrease in energy supply
by the producer gas to the engine for increasing
load.

Dual fueling operation as seen in Figure 9.1
seems to have the ability to generate a wide range
of engine torque. It was able to exceed the maximum
torque value for the normal diesel operation in
most cases and likewise generate torque at levels
below where stalling would probably occur under
normal conditions. Its high overall fuel consumption
however does not make it attractive and economically
viable at these low load “¢onditions. In situations
where there 1is an abundance of the gaseous fuel,
this mode of operation could be considered.

From the engine tests, it was found that the
minimum gquantity of diesel fuel injected at low
loading condition was more than that required for
stable operation. The fuel economy 1in the lower
loading range however was not explored although
it appeared  that better fuel' ‘econemy ./ could "have
been obtained.

The main reason for not exploring the fuel
economy at low load condition was because the fuel
pump did not have provisions for variation by small

steps 'for fuel Tfeed. Dual fuel engines have been
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known to perform unsatisfactorily at low load (33)

(40) (62)and hence during its operation the following

may be adopted:

(1) Operate near full load condition.

(2) Operate at 1low 1load condition wusing normal
diesel operation and at higher 1loads revert

to dual fuel operation.

The quantity of diesel fuel consumed under
normal diesel operation as was exXpected was much
more than the quantity consumed under dual fuel
operation at corresponding loads. The diesel fuel
consumed under both modes of operation can be
expressed’ ag'-a ratio, the Diesel Fuel Consumption

Ratio (DFCR). This ratio may be defined as:

Diesel fuel consumption rate under normal
DFCR = operating condition
Diesel fuel consumption rate under dual

fuel operation

DFCR of about 10:1 were possible within the
investigation although the average value obtained
was . about. S ls Higher DFCR were obtained at higher
loading | thioughout . jfhe investigation and seems
to  suggest, . that, wnder dual-fuel & Opergciong. the

fuel economy at higher 1load 1is much better than-

that for.low load conditions.
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The problem associated with the dual fuel
operation at low load conditions seems to be partly
as a result of the increase in the ignition delay
of the diesel fuel with the addition of the gaseous
fuel (40) (42) (60). At wvery light loads, when
a small amount of producer gas is added to the
air intake, it may not necessarily burn despite
the presence of excess air and the (piolot injection
but may pass out in the engine exhaust—(42). This
was because the small quantity of producer gas
added even at the existing high temperatures reached
near . the peak of compression ,and  the effective
temperature after the diesel fuel had released
its energy to the gas mixture, the gas concentration
was still too low to propogate a flame. The fuel
mixture could then be quenched and a quantity pass
through unreacted to the exhaust. The high levels
of CO in the exhaust at low load conditions, could
have been as a result of this phenomenon See Figures
9.4(a) - 9.4 (d). The possible causes were discussed
by Lyn (38) and Mehler (61) who associated the
occurence to the chemical inhibition of the gaseous
mixture . The extent of this ignition delay can
in fact necessitate an advance in the diesel
injection timing settings.

Producer gas operation when compared to the
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normal diesel operation throughout the investigation,
was seen to have lower levels of formaldehyde.
The formation of formaldehyde is as a result of
the incomplete combustion of the diesel fuel and
its presence 1in the exhaust indicates that the

intermediate reactions in the combustion chamber

may have been chilled (59) (64). With dual fuel
operation, cooling of the reaction chamber can
OCCUr . This could have been the case, since along

with the relatively 1low heating value of the gas,
inert and non combustible gas fractions are also
present in the gas mixture. This can’ result'¥in
relatively high formaldehyde concentration and
could have been the reason for the difference in
levels between .both operations.

The oxides of nitrogen formation could have
been as a result of the high temperature and pressure
obtained during combustion and the reaction between
the oxygen''and' ‘nitrogen of " thelair charge!fin '’ the
cylinder (58) {59y . The 1lower levels of oxides
of nitrogen present in dual fueling exhaust emission
when compared to normal operation could partly
be as a result of the reduced guantity of excess
air available for the combustion process and could
also be an indication of the lower cylinder pressures

and temperatures that are present under this mode

of operation.
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The thermal efficiencies obtained throughout
the investigation under dual fuel operation appears
to‘ have higher levels than those of the normal
diesel test above speeds of 1000 rpm (See Figures
gabla)  — 9.8 (i,

The fact that under dual fuel operation the
air-gas mixture is homogenous and that for greater
part 1load at higher speeds, the air gas mixture
will be above the inflamability limit and flame
propagation is assured throughout the combustion
zone, the rate of combustion would be more rapid
i.e., similar te fhat occuring in a 8.1. sengine
and hence, the combustion process would be closer
to | eompletien  in the eycile  than with = the ' .octher
mode of operation. Maximum, utilization of . the
air supply would be ensured and higher mean effective
pressures than that occuring in the normal diesel
operation becomes possible.

For normal diesel operation, the combustion
process 1is wusually more gradual and proceeds while
the fuel is still being injected into the combustion

chamber . This could then mean that the combustion

process could be extended into the expansion process

thereby lowering the potential available power

and gquite possibly allowing exhaust emission to

leave the engine cylinder at relatively higher

temperatures.
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e CONCLUSION

gas

From the foregoing investigation using producer

to dual fuel a C.I. engine several conclusions

were drawn. They may be summarised as follows:-

L)

=

{iid)

(iv)

(v)

(vi)

Producer gas generated from charcoal may
be used successfully to fuel an I.C. engine.
The engine system operated throughout its
loading range when dual fueled with producer
gas.

The proportion by which the diesel fuel
was replaced by the producer gas depended
on the engine lcad and speed.

Producer gas may constitute over 70% of
the total energy input to the engine.
Approaching intermediate and fulljload
conditions the  utilization of the prgducer
gas supplied in the fuel mixture for dual
fuel operation gradually improved.

When “operating wunder dual fuel operation,

higher 1levels of CO existed in the exhaust

throughout the 1low to intermediate loading
range than that obtained under normal diesel

operation. Approaching full load conditions,

the cO concentration became comparable
with that of normal diesel operation.

The formaldehyde concentration was higher

than that occuring in the normal diesel
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operation while the oxide of nitrogen was
less.

The maximum limiting torque wunder dual
fuel operation was greater than that which
was obtained wunder normal diesel operation.
Diesel fuel replacement of over 55% of
the +total energy supplied to a C.I. engine
will make the  cost of shaft  power very
attractive for Jlow  to medium cost gasifier

systems.



CHAPTER 10

ECONOMICS OF SHAFT POWER
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SUMMARY

The life cycle method . of costings is,nused
to evaluate the cost of shaft power from a diesel
engine using diesel fuel and the engine dual fueled
with producer gas wusing charcoal as the primary
fuel.

The basis of comparison for the costing was
to consider the economics at full 1load for both
modes of operation and a period of 2000 hours/year.
The initialy eapital 'cost  proved ' to be the mose
significant parameter qrl determining the cost

of shaft power .

INTRODUCTION

Method of Costing

The 1life cycle method which is used in the
present analysis, considers an economical evaluation
of the system under various operating conditions
ranging from aquisition right @ thrpugh to use.
This includes operation and maintenance oy \Ehe

system to its ultimate retirement or disposal

(62)

10.1.2 Gasifier System Life Cycle Cost

(1) Initial Cost (Cost of Ownership)

Some of the initial costs relating to

a gasifier system are:-
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(a) Gas generator - including delivery,
installation and special site infras-
structure.

(b) Blower, pipe, valves,

Gas cleaner,
Gas cooler,
Controls and distribution system insulation

(c) Value of space occupied by system

(d) Testing and commissioning

(e) Labour.

Future Cost

The 1ife 'eyele ©cost occuring during

the ' 1ife "of the Bsystem 'are called future

eoskt and can_ dnelude:
(a) Maintenance - personnel, material.
(b) Repairs - personnel,material.

(c) Power cost for operating blower, supplying
feedstock, controls etc.
(d) Insurance.

(e) Taxes.

Discounting has not been considered 1in the

analysis essentially because the costing

was done with a view to provide possible

estimate for investment appraisal. Discounting

however can be considered in other instances.
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10.1.3 Sensitivity Analysis

10 F. 4

A sensitivity analysis was done on the system
by considering a range of values for the diesel
fuel Scost, the charcoal cost .and the quantity
of diesel fuel replaced by the producer gas.
This was done by considering values obtained from
the life cycle costing method.

The actual costing for the analysis was based
in some instances on information obtained from
local surveys done with people from wvarious
territories in the region and current costing

from equipment catalogue.

Annualized System Cost

The totdl cagr Cy of the systems operation

on an annual basis, is the total of the amortized
cost and distributed 'cost expresed on a present

worth basis (63) See Eg. 10.1.
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Tprop CG,ass Property tax, tax deduction
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Insurance charges
o Dy o
[eRE(ausE) ] W T e depreciation tax
(i+i7) deduction
Lubrieation cost
Feed stock cost
Fossil fuel cost a0 g

Total initial gasifier system investment
including sales tax

gas generator salvage value at end of period
assessed value of gasifier system

energy cost to operate gasifier system in
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1L
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ik = discount rate

J = 4general inflation rate

M = maintenance cost $/year

im = market mortgage rate

je =l energy inflationt rate

K = Yyears at which replacement or repairs are
made

i = 1nsurance charges

RK = replacement or repair cost in year K

PK = outstanding principal (unpaid balance)

of Cgqg Pl in year K

;5 = 1life cycle time or period of analysis
TProp = propexrtcty tax-rate
; = income tax rate (marxginal)
inc PR
CL = lubricant cost S/year
CFS = feed stock cost $/year
CFF =" ¥fossil fuel cost S/year
and
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e (l+i } + = SN G
B T “Grton m PR
m
and
[_CRF(im.t} :
L : 1
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The main parameters considered in the analysis
are listed in Table 10-1 and all cost considered

in the study are in U.S. Dollars.

PARAMETERS CONSIDERED AND ASSUMPTIONS MADE FOR

GASIFIER SYSTEM AND ENGINE COSTING

With regards to gasification plants in the
region, commercial experience is 1limited and hence
an actual manufacturing cost could not be readily
placed on similar systems manufactured for similar
applications. Experience in Brazil and the
Philippines, is that systems can be made commercially
available for as little as 50-$100/KWw (10),

These systems however were not considered
suitable " since it wWas  the general feeling that
they were not gquite capable of handling the
purification of the gas produced. Hence a cost
for the cleaning system has to be added. To cever
a representative value of possible system cost,
a range of 300-$2000 was considered. b eost  of
$2000 could represent a system containing semi-
automatic capabilities while a system Eor o S300,

could represent a system with relatively small

fuel storage capabilities, permanently fixed and

fully manual. This range would enable the

economically viable system cost to be determined

under the different assumed conditions.
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ASSUMPTIONS USED IN ECONOMIC ANALYSIS

TABLE 10-1

Variables Base Values Range of Values
Power output 4.5 KW =

Discount Rate 10% -

System life 6 years -

Annual operating hours 2000 ¥

Diesel cost 51.00/gal 80¢-51.20
Charcoal cost $40.00/ton 0-$80.00/ton
Diesel System

Diesel engine & $200.00/KwW -

alternator cost
Annual maintenance cost

Lubricant cost

Diesel consumption

5% capital cost

5% Diesel
fuel cost

0.414 gal/hrx

Gasifier System

Cost of gasifier

Annual maintenance cost
Lubricant cost

Diesel substitution
Diesel consumption

Charcoal consumption at
90% generator efficiency

$700

10% total
gapital cost

2% icost for
diesel system

52%
0.20 gal/hr

iy el oha

5300, S 700, 52000

20-80%

Al Prcost in HSS
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The system was assumed to run at full power
output for 2000 hours per year with a replacement
after 6 years. This was equivalent to eight hours
operation per week day and a total working 1life
aEEE12000, heuess] This working period is one that
would be expected from a system supplying motive
power or for electrical power generation in a

small processing industry.

Diesel Fuel Consumption and Cost Py

For : the normal -diesel  fuel operation, +the
quantity of fuel demanded by the engine was 0.414
gal/hr at 4.5 KW. This was from the experimental
data at 1500 RPM. With the producer gas operation,

the gquantity of diesel fuel demanded by the engine

was  0.20 gal/hx. This represented a substitution
ofiiaboumE 528 Noy the gas. This guantity was used
as the "base value for the analysis. To see the

effect of the degree of substitution by the producer

gas on - the Gasifier Economics, a range of 20-80%

was considered.

The cost of diesel fuel used in the investigation

was assumed to be $1.00/gallon. This cost was

determined after evaluating the relative cost

of diesel fuel 1in some of the territeoxries dan the

region. It should be noted that for locations
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where there are major transportation and distribution
problems the fuel ©prices can be substantially
higher. To see the effect of varying prices on
the gasifier's economics, a range of cost between

0.80 - $1.20/gallon was considered.

10.2.2 Maintenance

Annuwal  maintenance cost of @ the dual fuel
system ., was takentiitoliibe 110% ©f the capital eost
of the gasifier system and the diesel engine together.
For . thel normal diesel operation the cost was
taken to be 5% of the engine capital cost. The
value of 5% is a typical value used in maintenance
allocation for engine operation. However for
the dual fuel operation, filter changes and general
repair to the gasifier quite obviously required

o

higher maintenance cost and hence the 10% value

was chosen.

10.2.3 Lubrication

For the straight diesel operation this was

raken | +6 'bei 5%y er s the cost of the diesel . fuel.

Double this amount was assumed for the dual fuel

system. g was to allow for more frequent engine

olrl ehanges .
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10.2.4 Charcoal Cost

10.2.5

A charcoal cost of $40.00/ton was found to
be a representative value for the primary fuel
15  the Caribbeany This figure was chosen after
considering dits relative cost in the territories
where large quantities are normally produced at
very lew  coest. However it should be noted that
the ‘major econtributoer to its cost c¢can be ‘the
transportatien  and ‘distribution input. If these
factors were obviated the fuel cost would have
been | wvery' | 1oW. Hence the charcoal considered
for the analysis was assumed to be available firstly

at no cost and then at a high rate of $80/ton.

Discount Rate

A discount rate of 10% was used in the analysis.
Thig was not a subsidised rate. This ftook into
consideration the rate of inflation and the general
rate used for loan repayment (See Section 10.1.2).
The general expression i.e. equation 10.1 that
was introduced to evaluate the total cost of the
system's operation on an annual basis 1included
several variables that were not directly related

oL sEhe T pEEsSen investigation. These parameters

were then neglected 1in the analysis. Por eothen

situations however where these variables are
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integrally  involved ' in +he system's operational
cost, their inclusion can significantly affect
the overall cost.

By using the related parameters and under
the assumptions made, the annual cost of the system

operating under both conditions were determined.
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RESULTS

Table 10-2 gives the result of the analysis
using the base values given in Table 10-1, the
assumptions made and the general equation 10.1
for annualizing the system's cost.

The results show that Case 1 which is the
low cost gasifieq provided shaft power at a cheaper
rate than that of the conventional diesel system.
The power cost worked out to be 11.04¢/KW-h which
represents as saving of 11% of the diesel power
of 12.4¢/KW-h. Considering the pay back period,
the low cost system could achieve this in about
5 months.

Power from the medium and high cost systems
in contrast was more expensive than that for the
conventional diesel system. The medium cost system
however was only marginally more expensive. The
cosk  Eor  thel ‘powee genération were 12.5¢/KW-h

and 17.3¢/KwWw=h. These were 0.8% and 39% more

than the corresponding diesel cost.

The main reason for the higher operational

cost for the medium and high cost system were

as a result of the high initial capital cost and

the higher 1levels of maintenance cost required.

The increase in operating cost for the higher

cost system was $436. This was much greater than

the savings incured in the low cost system.
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TABLE 10-2

ANNUAL CAPITAL CHARGE FOR 4.5 KW SHAFT POWER PRODUCTION

Gasifier System
Cost Component Diesel Case 1 Case 2 Case
System $

Engine 2107 207 205 207

Gasifier = 69 161 460

Maintenance 45 120 160 250
~Lwbricants 39 78 78 78

Diesel fuel cost 828 400 400 400

Charcoal - 120 120 120

Total annuyal cost B119 994 1126 1555

Overall power eost 12.4 11.04 1255 L7

cents/KWh

Savings compared to] — 0% ~0.8% =39%

diesel system

Cost inlshs

Notes:

(1) Costs are estimated based on the assumptions listed in

Table 1.
{2) Annual capital charges are calculated using equation (1)

Case 1 - Low Cost Gasifier $300.00

Case 2 - Medium Cost Gasifier $700.00

Case 3 - High Cost Gasifier 52,000:.00
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From the assumptions made then, it would
appear that for the system to save money the capital
cost of the gasifier system has to be below $650.00.
An initial conclusion drawn here is that gasifier
systems can be profitable if low cost systems
are employed and their operating periods are

maximized.

Sensitivity Analysis

Using the three base 1line egases a series
of calculation were performed in which each of
the main assumptions were varied in turn. The
result is' shown in Table 10-3. For the variables
considered the range of values tested are shown
together with the corresponding power cost under
each set of assumptions. These are compared with
the result previously calculated: i.e. Table 10-2.

The analysis done reveals clearly the

significance of  the dinitial ecapital cost on the

systems's operation. Eeem s L ables 0= 3R we S carEus e

clearly that the cost of power frem, a  high cost

system is more expensive than that of the diesel

system under all the variations tested. The medium

cost system il some cases were more expensive

than the diesel system while the low cost system

for most of the conditions considered was cheaper.
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TABLE 10-3

RESULT OF SENSITIVITY ANLAYSIS

FOR SHAFT POWER SYSTEM

Gasifier System
Overall Post Cost Cents/KWh

Variable Value of Diesel | Case A |Case B |Case C
Variable System
(1) Diesel cost $0.80/gal 105 10.1S 156 Gl PR
(S$/gallon) $1.00/gal (B) 12.4 15 04 5 F
Sl.20/gal 142 2 T 13.4 Bl
(2)  €Charcoal $0/ton 12.4 S T 1529
cost $S40/ton (B) 1L 1004 1205 il
(S/ton) $80/ton 12.4 100l j e N 185
(3) Diesel 20% 1204 138 15 . 202
substitution 52% (B) 12.4 11.04 12.5 Yl.3
quantity 80% 12.4 853 BB 14.6
(percentage %)

Notes:

B - base values
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the —effect) of . diesel  fusl price can be
considerable on the savings that would be desired
from wusing a gasifier system. The economic
attractiveness of the gasifier system at varying
diesel prices are shown in Figure 10-1. The plot
shows that a low cost gasifier system would be
cheaper than the diesel system at any diesel price
above F5¢agall A medium cost gasifier system
would be cheaper above $1.00/gal whilst the
diesel  wost for the high cost gasifiér system
would have to be above $2.00/gal for the system

to be economical. These figures assume a charcoal

east eof  Sd0ftan. Figure 10-2 shows that even
if the charcoal was obtained free of cost . the
high cost gasifier system still would not be
economical. The medium cost system would be
economical if i the chareoal price was  anywheke
below $35/ton and For therlow cost system anywhere

below $80/ton. This was assuming a dlesel cost

of $1.00/gal.

The amount by which the diesel fuel is replaced

by the producer gas has a marked effect on the

system economics. In applications where frequent

load changes occur, the economics of the system

can be severely affected. Systems running at

full and continuous load are ideally desired for

this operation since under these conditions, the
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quantity of producer gas supplied can be fixed
at  its maximum possible value. Figure 10.3 shows
the = effect of  diesel  fuel substitution on the
gasifier economics. For the high cost system,
it appears that the only way the system can be
economical is when the engine is totally fueled by the
gas. This weuld then mean that a spark ignition
engine (ST) instead of a compression ignition
engine (CI) would have to be used. For the medium
cost gasifier, a diesel fuel replacement of over
54% would make the system economical. For the
low cost system, a diesel replacement of over 36%
would be economical. This was assuming a charcoal
price .of ,£40/ton and a  diesel A fuel price of

$1.00/gallon.

DISCUSSION

From  the foregoipg analysis, it can be seen
that a combination of several factors can contribute
to the successful operation of a gasifier system
used to dual fuel a diesel engine. Lower discount

rates, which would result in reduced annual capital

charges, along with high diesel fuel replacement

by the gas generated and a low cost of the primary

fuel, can lead to a highly successful operation.

It is highly unlikely that all the parameters

discussed earlier would reach the desired acceptable
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level that would make the system operate at a
minimum cost. For example, for the cost of the
primary fuel to be minimal, it would necessitate
the gasifier system being located in close proximity
to the charcoal production site. It is then quite
possible that two operating systems depending
on their respective proximity +to the fuel source,
could operate under favourable or unfavourable
economic condition.

Since the diesel fuel is one of the major
cost contributor, a significant reduction in the
guantity wused is most desirable. From the 20-80%
replacement range considered, the lower limit was
totally wundesirable. With a 20% replacement,

it meant that 80% of the fuel energy was supplied

by the diesel fuel. This would definately make
the operation wuneconomical. Replacement values
above 55% are desirable. This difference in fuel

cost can be seen in Figure 10.3.

The economics of dual fuel operation with
producer gas can be viewed from another perspective.

In situations where fossil fuel has to be imported,

usually a substantial amount of foreign exchange

has to be used for its purchase. In developing

countries where balance of payment problems usually

exists, high operational cost that utilizes 1local
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currency can be tolerated. This would then mean
that the amount of foreign exchange originally
allocated to purchasing fossil fuel, could be
reduced and channeled into other areas. Another
fact that could 1largely affect the operational
EosE is the local availability of low cost
construction and gas purification materials.
For fixed stationary operations, construction
could be ‘done " partially wWith refractory cement
and bricks. This would be wnutilizing local raw
material and would result in reduced dependence
on imported materials.

Recirculation of exhaust emission through
the gasifier may be another means of improving
the overall cost of operation. With t£his process;
it may be possible to supplement the charcoal
fuel with the exhaust emission. This could then
mean that less biomass fuel would be required and
could Lresgvle in @ reduction in ' foel consumption
rate. With a batch type system, the frequency
of reloading could be reduced. During recirculation,

in addition +to the possiblity of supplementing

the charcoal fuel, the reaction temperatures can

be maintained at levels lower than when air was

used as the gasifying agent (see Section 7.4)

which would result in lower frequency of reactor
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burnout and hence 4 greater useful 1life and a
lower repair cost.

In conc luding, it can be said that with
favourable operating conditions, it is possible
to operate a diesel engine dual fueled with producer
gas at a lower cost per unit kilowatt-hour than
for the normal diesel operation. The major cost
contributors for +the dual fuel operation were
found to be the capital cost of the gasifier and
the overall diesel fuel cost. A diesel fuel
replacement above 55% by producer gas will definitely
make the operating condition more attractive under

most conditions using a low to medium cost gasifier

system.
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CONCLUSION

A downdraft gasifier capable of producing
about 0.55 Nm3*/min of producer gas with a heating
value of about 170 MJ/hr from charcoal has been
designed and fabricated. The producer gas generated
can be wused for process heat generation or . for

fueling I.C..engine.

Process Heat Generation

For process heat generation the hot
raw ¢gas can' be burned 'directly and used for
steam generation, kiln firing or providing
heat for drying. When wused directly, the
sensible energy generated adds significantly
to the energy generation capability of the
gas . In evaluating the gasifier's performance,
the following are the main findings:-

(13 A gas with a total heating value of
about | 5.2 MJ/Nm 3 is possible when
air is wused as the gasifying medium.

(i1) A gas with comparable heating value

can be obtained at lower reaction

temperatures when a mixture of air

and steam or air, steam and CO2 are used

as the gasifying medium.

(iii)y A gas with a CO concentration of 32%



(iv)

(v)

(vi)

(wdcd)

e, P N

and a H2 concentration of 8% is possible
when air is wused as the gasifying
medium.

The cold gas efficiency (i.e. efficiency
based on calorific wvalue of gas) of
the generater & when using a | mixture
of air, steam and CO2 is higher than that

obtained when using air and a mixture

of air and steam as the gasifying

medium. Their values were about 85,
76 and 75% respectively. The higher
-levels of efficiencies obtained when

using the air, steam and co, mixture may
be attributed to the additional carbon
supplied to the system in the CO,.
Slagging of ash is reduced when a
mixture of air and steam and a mixture
of air, steam and CO2 are used as the
gasifying medium.

I£ is possible to recireulate I.C.
engine exhaust gas up to a total quantity
of about 10% in +the gas supplied to
the gasifier and obtain a gas with

a heating value comparable to that

obtained by direct generation.

Fuel savings of up to about 4.5% can

be obtained in a gasifier when

recirculation is utilized.
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gas

From the investigation using producer

e i chrads ' fagel i e C.I., engine several

conc lusions were drawn:-

(1)

(11)

(233}

(iv)

(v)

(vi)

Producer gas generated from charcoal
may be used successfully to fuel an
T.€. engine.

The engine system operated throughout
its loading range when dual fueled
with producer gas.

The proportion by which the diesel
fuel was replaced by the producer
gas depended on the engine load and
speed.

Producer gas may constitute over 70%
of the total energy input to the engine.
Approaching intermediate and full
load conditions, the utilization of
the producer das supplied in the fuel
mixture for dual fuel operation gradually
improved.

When operating under dual fuel operation,

higher levels of CO existed in the

exhaust throughout the low to intermediate

loading range than that obtained under

normal diesel operation. Approaching
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full load conditions, the CO concentration
became comparable with that of normal
diesel operation. The formaldehyde
concentration was higher than that
occuring in the normal diesel operation
while the oxide of nitrogen was less.

(vii) 'The maximum limiting torque under
dual fuel operation, was greater than
that which was obtained under normal
diesel operation.

(viii) Diesel fuel replacement of over 55%
of the  teotal | energy supplied to a
0 00 engine will make the cost of
shaft power very attractive for low

to medium cost gasifier systems.

POSSIBLE LINES OF FUTURE WORK

From the foregoing investigation, it 1is seen
that there are several areas that could be explored

for future development. Chapters 2 to 7 described

the gasifiers characteristic using charcoal as

the feedstock. It may be possible at a later

stage to explore the following areas:-—

(1) Phe atilization of other feedstocks 1like

peat, sawdust, rice husk and colir.

(2) The development of suitable equipment for

densifying the feedstock with low bulk density.
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(3) The adaptation of the gasifier system to
accept products of combustion from I1.C. engine
and other systems for useful combustible

gas regeneration.

With regards +to Chapters 8 +to 10 of the
investigation which dealt with the dual fueling
of the (C.l1. ehgine with producer gas generated,
the following areas could be explored and developed: -
(1) Means of improving engine economy and reducing

pollutant levels wunder dual fuel condition

with producer gas under 1light load operation.
(2) The potential capacity to generate greater

loading than that possible under normal diesel

operation.
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APPENDIX 1

Vo =V . 055 . it

P = Absolute pressure of gas (mmHg)
t = s Temperature of gas [(°C)

v = Volume of gas (m3)

Vo = Standard Volume (Nm3)

i 12Po, X F i £O # €Oy
at 22400 x 100 co, + 0, + %CO
F = rate of flow of gas in cc per minute

(at standard temperature & pressure)

P02 = percentage oxygen in gasifying agent

CcoO = percentage CO in gas mixture

CO2 = percentage CO2 in gas mixture

02 = percentage O2 in gas mixture

%% - rate of charcoal consumption in gram/minute
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Producer gas composition by volume.

Constituents % Range

Carbon Monoxide = @D 26.54 - 31.4
Carbon Dioxide = (COZ) o2t = 2.08
Hydrogen - (Hz) Fo8 L lm T 63
Methane = (CH4) Q03 == D.06H
Oxygen - (02) 1.8 iss 12085
Nitrogen - (Nz) 58.08 - 64.24

Traces of other gases were neglected.

For representative percentage constituent of producer

gas manufactured we take average values.

Average Composition 2 Volume Volume Fraction
CcO 29 .0 0.290
C02 1,675 0.01675
H2 5s:76:5 0.05765
CH4 0.045 0.00045
02 2.2 0. 0237
N, 6l.13% 0.6113
100.00% 1.000
Step 1

To use the average volumetric analysis data found in

the investigation and convert to a weight basis.
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V.M.

Component Mi Vi ViMi Mi =2£$ ;

S o SHgEL
CO 28 0.29 82 0..3023
C02 44 0.01675 s T3 D.0274
H2 2 0L 05765 01153 0.0043
CH4 16 0.00045 0.0072 0.000268
O2 32 050237 0.7584 0.0282
N2 28 G.6113 i Bl ) 0637

1.000 26.86 1.00

M ZNiMi ZViMi
Step 2

Oxygen required to burn completely carbon monoxide (CO),
hydrogen (Hz) and methane (CH4).
Chemical equation for reaction.

(i) 2¢c0 + O » 2CO2

2
(ii) 2H, + 0, = 2H,0
(iid) CH4 % 202 =» CO2 i 2H20
Step 3
Using molecular weights for chemical equations.
p i ired
Molecular Weight kg of oxygen require
Compotnds RZtios eolumn 1 % 2
ce | = 0.3023 32/56 0L B2
H2 - 0.0043 32/4 0.0344
CH4 - 0.000268 64/16 0..60107
0.208

Total
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Step 4

Calculating mass of air required.

0.208

Mass of air required =
c23

= 059

o

For complete combustion of lkg of gas produced, 0.91 kg
of air is required.

For the purpose of this investigation, it will be
assumed that the stoichiometric air-fuel ratio is

1:1 by mass.

The equivaleﬁée ratio was computed by finding
the total guantity of air regquired for the total
combustion of diesel fuel C16H34 and producer gas.
The sum of the air required for total combustion
was divided by the actual weight of air supplied
for combustion by the engine.

Air required (Producer gas & disel)
Air supplied (from investigation)

Equivalence Ratio

Combustion equation for diesel C, Hj,.

Fo D RG@L 2 4y, 3 3.76N2—+-16C02 + 17H20

Ci6t34 2

i T 24.5N2

Stoichiometric air/fuel ratio by mass 183

3356.36 . Sia
226

For complete combustion of diesel, 1kg fuel requires

14.8kg air.
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Effective Heating Value

Analysis by Volume

Kcal/Nm3

(@) 0.29 OIS2:9 = 3 0210 = 875.8

C02 0.0167 -

H2 0L a57 050 57 e D BT = 146.49

CH4 0.00045 0.00045 x 8550 = S8

O2 0-0237 -

N2 Bo6113 -

Total 1026.13 Kcal/Nm?3

Effective heating value of gas mixture
is 1026.13 Kcal/Nm3

or 4.29 MJ/Nm?3

Range of heating value of gas:

3.78 - 4.81 MJ/Nm?3



