Pr-ABF 30T

5. 245

IMPROVED PRODUCER GAS CLEANING SYSTEM

Pojanie Khummongkol
Damrong Khummongkol

Chaiyot Tangsathitkulchai

King Mongkut's Institute of Technology Thonburi

Bangkok Thailand

Submitted to

The U.S. Agency for International Development

oV

N



EXCUTIVE SUMMARY

Because of the energy crisis, men are more aware ot
energy sources that can support human civilization through the
future. Fossil fuels, the only main energy source of the present
era, is believed to be used up within the next decades. Besides
nuclear power, which in recent years has caused many serious
accidents, non-conventional energy becomes potential alternative.
Many processes have been developed to generate the non-
conventional energy. Biomass gasitication, one of these
processes, is very promising since the gas produced can be used
in an internal combustion engine and biomass residues are
abundant in most agricultural countries, Moreover, the
gasitication technology is not very complicated, a normal
villager can easily learn how to operate a gasitier. However, the
quality of producer gas obtained from any gasifier depends
strongly on the biomass used. ‘Charcoal Yields rather clean
producer gas; with a simple cleaning device, the gas can be used
in the internal combustion engine. Using other biomasses such as
Wood and rice husk, on the other hand, the producer gas is very
dirty of tar and particulates, and thus damages the internal
combustion engine {f it is not cleaned properly. Since soa:
eneréy is lost, in the Eorm:of volatiles, in the process of
charcoal making, and in addition, wood and rice husk are tound in
abundant, the latter is more appropriate a: tuel in the gasiftier
than the former. Consequently, an efficient cleaning system has
to be developed to clean the producer gas beftore the gas is fed

into the combustion engine. It ig the objectvive of the present



stﬁdy to develop such syste;. The proposed systenm congists of a
cyclone, wet impingers {by impinging producer gas onto surtface of
water column) and a demister.

The work is divided into 2 parts: the first part deals
with the laboratory study, and the second part was carried out in
a rice mill.

In the laboratory investigation, a down-dratt rice husk
gasifier was constructed, geonetrically similar to the gasitier
used in the second part. However, the laboratory-scale gasitier
is scaled down ten times of the large-scale one. It was designed
to consume 30-50 kg ot rice husk hourly. Loading of rice husk was
operated automatically. Producer gas from the gasifier was
induced by a 2-hp blower to ftlow through a cyclone of 30 cm
diameter and 6 cnm. height, a wet impinger, and a demister packed
with rice husk.

Since wet ispinger had never been used as a cleaning
device for producer gas, we put more attentién on its performance
than on other dévices in the line. The#wet impinger works by
impinging the producer gas through a nozzle onto the surface oY
water contrining in a cylindrical column. The impinged gas leaves
the wet impinéer via an exit duct., There are many factors
aftecting the impinger performance; these includes the column
height L, the water level H, , the nozzle height trcm the water
surface H, . the nozzle diameter Dn s the column diameter Dn ’

the gas ftlow rate Q, and the physical properties of water
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(density and viscosity ). By dimensional analysis, the tar-
removal efticiency can be expressed as

n = f(Re, H/L, H/L, D/L, D /L),

.

where Re = Qp /Dhu
In order to tind the exact fora of thel above function, the
parameters describing the impinger contigurations and the gas
flow rate were varied in the experiments and a mathematic model
of the wet impinger was developed. The tar-removal efficiency
obtained from the model was then torced to fit to the

experimental data, we obtain

ol 10
* ]
n o= ( )i ( 25x10 " +80¢ )

71%10°+a’ - g

where o = 107 Re/(H,/L)(D./L)
and ¢ = 107" °Re?/(H, /L) (H /L) (D /L)
The wmaximum value of achieved in the experiment is 80% an the
minimum is less than 20%. The above correlation will be used to
degsign a large-scale wet impinger in the second part of the work.,
In the case of dust or particulates, a membrane tilter
was used to separate dust or particulates trom the producer gas.
The tilter was investigated under a scanning electron microscope,
no particulates were observed. As a consequence, we cannot
develop an exact function to predict the dust-removal efficiency
of the wet impinger. However, with the method of dimensional
analysis, we believe the efficiency is also a function of the
same dimensionless groups occurring in the tunction of tar-

removal efticiency.
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In the second part of this investigation, a large-scale
gas cleaning system was designed, constructedand tested with &
rice mill gasitier (5 u?/nin gas production rate)., The systen
conaisted of a cyclone, three wet impingers and a'denister packed
with rice husk. The design of impinger units was based on the
tar-removal efficiency equation developed from small impinger
test results.

'In running the test, variables of interest included
nozzle diameter (D,} and nozzle height above water surtace (Hy ).
In general, it was found that impinger no.1 showed the highest
collection efficiencies for tar and dust under all conditions.
Impinger no.1 removed tar with mean efficiency of 52X and maximum
etticiency ot 72%, whiie dust particles were separated with mean
efticiency and maximum efticiency of 67% and Yox for
particulates. For the purpose of comparison, the mean removal
efticienes of the overall cleaning units were determined to be
78% for tar and Y0% tor particulates, .

The ettects of D, (2" and 3") and H, (0.5"-2") on the
removal efticiency ot dusts and tar were ex»mined. The variation
of tar removal etticiency with Hn at a tixed value of Dn shows a

'maximun in the etticiency curve. The location of the optimum Hn
appears to change tor each impinger. For a ftixed Hn y the
etticiency drops linearly with increasing Dn + An optimum Dn is
expected to lie between Dn = 1"-2", since at Dn =1" there is a
shortage of gas ftlow in the cleaning line. As for dust
particulates, the dependence of dust removal efficiency on Dn and

Hn follows that ot tar removal efticiency. From the results
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obtained, the best impinger parameters occurced at Dn =2" and
Hn ‘= 1", which gave tar removal efficiency of 72X and dust
removal etflciency ot 90X.

Discrepancy exists when comparing the experimental and
predicted tar removal effliciencies In that the model equation
overpredicted the experimentai values. This difterence was
attributed to model inadequacy to cover the high Reynolds number
range encountered in the large-scale impinger operation. Model
refinement and further experimental investigation are needed.

Two consecutive tifty-hours test runs were conducted to
assexs the long operation pertormance. Overall, the system wag
stable and steady. Visual observation of internal components of
the combustion engine revealed no indicatior of wear problen,
thue showing an acceptable quality of producer gas after
cleaning.

In conclusion, the cleaning of producer gas from a rice
hugsk gasitier based on impingement of a gas stream on water
surface has shown promise in removing tar and dusts with -
reasonably high collection efficiency. The clean gas contains
0.35 mg/m tar content, 13.5 mg/m3 dust content and about 13% CO
composition, and can be burnt without difticulty. 1In désigning
and operating a wet impinger, the celection of optimum set of
nozzle diameter and nozzle height as well as maintaining
sufficient water circulation will ensure stable and etticient

operation of the gas cleening systenm.
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CHAPTER 1
INTRODUCTION
1.1 OVERVIEW OF GASIFICATION AND ITS PROBLEM

Technology of biomass gasification to produce combustible
gas for use with internal combustion engine was started as early
as the beginning of the 20th century. During the second world
war, producer gas was used extensively as the substitutional fuel
for buser,, cars, and tractors. Table 1.1 lists numbers of
producer gas vehicles reported in use in 1942. After the war,
research development of producer gas technology declined, and
later came to a complete halt in most countries during the time
of cheap oil,

Later in 1973, the shortage of oil supply had led to a
new search for nonconventional renewable energy resources.,
Gasification using bidmass 4s a raw mwmaterial was then
reestablished. It has since beconme a promising technology to mﬁny
countries, especially the countrieg that depend solely on
imported oil but hag abundant supply of agricultural and forest
industrial residues. Moreover, during the time of cheap oil, most
small scale industries and rural villagers in developing
countries had turned into buying internal combustion engines for
the generation of mechanical and electrical power. When oil
becomes expensive, and in order to keep the internal combustion
engines running, the only and most suitable fuel that can

substitute for oil is producer gas. Besides, people in the



Table 1,1

Australia
Belgium
Brazil
Britain
Canada
China
Denmark
France
Germany
Holland
Hungary
Ireland

Italy

Number of Gas Producer Vechicles Reported in Uge

in 1942

45,000
15,000
22,000
10,000
1

500
20,000
110,000
350,000
1,000
6,000
1,100
35,000

India 10,000
Japan 100,000
New Zealand 2,280
Norway 3,500
Portugal 450
Slovakia 50
Spain 2,200
South Africa 100
Sweden 73,650
Switzerland 15,000
United States 6
U.S.8.R 100,000



developing world posses a know-how with the internal combustion
engine to a great extent. Thus it can be seen that the producer
gas technology can fit into the existing motor car technology
which has been widely established in most  towns in
developing countries (Coovattanachai, 1984).

The use of producer gas during the second world war was
not long enough to show effect of prolonged usage of producer gas
engines. However, there were some evidences that the engines
fuelled with charcoal showed some 8igns of engine wear off, while
engines that used wood had a severe effect on the engines. Since
research and development of this teéhnology was lost after the
war, then there was no further investigation of the contaminants
in the produce gas stream, and consequently, no further
development in the area of producer gas cleaning systens.

After the oil crisis, there has been a great interest
to improve the ‘gasifier performances. However, there are few
reliable commercial gasifiers in the world and the number of
failed gasifiers is large (Read and Das,1984). This is due to the
lack of detailed understanding of the thermodynamics and kinetics
of gasification. It is also the lack of accepted design of the
producer gus cleaning system as well ag the .ppropriate testing.
and measurement techniques to determine the producer gas
composition. This includes the determination of the particulate

content in the producer gas stream as well,



Most researchers who have been involved in working with
the gasification system realize that in order to have reliable
gasification units, one must be able to resolve the severe damage
to the internal .ombustion engine caused by the dirty gas., In
fact the system depends not only on the design of the eflective
gasifiers that can crack tar and burn fuel efficiently, but also
on the effective design of the gas cleaning systen. Hence, the
methods of cleaning the producer gas thorcughly to remove tar and
condensables prior to use in the internai combustion engines
need serious attention. Now it is time to apply engineering
principles to the design of the producer gas cleaning system.

Even though in recent years, there have been considerable
changes in  the international energy supply and demand,
nonetheless, the easier condition of oil price does not rean that
countries in the developing world will gain much of this benefit.
These countries continue to be serjously affected by the heavy
burden of the high cost of imported oil while the countries have
biomass available for their own need., It has been estimated that
the energy content of biomass which grows in one year in a
tropical country like Thailand could exceed several times that of
the three billion dollars’ worth of imported petroleum products
{Arthayukti, 1983). In addition, research and development of this
technology must go on, .since the conventional energy supply is
estimated to last only within the next 70 years (Stout, 1979),
Hence gasification is one of promising technologies now and in

the near {:‘ure.



We realise the importance of producer gas cleaning
system if the gas is to be used in internal combustion engine.
Hith‘the advance of air pollution control, many devices hgve been
developed, but rarely modified to remove tar and dust from the
producer gas. It is our interest to introduce an innovative
aspect of gas impingement to clean the gas generated from a rice

husk gasifier.

1.2 INNOVATIVE ASPECTS

The conventional producer gas cleaning system employs a
cyclone and a fabric filter to remove particles in the gas streanm
and air cooled heat exchanger to increase gas volume density.
From the past experiences, it was found that this gystem works
satisfactorily only with the gagifier using charcoal as fuel.
However, a large scale dissemination of charcoal gasifiers cannot
be sustained. If they become widely used it will be at the
expense of local forests., Moreover, the conventional process of
carbonization from wood to charcoal will loos¢ the high value of
byproducts, which are composed of at least 60 chemical compounds,
to the ground and atmosphere. It causes polution problems and

also is not very.wise way of utilizing it for energy.



At present, development of rice hull gasifiers increases
popularity and it is very promising technology. It utilizeg
the agricultural residues which are abundant in many
developing countries. Take Thailand as an example. In 1980, it
was estimated that the total area used for growing rice was about
56 million rais (or 9 million hectares) and the average yvie'd per
rai was 600 kg (Amyot,1983). Hence the yearly production was
approximately 33 million tons of rice grains. When m:lled, about
20% of the grains becones rice hull (Beagle, 1978). Every year we
would obtain about 6 million tons of rice hull, which could bhe
gasified for wuse in the rice mills. However, the ricg hull
gasifiers have not been used widely and commercially because the
gas produced from this material has high ash and tar contents. Up
until now, not a single cleaning unit for rice hull gdasifiers

gives satisfactory performance.

A new proposal of the gas cleaning system consists of a
cyclone, a wet impinger scrubber, and a mist eliminator-filter,
These units are designed to collect the particulates according to
their size ranges. The cyclone will be used to separate particles
with sizes greater than 10 micron with the action of centrifugal
separation; the wet impinger scrubber will accommodate the fine
particles as small as 0.5 micron with the action of high velocity
gas jets impinging on a liquid surface; and the mist eliminator-
filter will be used as the final stage of gas cleaning and to

eliminate any moisture entrained in the gas stream.



In designing the gas cleaning devices, one must know the
characteristics of the gas produced and also the particle sizes
to be collected betore one can assign the appropriate gas
cleaning devices to the system, Hence, this proposal tor a
producer gas cleaning unit is considered to be a new venture in
applying engineering principles to gas producer systems which are
widely used in developing countries. In addition, the proposed
devices have been usediwidely with similar gas characteristics in
many industrial plants, theretore, this wunit should work

successtully with the rice hull gasitfiers.

1.3 OVERALL OBJECTIVES

l, To design a new improved producer gas cleaning system in
order to eliminate the impurities (i.e., dust, fly ash, tar,
and aerosol) with size above 0.5 micron in the producer gas
stream.

2, To investigate the mechanisms of collecting fine impurities
aby a method ot impinging high velocity gas on liquid

surtaces.



CHAPTER 2

LITERATURE REVIEW

Biomass constitutes most carbonaceous material such as
charcoal, wood, rice hulls, sawdust, coconut shell, corn cobs
etc. Among these biomasses, wood and charcoal are the recommended
fuels due to their ease of operation (Foley and Barnard, 1982).
However, charcoal is not an effective way of utilizing it for
energy since its cost is high and besides, some quantity: of
energy in the form of liquid and gases are lost through the
charcoal making process {unless the byproduct can ba recovered).
And for wood, despite its easy operation, still has problems with
the dirty gas produced. In adition, its availability in many
developing countries is still skeptical.

Rice hull is an important agriculture residue in many
developing countrijes. Development of an appropriate rice hull
gasification systen requires both the appropriate design of rice
hull gasifiers that can handle the slagging ash problem and also
the effective design of gas cleaning units. The gas produced fron
rice hull is quite dirty, From the proximate and ultimate
analyses of rice hﬁll it has been found that it is composed of
high content of ash and minerals (See Table 2.1 and 2.2). Beagle
(1978) has done an extensive survey on the utilization of rice

hulls as an energy source.



Table 2.1 Proxirute Analysis of Rice Hull in weight percent

Ash Fixed carbon Volatile matter Reference
15.8-23.0 12.7-17.4 56.4-69,3 Kaupp (undated)
18.1 16.9 ‘ 65.0 Stout (1983)
23.2 15.31 61.5 Cruz (1983)

Table 2.2 Ultimate Analysis of Rice Hull (Kaupp, undated)

Element Mass fraction,%
c 41.44
0 37.32
Si 14.66
H 4.94
K 0.59
N 0.57
S 0.30
P 0.67
Ca 0.06
Na 0.035
Fe 0.006
Mg 0.003
In 0.006



2.1 CHEMISTRY OF GASIFICATION

The main chemical reactions in the gasification of pure
carbon can comprise the following exothermic and endotheraic
reactions:

The oxygen from the air admitted to the gasifier may
undergo three different chemical reactions at temperatures of
about 1000 to 1300°C in the oxidation zone (Stahl, 1984),

1. combustion of C with excess 03 to fora CO,
C+0; = CO,+ 408,632 kJ/kmol
2. combustion of glowing, carbon under lack of oxygen to
form CO
C +1/2 03 =CO + 285,540 kJ/knol

3. combustion of CO produced after (.) in the presence of 02

Co +1/2 0, = €O, + 123,092 kJ/kmol

The water vapor mixed with the air reacts in the
presence of glowing carbon in 2 ways :
4. At the highest temperatures water vapor disgociates
in the presence of C forming CO and H2 after
C + HZO = CO + Hz- 118,905 kJ/kmol
5. At high temperature of the reduction zone of about 800°
to 1000°C water vapor dissociates in the presence of C
to CO and 15

C+ 2H20 = Co, + 2H2 -~ 75,362 kJ/kmol

The €O, formed in reaction (1), (3), and (5) reacts with

glowing C to give additional CO :

10



6. In the reduction zone CO is reduced by glowing C

co, +c¢' = 2C0 - 162,448 kJ/kmol

The CO produced in the reactions (2), (4), and ﬂﬁ) reacts

with not yet dissociateq water vapor as :

7. Formation of CO, and H, after reaction
H0 +CO = Hy + COy -43,543 kJ/kmol
In the upper part of the gasifier in the preheating zone

at about 600 to 800% o reacts by dissociation :

8. CO into €02 by formation of soot

2C0 = CO2 + C + 162,448 kJ/kmol

The chemical reactions mentioned under (1) to (8) take
place in certain clearly defined zones of the gasifier under
distinct temperature conditions.

The above reactions are only the reactions of pure
carbon. However, molecular structure of biomass is quite
complex. There are stili many reactions that lead to liquid and
gaseous particulates which in turn cause the gasifier operational
problems. _Nikitin (1366) reviewed the thermal decomposition of
wood. He found that compounds found in tars from a gasifier were

b- levoglucosan

glucose dianhydride

pentosans, hexosans, uronic acids

methyl glyoxal

ethylene glycol
He also indentified the pyroligneous acid to contain more than 60

compounds. See Table 2.3.



Table 2.3 .Sﬁbstances found in pyroligneous acid

ACIDS:

formic palmitic tiglic
acetic lignoceric angelic
propionic glycolic oleic
n-butyric lepulinic pimaric
n-valeric pyromucic abietic
methylethylacetic crotonic

n-caproic . isocrotonic

ACID LACTONES:
Y -bytyrolactone
Y -vaalerolactone

« -hydroxy-8-valerolactone

ESTERS:
methyl esters of formic, acetic, propionic, and valeric acids
ethyl butyrate

acetoacetic ester, monoformic and mono-acetic esters of ethylene

glycol

ALCOHOLS:

methyl isoamyl borneol
ethyl allyl fenchyl
propyl acetol terpineol

isobutyl ethylene glycol



Table 2.3 (Cont'd)

ALDEHYDES AND ACETALS:

formaldehyde isovaleric aldehyde methyfurfural
acetaldehyde tiglic aldehyde hydroxy-methy-furfural
propionaldehyde methylglyoxal methylol

valeric aldehyde furfural

KETONES:

acetone methyl butyl ketone methylcyclopentenelone

methyl ethyl
ketone

methyl propyl
ketone

methyl isopropyl methylcyclopentanone

ketone

PHENOLS AND THEIR ETHERS:
phenol

o-~,m-,and p-cresols
o-ethylphenol

1,3,4- and 1,3,5-xylenols

pyrocatechol
methylguaiacol
ethylguaiacol

FURANS:

furan
l-methylfuran{sylvan)

di- and trimethylfurans

diethyl ketone

cyclopentanone

cyclohexanone

mesityl oxide camphor

pyopylguaiacol

vinylguaiacol

homoveratrol

mono-and dimethyl ethers of
pyrogallol methlpyrogallol
and propylpyrogallol

dimethyl ether of ethylpyrogallol

2.5-dimethyltetrahydrofuran

Pyran derivatives : maltol



Table 2.3 (Cont'd)

HYDROCARBONS:

toluene dipentene cadinene
xylene limonene retene
cumene sylvestrene abietene
cymene terpinolene

-and =-pinene

PYRIDINES:

pyridine

3-methylpyridine, 2,4-dimethylpyridine

CARBOHYDRATES AND LERIVATIVES:

pentosans

hexosans

glucose dianhydride
-levoglucosan

uronic acids
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Hence gasification is a very complicated chemical
process and only empirical investigations and experience will

satisfy gasifier operation. This is also true with the cleaning

systenm.
2.2 TYPES OF GASIFIERS

Many kinds of gasifier have been developed. In this

report, only four types will be mentioned.

2.2.1 Updraff gasifier

The updraft gasifier has been developed before any
other types. It has a very simple structure, usually has a
cylindrical geometry. The carbonaceous materials are fed from the
top of the stove and air is flowed upwards through a grate from
the bottom (Fig.2.1). The bed of the carbonaceous materials in
the gasifier can be divided into zones. Above the grate, the
materials are burned with fresh air, this section is called the

combustion zone. The product from this zone, containing carbon

dioxide and water vapor, has high temperature. It will flow

upwards through the next“zone, called the reduction zone. In this

zone, carbon dioxide and water vapor react with carbon, yielding
carbon monoxide and hydrogen. The gas from the reduction zone has
high temperature, and hence, when flowing upwards, causes the
volatile matters in the carbonaceous materials to vaporize. This

gection is known as the pyrolysis zone or the distillation zone.

After the pyrolysis zone, the gas temperature is low, but still
high enough to dry the carbonaceoug materials at the top of the

bed. In this section, most of the moisture in the materials is



Figure 2,1

Updraft gasifier

Drying Zone

Disstillation Zone

Reduction Zone
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—_l —————————— [—————— Grate
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vaporized; lence, this gection ig called the drying zone. The
updraft gasifier can thus be divided into four zones: the
combustion zone, the reduction zone, th pyrolysis zone and the
drying zone.
2.2.2 Downdraft gasifier

The producer gas generated from the updraft gasifier
contains high amount of tar; as a consequence, the gas is not
suitable for running the internal combustion engine. To reduce
the tar content in the produced gas, downdraft gasifier is
developed. With the downdraft gasifier, the air flows into the
bed via nozzles at the side of the gasifier, and leaves at the
bottom (Fig 2.2). The region where the fresh air contacts with
the glowing carbonaceous materials forms the combustion zone;
this zone is usually designed as a throat in order to increase
the gas temperature. The high temperature gas then flows
downwards and reacts with the carbon in the reduction zone before
leaving the gasifier. Since the air moves downwards, oxygen
content in the bed above the combustion zone is not high enough
to induce the combusticn of the materials, Nevertheless, the
volatile matters in this region vaporize due to the heat from the
combustion zone. This section of the gasifier is the pyrolysis
zone, The volatile nmatters from the pyrolysis zone flows
downwards through the high temperature combustion zone and
decompose into carbon dioxide and water vapor, Consequently, the
tar content in the gas is reduced. Above the pyrolysis zone, the
carbonaceous naterials receive some heat from the combustion
zone, causing the moisture to evaporate; this section is the

drying zone.
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2.2.3 Crossdraft gasifier

In the crossdraft gasifier, the air is induced into
the stove via a nozzle fixed at one side of the stove and exits
at the opposite side (Fig 223). The carbonaceoug materials is fed
frem the top of the gasifier. Figure 2.3 also illustrates the
arrangement of the vacious zcnes in the bed. It should he noticed
that the gas from the combustion zone has to pass the pyrolysis
zone before leaving the gasifier; this will assist in reducing

the tar content in the producer gas,

2.2.4 Pluidized bed gagifier

One common problem found in the above three gasifier
is slag, which is formed during the operation. To golve such
problem, fluidized bed gasifier isg developed (Fig 2.4). The
fluidized bed usually made of inert material such as sand or
reacting material such ag catalyats  (Reed, 1984). The
carbonaceous materials are fed from the boétom of the bed just
above the grate. The whole bed is fluidized by high velocity gas.
The advantage of this gasifier is that the feed could be mixed
almost instantaneously within the bed. Moreover, the temperature

distribution in the bed is quite uniforn.

2.3 STATUS OF GASIFICATION TECHNOLOGY
The status of gasifier technology can be summarized in

the following (Arthayukti,1984):

Updraft Gasifiers: Unsuitable for engine operation,
perhaps suitable for direct heat

application, probably using charcoal.
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Crossdraft Gasifiers:

Downdraft Gasifiers:

(with throats)

Down draft Gasifiers:

(no throats)

Fluidized Bed :

Very few existing prototypes, must use

charcoal. Are said to be appropriate

for vehicles with frequent load changes.

Post 1973 era research and developeent
teams say this is best for tar
cracking. There is a bionasa‘ flow
problem for stationary units and a
loss of unregcted carbon at the grate
level. Still unproven with most crop
regidues but some successes reported
when using rotary grate for some crop
residues, corn cobs and of course with
wood and charcoal. Knowledge here
aee;s to be sufficient to design a
unit to operate with a wide choice of

biomass.,

Currently under R&D. This one should
gasify a wider range of crop residues
in various shapes and sizes. The gas
quality and load change capabilitie§

may suffer, But very cheap.

Currently under development and
beginning of implementation. Can use
all crop residues. High levels of

operator skill needed.
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Reaction Mechanisnm:

Solid Fuels:

Cleaning Train:

Gas Quality Measurement:

Not well understood so far. This has
limited innovative designs of
gasifiers, Two notable research groups

in this areas: TWENTE UNIV., SERI.

Few gasifiers have been tested with
biomass other than charcoal pellets
and wood chips which are not
appropriate in  many deforested
countries. Few gasifiers have been
designed for shredded crop residues
and pelletized crop residues and other
biomass (either carbonized or

uncarbdnized).

Except in the case of producer gas
from good charcoal which can require
only a cyclone, an impingement filter
made of stones, and a cloth filter,
the cleaning train for uncarbonized
biomass remains a problem. The

cleaning is not well studied.

A majority of gasifiers are made
without proper measu:re of gas quality
as far as particulates and tar
roisture are concerned. Thus in many
cases we do not know cleaning

efficiencies.
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The Engine: Since most gasifiers produce a gas
clean to the eyes but perhaps dirty
for engine wear due to the

‘ particulates, engine corrosion due to
tars is a problen. For gasoline
engines, the replacement is 100%

producer gas. For diesel engines it

¢ starts below 50X and rarely reaches

90x.
Start Up Time; This part of the operator’s time is an
Maintenance Schedule: aspect of the technology not dealt

with sufficiently.

2.4 GASIFICATION TECHNOLOGY IN THAILAND

Research and development of gasifiers in Thailand has
been performed in various universities, institutes, and gmall

industries. These can be summarized as follow:

2.4.1 Gasifiers at Prince of Songkhla University,

South of Thailand

The gasification project is under the financial
support of the International Foundation of Science since
1981. This project aims at development and application of the
producer gas technology as an alternative source of energy in
.Thailand. The work is based on local skill and materials.
Several producer gas designs have been fabricated and tested.

These include:
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- small charcoal producer gas power plant. The engines
are of theAspark ignition type with outputs ranging from 2 hp -10
hp. The plant is capable of generating 400 to 2000 W of
electricity, depending on the capacity of the engine generator
set used. The fuel consumption averages about 2 kg of
charcoal/kW-H,

- small charcoal producer gas plant for water pumping.
The producer gas was designed to provide gaseous fuel for small
engine pump sets which are widely used by farmers., The engine
capacity is 5 hp. - 50 hp. Fuel consumption is 0.1 kg of
charcoal/m of water,

- 10 kW charcoal producer éas power plant. This systenm
has been designed on the request of the National Energy Authority
of Thailand. The purpose is for electricity generation in a
charcoal industrial area in the Southern part of Thailand.

- gas producer system for 14 hp engine. This unit has
been designed for research and development.,

- 10 %W wood producer gas power plant. ‘This plant is
used for demonstration and field tests. About 100 hours of tests
have been carried out,

2.4.2 C(Casifiers at Chiangmai University, North of Thailand

(Sitthiphong, 1984) '

Gasifier was of fluidized bed type 20 ca. in diameter
using rice husk as raw material. The cleaning units consisted of
a cyclone and an air-conled heat exchanger. The gas produced was
used with a spark ignition engine of 4 cylinders with a
displacement volume of 1300 cc. The overall efficiency at 1,500

rpon is 20.07%.
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2.4.3 Gasifier at Chulalongkorn University, Bangkok,
Thailand (Sagethong, 1984)
This is also fluidized bed gasifier which consists of
2 columns. The first column acts as a combustor to supply heat

to the second column. Rice hull is used as fuel,

2.4.4 Gasifier at King Mongkut’s Institute of Technology
Many researches on the gasification of the biomass
have been investigated on this campus. The list below is a
few examples:

- a thesis work performed by energy technologist
student. The gasifier was an updraft tvpe fuelled with wood. Fronm
the gas analysis, it is found CO output on the average of 13-25%
and H was approximately 15-17%.

‘

- a design of producer gas cleaning unit connected to a
downdraft gasifier. The unit consisted of a cyclone, a hot gas
filter and a fine dust filter using different types of filtering
mediums. Certain amounts of various sizes of the particulates
were collected at various parts of cleaning devices. The
collected dust was measured for size determination with electron
microscope .

~ an impingement design for the producer gas cleaning
system. This was another get of cleaning devices which consisted
of a cyclone, impingers, and mist filter. The purpose of this
design was to clean the producer gas more effectively with very

fine particles,
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2.4.5 Gasifiers using wood waste at Sri Maharaja Sawmill,

Cholburi East of Thailand

Sri  Maharaja Company ig partly owned by Crown
property. The mill processes about 4000 tonnes of wood/month.
This mill has tried using a producer gas to provide electricity.
It was found that the mill was able to save 1,000,000 Baht
($33,320) of electricity/month. The gasifier is a downdraft
type with maximum capacity of 72 kg. The gas cleaning systenm
consists of a cyclone, a filter containing 200 gm. of lubricant

oil, and a water cooler. The engine generator used was 40 hp.

2.4.6 Commercial rice hull gasifiers for small-scale
industries
At present, at least 8 rice hull gasifiers for
electrical generation have been in opefation at various small-
scale industries in various provinces of Thailand. All of these
gasifiers have been designed, fabricated, and tested by a young
electrical engineer fronm Chachcengsao province in the East of
Bangkok. Despite a once-a-week check up of the cleaning units,
those gasifiers work very well, The cost of investment can be
paid back within a year. A list of the existing gasifiers is
summarized in the following,
~ Ruangthong Thanyakarn Rice Mill, Chachoengszo province,
use with internal combustion engine 200 hp.
- Boriboon Rice Mill, Nakorn Rajisima province, use with 2
internal combustion engines, 200 hp each.
- Pakthongchai Ice Plant, Nakorn Rajasima province, use

Wwith internal combustion engine 200 hp.



= Udorn Permsin Flour Mill, Udorn province, install 2
gasifiers, 3 internal combustion engines, 200 hp each,
can replace fuel oil consumption of 200 1/hr.

- Tong Huo Rice Mill, Nakorn Rajasinma province, use with_z
internal combustion engines, 200 hp each.

- Sanyuanchai Rice Mill, Nakorn Rajasima province, use
with 2 internal combustion engines, 200 hp each.

- C. Chaiwat Flour Mill, Cholburi province, install 5
gasifiers, 9 internal combustion engines, 200 hp each.

- Leanthong Rice Mill, Chachoengsao province, use with 3

internal combustion engines, 200 hp each.

2.5 REVIEW OF GAS CLEANING SYSTEM

The impurities in the producer gas using wood or rice hull
generally consists of tar, condensable liquid, and non-condensable
particles (ash, gas-borne paticles). The condensible liquids in
which their compounds are summarized in Table 2.1 wusually are
filtered out with water or oil scrubbers. For the ash and gas-
borne particles, the devices used normally consist of a cyclone
and fabric filters. It has been reported that a large fraction of
the gas-borne particles produced during gasification are
submicron sizes. These small particulates which hnfortunately
cannot be removed easily from the producer gas strear present a
serious problem to the internal combustion engine. In order to
clarify the process of cleaning the gas, the cleaning systen
should be developed in such a way that it can clean the particles

according to size ranges.



The size of gas-borne particles falls into 2 categories
(Faist and Davidovits,1981) the layer particles which
constitute aboét 90X have a mean diameter of 10 micron with a
range of 1 micron-100 micron and the smaller submicron particles
are centered around 0.05 wmicron. The larger particles are
relatively easy to be removed. from the gas stream by conventional
dust control technology such as cyclone, mechanical impactors
etc. However, these technologies are far less efficient in the
removal of submicron particles. The submicron particles, when
deposited on metai surface such as on the liner of an internal
combustion engine can cauge material erosion and corrosion. It ig
very important that an understanding of formation of particles
and design of effective cleaning devices will make the
gasification system complete.

In normal practice, a producer gas cleaning gystenm
consists of a cyclone, a filter, and sometimes a scrubber. Kaupp
and Goss (1982) have investigated the following systems: dry
packed-bed filter, dry cyclone, wet cyclone, and sieve plate
scrubber in combination with dry packebed filter of rice husk
char. He found that the fourth cleaning system is a highly
efficient combination. However, the pressure drop across the
packed-bed filter is high,

Vongvarnrungruang (1986) used the following equipments
in cleaning the gas generated from rice hull down draft gasifier:
wet scrubber, cyclone, packed bed of rice husks and paper filter.

He found the cleaned gas could be used in internal combustion

engine.
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In general, the equipment in the cleaning system should
give the following characteristics:

- ebilities to remove impurities according to their size
ranges;

- low resistance to flow of gas;

- ability to function for reasonably long periods without .
blocking;

- ability to deal with moist gases;

= low initial and maintenance cost; and

- reasonable small weight and bulk.

There are many devices used to separate particles and

mistfrom gas. Some of them will be mentioned in the following

sections.

2.5.1 Cyclone

Generally, a cyclone 1is the first equipment in the
cleaining train. It is used to remove dust from th producer gas,
and should be installed as close as possible to the gasifier. The
design of a cyclone should consider the following:

1, efficiency of dust separation under varying gas
velocities and particle sizes of dust; .
2. reasonably low resistant to gas flow.

Cyclones have been employed to remove solids and
liquids from gases and have been operated at temperatures as high
as 1000 C and pressures as high as 500 ata. Cyclones for
removing solids from gases are generally applicable when

particles of over 5 micron diameter are invqlved (Perry and
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Chilton,1973), High efficiency cyclones can remove the
particles greater than 5 micron at the efficiency greater than
80X (Stern,1974),

More than 10 different cyclone theories have been
proposed;  these can be classified into 4 categories, according to
Chan and Lippmann(1977). The theories in the first category are
based on the assumption that the cyclone wall is a perfect
collection surface for particles ( Rosin et al, 1932;
Lapple,1951; Davies, 1952; Sproull.1970);

In the second category, the theories make an analogy to
electrostatic collection of particles, and cyclone collection
data are fitted against particle sizes at a single flow rate
(Barth,1956; Leith and Licht, 1972). The theories in the third
category are developed by Beeckmans (1972,1973,1974), Beeckmans
assumes  turbulent diffusion as the predominant particle
collecticn mechanism resulting in a second order differential
equation., So includes effects of electrostatic charge and
adhesive properties of the collection wall, he obtpins the
equation similar to that in the second category.

The fourth category fits the experimental data of cut size
and flow rate according to the following form:

dpe = K,Q
where K, is a cyclone characteristic. This equation has been used
by Wagner and Murphy (1971) for liquid cyclones and by Mercer
(1973) for respirable dust samplers,

Various equations for predicting the critical particle
size and pressure drop of the cyclone are summarized in Table 2.4

and 2.5 .
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Table 2.4 Equations for Predicting the Critical (100%)

Particle Size of a cyclone

Name

Equation

Rosin, Ranmler
& Intelmann
(1932)

Lapple &

Shepherd
(1940n)

Gardiner

Davies (1952)

Strauss (1966 )

cp

cp

a
cp

cp

d
cp

b
uGb
xNutgpp

N = the no. of turns the gas stream makes in the cyclone

Vé = the volume of the cyclone
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Table 2.5 Equations for Predicting Cyclone Pressure drop

Name Eq. for pressure drop, cm of Hzo

(cgs units throughout)

% \2f b
Shepherd & 0.000513pb B 16 dz
Lapple
(1939)

AN ab
Shepherd & 0'000513PG T 7.5 di
Lapple
(1940)

2 2n

Q d

G 4.62ab c 1-n
Alexander 0.000513PG (5) @e—— {(a:) -1 =
(1949)

a 2n
[

f N }
0.3 0.393@_\%-14

n=1- 2— 1= - <

aB 2.5

1 4-22P 1-n

£ =08 o = -(n ) +0.2 x

(22n -1)(’;" ) + 1.502%2M

2
. Q 2(d_-b) 2
Stirmand 0.000513p, [£] 142 6% T -1} +2 43;’
(1949) e nde
Y : 4
P de + de + 0.02a
2(d_-b) 2(d_-b) ab
c c
A = interior area of device exposed to gas flow
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2,5.2 Filter

The.filter is usually situated after the cyclone. It
aims to remove dust left over from cyclone. Most gas cleaning
devices such as fabric filters and packed-bed filters are able to
clean gas to a certain degree; however, a pump may be required
due to high pressure drop across these filters (Mercer,1973). It
is found that the filter made from nylon 15 cm thick has a
pressure drop about 7.5 cm water and collection efficiency about
95% (Khummongkol and Khatikarn, 1986), In addition, the producer
gas might contain tar, the temperature of the producer gas and
the filter should be kept high so that water and tar will not
condense on the.filter. This implies that the system should be
insulated.

There are many kinds of filter media; it may consist of
fibers woven into a fabric, a mat of fibers, or layers of
granular solids (Hesketh,1979). Billings et al (1970) have showed
that a typical filtration collection efficiency of a 0.3 micron
particle varies for cloth filter type and condition. For example:

Light synthetic cloth equals 2% new, 13% cleaned, 65% with

cake;

Heavy synthetic cloth equals 24% new, 66X cleaned, 75%

with cake;

Heavy natural cloth equals 39% new, 69% cleaned, 82% with

cake,

Fabric filters may consist of yarns made from stranded
fibers of a natural spun staple or a synthetic continuous
monofilament. Pore size is the distance of the opening between

adjacent strands of yarn in the same layer of cloth are from 50
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to about 100 micron. Gas flow resistance or permeability varies
with pore size, tpe of weave and treatwent. The normal range for
air is 10-150 cm/ft2 of fabric at a pressure. differential of
0.5 inches of water (Mercer, 1973).

Pressure drop across a filter depends 6n pressure drop of
the porous medium plus pressure drop of the cake, which is built
up during filtration.

Further information on filters could be found in Chemical

Engineers' Handbook (Perry and Chilton,1973).

)

2.5.3 Scrubber

When low quality carbonaceous materials such as rice hulls
or soot are gasified, the producer gas is rather dirty and has
high tar content; further cleaning is required. It has been
realized that one of the foremost problems in gas cleaning is the
removal of very fine particles and the separation of tar mist
from the gas stream (Kaupp and Goss, 1982). The producer gas
could be passed through a scrubber; if water is wused in the
scrubber, only dust and ash are removed. Consequently, tar can
accompany the producer gas into the engine, stick the valves, and
form coke in the cylinders. In extreme cases, the engine night
have to be dismantled for cleaning or replaced completely (Kaupp
and Goss,1984). The tar content in the producer gas generated
from the updraft gasifier could vary between 5.7 and 27 gn/cm of
hot gas during 90 hour period. (DeGraaf, 1947). According to the
Swedish wartime experience, an acceptable engine performance can
be achieved with a tar con'ent in the gas of up to 0.6 gm/m3

(Hesketh,1979) However, the amount of tar could be reduced
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further by using oil instead of water in the scrubber, and using
the downdraft gasifier to produce the gas,

Many types of scrubbers have been manufactured. Some of
them are plate, massijve packing, fibrous packing, gas atomized
spray, impingement and entrainment, and moving bed. These
scrubbers are designed either for the collection of particles, or
for mass transfer, A thorough detail on wet scrubber system can
be found in Scrubber Handbook (Calvert et al,1972),

Plate scrubbers have been widely used for mass transfer;
they can remove gaseous pollutants to any desjired concentration
by wusing sufficient number of plates in the scrubber tower.
Particle collection efficiency is generally good for particles
larger than one micron in diameter. Pressure drop is ahout 4‘cm.
H20 for each plate.

Massive packing scrubbers have the same use ag plate
scrubbers. Efficiency for a bed, two meters tall,might be good for
particles larger than several microns in diameter. Pressure drop
is typica®ly 1 cnm. H,0 per 10 cm. bed height.

Gas atomized spray szrubbers utilize a moving gas stream
to atomize liquid into droplets, and then accelerate the drops,
Examples of this type are Venturi scrubbers, Gas atomized spray
scrubbers have been used to remove particles and mists from gas
streams, Collection efficiency increases with pressure drop. High
pressure drop (100 cn. H,0) Venturi scrubbers can efficiently
collect submicron particles. Due to the absence of moving parts,
scrubbers éf this type may be especially suitable for ' the
collection of sticky particles. However, the pressure drop is

rather high,
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Impingement and entrainment scrubbers employ a shell which
holds liquid; gas introduced to the scrubber is made to skim over
the liquid surface to reach a gas exit duct. This type of
scrubbers is used for particle collection. Pressure drop could be
adjusted from lower than 10 ca. H,0 to about 15 cm. H20.

In the process of producer gas cleaning, the scrubber
should be chosen with the purpose of collecting particles from
the gas. With this objective in mind, the impingement and -
entrainment scrubbers will be mentioned here.

The impingement and entrainment scrubbers are characterized
by the gas flowing through or past the liquid, atomizing it into
a multitude of drops which collect particles. The droplets are
then separated from the gas stream and return to the liquid
reservoir. In most design, the gas velocity at the dedusting
zone is about 1500 cm/sec; the pressure drop is about 10 to 20
cn. Hy0. Water consumption is usually low, about 0.03-0,67 1/!3,
depending upon gas temperature end desired concentration of
solids in the slurry (which is usually kept at 5-10%, to permit
slurry flow). Another advantage of the impingement and
entrainment scrubbers is that the efficiency is rather
insensitive to the gas flow rate {within + 25%).

With a given size distrubution of dust and given operating
conditions of the gas stream, Stairmand (1965) has compared the
installation cost and the annual operation cost of impingement
and entrainment scrubbers with spray chamber, impingement
scrubbers, mechanically aided scrubbers, low energy Venturi, and

high energy Venturi scrubbers. The impingement and entrainment


http:0.03-0.67

scrubber gives the efficiency of 93.6X, which is the lowest among
them; however, its installation cost and annual operating cost
are also the lowest.

The design method of impingement and entrainment scrubber
is thoroughly explained in the Scrubber Handbook (Calvert et

al,1972),
2.6 THEORY OF JET

Since our producer-gas cleaning system concerns the
application of gas stean impinging on a liquid surface, a brief
review on fluid jets will be mentioned here.

The fluid jets occur in many industrial applications
such as drying of textiles, paper, films, etc., thermal treatment
of material, and cleaning of gas. Many published works
concentrate on heat and mass transfer of jets. It has been found
that the nature of the Jet is affected by the velocity of the
stream and the geometric configuration of the nozzle (Pawlowski
and Suszek, 1988; Brauer and Mewes, 1972; Donaldson et al, 1971;
Gardon and Akfirat, 1965),

Pawlowski and Suszek (1988) studied heat transfer by the
perpendicular impact of an air stream on a flat surface. They
found that the local heat transfer coefficient could be
estimated from the following equations:

(1) For a laminar boundary layer (Re ¢ 9000),

Nu = 1.027 Re’for :L/d ¢7.1,

Nu = 3,141 Re”*3(L/d) " -57¢or L/d 5711
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(2) For a turbulent boundary layer (Re > 9000),

Nu = 0.0669 Re®*® for L/d < 7.1,

Nu = 0.2046 Re”*® (L/d)®*57 gor L/d > 7.9

In the above equations, the Reynolds number Re is based
on the maximum velocity of the gas parallel to surface, L is the
distance of nozzle from the heating surface and D in the nozzle
diameter,

Theoretical analyses of impinging jets have been
developed using various assumptions. Enrich (1955) assumed a
uniform velocity profile at the nozzle exit and neglected the
diffusional effect. Sparrow and Lee (1975) also ignored the
diffusion term for flat or parabolic velocity exit profiles.
Wolfshtein (1968) divided the impinging jet into a free Jet
region and on impinging region, and used the velocity profile at
the end of the free jet region as a boundary condition for the
impinging region. Yuon et’ al (1988) studied the effect of
buoyancy on the flow and thermal structure of the region near
impingement.,

Masg transfer into fluid Jjets has been studied by many
investigators. Crow and Champagne (1971) showed that the
entrainment coefficient for circular jets depended on the initial
conditions at the nozzle exit. In therms of mass transfer
coefficient, it was found that the coefficient was proportional
to Re1'3: where Re is the jet Reynolds number (Davies and Ting,
1967; Divies and Hameed, 1971, Davies and Young-Hoon, 1974, Ide
et al, 1979). At low Reynolds number, jet length become an

important parameter in determining the mass transfer (Obot,1983),
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The above information indicates that fluid jets enhance
mass and heat transfer. We will use these advantages in both
removing tar and particulates from the producer gas impinging
onto liquid surface and decreasing the gas temperature. To our
knbwledge, the existing works invesitigated only the fluid
impinging on solid surface. However, when the producer gas
impinges on the liquid surface, bubbles are created and further
promotes the removal of tar and particulates and the decrease of
temperature. Consequently, the fluid jet impingement on the
liquid surface has a high potential in the technology of

producer-gas cleaning systen,
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' CHAPTER 3
STUDY OF A SMALL-SCALE PRODUCER GAS CLEANING SYSTEM

As mentioned in the previous chapter, producer gas to be
used in an internal- combustion engine should be generated grom a
down-draft gasifier, since the producer gas contains tar in a
smaller amount than obtained from other types of gasifiers. The
producer gas thus obtained could be further cleaned with less
effort. Due to this advantage, a down draft gasifier was used in
this work. TL - gas produced from the gasifier was then cleaned
by cyclone, wet impingers and demister,

It is the purpose of the work presented in this chapter
to investigate the mechanism of tar and dust removal by impinging
gas on water surface. The investigation also intends to develop
a correlation of the removal efficiency with impinger geometry
and gas flow characteristics. The correlation can then be used to

design a large scale cleaning systenm,

3.1 EXPERIMENTAL SYSTEM

The experimental gaystem congisted of a downdraft

gasifier, wet impingers, and a demister,

3.1.1 Downdraft gasifier
A downdraft gasifier was designed and constructed ag
shown in Fig. 3.1. This gasifier was scaled down ten times from
the commercial size, designed by our project consultant,
Mr.C. Vongvanrungraung. The material used in the construction

was gtainless asteel. The gasifier had a height of 150 cm., and

40



" Screw

conveyer

Gasifier

Screen

_wet
scrubker

\

"~

Feed hopper

!

water reservoiﬁ

Blower

Water
trap

Figure 3.1 The experimental downdraft gasifier and part of a

cleaning train.

41

To impinger

Cyclone




a diameter of 97 cm; it sat on a stand, 100 cm high. The
gasifier can be visualized as two large coaxial cylinders;
rice hull was placed inside the inner cylinder, on a 1/4 -inch-
hole screen, while water, which served to co&l the inside wall,
flowed into the gap between the cylinders from the bottom and
left at about the top of the gasifier. Situated at the
center of the gasifier was the axis of the stirrer, which
was made from a steel pipe with a diameter of 3.5 inches. The
stirrer had two paddles: one paddle was about 30 cm from the
top of the gasifier and was made from a 3-in diameter steel
pipe; the other paddle was 50 cm below the first, was made from
two sheets of iron, leaving a small enclosed gap between them,
Water, acting as a cooling medium, flowed into the stirrer from
the top and left at the botton. The stirrer was automatically
controlled, it rotated, at 4 rpnm, only when the gasifier was
about half full of ash.

Rice hull was conveyed at a maximum rate of 500 kg/hr,
from a hopper sitting on the floor and dropped into the gasifier.
The hopper held 40 kg of rice hull and the conveyer rotated at
the speed of 200 rpm. The gasifier cqnsuned 30-50 kg of rice hull
hourly. By rotating the stirrer, t;: ash in the gasifier dropped
through the screen into the water reservoir. The water in the
reservoir came from three sources: one was the water that flowed
through the gap between the cylinders, another one was the water
that cooled the stirrer, and the other was the water used in the
wet scrubber. The gas produced in the gasifier flowed down' rds,
passed the screen, and entered the wet ~crubber. The wet

scrubber was 150 cm. high and its cross section was square, 40 x
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40 cm; there were 5 inclined iron plates inside. Water was
allowed to flow down along the plates, as the gas was floating
up; thus, the contact between water and gas was enhanced. Some
tar and dusts were captured by water in the scrubber. However,
in our experiment, the water in the scrubber was shut off so that
all tar and particulates would enter the wet impinger,

The water in the regervoir, however, was dirty due to
the ash from the gasifier, it must be cleaned. A 3-hp pump was
installed to remove the water from the reservoir continuously,
and then spray it onto a large fabric filter exposed to the
surroundings; the ash and the ''3t were thus separated.
Another advantage of this fabric filter was the simulataneous
cooling of the water. The filtered water was collected in a large
tank underneath and then recycled into the system by a 2-hp pump,

Next to the wet scrubber was a 2-hp blower. The producer
gas flowed from the scrubber into a cyclone via a rectangular
duct, 15 x 7.5 cm. The cyclone was designed according to the
standard practice; it removed most coarse particles from the gas.
The upper cylindrical part of cyclone had a diameter of 30 cm,
and a height of 6 cm. The lower part was tappered to a diameter
of 7.5 cm. The dust from the cyclone dropped into the water in a
container underneath the tapered end. The outlet duct for the gas

was placed at the top of the cyclone, the diameter of which 'was

15 cm.
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3.1.2 Wet impinger

After the producer gas left the cyclone, it went into
a wet impinger. Due to the lack of available design information
of the wet impinger, an approximate method based purely on the
transfer of heat from gases to water was adopted for a
preliminary design (Sce Appendix 1)}). The wet impinger was made
fron a 100-cm long acrylic cylinder (Fig 3.2). The producer gas
flowed through a nozzle and impinged on the surface of the water
that initially and partially filled the column; it exited from
the impinger through the tube at the top of the column. The level
of water in the wet impingér and the nozzle height above the
water suface could be adjusted. Both the inlet and exit tubes had
diameters of 1 inch. There impingers were constructed with
different diameters; 10,20 and 30 cm. In order to study the
effect of nozzle size, two nozzles with 7- and 10-nm diameters
were used. Table 3.1 summarizes the conditions investigated in
this work.

3.1.3 Denister

The producer gas from the wet impinger was
saturated with water vaper, it was thus necessary to remove the
water vapor in the gas stream before entering an internal
combustion engine. Appendix 2 outlines the design of the
demister used in the work. The demister was designed fo use a bed
of rice hull for the removal of water vapor and mist, and last
for about 10 hours before changing the bed. The thickness of the
rice hull bed was found to be about 0.7 m and the diameter of 0.5
m. The gas flowed in from the bottom of the bed and left at the

top. Fig. 3.3 illustrates the configuration of the demister.
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Table 3.1 Conditions of the impinger used in this investigation

"

Diameter of the column (cm) 10, 20, 30

Diauweter of the nozzle (mm) = 7, 10

Diameter of the nozzle-supply tube (mm) = 25.4

Height of the nozzle above the water surface (cm) = 1-20

Water level (cm) = 25, 35, 45

Gas flow rate (m%%hr) = 2-7
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3.2 EXPERIMENTAL METHOD

In this section, the operation method of the downdraft

gasifier was outlined and the sampling method was described.

3.2.1 Operation of gasifier
The gasifier was run according to the following steps
1. Rice husks were manually loaded by the screw
conveyer into the gasifier until it wes about a
quarter full.
2. The rice husks were then 1it via the ignition
port at the lower part of the gasifier. The
combustion occured by natural convection of air
through this opening.
3.  When the rice husks were well burned, the
ignition port was closed and more rice husks were
loaded into the gasifier till the gasifier was almost
full to the top.
4.  The blower was started to force the air to flow
through the rice husk bed and to induce the producer
gas to flow through the scrubber {unused), cyclone an
the wet impinger.
5, The water pump was switched on to circulate
water into wet scrubber, the gasifier jacket and the

stirrer.
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6. The automatic mode of loading the rice husk was
operated when the temperature at about the center of
the gasifier reached 50°C « At this temperature the
stirrer automatically rotated one revolution and the
rice husks were automatically loaded by the conveyer
upto the determined level. At the same time the ashes
produced at the bottom were scraped out of the
gasifﬁer.

7. At the end of each run, the water pump and . the
blower were switched off. All the openings of the
gasifier were closed. The rice husks in the gasifier
were allowed to burn slowly. .

8. Both rice husks and char were sampled and
analysed by proximate analysis.

It should be noted that in our experiment on small-
scale cleaning system, we did not pass the gas through the
demister because the gas was not used in the internal combustion
engine and the blower was not powerful enough to induce the gas__
though the demister.

3.2.2 Gas Sampling Method

After operating the gasifier for approximately one
hour, the producer gas was analysed for tar concentration at the
positions before entering and after leaving the impinger. The
producer-gas stream was obtained by flowing the gas through the
following units connected in series (Fig 3.4) : an electrically-
heated pipe section to raise the gas tenperature.to 200 °C, a
fiber filter to remove entrained particulates and three U-tubes

immersed in an ice bath. The condensate collected in the U-tubes
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was weighed and analysed for the amount of tar in the torm of
t?tal carbon content, using a Total Carbon Analyzer (model 525,
0.I. Corporation, Texas). We chose to detect tar in terms of
total carbon because tar consists of a wide range of hydrocarbons
with ditterent physical and chemical properties. However, since
tar is hydrocarbon, the measurement of total carbon content could
indirectly quantity the amount of tar. For each sampling
position, the producer gas was sampled every 15 min tor 2 hrs,
with each sample requiring 5 minutes. The continuous flow of gas

was measured by means of a calibrated rotameter,

3.3 ANALYSIS OF DATA

Rice husk and char were analysed by the proximate
analysis, and the amounts ot particulates and tar in the producer

gas betore and after the wet impinger were calculated.

d.3.1 Proximate Analysis

The proximate analysis of rice husk and char is
summarized in Table 3.2 . The rice husk was tound to compose of
6.70% moisture, 20,32% ash, 61.05% volatile matter and 11.938%
tixed carbon. The ash content ot the rice husk was high when
compared with ash content of 1.6Y% in ponderosa pine charcoal and
U.2-2.0% in wood (Nadi and Onischak, 1[Y85; Howlett and Gamache,
1977), The high value of ash content was blieved to be due to the

high content of silica in the rice husk. '
Atter gasitication, the char composed of 4.15%
moisture, 13.6% ash, 16.46% volatile matter, and 36.89% tixed

carbon. By assuming that all the ash in the rice hnsk remained
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in the char, a simple calculation reveals that every 100 gn
of rice husk gasified would yield 46.6 gm of char, about 50%
of rice husk remained as char in the gasification, The char
from rice husk gasification was high when comparing with saw
dust gasifiers. It was found that about 8% of saw dust remained
as char (Diebold and Scahill, 1985), This roughly indicates the

poor convertibility of rice husk to gas,

Table 3.2 Proximate analysis of rice husk and char

content (X wt) Rice husk Char
Moisture 6.70 3.15
Ash 20.32 43.6
Volatile Ma.ter : 61.05 16.36
Fixed Carbon 11,93 36.89
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3.3.2 Gas Composition

The producer gas leaving the cyclone was found to have
a temperature of about 30 C; its composition, analysed in the gas
chromatography, is illustrated in Figure 3.5. The gas contained
very low hydrogen, varying from about 0.06% by volume to 0.16% by
volume (Figure 3.5 a), Comparing with the hydrogen content in
the producer gas from eucalyptus wood (2-5% by volunme)
( Khummongkol and Khummongkol, 1987), the obtained value
indicated that rice husk may not be a suitable material for
hydrogen production. Carbon monoxide content, as shown in Figure
3.5 b, alters between 6% by volume and 12% by volume; the result
was  comparable with that obtained in wood gasification. 8ince
hydrogen and carbon monoxide are the major combustible
constituents in producer gas, the heating value of the gas
depends on the contents of these two compounds. With the heat of
combustion of hydrogen at 57.8 kcal/gmol (water in vapour state)
and that of carbon monoxide at 67.§ kcal/gmol (Perry an Chilton,
1973), the heating values of the producer gases obtained from
wood and rice husk gasification would approximately be 8.49 and
6.82 kcal/ gmol, respectively. Thus, at the same energy
requirement, the rice husk gasifier must be able to génerate gas
about 20-30% more than the wood gasifier. Figures 3.5¢c and 3.5d
illustrate the variations of oxygen and carbon monoxide contents
in the producer gas. Oxygen varies from 4X by volume to 10% by
volume, and carbon monoxide content lies between 14% by volume
and 20X by volume. Both results are higher than those in the
producer gas from wood gasification (4.5-5.5% for oxy¥gen and 11-

13% for carbon dioxide) (Khummongkol and Khuomongkol, 1987).
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3.3.3 Particulate content

A8 deacribed in the gas sampling method (Section

3.2.2), the producer gas, before being filtered by fiber filter,
was heated up to about 200 oC in order to prevent any
condensation of tar and water on the filter. With this method, we
expected that only particulates would be captured by the filter,
A scanning electron microscope was then used t. analyse for the
particulate size distribution. Figure 3.6 shows the photographs
of the filters ohtained from the scanning electron microscope..No
particulates were observed on the pictures, indicating that the
producer gas was free of particulates. We suspected that all
particulates could have been removed in the wet scrubber due to
low gas flow rate, although in the experiment water was not
allowed to flow into the scrubber. However, it is interesting to
see droplets of tar and, possibly also, pmist attached on the
fiber. These droplets were very gsmall, about the size of the
fiber. This means that the increase in the gas temperature to 200
oC was not sufficient to combletely provent the tar condensation,

but it could reduce thé condensation to an acceptable level.

3.3.4 Tar content and tar removal efficiency
The tar content, in terms of total carbon,
content, in each sample was analysed and tabulated in Appendix 3.
The efficiency of the impinger in removing the

tar from the producer gas is defined as ,

amount of tar removed by the impinger
n = (3.1)
amount of tar in the inlet gas




Figure 3.6 ScM photomicrograph of filter paper used to
capture particulates before the gas entered

the wet impinger Magnification = 3500
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In calculating the average for removal efficiency in each run,
the average tar contents in the inlet and outlet gas of all
samples were used, Table 3.3 summarizes the performance of the
impinger. The tar removal efficiency was found to very from 10,3%
to 90.2%. The minimum tar removal efficiency was obtained when
the nozzle diameter was 25.4 mm. and its height above water
surface was 10 cm. If both the nozzle size and height above the
water surface were reduced, the tar removal efficiency appeared
improving. With the nozzle diameter of 7 mm. and the height of 1
cm, the efficiuucy was maximum at 90.2%. Thus, the nozzle
diameter and the distance between the nozzle and the water
surface affected the tar removal efficiency. Other factors
affecting the removal efficiency were gas flow rate, water level
and column diameter. Since there were at least five variables
involving the operation of the wet impinger, the experimental
investigation would require long time and large expense.
Moreover, the result was, quite often, difficult to be analysed.
Consequently, we will take another approach : the wet impinger
was modelled mathematically, and the experimental data were then

fitted to the correlation obtained from the model.
3.4 MATHEMATICAL MODEL OF WET IMPINGER

Impingement of a fluid jet has been investigated for a long
period of time and is now applied to many processes (Qbot et al,
1986) such as drying, heating and cooling. Many studies have been
carried out to study the heat-and mass transfer characteristics
of the jet (Obot et al, 1980, Corrsin  and Uberoi, 1949) and to

determine the velocity profile at any section of _the Jjet
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Table 3.3 Experimentul performance of wet impingers

SAMPLE  REYNOLDS Dn/L Hn/L Hw/L De/L  EFFI
NUMBER NUMBER CIENCY, X
1.0000 8745.48 0.0070 0.0100  0.4500  0.3000 63,8000
2.0000 5246.43 0.0070 0.0300  0.4500  0.3000 85,7000
3.0000 9127.27 0.0070 0.0500  0.4500 0.3000 81.2000
4.0000 7745.08 0.007u 0.0100  0.3500 0.3000 90,2000
5.0000 6863.33 0.0070 0.0300  0.3500 0.3000 51.8000
6.0000 6458.65 0.0070 0.0500 0.3500  0.3000 69.5000
7.0000 5767.10 0.0070 0.0100  0.2500 0.3000 81.0000
8.0000 6148.40 0.0070 0.0300  0.2500 0.3000 76.6000
9.0000 5957.75 0.0070 0.0500  0.2500 0.3000 64.3000
10.0000  10032.85 0.0070 0.0100  0.4500  0.2000 73.7000
11.0000 9031.95 0.0070 0.0200  0.4500  0.2000 70.0000
12,0000  10533.30 0.0070 0.0300  0.4500  0.2000 70.3000
13,0000 9532.40 0.0070 0.0400  0.4500 0.2000 67.2000
14.0000 9532.40 0.007¢ 0.0100  0.3500 0.2000 59,9000
15.0000 9723.05 0.0070 0.0300  0.3500  0.2000 64,9000
16.0000 8841.30 0.0070 0.0500  0.3500 0.2000 67,0000
17.0000 9246.43 0.0070 0.0100  0.2500  0.2000 67.8000
18.0000 9532.40 0.0070 0.0300  0.2500  0.2000 76.0000
19.0000 9627.72 0.0070 0.0400  0.2500 0.2000 71,3000
20.0000 9937.53 0.0070 0.0500  0,2500 0.2000 62,2000
21.0000 9341.75 0.0070 0.0100  0.4500 0.1000 56.4000
22.0000 9031.95 0.0070 0.0200 0.4500 0.1000 69,7000
23.0000  11319.73 0.0070 0.0300  0.4500  0.1000 62.3000
24.0000 7935.72 0.0070 0.0500  0.4500  0.1000 60,0000
25.0000  13107.05 0.0070 0.0100  0.3500 0.1000 74.1000
26,0000 7649.75 0.0070 0.0200  0.3500 -0.1000 61,9000
27,0000  12701.92 0.0070 0.0300  0.3500 0.1000 67,4000
28,0000  12511.28 0.0070 0.0500  0.3500 0.1000 68,4000
29.0000 8340.85 0.0070 0.0500  0.3500 0.1000 60,2000
30.0000  12320.63 0.0070 0.0100  0.2500 0.1000 74.5000
31,0000 8936.63 0.0070 0.0200  0.2500 0.1000 62.3000
32,0000 . 12415.945 0.0070 0.0300  0.2500 0.1000 68,6000
43.0000  12320.63 0.0070 0.0500  0.2500 0.1000 59,1000
34.0000 8841.30 0.0070 0.0%00  0.2500  0.1000 63,9000
35.0000 7440.04 0.0100 0.0100  0.4500 0.3000 66,2000
36,0000 8207.40 0.0100 0.0300  0.4500  0.3000 80.6000
37.0000 8140.67 0.0100 0.0500  9.4500  0.3000 71.1000
38.0000 8274.12 0.0100 0.0100  0.3500 0.3000 69.8000
39.0000 8140.67 0.0100 0.0300  0.3500  0.3000 €9.9000
40.0000 8340.85 0.0100 0.0500  0.3500  0.3000 66,2000
41.0000 8340.485 0.0100 0.0100  0.2500 0.3000 65.6000
42.0000 8274.12 0.0100 0.0300  0.2500 0.3000 54,8000
43.0000 8340.45 0.0100 0.0500  0.2500 0.3000 70.1000
44.0000 7373.31 0.0100 0.0100  0.4500  0.2000 69,0000
45.0000 9108.21 0.0100 0.0200  0.4500  0.2000 73.2000
46.0000 9174.94 0.0109 0.0300  0.4500  0.2000 74,0000
47.0000 8491. 35 0.0100 0.0400 0.4506  0.2000 71.3000
44.0000 8891.5 0.0100 0.0500  0.4500  0.2000 66.8000
49. 0000 9108. 51 0.0100 0.0100  0.3500 0,2000 73.6000
50.0000 8757.89 0.0100 0.0200  0.3500 0.2000 27.0000
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Table 3.3 Experimental performance of wet impingers (cont' 2)

SAMPLE  REYNOLDS Dn/L Hn/L Hw/L Dc/L  EFFI
NUMBER NUMBER CIENCY, X

51.0000 7723.63 0.0100 0.0300  0.3500 0.2000 61.7000
52.0000 7023.00 0.0100 0.0400  0.3500 0.2000 49.1000
53.0000 8340.85 0.0100 0.0500  0.3500 0.2000 62.5000
54.0000 5555.01 0.0100 0.0100  0.2500  0.2000 56,9000
55.0000 5838.60 0.0100 0.0200  0.2500  0.2000 47.3000
56,0000 8674.48 0.0100 0.0300  0.2500  0.2000 72.1000
57.0000 8908.03 0.0100 0.0400  0.2500  0.2000 67.9000
58,0000 8474.30 0.0100 0.0500  0.2500  0.2000 60.5000
59,0000 9725.43 0.0100 0.1000  0.3500 0.2000 26.6000
60. 0000 9725.43 0.0100 0.2000  0.3500  0.2000 33.7000
61.0000 16085.93 0.0070 J4.1000  0.3500  0.3000 60,0000
62.0000  1498Y.70 0.0070 0.2000  0.3500 0.3000 42.8000
63.0000 11677.19 0.0100 0.2000  0.3500 0.3000 46.6000
64.0000 3940.56 0.0254 0.1000  0.3500  0.2000 10.3000
65.0000 3940.56 0.0254 0.1000  0.3500 0.1000 13,8000
66.0000 4025.94 0.0254 0.2000  0.3500 0.3000 21.2000
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(Schlichting, 1933). However, most of the published
investigations have been concerned only with jet behaviour, and
not with the consequences of jet iupingement on a liquid surface.

The next subsections were extracted from the paper
written by Khummongkol and Tangsathitkulchai (1989). The full

paper can be found in Appendix 4,

3.4.1 Development of mathematical model

The wet impinger has the configuration illust}ated in
Fig. 3. 7. The producer gas contains tar and was impinged on the
surface of water column. The water-column diameter was D, » and
the jet-nozzle diameter D, . The nozzle was situated above the
water surface at the distance Hp . The impinger height was L and
the water level H .

In accord with the method of dimensional analysisg,
the variables that are believed to affect the system will now be
listed (Perry an Chilton, 1973). These variables include the
geometrical structure of the system, fluid properties and flow
characteristics.

The fluid properties are the gas density p , gas
viscosity u , tar concentration C, liquid density p, , liquid
viscosity u, , and liugid surface tension o . The flow properties
are determined by the gas-volume flow rate Q.

Thus, .

n = f(L1,Hn ’le Dc’ Dnn Py Wy Cypy iy ,0,Q) (3.2)
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It may be seen that the tar-removal efficiency could
be a function of twelve variables. We next introduce
simplificaticns., Thus, we assume that the\tar concentration of
the gas inlet has no effect on the tar-removal efficiency.
Furthermore, agince water was the only liduid used in the
impinger, the pcoperties of water may be excluded from the
function in Eq.(3.2). Consequently, the dimensional analysis for
the tar-removal efficiency as a function of dinensionless groups
becomes

n = f(Re) Hn/L) Hw/L) Dc/L) Dn/L) ) (3'3)

where Re = @p /Dpu _ (3.4)

In order to obtain the functional éorn of Eq.(3.3), a
simple mathematical model was employed. The model is developed
under the following assumptions,

(1). It was observed that, when gas impinged on the
surface of the water column, bubbles were created and these moved
turbulently in the water. The nuober of bubbles was assumed to
vary directly with the maximum velocity of the gas at the water
surface. Mathematically, this relation can be written as

N = bO Umax ’ (305)

where N is the number of bubbles, U ax the maximum velocity of

the gas at the water surface and bo a constant,
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(2) The diameter of the bubbles was uniform and
constant. This assumption implies a constant mags-transfer
coefficient for any operating conditions since it is known that
the mass-transfer coefficient for a bubble depends on its
diameter (Calderbank and Moo-Young, 1961).

(3) The time for each bubble to remain in the water was
assumed to be constant for all operating conditions.

(4) The gas velocity at the nozzle was assumed to be
uniform,

Schlichting (1933) derived an experssion for estimating
the gas velocity at any section of a round Jet.  The maximum
velocity of the jet at the water surface may then be calculated

from

Uax = M/8muHn | (3.6)
where M is the flow momentum across any section of the jet,
It has been found that the momentum flow across any
section of the jet is constant. Schlichting (1933) has shown that

this momentum flow »ay be estimated from
Dn/2 ,
M = 2np f urdr = constant (3.7)
0

where u is the gas velocity at any cross section of the Jjet. In
view of the assumption that the velocity of the gas at the nozzle
is uniforam, Eq. (3.7) becomes

_ 2.2 3.8
M = (rr/4)puoon (3.8)

Equations  (3.4),(3.5),(3.6) and (3.8) yield an
expression relating the number of bubbles in the water to the

Reynolds number and the nozzle-to-water surface distance, viz.
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N = b, Re? B~ (3.9)
1 n

where

o
]

2
3 bo/2: [}

If A’ denotes the surface area of a bubble, the rate of change of
tar concentration in the bubble can then be calculated from

-dC/dt = kq A’ (C - C¥), . (3.11)

where C and C* are the tar concentrations in the bubble and in
the water, respectively, and k1 is  the mass-transfer

coefficient.
If Vw and Vy, are the volumes of water and of a single

bubble, respectively, an overall mass balance for tar yields

Yy (Ck - CH) = wv(c; - ), (3.12)

where C;* and Ci are the initial tar concentrations in the water

and gas, respectively.
Since k, 1is constant because of assumption 2, and

assuming also that Ci* = 0, Eqs.ad (3.11) and (3.12) yield

C=1((1 ~-¢€) exp (-Ar) +e]Ci, ‘ (3.13)

where T is the residence time, ¢ the volume ratio in bubbles to
the combined volumes of water and bubbles (= fractional gas hold-

up), and A a constant. The values of eand A may be calculated

from
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€ = va/(vw+ va) , (3.14)

A = k1A' (1 + (va/vw)] (3.15)

Equation (3.13) gives the tar concentration .for bubbles
just leaving the water. Since only a portion of the gas entering
the device will penetrate into the water and appear as bubbles,
the gas from the bubble has to mix with other portions of the gas
before leaving the impinger. The tar concentration in the outlet
flow is C; and can then be calculated from

tQCO = NVbC + (Q - va)ci

or Co = NV /fQ)c+ 11 - (Ny/ TQ)ic, (3.16)

In view of the definition used for the tar-removal efficiency in

Eq.(3.1), Eqs. (3.13) and (3.16) yield

M= (C;=CH)/C; = (NY /TQ)(1- €)(1-exp(-AT )] (3.17)

Using Eqs. (3.4) and (3.9), we obtain

-1 -1
va/rQ = b2 Re Hn Dn s A (3.18)
where
b2 = b1 pr/ru . (3.19)
Similarly,
_ 2 -1 -2 .1 ‘ '
1 -€¢ =[1 + b3Re Hn D, H '] . {3.20)
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and

2 -1 2
exp (-AT ) = b4exp(-b5 Re Hn D, H, ), (3.21)
where
b3 = 4b1Vb/u , (3.22)
b4 = exp [-k1ar 1, (3.23)
bs = b3k1a (3.24)

Eombining Eqs.(3.17), (3.18),(3.20), and (3.21), we obtain

b.Ren”'p~!
n = 2 n n
1+b Re2H'1D'2H-1

3 n c w

2 -1 =2 -1
(1~ b, exp(-bsRe H D "H_ )] (3.25)

Our preceding dimensional analysis indicated that the
tar-removal efficiency should be a function of five dinensionless
groups, as illustrated in Eq.(3.3) In order to conform with this

analysis, Eq.(3.25)is rewritten in the form

a1q'
n = mF— [1 - a3 exp(-a4¢')] » (3.26)

where &4 , 8 , a3 , a4 are constants,

-1 -1 3.27
(Re)(H /L)™" (D /1)”" ( )

al

and

2 -1 ~2 -1 3
(Re) (H /L) (D /L) (H /L) (3.28)

LN
u

Equation (3.26) will now be used as a firat step to fit

our experimental data.
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3.4.2 Model fitting

Seventy-four tests were carried out and all the
dimensioraless groups calculated. The Reynolds number was
obtained by assuming the properties of air; the temperature of
the producer gas was found to vary between 100 and 175 °C. The
density of the gas was thus between 7.829 x 10-4and 9.475 x10'4
g/cm3 « In the calculation, the average value of the density was
used, (8.682 x 10~% g/cn’). With this constant value for the
density, an error of less than 10X should be obtained, which is
allowable in our calculations. Similarly, the viscosity of the
gas ranged from 0.021 to 0.024 cp; an average value of 0.0225 cp
was assumed. With these values for the density and viscosity, the
Reynolds numbers fell between 5000 and 13,000,

In order to fit the experimental data to Eq.(3.26), the
values of o’ and g'were first calculated at different conditions.
It was found that o’ had a value between 5x10° and 1200x10°
while #*had a value between 0.1x1010 and 250x1010 « Inspection of
Eq.(3.26) suggested that g'would have a significant effect on the
tar-removal efficiency only if a, and a, had magnitudes of 10-10
to 10~11, respectively, As a consequence, if we plot the tar-
removal efficiency vs the value of a’for a small value of &', we
should obtain a linear relation. Figure 3.7 illustrates the
relation between tar-removal efficiency n and the dimensionless
‘group o at values of #' lying between 0.1x10'° and 6x10'° . This
correlaton was not found to be linear, as is predicted by our
slmplified model. However, the data are well fitted by the

parabolic relation

100a’ ' (3.29)
71x105 +at
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Figure 3.8 Variation of tar removal efficiency with the

dimensionless group o'
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According to this relation, the tar-removal efficiency can not be
greater than 100X for any value of a ,

According to Eq.(3.26), the tar-removal efficiency is
the product of two functions: one is the function of a'which we
derived in Eq.(3.29) ; the other function varies with &', i.e.,

(71x10°> +a' )/a' should be a function of g Figure 3.9
illustrates the dependence of (71x105 +a')/a' on 4. Inspection

of Fig. 3.9 suggests that the relation should be

10 ., .
noo=( “'5 ) x ( 23X10__+80g", (3.30)
T1x107 a0 41
or
_ a 25 + 804 3,31
n = ( W) X ( ~——) » ( )
g
where
a = 1070 (3.32)
and
g = 10710 ‘ (3.33)

Equation (3.26) becomes Eq. (3.30) when a, is small

and a, g 1,
Figure 3,10 shows a comparison between the tar-removal

efficiency predicted by Eq.(3.30) and the actually observed tar-
removal efficiency. It may be seen that the predicted efficiency
agrees very well with the experimental values since about 96X of
the calculated data had absolute errors within 30%.

It should be noted that the relation in Eq.(3.31) has
only 3 parameters. If one tried to fit the experimental data by

the relation
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Figure 3.10 . Comparison of experimental and calculated tar

removal efficiency

72

80 |- * 7
™ ° L d
P ’.. ° _
|— ° : f.o 7% ..
60 (- . P00 %° 7
q ®co o
™ SRED
— ™
40 |~ ° 7
| e -
20 - 7]
.
- (] )
] l ] ] | | ] ] ]
0 20 40 60 80 100



- p1 p2 p3 P4 p3 (3.34)
n = PoRe" (H /L)""(H /L)""(D_/L) (pn/L)

then six parameters would be needed. In fact, we tested Eq.(3.34)
first and found that the predicted values did not fit the
experimental values statisfactorily. This observation encour:.ed
us to appprach the problem by using the siople model developed in
our paper.

We did not include che effect of mist in the gas apace
on tar-removal efficiency. Mist could help in collecting tar and,
particularly, dus‘.. However, the agreement of model predictions
with the expriuental results may be taken as an indicator that
the mist, which is caused by the impact of tar-rich gas on the

water surface, ''1s probably saturated with tar.

'3.4.3 Conclusion

[mpingement of producer gas on a water surface offers
a procedure for removing tar. Its overall efficiency was about
70%. Higher percentages of tar removal could be achieved by
connecting wet impingers in series. Three impingers were needed
to obtain «fficiencies greater than 95%. Besides being efficient,
th: wet impinger has the desirable feature of being of simple
construction. Consequently, it is appropriate for utilization in

rural area.
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CHAPTER 4
DESIGN OF A LARGE-SCALE PROD\ICER GAS CLEANING SYSTEN

4.1 INTRODUCTION

The study of the small wet impinger indicated that the
iwpinger was capable of removing tar content of the incoming gas
stream with approximate overall efficiency of 70%. As  for
the entrained particulates, analysis of gas sample from tte
gasifier skowed an insignificant amount of dust particles. Thase
results appear to indicate that it might hold promise to apply
this type of gas cleaning device to a larger scale operation.
As a result, the research prograr was continued which
involved the design and construction of a larger-size wet
impinger and test run carried out to assess its general
performance. The new impinger was designed based on the
empirical correlations developed from data of the small test
system, as described in the previous chapter of this report. The
impinger was planned to be installed and tested at a pre~selected
rice mill where the gasifier is in operation to run the internal
combustion engine for electricity generation. Specifically, the
objectives of this task are to

(i) Design a large-scale wet impinger and other
necessary cleaning units.

(ii) Test run the overall systen'and particularly the
performance of the impinger in capturing tar and particulates,

(iii) To indentify the probleas associated with the

units and evaluate the potential use of the wet impingers.
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This chapter reports on the design of produced-gas
cleaning system and procedure used in collecting experimental

data for subsequent cleaning performance analysis,

4.2 SYSTEM SELECTION

The gasifier system being selected for the large-~scale
testing belongs to Chaichareonying Rice Mill. It is situated at
Bangbore area in the province of Samutprakarn, about 15 miles
east of Bangkok. This rice-husk gasifier was employed to
produce combustible gas to be burnt in an internal combustion
engine for electricity generation. The purpose is to lower the
high electricity cost by utilizing abundant supply of rice husk,
considered as waste material from the milling process. '

In this old system the cleaning train used to reduce tar
and particulate contents consists of a spray wet scrubber, a
cyclone separator and a colum packed with rice husk. This
combination of cleaning devices is one of the possible
arrangements that can be used. It is generally accepted that the
most difficult task in dealing with the gas produced is to
search for gas cleaning units capable of simultaneously removing
tar and dust to an acceptable concentrations with minimal
expenses. Table 4.1 gives conditions and dimensions of the
gasifier and Fig. 4.1 shows photographically the general setup
of the old existing units. Details of the combustion engine is

summarized in Table 4.2,
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Table 4.1 Details of the selected rice-husk gagifier

Type : Down-draft gasifier

Outside diameter : 2.33 m.
Inside diameter : 2.1% m.
Height : 3.0 m
Rice husk consumption : 400 kg/hr

Production of producer gas : 10 l3/l1n-

Table 4.2 Details of the I.C. engine

Type of engine : RD 8 NISSAN
capacity : 14,000 cal

Compression ratio : 13.5 : 1

Ignition system : Electronic Ignition

Electrical Output 90 KVA



 lF,

Figure 4.1 General view of old setup gas cleaning system,
1 = downdraft gasifier, 2 = wet scrubber,

3 = blower, 4 = cyclone, 5 a rice-husk demister

17



For the present study, the old setup of gus cleaning
equippent was replaced with the following units connected in
series: a cyclone collector; a wet impinger; and a rice-husk mist
eliminator. Figure 4.2 shows general arrangement of the overall
system to be tested in the present investigation. The cyclone was
instsalled prior to the impinger in order to separate out. large

entrained particulates, while the rice-husk demister helped to

remove excess moisture carried in the gas leaving the impinger.

4.3 SYSTEM DESIGN

This section continues on the design of gas cleaning
units to be tested with the rice mill gasifier, They are the

cyclone separator, the wet impinger and the rice-husk demister.

4.3.1 Wet Impinger

In designing a wet impinger, geometrical parameters
which must be specifigd are the nozzle diameter (Dn), the height
(L) and diameter (D;) of the impinger column. The general
correlations derived from data of the small test impinger will be
the basis of the design calculation. The method is as follows.

The volumetric flow rete of producer gas, Q, can be
ralated to D, and velocity of nozzle Jjet (v) by

1 .2
Q=—4-Dnv

Thus, for the test impinger (small scalz)

fi
Q = i D" v (4.1)
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and for the design impinger (large scale)

2 (4.2)

If the nozzles of the test impinger and the design
impinger stay relatively close to the water surface, it may be
reasoned that the cleaning efficiency of both impingers should be

comparable providing the jet velocities are the same, Hence,

under this condition, Vie = Vaq » combining Eqs 4.1 and 4.2
gives
2
gg - Dnd
Q. T 2 ' (4.3)
nt
Since Q4 = 5 m¥/min = 300 m3/hr
3
Q. = 5a/hr

and Dig = 1lcm = 0.0l m

Substituting thcse values into Eq. 4.3 resulting in the

diameter of nozzle as

D = 1 = 8.0 cm.

0 1
nd 32 ¥ 12] 2

Next, the calculation of impinger size is obtained by
using the empirical equation developed in chapter 3 for tar

removal efficiency. This is

o ][(25x1010)+80¢
(71x105)+-u é (4.4)

n = [

-1 -1
Re (H /L) (Dn/L)

rel(H /1)7" (/1) (0,/1)72

where a

B
i
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In using eq. 4.4, it is implicitly assumed that the
impinger can be scaled to any size of interest and the impinger
acs primarily to remove only tar content not the entrained
particulates.

The Reynolds number, Re, for the design impinger can be
calculated from the relation

Re

10718 Q/Dn
Hence,

Re = (10718)(300 m3/hr)/(8x10 mm) = 4x10° (4.5)

Upon substituting reasonable values of various
dimensionless groups in eq. 4.4, the effect of each variuble on
the removal efficiency can be examined. Figure 4.3 shows the
results., It is clear that the removal efficiency is not strongly
dependent on the value of Do/L and H,/L, as compared to the group
H/L . With this reasoning, a fixed value of 0.5 is arbitrarily
assigned to the ratio D./L and H,/L. That is

The column is half-filled with water,
Hw/L = 0.5 (4.6)

and the length of impinger column is twice its diameter,

D./L = 0.5 (4.7)

Substituting eqs. 4.3, 4.5, 4.6 and 4.7 into eq. 4.4
enables the impinger efficiency to be calculated as a function of
column height, L, for different values of H, (distance between
nozzle and water surface). Table 4.3 shows the calculated
results for H, varying from 0.01-0.04 a. and L from 1.0-3.0 .,

giving n in the range 51.5-78.8%.
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Figure 4.3

parameters on the tar removal

efficiency of a wet impinger.

82

Effect of various dimensionless

1.0



Table 4.3 Effects of nozzle height and column height on the
impinger efficiency.
H,/L = 0.50
Dc/L = 0.50
Overall efficiency = 98%
Calculated Number of
Hyom L,a Efficiency(n) impingers (n)
for one impinger
1.0 70.2 3.2
1.5 75.3 2.8
0.1
2.0 77.3 2.6
3.0 78.8 2.5
1.0 62.6 4.0
1.5 71.2 3.1
0.02
2.0 74.9 2.8
3.0 77.7 2.6
1.0 56.5 4.7
1.5 67.6 3.5
0.03
2.0 72.6 3.0
3.0 76.6 2,7
1.0 . 51.5 5.4
1.5 64.3 3.8
0.04
2.0 70.4 3.2
3.0 75.5 2.8
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In the present-work, the overall removal efficiency of
98X 1is required. Therefore, more than one impinger are needed.
The number of wet impingers required may be determined by uning

the following relation.

= A y,n
n, = 100 [ =055 ) (4.8)
where Ny = total removal efficiency, X
n = efficiency of one impinger,X%
n = nuamber of equal-size impingers,

Computed values of n are shown in the last column of Table 4.3

Due to limitations of standing space and high pressure
loss across the impinger, the number of wet impingers is limited
to the maximum of three. Based on this consideration, the
shortest impinger height to be chosen from Table 4.3 is

Lmin = 1.5 .

With D, /L = 0.5, the column diameter is

Dc 0.5xL = 0.5x1.5=0.75 n.

The overall dimension of the design impinger are
pregsented in Table 4.4, Figure 4.4 sghows geometrical configura-

tion of the impinger.
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Table 4.4 Calculated dimensions of the design impinger

Length (L), m 1.5
Column diameter (D), m 0.75

Nozzle diameter (Dn), [ 0.08

Water level (Hw) varied
Nozzle position (Hn) varied
Number of impingers 3
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4.3.2 Cyclone Separator

In selecting a cyclone for particulate separation, its
geometrical dimensions and overall preasure drop across the
cyclone must be specified. In general, a cyclone is designed to
have an inlet velocity in the range of 20-70 ft/s (Perry ahd
Chilton, 1973), taken into account the wmaximum allowable
pressure drop. In this work a mean inlet velocity of 50 ft/s isg

chosen for the calculation, i.e.,

Vinlet = 50 ft/s = 15.24 m/s

The pressure drop of the cyclone can be calculated from

the empirical relationship .

. AP = 0,024 p vinlet y in. water
where
p = gas density, assumed to be that of air which is
0.0803 1b/ft
Vinlet 50 £t/s.

Substituting values

2
aP = (0.024)(0.0808)(50)° = 5 in. water

The configuration of the cyclone selected is a standard
conventional cyclone shown in Fig. 4.5,

Knowing the gas flow rate,
Q@ = 300 n3/hr

and the inlet gas velocity,

Vinlet™ 90 ft/s = 15,24 n/g
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The inlet cross-sectional area follows

A = Bc Hc = Ef X Ef = Q
4 2 vinlet
Thus, the diameter of the cyclone body is
8Q 8x300
b, = [-———-——]H = [ ]H = 20 cnm.
Vinlet 60x60x15. 24

The other cyclone dimensions follow from ¥ig. 4.5 . Table 4.5
lists the dimensions of the cyclone designed.
4.3.3 Rice-Husk Demister

In the impinger, the impaction of a high-velocity gas
stream on the water surface creates bigh degree of fluid mixing
and flow turbulence. This causes an entrainment of water mist and
drops in the exit gas stream. As a congsequence of this effect, a
demister is needed to reduce the moisture content of the producer
gas to an acceptable level before it can be burnt in the
combustion engine. In this work, the demister used was a
cylindrical column packed with a bed of rice husk. This type of
mist eliminator was used because of its simplicity of
construction, reliability of operation, avallibility of bed
material and ease of material replacement.

Design information for the new demister was gathered
from an experimental testing of a small demister. The
experimental setup is shown in Fig 4.6. It consists of a
cylindrical demister 0.28 nm. in diameter with variable bed
height of rice husk, a unit of wet air preparation using direct
water spray and a centrifugal blower for air supply. The effacts
of bed height and air flow rates on the outlet air hunidity were

studied as a function of operation time.
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Table 4.5 Dimensions of the design cyclone

Dc , cm .20
Bc 5
He . ‘ 10
Lc 40
Sc 2.5
Zc | 40
Je 5
Q, ®/nin 5.0
AP, in. water- 5.0
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A demister ordinarily works in such a way that as the
moist gas flows continuously through the unit, the satu}ated zone
of bed material enlarges due to increased adsorption and trapping
of water from the gas stream. As a result, the characteristic of
a demister is such that the humidity of the exit gas will be low
at the beginning of flow and tends to increase as time proceeds.
Fig 4.7 shows the variation of outlet humidity with time at two
air velocities (6.3 and 21.0 n/min.) and three packed bed heights
(0.28, 0.42 and 0.56 m.). In this work, the relative hunidity of
90X was accepted to be the maximum huaidity of the producer gas
leaving the demister. Table 4.6 gives the resulta from the test
system. As expected, the critical time for 90X R.H. increases
with bed height and decreases with increasing air flow rate.

The size of the new deminter was calculated ?rom the
data of the small tesf demister based on the condition of dynamic

similarity. That is the same Reynolds number.

171 - 2°2 (4.9)

where

subscripts 1 and 2 experimental and design demister,

respectively
D < column diameter
v = inlet superficial velocity
v = kinematic viscosity of air

If it is assumed that VY, = Y5, eq. 4.9 becomes

[\V]
-

(4.10)

<
)
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Table 4.6 Effects of air flow rate and bed height on the time

required for outlet air to reach 90X relative humidity

Air velocity Air flow rate Bed height Time for 90% R.H.

m/min u’/nln n min.
6.3 0.39 0.28 4.2
0.42 8.2
0.56 10.6
21.0 1.29 0.28 2.4
0.42 3.4
0.56 4.5
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Since the volumetric flow rate,

and D , this gives

Q1 v D

1., 2
L - (e
2, . Voo D,

Combining eqs 4.10 and 4.11
D = (D;)(Q,/Q;)

2

yields

From the experimental conditions :

D1 = 0.28 m.

Q1 1.29 w3/min

For the new design demister

Q =5 m3/min

Q, is proportional to v

(4.11)

(4.12)

Substituting values into eq. 4.12 we obtain the

diameter of the new demister

D, = (0.28)(5/1

29) = 1 nm.

To evaluate the height of the new demister, a similarity

of the time scale was used ag a criterion. That is

ty = Ly/vy =
and
ty, = Ly/v,
Hence
;l = (;l) ( ;l)
2 2 2

Data of the test demister
L] = 0.56 m.

D, = 0.28 m.

residence time

t = time for 90X R.H. = 4.5 hrs.
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Data of the design demister
L, = demister height
Dz = 1 m.

required operating time = 100 hrs

ts
Eq. 4.13 give after inserting the pertinent values

L, = (0.56)(100/4.5)(0.28/1) = 3.5 m.

Figure 4.8 shows the dimensions of the new demister required.

4.4 EXPERIMENTAL
4.4.1 Gas Sampling Device

The gas sampling unit serves to withdraw a sample of
gas at various locations along the system for the analysis of tar
and dust contents. The schematic diagran of the sampling device
is shown in Fig 4.9. Gas sample is drawn at a proper flow rate by
a high pressure blower through a pitot tube (about 1 cm indiam,)
and the following separating units

1) A small cyclone (2" diam) to separate large entrained
particles,

2) A cooling coil immersed in an ice-water bath maintained
at 4°C to condense the tar vapor.

3) A conical separator made of stainless steel to separate
tar-water condensate.

4) A paper filter to remove fine particles down to 0.5 m.
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4.4.2 Experimental Procedure

The general arrangement of the overall testing system
is shown in Fig 4.10. As indicated, there are totalling six
sampling positions where the gas can be withdrawp for analysis.
The temperature of flowing gas at each sampling location is
monitored with a calibrated chromel-alumel thermocouple an the
pressure drop across each cleaning device is measured with a U-
tube manometer filled with distilled water. In running the test,
the following procedure was adopted.

1) The position of the overflow pipe of the wet impinger was
adjusted to give the desired distance between nozzle and water
surface.

2) Water was allowed to flow into the three impinger at low
flow rates.

3) The gasifier was fed with rice husk to approximately 1/4
of its height. The rice-husk bed was then fired using a burniné
piece of cloth soaked with kerosine. Water circulating system was
gtarted.

4) When the bed was well lit, more rice husk was added to
the top of gasifier by an automatic screw feeder.

5) The blower was started to dr;w the air throﬁgh the
gasifier. The gasifier was run for at least one hour to generate
a sufficient flow of combustible gas for engine ignition.

6) Next, the gas passed to the mixing port where it mixed
with proper amount of ambient air and flowed into the combustion
engine and the engine was started.

7) At this stage, the flow rate of produced gas increased

substantially caused by the suction pover of the engine. The
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system was allowed to run for 45 minutes to reach steady state.
This was noted by a relatively constant teemperature of the hot
gas leaving the gasifier.

8) The sampling device was connected to the drawing tube
installed at the sampling point by a flexible hose. The gas was
then drawn by the aid of a suction blower through the cyclone,the
water bath, the condensate separator and the paper fllter.

9) The volume flow rate of Zas was noted from the rotameter
and recorded. The sample was collected for 5 minutes. After that,
the tar solution collected in the cyclone and in the separator
was combined and the volume measured. The filter paper was
removed and noted for any collected particles and the paper kept
in a plastic bag. The sampling was continued at other locations
in sequence.

10) The whole procedure outlined in step 9 was repeated three
times to obtain good representative samples.

11) Throughout the test operation, the temperature, pressure
and electric current ampere were regularly recorded every half an
hour,

12) The total condensate collected was filtered to separate
the suspended solids. The solids was dried in the oven to
determine the weight. The clear tar solution obtained was
analyzed for total carbon content.

13) During each run, pr&duced gas compostion at demister exit
was analyzed for carbon monoxide content using a CO probe
detector. Samples. of fresh rice husk and ash from the gasifier

were also collected for further proximate analysis.

101



CHAPTER 5

PERFORMANCE OF LARGE-SCALE GAS ChEANlNG SYSTEM

5.1 GENERAL PERFORMANCE

The large-scale cleaning units were constructed
according to the design specifications as reported in the
previous chapter. The wunits, which consgsted of a cyclone
separator, three wet impingers in series and a demister, were
installed and attached to the gasitier systen., The general view
of the cleaning units is shown in Fig. 5.1.

For the impinger, only the effect of nozzle diameter
{Dn) and nozzle distance above water surtace (Hn) vere
investigated. It was observed that when a gas utream strikes the
water surface, part of it penetrates into the bulk of water
torming a large number of mobile gas bubbles. The penetration
depth of the gas stream depends to a large extent on the
impacting Jjet velocity which in turn is accounted for by the
parameters Dn and Hn. It is clear that the water level in the
column (Hw) should exert no ettect on the impinger performance if
its height exceeds this penetration depth. Since in the present
investigation, the depth of the gas-liquid wmixing zone was
observed to be less than the normal height of water under all

conditionz, no ettort was made to vary the value of H,.
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Figure 5.1

General view ~f large-scale gas cleaning system

and the combustion engine, 1 = rice-husk gasifier,
2 = cyclone separater, 3 = impinger no.1, 4 =
impinger no.2, 5 = impinger no.3, 6 = rice-husk

demister, 7 = internal combustion engine.
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The first run was commenced with Dn equal to 3 in. and
H, being 1.75, 2.5 and 1.5 in. ftor the three impingers. The
overall system ran smoothiy over the six hours period of gas
sample collection. The electric current generated by the engine
was steady at 200 ampere, which was higher than that achievable
with the old setup of wet scrubber-cyclone-cemister system
(about 150 A). [t was noted that there was slight difticulty
in controlling the water circulation rate in order to keep the
water .evel of the impinger constant, particularly in the
third impinger. This problem intensified when tests were
performed with nozzle diameter of 2 in., which sometimes led to
the flooding of the second and the third impinger. The cause of
this phenomenon was found to relate to too high pressure drops
across the impingers. This point will be discussed in more
detail later on.

It was visually observed that the gcrubbing action of
the ftirst impinger was most vigorous, as indicated by a strong
surface wave motion and splashiﬁg of water as well as an intense
mixing in the liquic phase. The degree of turbulent phase contact
tended to diminish for the second and the third impinger,
largely due to a continuous drop in the gas temperature
(from 160° to 50°C) and hence the impaction gas velocity (fron,%a
n/s to 13 m/s). Considering the dynamics of jet impingement, it
nay be concluded that an impinger has three positive
eftects: (i) to lower the gas temperature, (ii) to capture
tar vapor by the processes of condensation and
dissolution and (iii) to remove dust particulates by the

mechanism of inertial impaction.
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Table 5.1 summarizes the mean concentration ot tar and
‘dust of producer gas along the cleaning devices. The variation of
gas teamperature and pressure drop is also presented. The results
show that the overall removal etticiency for tar in terms of
carbon content is Y0X, which is slightly less than the expected
design value of Y8X. The removil ot dust particles is more
eftective with the overall etticiency ot 97.8X. The final tar and
dust contents in the gas stieam were determined to be 0.18 ng/n3
and 54 mg/na, respectively. It should be noted that the
reconnended tar concentration in the unit of milligram carbon
equivalent/m3 of gas is not available in the literature so that
direct comparison with the present results cannot be made. For
particulates, the upper limit tor an acceptable engine
performance has been reported to be 20 mg/m3 {(Foley an Barnard,
1982), thus giving the final observed dust concentration about
twice higher than the recommended value. Nevertheleas, the smooth
running of the combustion engine without interruption during six
hour of each experimental run appears to indicate an acceptable
quality ot cleaned producer gas, at least over this briet period
of system operation.

Further examination of Table 5.1 shows that impinger
no.1 is most efficient in collecting— tar and dusts
simultaneously. The cyclone separator appears te capture the
tar vapor less effectively than particulates partly because the
gas temperature is still too high to cause vapor condensation in
the unit. Impingers no.2 and no.3 give comparable performance
but their collection efficiencies are far less than those of

impinger no.l. Comparing the pertormance among the wet
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Table 5.1 Summary cf gas cleaning performance
(Dn = 3", Hn = 1.75% , 2,5" , 1.5")

Tar Particulates Cas atream Pressure
Device Position drop,cm, H,0
contents collection Contents Collection Temp. T~ap.drop
ng/n’ off. X ng/m3 off. X % ‘c
AY
Cyclons in 1.81 25.4 2480 64.4 185 33 25
out 1.35 882 162
Ispingerl in 1.35 50.3 882 85.4 162 108 5.8
out 0.67 129 58
lapinger2 in 0.67 34.3 129 27.2 58 0 4.5
out 0.44 94 58
Inpinger3 in 0.44 43.2 94 27.8 58 6 2.5
out 0.25 68 52
Demister in 0.25 28.0 68 20,6 52 13 8.3
out 0.18 54 J9
overall 97.8% 90.0%
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impingers, it is noted that an increase in the collection
etficiency is associated with a simultaneous increase in the
temperature drop and pressure loss of the impinger. This
observation indicates that there is a strong mixing of gas in
the liquid zone, the ettect of which tends to promote heat
transter and high energy expenditure of the gas phase. Further
understanding of actual collection nmechanisms of tar and
particulates, which may lead to better improvement of impinger
performance and operation, requires a detailed study of
hydrodynamics of gas-liquid contacting in the mixing zone.

It was also noted that the average teaperature of water
reservoir in the impinger was close to 40 ob. One way of
increasing the tar removal efficiency might be to lower the
water temperature which will consequently increase heat transfter
and tar condensation rates. This could be achieved by
increasing the flow rate of cooling water teed.

From the above discussion » it may be conceivable that
important parameter which intluences the impinger eftectiveness
in removing tar and entrained particulates is the jet impaction

‘Vclocity. Based on this argument, an impinger should be
operated at as high a jet velocity as possible, tor example, by
employing a smaller nozzle diameter, but yet with maximum
pernissible value of pressure drop across the impinger to avoid
the reduction of gas flow. Further discussion on impinger
performance as affected by the impinger geometrical parameters

is described in the next section.
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5.2 PARAMETERS AFFECTING IHPINGER PERFORMANCE

As mentioned earlier, the parameter of importance to
impinger pertormance is the impaction velocity of the gas stream
at the water surface. This velocity can be vatied by changing the
size of nozele orifice or position of nozzle above the water
surface. Nozzles with diameter ot 2 and 3 in. were used in this
investigation. It was ftound that running the impinger with
nozzle diameter smaller than 2 in. rendered too high pressure
drop. As a consecuence of this effect, the flow of producer gas
was not sutficient to start up the engine. Obviously the relation
between gas ftlow rate and pressure drop is significant in
deternining the operable conditions tor a wet impinger. Table
5.2 lists the impinger conditions used in the present study.
Experimental data including the amount of collected condensate
and tar and dust concentrations in the condensape solutions
are compiled in Appendix v , along with calculated results
of individual and overall removal efticiencies of tar and
entrained particles.

Table 5.3 shows typical reproducibility of tar and dust
concentrations of producer gas along the cleaning line tor nozzle
diameters of 3 in. and 2 in. Absolute standard deviation and
percentage deviation trom mean values (coefticient of variation)
were calculated.

For impinger conditions of D, = 8" and H = 1",
variability of tar composition in the gas phase ranges ftroa
about  15% to 35X, with the overall mean variation of 24.4%

(Table 5.3a). Running the tests with nozzle diameter of 2 in.
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Table 5.2 ' Impinger conditions used in the experiment
Run Impinger 1 Impinger 2 Impinger 3
Nozzle dlam.(Dh),in. 3 3 3
Nozzle diatance (H,},in

1 1.75 2.5 1.5
2 1 1 1
3 1 1 1
4 1 1 1
5 1 1 1
6 2 2 2
7 2 2 2
8 0.5 0.5 0.5
9 2 1 0.5
Nozzle diam.(Dn),in 2 2 2

Nozzle distance(Hn),in

10 1 1 1
11 1 1 1
12 1 1 1
13 2 2 2
14 2 2 2
15 2 2 2
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Table 5.3a Reproducibility of'tar concentration of producer gas.

Impinger conditions :

Dh=3

"' Hn

= 1"

—'.li)'cloHp. IH Imp. ﬂ__l_.LInp J—I_{Denister

v
Tar concentratlon at indlcated p081ton, mg/n3

1
v

1.59 1.27 0.472
2.11 1.96 0.453
2.31 2.15 0.722
2.14 1.52 0.721
2.17 2.10 1.01
1.84 1.47 0.881
1.54 1.43 G.880
Mean conc. 1.457 1.70 0.735
Std.Dev. 0.3025 0.359 0.209
Coeft.Var 15.4% 21.1% 28.4%
Mean Coeftft.Var = 24.4%
Impinger conditions : D = 2", H, = 1"
2.84 2.03 0.576
3.82 3.25 0.703
2,08 1.996 0. 456
2,31 1.68 0.971
4,6 3.93 0.76
Mean conc. 3.13 2.58 0.693
Std.Dev. 1.12 0.96 0.144
Coeft.Var, 35.7% 37.2% 27.9%
Mean Coett. Var = 27,8%
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0.432
0.297
0.514
0.470
0.878
0.546
0.736
0.554
0.194

35.1%

0.397
0.550
0.407
0.672
0.429
0.491
0.118

24.0%

0.423
0.2%0
0.425
0.387
0.604
0.408
0.527
0.4377
0.101

23.1X

0. 383
0.563
0.353
0.451
0. 376
0.421
0.084

19.9%

0.246
0.376
0.376
0.450
0.424
0.507
0.3913
0.091

23.2%

0.355
0.458
0.334
0.242
0.404
0.358
0.081

22.6%



Table 5.3 b Reproducibility of dust contents of producer gas

Iwpinger Conditions : D, = 4" , H_ = 1"
n n

ﬁcyclonpan. 2—; Inp.:ﬂ-—'mlisteﬂ—l——

]
¥ *IDust: conte‘nt at indic:ted positio?n, ng/n> ¥

196.7 125.8 46.8 37.86 22,5

226.8 93.9 49.0 31.1 27.4 25,1

191.7 153.6 72.7 53.7 52.6 25.1

203.3 83.6 30.2 28.1 29.5 29.6

J46.4 178.8 16.4 12.3 12.7 14.1
Mean Cont. 245.1 174.6 47.5 J6.1 33.0 26.4
Std.Dev. 74.4 65.6 21,9 16.0 16.5 8.7
Coeft.Var. 30.3% 37.6% 41.6% 44,3% 50,0% 33.9%
Mean Coett Var. = 40.2%

Impinger conditionsg : p =2", B =1"

130.5 70.3 27.8 10.6 10.4

152.6 111.6 34.4 19.2 20.2 15.1

504.4 285.3 98.4 91.4 87.6

150.7 122.4 69.5 62.1 . 44.8 44.9
Mean cont. 234.5 147.4 57.5 45.8 40.7 30.0
Std.Dev. 180.1 94.6 32.8 37.8 34.4 21.1
Coeft.Var. 76.8% 64.2% 57.0% 82,5% 84.5% 70.3%

Mean Coeft. Var. 72.5%



gives slightly higher overall variability of 27.8% trom the mean
values. The variation of tar composition could be due to the
variation in chemical composition of rice husk teed. Table 5.4
shows the possible variation of properties of rice husk feed and
gesitied rice husk, as determined by proximate analysis, The
variation is nmeasurable. . As for the particulates, the
reproducibility of thei; contents is rather low. The overall
coefticient of variation tor D, =3 in. is about 40X but the
value goes up to 72.5% tor D, = 2 in. condition (Table 5.3b).
One possible explanation for the difficulty in obtaining good
representative samples could be due to the intermittent rotation
of the gasitier stirrer. This stirring action causes a non-
uniform ftalling rate of ash and unburnt particles through the
screen before being swept out by the flowing gas;

For the purpose of discussion test results of gas
cleaning devices are reproduced as shown in Table 5.5,
According to the mathematical model developed in this work
for tar removal efticiency, it was implicitly assumed that the
removal efticien~ry of a wet impinger was independent of
the incoming tar concentration. This assumption can be
readily checked tor the large-scale results from obtained data
in Table 5.5, Figure 5.2a and 5.%b shows such plots of removal
efficiency as a tunction of intlet tar concentration ftor the
three  impingers and for nozzle diameters of 2" and 3"

conditionsg., The plotted data appear to scatter around the

mean value tor each impinger, indicating random tluctuation
of data points, Figure 5.3 shows similar results for the
collection of dust particles, although the collection
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Table 5.4 Proximate analysis of rice husk feed and gasitied

rice husk of various representative samples.

Rice Husk Feed

Moisture, X by wt 14,66 10.3 9.75 9.2
Ash, % 1.52 6.7 6.12 7.66
Volatile matter, % 67.02 72.82 74.63 74.06
Fixed carbon, % 16.80 10.18 9.50 9.08

Gasitied Rice Husk

Moisture, X 5.40 3.3 5.10 3.8
Ash, % 37.64 20.84 3.66 45.89
Valatile matter, X 51.56 72.07 46.49 46.04

Fixed carbon, % 5.40 3.79 4,35 4,27
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Table 5.5 Submary of Impinger Test Results

Individual Tar Removal Efficiency,% '

r T I |
Run no. 2 : 3 1 4 | 5 { Mean
' -
|
Cyclone 205 | 6.7 7.2 28.9 | 3.4 119.9 7.3 13.4
| I |
|
Tmp.1(0;=3",H =1")  62.8 | 76.7 66.3 52.6 , 51.7 (40.0 38.6 I 55.5
I I I |
Top.2(D;=3" Hy=1") 8.4 1 5.3 28.8 308 | 133 138.0 16.4 25,0
I | ]
Iap.3(D,=3" Hi=1") 2.3 | 2.3 17.3 17,7 | 81 '25.3 28.3 117.8
Demister | 15.2 18.6 2.3 25.5 { 3.9 !13.2
| i
Initial tar concn.,  1.59 | 211 2,31 2.14! 2.18 |1 836 1.546
| e
|
Final tar conc., 0.423} 0.246 0.346 0.376 | 0.449] 0.424 0.507|
ng/m? : | | :
|
|
Overall removal T3.4 | 88,3 B5.0 82.4 [ 79.4 !76.9 67.2 l78.9
ett., %

Individual Dust Collection Efficiency, %

T { ) I I
| |

cyclone 36.0 ' 58.6 7.2 28,9 |7.58 :58.8 54.7 :35.8
Imp.1 62.8 47.8 66.3 52.6 |85.5 '63.9 90.8 :67.1
Imp.2 19.7 36.6 28.8 34.8 114.8 6.9 25,2 :Z3.8
Imp.3 40.2 11.9 17.3 17.7 '14.2 :20.3
Dimister 8.2 18.6 2.8 [19.4 :12.2

Initial dust cont., 196.7 | 226.8 266.1 191,7

ng/m* [
|
29.7 14.1!
|
!

85.4 92.1{ 88.5
|

Final dust cont., 22.5 25.1 48.0 25.1, 1.3

ng/m’

88.9 85.7 86.9

|
|
|
|
{
}
I
|
|
|
|
|
I
|
!
|
|
!
Overall removal eftt.,X 84.6 [
I

|

|

i

l

!

|

|

[

! |
16.5 :203.2 178.8]

{

!

I

l

|

"
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Table 5.5 (Continued)

Individual Tar Removal Etticiency,¥%
T
Run no. 6 | {V Mean
----- - 1 ;
) i
Cyclone 4.1 } 27.14 30.4 ; 20.6
: |
Imp.l(Dn=3",Hn=2") 53.8 50.9 | 57.9 14.6 : 44.3
| .
Imp.Z(Dn=3",Hn=2") 2.2 7.76 ! 22.7 48.3 : 20,2
i |
Imp.a(Dn=3",Hn=2") 7.4 8.54 | 14.5 41.8 ; 18.1
|
Demister 6.6 I 27.6 P oara
| |
Initial tar concn., 3.02 2.73 1 1.87 1.80 |
ng/m’ , :
Final tar concn., 1.13 1.29 ; 0,273 0.463I
ug/n’ | }
Overall removal 2.6 52.8 , 85.4 74.3 : 68.8

Individual Dust Collection Ett.,%

Cyclone
Imp.1
Imp.2
Imp.3
Demister

Initial dust cont.,
ng/m?

Final dust cont.,
ny/m?

65.8

77.1

0.72

1248

89.1

Overall removal etft., 92.8

T
|

90.2 | 53.3
I

40.9 ; 16.6

5.02 | 9.8
|
21.3 |
I
|
!

1500 : 192.8
|

71.5 : 91.9
|

95.2 } 52,3
|

82.3
55.5

23.7

20.4

602.1

I
i
!
!
[
[
I
I
[
l
!
I
|
|
|
[
[
|
l
I
|
I

72.9

35.0

10.6

12.5

10.6

82.1
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Table 5.5 ({continued)
Tar Removal Eftf., £

Run.no. 8

Cyclone 14.3

Imp.2 (Dn=3",Hn=0.5") 29.5

Imp.3 (Dn=3",Hn=0.5") 18.8
Demister 8.3

Initial tar_concn.,mg/mJ 8.77

Final tar conecn., mg/n’ 2.23
Overall removal eff.,X 74.6

Dust Collection Ett.,%

Cyclone

Imp.1

Imp.2

Imp.3

Demister

Initial dust cont.,mg/m3
Final dust cont., mg/m?

Overall removal ett.,%

34.5
80.2
25,1
22.5
20.1
552;4
33.0

94.0
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Table 5.5 (continued)

Individual Tar Removal Etf.,%

Run no. 9
Cyclone 30.8
Imp.1 (Dy=3",Hy= 2") 53.7
Imp.2 (Dp=3",Hy=1.0") ' 23.2
Inp.3 (Dy=3",H,=0.5") 8,42
Demister 11.3
" Initial tar concn.,mg/n' 5.17
Final tar concn., mg/o’ 1.05
Overall removal ett.,% 79.7

Dust Collection Eft.,%

Cyclone 62.6
Imp.1 ' 90,2
Imp.2 24.6
Imp.3 22.5
Demister ‘ 17.6
Initial dust cont.,ng/n* 948.5
Final dust cont., mg/m? 22.9
Overall removal eft.,% 97.7
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Table 5.5 (Continued)
Individual Tar Removal Etticiency,%
| T T
Run no. 10 | 11 : 12 llMean
.' ! !
. |
Cyclone 28.6 15.0 | 4.1 27.4 |l4.6 50.7 : 23.4
! I
Imp.1(D, =2",H =1") 71.7 8.4 77.1 42.1 ,80.4 80.4 71.7
| | |
Imp.2(D,=2",H,=1") 31.1  21.7)10.8 30.8 :44.1 22,1 | 26.5
] |
Imp. 3(D,=2",H =1") 3.6 ;13.2 35.9 |12.3 8.8 |
|
Demister 7.1  18.5 : 43.7 :
| ]
Initia’l tar concn., 2.85 3.82: 2,08 2.31 ; 4.6 4,93}
ng/n | I :
. I I
Final tar concn., 0.36  0.45] 0.33 0.24 | 0.4 0.35,'
ng/n’ ] | ]
I ! :
Overall removal etft.,X 87.4 88.2 !84.1 89.6 |91.3 92.9 | 88.9
Individual Dust Colilection Ett.,X
T 'T )
|
Cyclone 46.1 26.8 : 43.4 18.8 178.5 84.¢ ! 49.6
| i
Imp.1 60.5 69.1 :65.5 43.2 {80.2 85.6 : 67.3
1
Imp.2 61.9 44.3 : 7.14 10.7 :45.7 30.8 1 33.4
. | - |
Imp.3 : 4.07 2811 9.7 7.9: 12.4
’ |
Demister 21.9 24.9 II 1.42: 16.1
| :
Xnitla} dust cont., 130.5 152.6 ; 504.5 150.6; 997 10501
ng/m [ [ "
] |
Final giust cont., 8.1 15.2 | 94.2 44.491 15.1 15.1;
ng/m ] ll |
i |
Overall removal ett.,X 93.8 -90.0 | 81.3 70..2: 98.5 Y8.6] 48.7
. | |
! L
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Table 5.5 (Continued)

Individual Tar Removal Btticiency,X
I 1 L}
Run no. 13 | 14 : 15 |Mean
F 1 +
| I |
Cyclone 21,0 12.6) ; 4.64 21.6: 16.5
|
Imp.l(Dh:Z",ﬂ1=2") 27.7 65.3: 53.3 63.4 : 31.3 12.6 ! 42.3
| |
Inp.2(Dh=2",W1=2") 58.0 43.3: 33.5 340.0 : 30.4 21.7 | 36.2
| |
Imp.3(Dh=2",%1=2") 5.6 17.7; 25.2 26.4 l 10.8 7.15: 15.5
| |
Demister | 26.2 317 1 48,4 235 I 32,4
| |
Initia} tar concn., 3.41 2.34: 1.78 1.41: 2.07 2.30:
mg/m i i |
) i |
Final tar concn., 0:73  3.37) 0.34 0,201 0.43 0.87|
ng/n’ | l |
|
. |
Overall removal ett.,X 78.6 84.2 : 80.9 85.8’ 79.2 62.2] 78.5
Individual Dust Collection Etf.,%
r 1 I
. o |
Cyclone 57.7 47.5 1 51.1 46.7: 0.30 20.9 ). 37.4
I ‘ I
Imp.1 62.3 95.9 : 53.1 25.3: 14.9 22.2 | 45.6
|
| |
Imp.2 44.4 68.2 : 9.0 57.6: 34.8 0.30; 36.4
|
Top. 3 19,6 6151007 23,4 | 2.9
| |
Demister : 64.7 0.4q 3.4 37.1 : 486.4
Initial dust cont., 878.7 1236 {249.3 172.6: 234 242 :
ng/n? l | |
| 1 |
Final dust cont., 82.8 8.85 ! 14.7 11.2| 19.8 71.3!
3 ! |
ng/n | | .
| |
Overall removal ett., Y0.6 99.3 = 94.1  93.5) 91.8 70.5I 89.9
|
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TAR REMOVAL EFFICIENCY , %
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Figure 5.2a Effect of inlet tar concentration on

tar removal efficiency (Dn = 2", Hn =1")
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TAR REMOVAL EFFICIENCY, %
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Figure 5.2b Effect of inlet tar concentration on tar removal

efficiency (Dn = 3", Hn = 1")
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DUST REMOVAL EFFICIENCY,%
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Figure 5.3 Effect of inlet dust content on the removal
removal efficiency of dust particulates

(Dn = 3w, Hn =1")
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mechanism of tar and dusts are ditterent, Therefore it may
be reasonably valid to infer that tor a fixed nozzle size and
pesition, the inlet concentration of impurities has no
appreciable etfect on the collection efficiency of a wet

impinger.

5.2.1 Effect on Tar Removal

Figure 5.4a and 5.4b shows the etfect of nozzle
position (Hn ) on the tar removal efticiency of the impinger
connected in series. For D, = 3" (Pig. 5.4a) , the efficiency
increases with H,, and passes through a maximum at approximately
H, = 1" for all impingers. A similar result was observed tor
D, = 2" (Fig. 5.4b). The relative change of the efticiency with
respect to the variation of H, is most pronounced for impinger
no.l1, where the jet velocity is highest. Strictly speaking,
by adjusting the nozzle position, tar removal ‘efficiency
can be most aftfected tfor the tirst impinger. It is also
interesting to observe further that the location of the
maximum etticiency shifts to a higher value of Hn for a
decrease in the nozzle diameter (maximum efficiency occurs at Hn
= 1.3" tor D, = 2"). This could be due to the reason that as the
nozzle gets closer to the water surface, the pressure drop across
the impinger increases, causing a reduction in the amount of gas
flow. On the contrary, as Hn is kept increasing, the impaction
gas velocity decreases according to Eq.(3.6 ). The contact
between gas and liquid becomes less eftective. As a consequence,
all the efticiency curves in Fig. 5.4 drop to zero where

ettective gas-liquid contact is not possible . .

123



1448

TAR REMOVAL EFFICIENCY, %

100

80

60

40

20

0.5 1.0 1.5 2.0
NOZZLE HEIGHT (Hn). in,
(a)

Figure 5.4

diameters (Dn) of 2» and 3*»

100

80

60

40

20

NOZZLE HEGHT (Hn), in.
(b)

Effect of nozzle position on tar removal efficiency for nozzle



Figure 5.5 shows the eftect of nozzle diameter on the
removal efficiency ot tar for a tixed value of H,. Wi.. the data
available, it is seen ftrom the tigure that the removal
efficiency drops linearly with increasing nozzle diameter over
the range from 2 in. to 3 in. ' Again, it is expected that the
efficiency will decline to zero at some large value of Dh where
the issuing jet can not penetrate the bulk of . liquid phase. Also,
there seems to be a decrease in the glope of the curve as the Jet
velocity decreases along the cleaning line, with impinger no.1

showing the strongest eftect. *

5.2,2 Efttect on Dust Removal

Figure 5.6a shows the relation between duat removal
efticiency and Hn for tixed nozzle diameters of 3" and 2". The
efticiency increases approximately linearly as  Hy, is
decreased, This is expected since the dust collection is
believed to be due to inertial impaction of the particles on the
water surface. Thus, increasing impaction gas velocity has a
favorable eftect on the process ot dust collection. Again, the
first impinger is most sensitive to the variation of nozzle
height., It is also expected that the dust removal etticiency
should vary with H, in the same manner as the tar removal
efticiency; that is thérc is a certain value of Hn (smaller than
0.5 in. in the present work) that the dust removal efticiency is
maxinum. (see the dotted line in Fig 5.6a). The drop in the
efticiency is believed to be dramatic as the nozzle touches the
water surface. However, as Hn is increased above that value the

dust removal efticiency should decrease and approach a certain
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limit ditterent ftrom zero. This is because the large paticles
would be separated from the gas streanm, not by inertial
impaction, but by gravitational effect. The difference in the
location of the optimum nozzle distance for tar and dust
removal may be due to the difference in collection mechanism
between the two cases; i.e., inertial impaction for
particulates and condensation and diffusion for tar vapor. To
better understand the underlying principles involved requires
a thorough investigation on the hydrodynamics of the phenomena.
The effect of nozzle diameter on the dust removal
efficiency is depicted in Figure 5.6b. For D, ranging from 2 in.
to 3 in., the collection efticiency decreases continuously
with increasing nozzle diameter. It is anticipated that the
efficiency will approach zero for very small D, due to no flow
condition and a certain value for large D, due to the mechanism

of gravitation interception of particles.

5.3 GENERAL DISCUSSION
Figure 5.7 illustrates the comparison between the

predicted and expérimental tar removal efticiency; (a) when'the

nozzle diameter Dn remains constant and the nozzle height H,
varies and (b) When the nozzle height is kept constant and the

nozzle diameter varies. Similar trend can be observed for the
iowering in removal efficiency with increasing D, and H, .

However, it appears that the model tends to overpredict the

large-scale results substantially, especially with impinger

no.2. The over— prediction of the model could be due to two

factors: one, the model does not take into account the etfect of
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the pressure drop on the gas flow rate; and two , at the
operating condition of the large-scale impinger, the jet velocity
(Re = 8x104 ) was much higher than the velocity used to develop
the correlation (Re < 13000),

In order to make use of the developed correlation tor
tar ;emoval efticiency in the general design of a wet impinger, a
ratio of experimental to model etticiency { Mo / N em ) was
calculated and shown plotted in .Pig 5.8. This plot gives
efficiency ratio tor Dn in the range of 2 in to 3 in. and Hn
between 0.5 in to 2 in., which are considered to be most suitable
for acceptable pertormance and stable operation of the systen,
Interpolation of the values can be made it required. Consequently
the determination of tar removal efticiency trom known values of
impinger parameters and tlow properties, and vice versa, can be
accomplished by employing the efficiency ratio curve and the
developed correlation for tar removal efficiency (Eq. 3.31).

The results obtained from this work have made it Clear
that the direct impingement of producer gas on water surface
could offer a promising and reliable means for combined removal
of tar and dust contents. When integrated with a cyclone and a
mist eliminator, the maximum tar and dust separation
efficiencies were in the order of 89% and $8%, regpectively. It
wag ftound that the tirst impinger played the most gigniticant
part In the processes of capturing tar and particulates.
It removed tar by 72% trom the iﬁconing gas streem and
reduced entrained particies by 90%. The results ghowed that
running the system with impinger parameters of Dn = 2

in., and Hn =1 in, gave the best performance charateristic.
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Under this condition, the final tar and dust contents are 0.345
mg/m3and 13.5 ng/l3, respectively

The removal of contaminants from the 8as Btream can be
best aftected by the adjustment of nozzle size angd height of
the nozzle. However, there is a secondary efftect due to
flow resistance, Theretore, either using too small a nozgle
diameter or positioning the nozzle too close to water surface
gives g dramatic reduction of gas flow rate, resulting in the
conplete stoppage of 'the combustion engine. The key to g
Buccesstul operation of the overall system lies in the optimum
selection of Hn and Dn for the impingers.

To take advantage of decreasing flow resistance,
experimental run was tried with the disconnection of the cyclone
separafor. It was tound that the system worked very
satistactorily both in terms of high removal efficiency and good
operating stability. The likely problen of water flooding inside
the impinger column did not take place. In this case the first
impinger will take the heaviest load and a fimjt may exit tor
maximum concentration of impurities that can be handled. Further
reduction in the overall pressure drop may be achieved by
excluding the packed-bed demister from the cleaning train and
replacing it with some kind of internal demister ftor each
impinger.

Final testing for sustaining engine operation wag
performed by two consecutive fiftty-hour running ot the systenm,
Smooth and trouble-free operation wasg noticed. Analysisg of the
gas stream, using a CO analyzer, showed the gas to contain about

13% ot co content, which provided sutticient amount of heating
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value., Table 5.0 shows typical composition of clean producer das
as analyzed by a gas chromatography. By tiltering tar condensate
of clean gas leaving the demister and observing the tilter paper
(0.1 um average pore opening) under a scanning electron
microscope, it was tound that no dust particles are collected on
the tilter paper. This is seen from the SEM photomicrographs with
magnification of 1000 and 34500, as shown in PFig. 5.9, Thus,
particles of sizes smaller than 0.1 um will not enter the
combustion chaamber of the I.C. engine, Figure 5.10 shows
photographs of a cylinder block and pistons of the combustion
engine, dismantled at the end of test work. No indication of wear
problem is observed at the cylinder wall or piston surfacé,

although the engine was run for very long period of time.
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Table 56 Typical conpos;tion of producer gas atter cleaning

Gas Component volume %

H2 . 0.18

Nz 69.72

02 12.20

co, 4,33
Hydrocarbon 0.37
co 13.20
100,00

1%
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Figure 5.9  SEM photomicrographs of filter paper
showing no appearance of particles
collected in the tar condensate of
producer gas leaving the demister,
(a) magnification = 1000;

(b) magnification = 3500



Figure 5.10 Photographs of cylinder block and pistons
' of the internal combustion engine after

100 hour of continued operation
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATION

6.1 CONCLUSIONS

The investigation of tar and dust removal by the method
of impinging the producer gas onto the water surface renders the
following conclusions.

1. When the high velocity jet of producer gas inping;s
onto the water surface, it Denetrates into the water and torms
bubbles of various asizes, moving turbulently in the water body.
The turbulent movement enhances the rgmoval rate of tar trom the
bubbles into the water. W= believe that mass transter from the
bubbles to the water is the main mechanism that determines the
tar removal efficiency. Our mathematical model of the impinger,
developed in the present work and based solely on the above
mechanism, can satistactorily tit the experimental data., This
should verity our hypothesis.

In the case of dust or particulates, the bubbles do not
have great influence on its removal. The main mechanism in
removing the dusts trom the jet is believed to be due to inertial
impact.

2. Most of tar and dusts are removed in the ftirst
impinger. It is interesting to tind that approximately 70% of tar
and dusts were removed in the tirst impinger. This efficiency
increases as the nozzle size and the nozzle height decrease.
However, the change in the nozzle size and height in the other

impingers do not significantly attect their etficiency of tar
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and dust removal. A proper design of the tirst impinger is thus
the crucial step in obtaining a highly efflcient producer-gas
cleaning systea.

d. Since the impinger etticiency depends strongly on
the jet velocity, the impinger should be operated at high gas
velocity. However, the high velocity ol gas results in high
preésure drop across the impinger. About 25 cm HZO of pressure
drop was observed in the tirst impinger. As a consequence, we
need blowers with larger power consumption. Moreover, a Jarge
pressure drop across any impinger will turn that impinger into a
vacuuz vessel. Water cannot flow out since the outside pressure
is higher than the inside pressure, causing the water to flood
the impinger eventually. If the impinger is not designed as
a vacuum vessel, it could easily collapse. In designing the
impinger, this tactor must be considered carefully.

4, In our work, we have developed a correlation for
predicting the tar removal eftficiency. This correlation
satisfactorily complied with the experimental data obtained trom
the laboratory scale impinger, but does not well agree with the
data obtained trom the large-scale impinger. This discrepancy
indicates the limitations of the correlation. One of such
limitations is the values of Reynolds number, Re should be in the
range ot 5000 and 13,000,

5. The proposed producer-gas cleaning system using
impingers as a means to get rid of tar and dust works
successfully. The producer gas cleaned by this method could be
used in an internal combustion engine, no difficulties have been

observed with the engine running continuously on the cleaned
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producer gas for 100 hours. Consequently, the'systeh is suitable
for cleaning producer gas to be used in internal combustion
engine. Moreover, the wet impinger has a very simple structure,
it can be constructed easily and does not need high technology.
Thus, the system is suitable for the rural use.

6.2 RECOMMENDATIONS

.

The tollowing recommendations are suggested with the
purposes of better understanding the mechanisms of the wet
impinger and better application of the cleaning systen.

1. In our modelling, many assumptions were introduced
to simplity the mathematics. The sinplificatién has narrowed our
understanding of the actual mechanisms and their interactions.
The present model, for examples, cannot tell us the bubble 8ize
distribution, the residence time ot the bubbles, and the size
(i.e depth and diameter) ot the turbulent zone. These paraneﬁers
are certainly ftunctions of the jet velocity at the water surface,
which itself varies with the nozzle height and the gas flow rate,
We thus recoammend a hydrodynamic investigation be performed. The
assumptions introduced in this work should be relaxed as many as
possible. The study of the hydrodynamics ot the impinger will
give us a better picture of the mechanisms occurring in the
impinger.

2, It is known that the jet trom differept nozzle
geometry behaves ditterently. In our work, only round nozzle
was used. In order to improve the impinger, we would recommend
other kinds of nozzles such as rectangular nozzles, multiple

nozzle be investigated,
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3. As aforementioned, an increase in the Jet velocity
usually causes an increase in pressure drop across the impinger.
To increass the jet velocity, we just simply reduce the nozzle
size. If the gas tlow rate can be kept unchanged, we would expect
the jet velocity increases four times by halving the nozzle size.
However, due to the increase in pressure drop, it is necessary to
increase the blower power in order to keep the gas flow rate
constant. This is, nevertheless, not practical. With a constant-
speed blower, the gas ftlow rate drops as the nozzie size
decreases. Thus, the rate of energy supply from the gasitier in
the form ¥ producer gas decreases and the tar and dust removal
efficiencies increase. The maintenance cost of the internal
combustion engire varies depending on the cleanness of the
producer gas. Thus, many factors are related and system
optimization can be carried out. It is recommended to minimize
the operating cost with a required power output as one of
constraints.

4. Water is the only 1iquid used to capture tar and
dust in this work, other liquid can as well be used .in the
impinger. Water, in fact, is a cheap solvent and can be found
almost everywhere. However, using water in an impinger has
certain limitations: not all the tar in the producer gas can
dissolve in water. S8ince tar is removed by disso’ving in the
solvent, water-insoluble tar cannot be eliminated. It is thus
recommended to investigate the wet impinger using other solvents
Instead of water. One of such solvents is oil, since a large

fraction of tar can dissolve in oil.
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5. It is known that tar has a high dew point. Most of
tar condenses at the temperature of 0°C, so0 it the impinger is
operated at low temperature, we would expéct its tar-removal
efticiency to increase. At low temperature, the removal mechanism
is not only dependent on diffusion, but also dependent on
condensation of tar. Even water is used ag solvent, water-
insoluble tar is still condensed and captured. It is thus
recommended to study the eftect of impinger temperature on the

tar-removal efticiency.
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APPENDIX I
DESIGN OF WET IMPINGER

A wet impinger used in this investigation conaisted of a
cylindrical column tilled with water to a certain level &nd a
central tube through which producer gas from the gasifier were
accelerated vai a nozzle onto the water surtace. Fine particles
were removed {rom the gas stream by their increased inertia when
mixed with water and the tar vapor collected by direct quenching.
Despi;e its simplicity, there exists no available design
information on this type of collecting device. Furthermore, an
observation of gas-liquld contacting in a small-scale impinger
showed that the mixing behavior is far too coaplex to admit
mathematical treatment. For these reasons, an approoximate method
based purely on the transter of heat trom gases to water was
adopted ftor a preliminary design ot the impinger. To aid the
computation, the following assunptions were made:

(i) The tlow of gases upon impinging the center of the
water scurface may be approximated by the tlow over a tlat plate,
with the plate length being equal to the radius ot the collector
column,

(ii) The gas velocity in the radial direction was equal
to the average ;elocity of the jet itselft.

(iii) Transter of hea; from the hot gases to water was
by way of turbulent convection on a flat plate.

(iv) fTransport and physical properties ot the incoaing

gases were those of air.

151



The calculating procedure commenced by éonsidering the
Coluan’s equation for heat transter over a flat plate in
turbulent flow regime,

st pr?-%7 = 037 Re %2

h 0.07 Rup  .0.2

or (e——————oru}) (Pr) = 0.087 ( ) (a1-1)
pc u

p
where

h = convective heat transter coefticient

Cp = speciftic heat

P = density

u = gas velocity

R = Collector radius

Pr = Prandt! nuuber

The jet velocity is orbitrarily chosen %0 be in the
subsonic region oi J00 ft/sec. Hence,

u = 300 tt/sec.

At 150°C
P = 0.052 Lb/rt>
B = 1.61 x 10 1lb/tt sec.
Pr = 0.693
Making substitution into Eq.(Al-1), we obtain
h 067 Rx3U0x0.062 _g »
( ) (0.693) = (0.037) (-——-——-—-——3-)
0.25x0.052x300 161 x 10
or
h = 1.13 x 1072 g0-2 (A1-2)
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The drop in the gas temperature trom 150 (302°F) to
spproximately 40°C (104°F) is due to the sensible heat tranafter

from the gases to water. This amount of heat is

a; =Q CpA’I‘
where
4@ = Volumetric flow rate = 1 ®»'/min at 50C
= 0.77 tt /sec of 150C
AT = temperature drop = 302-104 = 198 %F
theretore
= (0.77)(0.25)(0.052)(198) = 1.98 Btu/sec  (Al-3)
The heat transter rate equation can be written as
as = h AT
where
h = heat transter coefticient
A = area of heat transter ={fR?
AT = temperature ditterence between water and gases
= J02-77
= 2259
Substituting,
a, = h (1R *)(225) | (A1-4)
Eqs (A1-3) = Eqs (A1-4) |
226 1R%h = 1.98 (A1-5)

Eliminating h from Eqs (A1-2) and (A1-5) givee

R = 0.46 tt

14 cm.

2x 14 = 28 cn.

or collector diameter D

153



trom volumetrjc
flow rate and get velocity to be

adjustment of the distaznce between nozzle

and watep Surface,
Tabje Al-] Summarjzeg the Ccollectop dimensions, and Fig.3
configurationa.
Tabje Al-] Dimensions of a Wet Impinger
Colump
Dianeter, co 28
Length, cm 100
Nozzle
Dimeter, cm 1.75

154



APPENDIX II

DESIGN OF DEMISTER



APPENDIX II
DESICN OF DEMISTER

Producer gas ftrom a gasitier atter leaving a gas
cleaning systen, especially a wet scrubber wag saturated with
moisture. It was necessary, therefore, to remove the water vapor
in the gas stream before entering an internal combustion engine.

There were many techniques to reduce the moisture
content of air or gases (Munson, 1968) Kaupp (undated) suggested
that the gas cleaning apparatus should be simple and not generate
an exceslee pressure drop. He also used a packed bed of rice
hull chart to eliminate the water vapor in the gas stream with a
significant amount.

Khatikarn (1Y85) tested difterent types of filtering
materials which were cotton cloth, fiber glass, nylon and rice
husk. The results indicated that the last one gave the highest
collection efficiency and least pressure drop.

Vongvarnrungraung (1Y86) used a bed of rice hugsk of a
diameter of 0.97 m and a height of 13.5 m to eliminate the water
vapor and the tar in the gas stream of a flow rate of 5 miyzin.
The gas leaving the bed was found to be clean enough to be
supplied to an internal comubstion engine. The working time of
each operating batch was clzimed to be about 200 hours.

The study is separted into 2 phases, design of & nist
eliminator and experimental study of the systes. In thigs paper,
bed ol rice-husk mist eliminator.has been designed to remove the
water vapor in the producer gas of a flow rate of 1 m:Vmin. The

decigned working period has been about 10 hours.
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The designed parameters of the nisé eliminator had been
obtained by taking the same Froude number as the system designed
by Vongvarnrungraung (1986). The operating period was assumed to
he about 10 hours. Fig. A2-1 showz the schematic representation
of the designed system.

As shewn in the Figure the gas entered at the bottom of
the apparatus, passed through the bed of the rice husk and theﬂ
left through the outlet at the top. The water vapor was collected
by the bed ot the rice husk an the liquid dripped trom the bed to
the tank suump from which it was manually blown down.

The designed parameters have been indicated as follows:

Producer gas fiow rate 1 lalmin
Temperature §0°¢ °

Bed of the rice hgak :

diameter 0.5 m
height 0.7m
Wroking period 10 hr

The details of the calcuiation was shcwn as tollowing :

The parameters of the bed designed by Vongvarnrungraung :

Gas flow rate 5 n3 /min
Bed diameter 0.97 m
Bed height 13.5 m
Operating time 200 hr

The Froude number, Fr can be
. o2, ) 2
Fry = u/gd, = (46),/ﬂd1 )/gd

[{4x5/60)/(7%.97%)}2)/[4.81 x .97)

00133
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http:4x5/6U)/(ffx.972)|2]/[9.81

1]

where u, velocity of gas entering the bed,

acceleration due to gravity,

g
diameter of the bed

4

3
For the proposed system, the gas flow rate was 1 m /min, and the
Froude nuaber, Fr was taken to be the same as the previous

systeam, or

2
Frz = u2 /gdz
2
u/d,

and Q, = (ﬂ/4)d§u2

Fry = 0.00133

0.01312

1/60

Thus the diameter d2 and the velocity u, could be calculated to
be about 0.5 m and 0.0849 n/e, respectively,

The evaluate the thickness ot the required bed, a rough
estimation could be performed by taking the same ratio of the
total depth of the bed to the working period aa the previsus one
which was .9675 n/hr. Thus for the working period of 10 hours,
the thickness of the required bed become about 0.675 R and

the designed value was 0.7 m.
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8S1

Nozzle size, Dn = 10 nmm

45 cm.

Hater level, H

Column diamater, D = 20 cm.

__.._..._._..__...__—-_-———.-_—.-—__—____-.-—...._...._-...--.—..-.___.._-._...__.._-.._—..-..——_——————__-_-.

Sample Total C. gm/mp at the nozzle.height (cm.) of -
No. T T iy T o
In out In Out In Out In Out In Out
1 - 0.1112 0.525 0.208 0.392 0.125 0.684 0.184 0.408 0.133
2 0.388 0.160 0.790 0.130 0.585. 0.136 0.469 0.183 0.437 0.156
3 0.462 9.{59 0.427 0.125 0.531 0.139 0.472 0.177 0.624 0.141
4. 0.424 0.153 ) 0.442 0.149 0.461 | 0.142 0.414 b.075 ﬁ.494- 0.219.
5 0.812 0.175  0.486 0.120 ©0.362 0.116 0.608 0.156 - 0.365 0.148
6 0.523 0.211__. 0.502 0.115. C.645 0.117 0.522 0.134~ 0;466 0.130

_...-—__.._..._-.-¢-.——————-——-—————_-.—_..__..___.._——--'————-_—_——__'_-___.....n__.._..--..-_—_——..-_—

‘Average 0.522 0.162  0.527  0.441 0.496  0.129. 0.528 0.152 0.466 0.155
n,% 69.0 73.2 © 74.0 7.3 ' 66.8
Flovrate  4.42 5.46 - 5.50 . 5.33 5.33
(n3/he.)



661

Nozzle size, D .=

Hater level, H ="
w

n

Column diameter, % =

7 nmm

25 cm.

10 cm.

B ik R o U

6.678 0.308

T T e o e e - —————— - - ...____...._.-__....._..—-——___.....___..._.._.....__..._..-..-._.._...—_—....._-'-._

0.528 -0.199

......?..__-___.._.-———.——--——-.-.__—__..____..--.._.__—-—---—___..._......._____.___.....-—.-—_—.-—..-.—..—_—

Plouwrate

(m3/hr.)



091

Nozgle diameter, q} = 10 mm
Hatef legela HV = 25 cﬁ.

Column diameter, Dc = 30.cm.

.._—.._--_————--——-————--——————_-.....——--.———--——-—--.--___.......---_—--—-————.-— v

Sample Total C gm/m’ at the nozzle height (em.) of
No 1 3 5
In out In Out In Out

1 0.1194 .  0.03504 0.266 0.135 0.327 0.136

2 0.1240  0.0456 0.299 0.128 0.432 0.673

3 0.2016  0.04776  0.355 0.105 0.18 0.0826
& 0.161 e.0518 0.310 0.141 0.254 0.0709
5 0.120 0.563 0.361 - 0.138 0.1855 0.0526
§ . 0.144 0.0622 ~  0.285 0.126 0.203 0.0643
Average 0.145 0.0498 0.313 0.7289 0.264 0.07899
n, 2 65.6 58.8 70. 1
Plowrate - 5. 4,96 5.

(m3/hr.)



Nozzle diameter, Dn = 10 mm

Hater level, H, . = 35 cm.

Column diameter, D. = 30-'enm.

,,,‘_____.......__—_————__—-——____-....._..__——--—--..______......_........__—_..——-—-————

Sample Tota) C., gm/m at the nozzle height (cin.) of
No 1 3 5
In out In Out In Out
1 0.183 0.0564 0.248  0.0518 0.0977 0.0440.
2 0.085 0.0828 0.141 0.0444 0.126 .0.0553
"3 0.135 0.0288 0.9713  0.0546 0.136 0.0440
4 0.156 .0.0634 0.:674 6.0726 0.167 0.0266
5 0.362 0.0406 . 0;173- 0.0534 0.108 -0.0502
6 0.218 0.072 ﬁ.134 0.03&9 0,149 0.0451
. \
Averdge (.189 0.0573 0.172 . Q.0519. 0.1306 0.0442
n % 69.8 69.9 66.2
Flowrate 4.96 4.88 5.0

(m ¥hr.).



Nozzle size, L = 10 mm
Hater level, H" = 45 cm.
Column diameter, Do = 30 cm.
Sample Total C.. gu/m 3at the nozzle height. (cm.) of
No 1 3 5
In : out In Out In Out
1 . 0.089 0.0315 0.516 . 0.0688 0.342 0.08712
_.2 ) 0.091q 0.0303 0.329 0.0715 . . 0.1218 '0.0732.
3 0.0513  0.029 6¢.029 0.0675 ~  0.235 0.0708
4 0.0697 0.029 0.2535 0.0513 0.252 . 0.0758
'5 0.1148  0.0473 - 0.0659 0.294 . '0.0836
6 0.1579 0.0408 ‘ i0.251 0.0489 0.312 0.0650
Average 0.1025 0.0347 0.322 0.0623 0.2709 0.5768
n, 2 66.2 £0.646 71.7
Fiowrate $.92 . 4.88

(m3/hr.)



g9l

Nczzle size, B = 7 mm

n
Hater level, Hw = 35 cm.
Column diameter, D, = 10 em.
sampre Tottal C., ga/m® at the mezzle meisht (em) of
No ST T s T o s T
In out In Out In ) Out In Out In Out
1 0.185 0.0698 0.986v. 0;391 0.337 0.0480 0.390 0.245 0.455 0.553
2 ©0.147 0.0602 0©.444 0.196 6.365, 0.116 9.586 . 0.193 0.996 0.302-
3 0.252 0.0493 0.826 0.266 0.24 0.0758 .0.659 0.101 0.909 0.282
4 0.435 0.9983 - 0 535 - 0.218 ©.9796 0.347 0.1i8 €.830 6.392
5 0.594 0.178 .0.367 0.145 0.439 .0.373 .0.422 6.119 0.754 0.0331
6 0.404 0.0655 0.381 0.145 0.487 '0.205 0.648 .b.!87 0:637 0.256

.._.._..__...__———-——-—————.-__-__.._....._._...__—_—......-_—_—..—.—__...______..-...__._-._.___—..—-——-——_—..—-

. \
Average 0.336 0.0869 0.601 - 8.229 "0.356 0.116 0.509 0.161 0.760 0.303

n ,Z 74.1 : 61.9 67.4 ’ 68.4 ) 60.2

Flowrate 3.21 . 3.5

(m3fhr.)



volL

Nozzle size, D. .= 101 mm

n

Yater level, }L = 25 cm.

Column dlamete Dc §..20 cm.

sample . %;Z;I"E'";;};f';?iEZ';Z;;IZ"EZI;EZ-ZZ;”S'SE """""""
No. T a ST i

In - out In - Out In Qut In Out In Out

1 8.260  0.146 0.392 0.233 0.54¢ - 0.399 0.136 0.271 0.121
2 0.884 0.423  0.228 1n.108 0.494 _ 0.014 0.475 0.224 0.455 0.222
3 1,5h9 0.495 0.290 0,207 0.556 0.184 0.674 0.204 .0.357 - 0.158
4 0.305  0.655 10133  0.400 .0.546 0.259 0.880 0.203 1 0.496° 0.166
5. 0.321  0.114  0.418  0.101 0.547 0.266 0.912 0.340 0.521 0.168
€ 0.236  0.224  0.263 . 0.386 0.492 0.175° 0.921 0.261 0.423 0.164

.._......__......__....——---.—-———-——_—_..._...____..__.._..._-._-_...‘.—.-_-....-___—_.._.._—.-_.._..__—.._—..—_—__—..

Average C.364  0.243 .0.454  0.239  0.537  0.150 0.710 0.228 0.421 0.167

Flowrate 3.23 - 3.50 | 5.2 5.34 5.08

(u3/hr.)



S9l

n
-
o

Nozzle diameter, D mm

n
Hater level, Hw . = 45 cm.

Column diameter, Dc = 10 cm.

_...______—.-__.._——...—_—-._-—_..—..---‘__._-—_...----..._...__..-__-_-.—_—--—.._-._-—_—-

Sample Total C.,gm/m3 at the nozzle height (cm.) of
No 1 3 5
In out In Qut In Out
1 0.450 0.1856
2  0.4638 0.1433
3 0.4067  0.1808
A ©0.4428 0.1843
5 0.4201 : 0.2173
é 0.4021 0.1964
Average 0.4339 0.1346
n L% . 57.5
Flowrate 4.75

(m3/hc.)



991

Nozzle diametert Dn = 10 mua.
Hatef Ievel, Hw = 35 cm.

Column diameter, D_ = 20 cn.

-.-_....._._..______.....______...__....._-.-_...-.——_..'--—_—_—___._.._.._.._..____.-_—__—-.._.._—-._—...—

0.129
0.111
6.131

0.109

0.112
0.119

0.157

e et e > et B v 48 o= e = . - -

0.110
0;101
0.123
| 2.110

0.114

-0.119

0.130
0.158

0.128

0.097
0.104
0.121

0.092

With nozzle , H =
¥o
10 20
In Out In
i 0.155 - 0.163
2 0.139 0.113 -
3 0.135 ° 0.100 118
4 - . - 0.125
5 0.165 0.114. 0.126
6 0.137
Average 0.149 0.109 0.134
n, % 26.6 - a3,

...-_-_...-....—_.__..__..._..._.....-_-..——.-—.—..—...——_.._—-......._...—...-........__...___-———.--._—__.--——-———-——---——_-—_-_.._..

Flowrate 5.83 5.

(n3/kr.) .



w c’
Sample D = 7 mm D = 10 ma
____________ E..-..-.....-__-..-_____....___.._.. n
Neo Hn = 10 cm Hr? = 20 cm }!n = 20 cnm
In out In “Out In Out
1 0.132 0.047 0.178 0.072 0.173 - 0.093
2 9,441 0.05% 0.133 0.063" 0.171 0.096
3 0.133 0.055 0.132 0.059 0.202 0.110
PR 0.142 0.058 0.147 0.063 0.188 '0.094
5 0.165 0.114
6 0.156
Averaze 0.137 0.055 0.151 0.088 0.184 0.098
n, % 60.0 L 42.8 46.6
Flowrate 6.75 6.29 7

'(m3/hr.)'



891

Nozzle diameter, 2{_ = 10 am
Hater level, Hw - = 45 cnm.

Column diameter, Q: = 10 cm.

..-.-__—-___...-_..————-.-———-.-..——-...._....__---.—-_._--._—._.-.._—-_..'.__.._..--.—--'--——

Sample Totel C., gm/m® at the nozzle height (cm.) of 2
No. 2 " 3 5
In cut In Out In Out
R 0.450 0.186 0.604 0.240 0.0752  0.0310
2 C.464% 0.143 0.566 0.161 0.162 0.0585
3 0.407 0.181 0.310 6.153 ©0.203 0.110
4 D.443 0.184 . 0.255 0.082 0.273 0.060
5 0.420 0.217 0.176 0.101 0.264 0.081
6 0.402 D.i96 0.33 0.109 .222 0.0932
Average (0.431 0.185 0.374 0.141 0.100 0.072
n, % 57.2 © 62.3 63.6
Flowrate 5.75 5.71° : 6.16.

(m /hr.y



Nozzle diamcter, Dn = 10 mm
Hater level, HH = 35 cm.

Celu-mn diameter, Dc = 10 em,

——---,____5...__—_—----....._..—...-.__—_...._..__.__—_—--—.-..-_..-__....-..-..__-..._—-—————

Sample Total C., gm/m 3 at tje nozzle height (cm.) eof-
No. 1 3 5 '
In aut In Out In Out

1 0.185 0.0698 0.387 0.0480 0.390 0.245
2 0.147 0.0602 0.365 0.116 0.586 0.193
3 0.252 0.0493 0.24 0.0758 0.659 0.101
4 0.435 0.0983 0.218 0.0800 0:.347 0.119
5 " 0.594 0.178 0.439 0.173 0.423 0.119
6 0.401 0.0655 0.487 0.205 0.648 0.186
Average 0.336 0..0869 0.356 . 0.116 0:509 0:161
n, % 74.2 57.3 . . 68.5.
Flowrate 6.125 6.125 6.125

(n3/hr.)



oLt

n
-
(=]
3
2

Nozzie dixmeter, Dn
Hater levei, Hw = 25 cm.

Column diameter, Dc = 10 e¢m.

-._..._-......__....-.-_———__—_.——_...——_~_..__~-—————-~—----.._-_..-____..._-__—..———-—

Sample Total C.,gn/m” at the nozzle nelght {em.) of
No. T 3T s T
In cut In Out In Qut
1 0.360 0.0962 . - 0.139 6.517 0.204
2 0.264 0.0576 0.475 0.165 0.443 0.156
3 0.309 0.0606 0.502 0.157 0.481 0.i88
4 0.258 0.0536 0.623.  0.204 0:510 0.267
5 0.22 ¢.078 0:621 0.199 0.493 G.183
6 0.207 0.0666 0.579 0.200 0.512 ° 0.212
S e o
Average 0.270 0.0688 0.56° . 0.176 0.493 0.202
n,% 74.5 68.6 59. 1
Flowrate 5.958 6.00 . 6.625

(n¥/hr.)



et

Nozzle size, Dn = 7 mm

Hater level, "w . = 45 cm.

Column diameter, Dc = 10 cm.

Sample Total éi' gm/m® at the noizle height (em.) of
No. 1 2 5 3
In out In - - 0ut In Qut In Out

1 0.179 0.08% 0.065 '0.193 0.441 0:165 0.604 0.240

2 0.298 0.098 -0.638° 0.230 0.400 0.174 - 0.566 0.161

3 0.288 0.117  0.584  0.202  0.336 0.249  0.310 0.153
. 4 0.399 0.176 0.6C9 0.175 0.625 0.217 0.255 0.0820

5 '0.397 0.184  9.242  0.121 0.536 0.1s2 . 0.176 "0.161
. 6 0.378 0.184 0.384 0.146 0.808 " 0.332 .0.333 0.109
Average 0.323 0.141  0.587 0.178 | 0.524 0.210 0.374 0.141 .
n , & 1 56.4 69.7 50.0 R 62.3
Flowrate 39.2 3.79 03.33

(m3/hr-)



cL

Nozzle diameter, D = 7 mm
n . .

Hater level, Hw = 25-¢nm.
Column diameter; q: = 30 cm.
Sanmple Total C., gm/m” at the nozzle height (¢ém.) of
No 1 3 5
In out In Qut In Out
1 0.1581 0.012 0.1043 0.0202 0.1096 0.0261
2 0.1493 - .0.0207 0.0965 0.026¢9 0.0897 0.6269
3. 0.1305 0.0175 0:1éﬁ8 0.027¢& .0.0857 £.0251
4 0.1222 0.0216 0.1056 0.0276 0.0750 .  -0.0346
5-A G.0280 0.0219 0.1?50 0.029¢6 0.0558 0.0391
¢ . 0.1121 0.0529  ©.0555 - 0.0288 0.0822°  0.0259
e it D e L S --—-------—-—--——-- ----- ;----
Average 0.1284 0.0244 0.1146 0.0268 0.083 - 0.0296

n X 81.0. . 76.6 64.3

..-.--...-_.-___..___-._--..-_._..»._.-_..—--..._---.————-..—-_.._.._.......___..___.._—..—-—————_



gLl

Nozzle size, Dn = 7 mm

Watar level, Q{ = 45 ¢m

R .
Column diameter, Dc = 20 cm.

_-.___..._.-.._..._.._.__—..-_-._—_—--._.._-....—...-.—_—_..__.._--...._......_.._..-.._.._-...-—-——

Sample Total ¢ gn/m3 at the nozzle height (cm.) of
No T 2 . T 3 - v
Ip out Tn. Out In Qut In Out
1 0.285 0.087 0.377 o0.105- 0.339  0.073 0.264 0.064-
2 0.398  0.100 0.411 ©6.100 0.279 0.065 0.208 0.071
3 0.512  0.149 0.384° - 0.236 0.125 0.214 0.068
4 0.567  0.%51 0.389 0.131  0.222  0.084 0.205 0.074
5 0.546 ~ 0.118 0.396 0.135  0.263 0.075 0.252 0.074
6 0.394  0.105 0.453 0.131 - 0.055 0.202 0.090

- ..-__..._..___.-..—.-—-.-.__.__-_-_—_—_—..———-..—_—..——_-__.._-..-._.........-__—-—————

Average  0.450  0.118 0.402 0.120 0.268 0.080 ‘0.224  0.074

n % 73.7 76.0 70.3 67.2

.-_—..-_—-_—_---—_———-._—..--....-.__...'_.-—.——-—-.————-—..-...-.._.....___..__..__.._—_————

Flowrate 4.21 3.79 4.42 4

(m3[hr.)

- n (> e = e -

- e o o -



vLL

Nozzle diameter, Dn = 7

Hater léVel, Hw = 35

Column diameter, Dc = 20

..e—~—__......._-—__—.....-.—_-.__—_—-_——_—__,.-——_——_—_...__..__._.._._.._....___—.-_——.-—--.

Sample Total C

No. 1
In out

1 0.128 0.0570
2 0.120 0.0772
3 0.1és 0:0536
4 0.141 0.0339
5 0.107 0.0274
6' -

Average 0.124 0.498

. 0.0374

0.0362

0.0470

0.0472

0.0412

0.0425

0.0467

0.0318

0.0536

.0.6G530

0.0486

_...-.._-.-_.-._-....._..—.-.——_——-——-—-._._.--.‘__-———-———-——_......___.____.._.......——-——-—-—-.



SLt

Nozzle size, D = 7 mm

n
Hater level, Hw = 25 em.
Columr diameter, % = 20 ¢m.
Sample Total cC., gm/m3 at the nozzle he;ght (cm.) of )
Na ] 2 3 4 5 '
In out In Out In Out In Out In Out
1 0.14¢6 .0.0405 0.583 0.172 0.542 ¢ 131. 0.116 0.048
2 . A 0.133 0.428 0.6368 0.232 0.660 0.132 @.215 o0.108
3'. 0.342 0.6383 . 0.913 0.213 0.456 0.i49- 6.281 0.093
4 0.123 0.0467 0.923 0.206 0.482 0.147 0.301 0.111
5 0.13C 6.0427 0.928 0.218 0.495 0;183 0.354 0,116
6 0.121 0.0447 0.924 " 0.138 0.479 o0.1s5 0.423 0.138
Average 0.132 0 0426 0.818 0.197 0.519 0.149 0.271 o0.102
n, % 67.8 76.0 71.3 62.2
Flowrate 4 4,04 4.17

(n3/hr.)



9Ll

Nozzle size, D = 10 mm

n .
Hater level, ﬂ' = 35 cm.
Column diameter, Q; = 20 ¢m.
sample Total G., /3t the mezsie meisnt Comy o TTTTTT
o T 2 T s T o T
In Out In Out In Out In Out In Out
1 0.585 0.136 - 0.168 0.268 0.166 0.197 0.119 0.339 0.117
2' 0.411 0.167 6.192 ‘0.162 - 0.107 0.284 ©.145 0.257 .0.086
3 0.6419  0.067° 0.229 0.144 0.342 0.105 . €.305 0.125 0.346 0.121
4 0.311 0.062 0:279 0.182 0.291 0.116 0.306 0.121 0.276 0.096
5 0.417 0.093 ° 0.240 0.156  ¢.373 0.097 ~0(é38 0;21 0.279 9.533

-————-————-—-—————-————-——--———.—---——-——-—————-—--—-——-—-_-'—-——-—-———-—-————-“——-—-—

Average 0.422  C.112  0.220 0.161 °0.321 §.123 -0.273 0.139 0.297 0.112

Flowrate. 5.46 5.25 4.3 6.21 5.0

(m3/hr.)
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Abstract—A simple mathematical model has teen developed for preducer-gas impinge-
ment on a water surface. A correlation has been derived for the tar-removal efficiency with
the following five dimensionless groups: the Reynolds number, H,/L, H,/L, D./L, :nd
D,/L. Here F, is the nozzle height above the water surface, H. the water lavel, D, the
diameter of impinger column, D, the diameter of nozzle, und L the height of ihe impinger
column. Experiments were then carried] out on producer gas generated by the gasification
of rice husk in a downdraft gasifier, with cleaning in a wet impinger. Three different
impinger sizes with changeable nozzles were tested. With some modifications of the derived
correlation, the tar-removal efficiency may be estimated from # = a(25 + 80¢))/[¢(71 + &),
where @ =107 Re/(H./LXD,/L) and ¢ = 10""" Re*/(H,/ LY H./L)D./L)*.

INTRODUCTION

Gasification is a thermochemical process, which can be used to converf, carbonaceous material
into fuel gas containing carbon monozide, hydrogen and other hydrocarbons. This gas is
usually known as producer gas and is then burned directly in a furnace or used in an internal
combustion engine. For the latter utilization, the producer gas, particularly when it is obtainsd
from biomass gasification, needs to be cleaned since it contains tar and particulates. Tar has
been found to gum up the moving parts of the engine, while dust and particulates cause engine
erosion. Many clecning devices have been investigated and developed. These include fabric
filters,' packed-bed filters made from rice husk,'? wet scrubbers,* and others.> A new method
of gas cleaning was recently introduced.* This method involves impingement of the producer
gas through a nozzle in jet form onto the susface of water. Gas impingement on a water surface
has two advantages, viz. (i) tar and dust may be removed and (ii} the gas is cooled.

impingement of a fluid jet has been investigated for a long period of time aad is now apptied
to many processes® such as drying, heating and cooling. Many studies have been carried out to
study the hea:- and mass-tzansfer characteristics of the jet*® and to determine the velocity
profile at any section of the jet. However, most of the published investigations have been
concerned only with jet behavior and not with the consequences of jet impingement on a liquid
surface.

Since we intend to usc the producer gas in an internal combustion engine, we have to
remove tar and dust to prevent the aforementioned problems during utilization. This procedure
will lower the heating value of the gas since tar is also combustible. However, the clean
producer gas has sufficient crergy for running the internal combustion engine. We have
obtained the producer gas by the gasification of rice husk. It was then impinged on a water
surface. The amounts of tar in the gas entering and leaving the gas impinger were determined
in terms of the total carbon content. The carbon-removal efficiency was then calculated and
related to the geometrical und flow parameters expressed in the forms of dimensionless groups,
which aliow mathermatical modelling of the system.

MATHEMATICAL MODELLING OF A GAS IMPINGER

The wet impinger has the coniiguration illustrated in Fig. 1. The producer gas contains tar
and was impinged on the suiface of the water column. The water-column diameter was D, and

oY 16014 177


http:030-5442/M$3.00

D. KHUMMONGKOL and C. TANGSATHITKULCHAI

| oo
_ .D_L
1
|

Fig. 1. Geometrical configuration of the wet inpinger.

the jet-nozzle diameter D,. The nozzle was situated above the water surface at the distance H,.
The impinger height was L and the water level H,,.
The efficiency of the impinger in removing the tar from the producer gas is defined as
__amouit of tar removed by the impinger )
amount of tar in the inlet gas

In accord with the method of dimmensional analysis, the variables that are believed to affect
the system will now be listed.” These variables include the geometrical structure of the system,

fluid properties and flow charactcristics.
The fluid properties are the gas density p, gas viscosity g, tar concentration C, liquid density
Py, liquid viscosity u,, and Jiquid surface tension a@. The flow properties are determined by the

gas-volume flow rate Q. Thus, ,
'7 =f(Lv Hn» Hwn Dc, Dm P. ﬂr C: ph "I- (7, Q)- (2)

It may be seen that the tar-removal efficiency could be a function of 12 variables. We next
introduce simplifications. Thus, we assurae that the tar concentration of the gas inlet has no
effect on the lar-removal efficicncy. Furthermore, since water was the only liquid used in the
impinger, the properties of water may be excluded from the function in Eq. (2). Consequently,
the dimensional anaiysis for the tar-removal =zfficiency as a functior of dimensionless groups

becomes
n=f(Re, H,/L, H,/L, D/L, D,/L), (3
where Re = Qp/Dyp. @)

In order to obtain the functional form of Eq. (3), a simple mathematical model was
employed. The model is develcped under the following assumptions.

{1) It was observed that, whea gas impinged on the surface of water column, bubbles were
created and these moved turbulently in the water. The number of bubbles was 2ssumed to vary
directly with the maximum velocity of the gas at the water surface. Mathematically, this
relation can be written as

N = h()umul (5)

where N is the number of bubbles, un,, the maximum velocity of the gas at the water surface
and b, a constant.
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(2) The diameter of the bubbles was uniform and constant. This assumption impliss a
constant mass-transfer coefficient for any operating conditions since it is known that the
mass-transfer coefficient for a bubble depends on its diameter.®

(3) The tiine for cach bubble to remain in the water was assumed to be constant for all

operating conditions.

(4) The gas velocity at the nozzle was assumed to be uniform.

Scirlichting® derived an expression for estimating the gas velocity at any section of a round
jet. The maximum velocity of the jet at the water surface may then be calculated from

Upmax = 3IM8uH,, (6)

where M is the flow of momentum across any section of the jet.
It has been found that the momentum flow across any section of the jet is constaat.
Schiichting® has shown that this momentum flow may be estimated from

‘D2
M =2ap J u*r dr = constant, )
0

where u is the gas velocity at any cross section of the jet. In view of the assumption that the
velocity of the gas at the nozzle is uniform, Eq. (7) becomes

M = (x/4)pulD?. (8

Equations (4), (5), (6), and (8) yield an expression relating the number of bubbles in the
water to the Reynolds number and the nozzle-to-water surface distance, viz.

N =b,Re*H} 9)
where

by =3ub,/2r’p. (10)
If A’ denotes the surface area of a bubble, the rate of change of tar concentration in the bubble

can then be calculated from
—dC/dt = k,A'(C - C"), (11)

where C and C* are the tar concentrations in the bubble and in the water, respectively, and k,
is the mass-transfer coefficient.
It V., and V}, are the volumes of water and of a single bubble, respectively, an overall mass

balance for tar yields
Vw(c. - C'.) = ‘vvh(ci - C)' (12)
where Ci" and C; are the initial tar concentrations in the water and gas, respectively.
Since k, is constant because of assumption (2), and assuming that C! =0, Egs. (11) and (12)
yield
C=[(1-€)exp(-Ar) + £]C;, (13)
where 1 is the residence time, £ the volume ratio in bubbles to the combined volumes of water
and bubbles (=fractional gas hold-up), and A a constant. The values of ¢ and A may be
calculated from
£=NV./(V. + NV,), (14)
A=kA'[l +(NV,IV ). (15)
Equation (13) gives the tar concentration for bubbles just lcaving the water. Since only a
portion of the gas entering the device will penetrate into the water and appear as bubbles, the

gas from the bubble has to mix with other portions of the gas before leaving the impinger. The
tar concentration in the outlet flow is C, and can then be calculated from

1QC, = NV,.C +(Q - NV,)C,

or
Co=(VW/1Q)C + (1 - (MV/TQ)]C.. {16)
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In view of the definition used for the tar-removal efficiency in Eq. (1), Egs. (13) and (18) yield

n=(Ci— Co)/Ci=(NV,/*Q)(1 - £)[1 — exp(-AT)). 17
Using Eqs. (4) and (9), we obtain
NV,/tQ = b, Re H]'D;", (18)
where
by=b,V,p/tu. (19)
Similarly,
l—e=[1+b,R*H'D?H;' ™ (20)
and
exp(—At) = b exp(-bsRe* H'DHSY), 1)
where
by=4b,V,/x, (22)
by =exp{—kar), (23)
bs = byk,a. (24)
Combining Eqs. (17), (18), (20), and (21), we obtain

____biReH;'D;! [t
"= 1+bsReH; DA
Our preceding dimensional analysis indicates that the tar-removal efficiency should be a

function of five dimensionless groups, as illustrated in Eq. (3). In order to conform with this
analysis, E3. (25) is rewritten in the form

—byexp(—bsRe*H' D2 HY). T(29)

1= e L= @ erp(-ai07)] (26)
where a,, a;, a;, a, are constants,
a’ = (Re)(H,/L)"(D./L)", (27)
and
¢' = (Re)*(H,/L)"(D./L)"*(H,/L)™". (28)

Equation (26) will now be used as a first step to fit our expcrimental data.

APPARATUS AND EXPERIMENTAL PROCEDURE

The apparatus consisted of a downdraft yasifier and a cleaning train. The down-draft gasifier
is illustrated in Fig. 2. It was made of two coaxially installed stainless-stee! cylinders located on
a 100-cm high stand. The inside cylinder had a diameter of 97 cm and a height of 150 cm; a
1/4-in.-hole screen was used at the base of the inside cylinder in order to support tke rice husk.
A stirrer was situated at the center of the gasifier and had two paddles: one paddle was about
30cm from the top of the gasificr and the cther was about 50 cm below the first. The stirrer was
automatically operated. It rotated ar 4 rpm when the temp=ratuse at the center of the rice-husk
bed was SU°C. As the stirrer rotated, ash fell through the screen ino the water reservoi.,
causing the level of the bed to drop. The decrease in bed level triggered the conveyer to feed
more rice husk from the hopper into the gasifier, thus keeping the rice-husk lavel at specified
location.

In our system, water was used as the cooling medium. It entered at the bottom of the 2usifier
and flowed through the gap between the cylinders. The water exited at the top and was then
returned to the water reservair below the gasifier. The stirrer, which was inade from a hollow
tube, was cooled in a similar manner: the water flowed from the top and exited at the bottom
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Fig. 2. The c:owndraft gasifier and part of a cleaning train u.cd in the experiments.

into the water reservoir. Since the water in the reservoir was hot and dirty with ash, it had to
be cleaned and cooled before it was recycled to the system. The cleaning and cooling was
achieved by spraying the used water on a 150 X 200c¢in mosquito net; this process was
performed outdoors. The water, after passing the mosquito net, was then reused.

The gas produced in the gasifier flowed downwards and ultimately passed through a wet
scrubber, which was, however, not employed in our experiments. Following the wet scrubber,
we used an air blower and the cleaning train.

The gas-cleaning system consisted of a cyclone, a gas impinger and s demister made from a
packed bed of rice husk. Only the gas impirnger will be discussed fuither in this paper.

The gas impinger was made from a 100-cm long acrylic cylinder \Fig. 3). The producer gas
from the cyclone flowed through the nozzle and impinged on the surface of the water that
initially filled the column; it exited from the impinger through the tube at the top of the
column. The level of water in the gos impinger and the nozzle height above the water surface
could be adjusted. Both the inlet ana exit tubes had diamcters of 1in. Three inpingers were
constructed with different diameters: 10. 20, and 30 cm. In order to study the effect of nozzle
size, two nozzles with 7- and 10-mm diameters were used. Table | summarizes the conditions
investigated in our work.

After operating the gasifier for upproximately 1h, the producer gas was analyzed for tar
concentrition at the positions before entering and after leaving the impinger. The
producer-gas <‘ream was obtained by flowing the gas through the following units connccted in
series: an electrically-heated pipe section to raise the gas temperature to 200°C, a fiber filter to
remove entrained particulates and three U-tubes immersed in an ice bath. The condensate
collected in the U-tubes was weighed and analyzed for the amount of tar in the form of total
carbon content, using a Total Curbor Analyzer (model 525, O.1. Corp., Texas). We choose to
detect tar in terms of total carbun because tar consists of a wide range of hydrocarbons with
different physical and chemical properties. However, since tar is a hydrocarbon, the
mcasurement of towal carbon content could indirectly quantify the amount of tar. For each
sanipling position, the producer gas was sampled every 15min for 2k, with each sample
requiring 5 min. The continuous flow of gas was measured by means of a calibrated rotameter.
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Fig. 3. Details of the wet iinpinger.

Table 1. Conditions at the impinger used in our investigations.

Diameter of the column (cm) = 10, 20, 30;

Diameters of the nozzle (mm) = 7, 10;

Diameter of the nozzle-supply tube {mm) = 254;

Heights of the nozzie abova the water surface {cm) = 1.20;
Water level (cm) = 25, 35, 45;

Gas-llow rate (m3/hr) = 2 . 7,

RESULTS AND DISCUSSi ON

Seventy-four tests were carried out and all of the dimensionless groups calculated. The
Reynolds number was obtained by using the applicable properties of air; the temperature of
the producer gas was found to vary between 100 and 175°C. The density of the gas was thus
between 7.829 X 107 and 9.475x 10™*g/cm’. In the calculation, the average value of the
density was used (8.682 x 10~* g/cm?). With this constant value for the density, an error of
<10% should be obtained, which is allowable in our calculations. Similarly, the viscosity of the
gas ranged from 0.021 to 0.024 cp; an average value of 0.0225cp was assumed. With these
values for the density and viscosity, the Reynolds numbers fell between 5900 and 13,000,

In order to fit the experimental data to Eq. (26), the values of &’ and ¢* were first calculated
at different conditions. It was found that &' has a value between 5 x 10° and 1200 X 10°, while
¢' had a value between 0.1 x 10" and 250 > 10'°. Inspection of Eq. (26) suggested that ¢’
would have a significant effect on the tar-removal efficiency only if a, and a, had magnitudes of
107" to 10™", respectively. As u consequence, if we plot the tar-removal efficiency vs the value
of a' for a small value of ¢’, we should obtain a linear relation. Figurc 4 illustrates the
relation between the tar-removal efficiency n and the dimensionless group a' at values of ¢’
lying between 0.1 10" and 6 x 10'°. This correlation was not found to be linear, as is
predicted by our simplified model. However, the data are well fitted by the parabolic relation

100a’

Nx00+a 29)

n
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Fig. 4. Variation of the tar-removal efficiency with the dimensionless group .

According to this relation, the tar-removal efficiency can not be >109% for any value of .

According to Eq. (26), the tar-removal efficiercy is the product of two functions: one is the
function of o' which we derived in Eq. (29); the other function varies with ¢’, i.e.,
(71 x16°+ a')/a’ should be a function of ¢'. Figure S illustrates the dependence of
(71X 10° + &')/ &' on ¢'. Inspection of Fig. 5 suggests that the relation should be

a 25 x 10'° 4 809’
'7=(71x10’+a')x( Py ¢)’ (30)
or
o 25+ 80
”m(71+a)x( py ¢)’ @
where
a=10"5" (32)
and
¢ =10""%". (33)

Equation (26) becomes Eq. (30) when a, is small and a,¢ >> 1.

Figure 6 shows a comparison betwcen the tar-removal efficiency predicted by Eq. (30) and
the actually observed tar-removal efficiency. It may be seen that the predicted efficiency agrees
very well with the experimental values since about 96% of the calculated data had absolute
errors within 30%.

It should be noted that the relation in Eq. (31) has only three parameters. If one tried to fit
the experimental data by the relation

1= po Re?(Ho/LY*(H.ILY(D/ LY Do/ LY", (349

S T T T T ¥ T

g
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R
S
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Fig. 5. Testing of the cocrelation between the removal efficiency and the dimensional group ¢'.
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Fig. 6. Comparison of experimental (@) and calculated (—) tar-removal efficiencies.

v

then six parameters would be needed. In fact, we tested Eq. (34) first and found that the
predicted values did not fit the experimental values satisfactorily. This observation encouraged
us to approach the problem by using the simple model developed in our paper.

We did not include the effect of mist in the gas space on tar-removal efficiency. Mist could
help in collecting tar and, particularly, dust. However, the agreement of model predictions with
the experimental results may be taken as an indicator that the mist, which is caused by the
impact of iar-rich gas on the water surface, was probably saturated with tar.

CONCLUSIONS

Impingement of producer gas on a water surface offers a procedure for removing tar. Its overall
efficiency was about 70%. Higher perceatages of tar removal could be achieved by connecting
wet impingers in series. Three impingers were needed to obtain efficiencies >95%. Besides
being efficiént, the wet impinger has the desirable feature of being of simple construction.
Consequently, it is appropriate for utilization in rural areas. We have presented a thzoretical
study of the system and developed a simplified model. The model needed further refinements
and some changes before it yielded an acceptable fit to our experimental data.
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NOMEN<CLATYRE
A = Constant in Eq. (15) Q = Volume flow rate of gas
A’ = Surface area of 1 bubble r = Radius of the jet at any section

a,, a4, a3, a, = Constants in Eq. (26)

bo; blr bh b.h
by, bs = Constants in Eqs. (5), {9), (10),
(19), (22), (23), and (29),
respectively

= Tar concentrations in the gas at
any time and at time zero,
respectively

Co =Tar concentration in the gas at
the outlet of the wet impinger

= Tar concentrations in the water
at any time and at time zero,
respectively

= Diameters of the impinger and
of the nozzle, respectively

= Distance between the nozzle
and the water surface

= Water level

= Mass-transfer coefficient

= Height of the wet impinger

= Flow of momentum across a jet
section

= Number of bubbles

GG

cL G

&
s

E4 2(‘3‘.: B

Pos 1y P2 Py

P Ps = Constants in Eq. (34)

185

Re = Reynolds numoer (Qp/D.u)

t =Time

u =Gas velocity across any jet

section

Uy, Umes = Gas velocity at the nozzle and
the maximum gas velocity at
the water surface, respectively

= Volumes of the water and a
bubble, respectively

Vo Vo

Creek letters
= Variables defined in Egs. (32)

a, a'
and (27), respectively
£ = Fractional gas hold-up
o = Surface tension
n = Tar-iemoval efficiency
¢, ¢' = Variahlcs defined in Egs. (33)

and (28), respectively
] = Gas density

0 = Liquid density
u = Gas viscosity

m = Liquid viscosity
T = Residence time
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Experimental data on gas cleaning performance of large-scale testing

Impinger conditions
Impinger no. Nozzle diam.,in. Nozzle height in.
1. 3
2.
3. 3

5

7
-]
5

w
- N -

Data (Run 1/1)

T e e e o o e o L e e e e e o o o o e v o o . e o o e % 0 G s o o o o v e o e 2 Y o = = v . m G . — An - = - g - ———— - - - - — —

Cleaning Sawmpling Sampliug -Rate of gas vollected Condensate
Unit Pusition time,min. withdrawal =  =-—ccccrmcc e
m>/hr Volume Carbon, Solid
Collected concen- concen~
ml. tration tration
mg/1 mg/l
i
_________________________________________ i
cyclone inlet 5 8.49 223 5.3 5768
lmp # 1 inlet 5 7.64 163 5.35 " 6110
Imp # 2 inlet 5 8.49 108 3.75 755
Imp # 3. inlet 10 9.34 : 218 3.6 765
Demister inlet 10 9.34 102 4.04 1050

outlet 10 9.34 88 2,85 835
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Experimental data on gas clecaning Performance of large-scale testing

Iupinger conditions
Impinger no.
1.
2.
3

Data (Run 1/2)

____-..—___-_—__—__—.-

Cleaning Sampling

_____-_....__.._-.--_--——--_——..-__.--_--___...-__

Unit Position
cyclone inlet
lmp # 14 inlet
Imp # 2 inlet
Imp # 3 inlet
Demister inlet
outlet

Nozzle diam.,in.

Nozzle height in.

3 1.75
3 2.5
3 1.5
Samplinz Rate of gas Collected Condensare
time,min, Mithdraval ... .7 TT7E0 Oomdemsere
m*/hr Volume Carbon Solid
Collected concen- concen-
ml. tration tration
mg/1l mg/l
“ ______________________________________
i
1.5 3.1 89 1.66 7507
2 8.9 68 6.15 925
3 8.1 65 5.05 935
S 9.7 61 5.36 1110
5.75 9.3 48 4.7 1305
5 9.7 39 4.45 1310

...—__—-.___-___-_—-..._...._—....-__-.._—_...——_-.__—..__-.__—__-__—__-._..—---..--_-—__—-——-———-



881

Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.

1. 3 1
2. 3 1
3. 3 1
Data £ (Run 2)
Cleaning Sampling Sampling Rate of gas Collected Condensate
Unit 2osition time,min. Wwithdrawal =  —--cemce
m®/hr Volume Carbon Solid
Collected concen- concen-
ml. ° tration tration
mg/l mg/l
cyclone inlet 2 14.0 107 6.98 89
lup ¢ 1 inlet 3 11.0 115 6.1 604
Demister inlet a 13.2 70 5.3 282

outlet



681

Sat: Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1. 3 1
2. 3 1
3. 3 1

Data (Run 3/1)

Cieaning Sampling Sampling Rate of gas Collected Condensave
Unit Position time,min. withdrawal =  ——cccmemmc e
o /hr Yolume Carbon Solid
Collected concen- concen-
ml, tration . tration
mg/1 mg/1
cyclone inlet 2 10.6 90 8.3 892
1lmp # 1 inlet - 3 10.2 114 8.8 420
Imp # 2 inlet . 4 : 10.6 59 5.5 588
Inp # 3 inlet ) 4 10.6 . 42 5 524
Demister inlet 4 11,0 35 6.1 576
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Tahl< Experimental

Impinger conditions

Impinger no.

1.
2.
3.

Nozzle diam,.,in.

w

Nozzle height in.

data on gas cleaning performance of large-scale testing

Clcaniug Sampling

Unit Position
cyclone inlet
Imp # 1 inlet
Imp # 2 inlet
Imp # 3 inlet
lPemister inlet -
outlet

Sampling
time,min.

Rate of gacz Collected Condensate
withdrawal =  =c-ecccmmmmem ..
m*/hr Volume Carbon Solid

Collected concen- concen~

ml. tration tration
. mg/l mg/1l

1o o e e " - = - = - = = - - - — - - . -

|

8.9 86 8 920
7.6 108 7.6 840
8.5 66 6.2 602
8.5 56 5.2 544
9.3 50 5.3 665
9.3 38 7.1 780
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Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Impinger no. "Nozzle diam.,in. Nozzle height in.
1. 3 1
2. 3 1
3. 3 1

Data (Run 3/3)

——__——_.........___——___-..__—--_--___—__—___——___..——_——__——.._——--——_—--——-—--—-——--—-

Cleaning Sampling Sampling - Rate of gas Collected Condensate
Unit Position time,min. withdrawal =  —c-memmemme e
m® /hr Volume Carbon Solid
Collected concen- concen-
ml. tration : tration
mg/1 mg/l
cyclone inlet 2 14.8 125 8.48 760
lmp # 1 inlet 3 11.9 145 : 6.24 630
Imp # 2 inlet . 4 12.7 99 6.19 624
Imp # 3 inlet : 4 14.0 : 89 4.94 564
Demister inlet 4 13.6 78 4.5 612

—.-_—-._..__..__...__--_...-..-.._-_-_—-__—_--——--———-—-—---—-—-———-———----_-—-_-—_-——-_—-.



Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1. 3 1
2. 3 1

3. 3 1

____._—______._..__...._..-.__-—...___...__—_——_—..-..__...--_—.._——_-..._—__—__-_..—_..___—-._——--—_

Cicaning Sampling ° Sampling “Rate of gzac Collected Condensate
Uniu Position time,min. Wwithdrawal =  —--mecememe
m® /hr Volume Carbon Solid

' Collected concen- concen-

. ml. tration tration

‘ mg/l mg/l

t

i L]
cyclone inlet 5 6.8 160 ‘7.7 1215
lmp # 1 inlet S 7.2 142 . 8.9 1032
Imp # 2 inlet . 5 10,6 118 7.6 258
Imp # 3 inlet : 5 9,3 : 116 5.9 249
Demister inlet 5 9.3 82.5 5.7 221

outlet 5 8.8 69 4.8 200
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TanY, Experimental data on gas cleaning performance of large-scale testing

Impinger conditions
Impinger no. Nozzle diam.,in. Nozzle height in.

1. 3

2. 3
3, 3

- ) b

Data (Run 5/1)

Cleaning Sampling Sampling Rate of gas Collected tonoensate
Unit Position time,min. withdrawal = —=--occmccmmccmcme e
m /hr Volume Carbon Solid
Collected concen- concen-
ml: tration tration
mg/l mg/1
cyclone inlet 5 6.3 150 6.5 720
lap # 1 inlet 5 7.1 139 6.36 362
Imp ## 2 inlet . 5 6.7 96 5.2 178
Imp # 3 inlet 5 7.9 - 74.5 4.9 252
Demister inlet 5 7.5 52 5 362
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Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1. 3 1
2. 3 1
3. 3 ’ 1

Data (Run 5/2)

Cicaniug Sampling Sampling Rate of gas Collected Condensate

Unit bPosition  time,min. withdrawal =  —==-ccccccm e
o /hr Volume Carbon Solid

Collected concen- concen-

ml. tration tration
ng/l mg/1

cyclone inlet 5 6.3 114 7.2 1800
Imp # 1 inlet 5 6.7 123 6.6 823
Imp # 2 inlet . 5 6.7 86 5.8 108
Imp # 3 inlet : 5 7.9 . 82 6 100
Demister inlet 5 7.5 57 5.9 142

T T T T T T e o e e e o ot e e o e o o o = 2 20 o 20t o e . e o o e i e om0 ot o o o e o e = = e = = o o o o o
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Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Impinger no.

Data (Run 6/1)

Nozzle diam.,in.

Nozzle height in.

Cleaning Sampling

Carbon
concen-
tration

concen-

S T T T T T T o e e e o e e e e o e e e e e e e e et 0 o o e o v e o = v o e o 2 e o o o e = T T = - - - = — = = A= =

tait Position
cyclone inlet
lmp # 1 inlet
Inmp # 2 inlet
Imp # 3 inlet
Demister inlet
outlet

3 1
3 1
3 1
Sampling Ratc zas
time,min. withdrawal
m®/hr Volume
Collected
ml.
5 8.5 143
5 5.9 120
5 7.6 95
5 7.6 88
5 7.6 86
S 7.6 85
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Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1. 3 1
2. 3 1
3 3 1
Data (Run 6/2)
Cleaning Sampling Sampling " Rkate of gas Coriectea Condensate
Unit Position time,min. Withdrawal =  —=cccmcmmm e
m® /hr Volume Carbon Solid
Collected concen- concen~-
ml, tration tration
ng/l mg/l
1
! Py
cyclone inlet 5 8.8 149 13.5 7488
lmp # 1 inlet 5 6.8 140 12 596
Imp # 2 inlet . 5 7.6 103 9 538
Imp # 3 inlet 5 7.6 . 95 9 : 554
Demister inlet 5 7.6 92 8.5 450

outlet 5 7.6 28 8.4 465
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YLble Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.

N

.
w
-

Data (Run 7/1)

Cleaning Sampling Sampling - Rate or gas Collected Condensate
Unit Position time,min. withdrawal =  —--cccmmmm e
m* /hr Volume Carbon Solid
Collected concen- concen-—
ml. + tratico= tration
mg/1 mg/1
________________________________________ e
cyclone inlet 2 14.8 108.5 8.55 880
Imp # 1 inlet 3 12.7 148.0 5.85 387
Imp # 2 inlet 4 14.4 128.0 4.3 564
Imp # 3 inlet ‘ 4 14.0 96 .0 4.3 658
Demister inlet 5 14.4 90.0 5.05 987

outlet ) 5 12.7 -88,.0 3.3 1110
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Tar: . Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.

[\N)
.
w
N

Data (Run 7/2)

T T e e e e o o o B o o o ot o o o T o e o o . . i ot e o o e o = P S = " - - S - = e - . > b - - = - - -

Cleaning Sampliing ~ Sampling Rate of gas Coilected Zondensate
Unit Position time,min. withdrawal =  =cccccmmmc e
m® /hr Volume Carbon Solid
Collected concen- concen-~
ml. tration tration
: mg/l mg/l
———--———.-—————-'————-—-—-——--—-———----———————.-: ———————————————————————————————————————
cyclone inlet 2 11.9 100 7.15 2387
lmp & 1 inlet 3 12.7: 130 6.15 522
Imp & 2 inlet 3 10.2 127 4.3 404
Imp # 3 inlet : 4 14.4 . 92 5.8 804
Demister inlet 5 14.8 85 4.7 1305

outlet 5 13.6 74 7.1 1090

T T o e e e e o e o e = o e o e o o o e st = = B = =D = = = = " = = ————— A S = &> = = A " = = = - —— = — an - — - - - -
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l‘.sble

Impinger conditions

Impinger no.

1.
2.
3

‘Cleaning Sampling
Unit Position
cyclone inlet
lmp # 1 inlet
Imp # 2 inlet
Imp # 3 inlet
Demister inlet
outlet

Nozzle diam.,in.

Nozzle height in.

Experimental data on gas cleaning performance of large-scale testing

3 @ 0.5
3 0.5
3 0.5
Sampling tate ctf gas Collected Condensate
time,min. withdrawal =  ——--mcmccmmm s
n®/hr Volume Carbon Solid
Collected concen- concen-
ml. tration tration
mg/1 ng/l
5 6.7 142 35 2200
5 6.7 129 33 1588
5 6.7 80 30,2 508
5 7.5 75 25.5 453
5 7.0 63 23 390
5 6.7 55 23 340
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faps- Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Impinger no. Nozzle diam.,in. v Nozzle height in.
1. 3 ﬁ 2
2. 3 : 1
3. 3 | 0.5

Data (Run 9)

Cleaning Saupling Samplirg : Rate of gas Coilected Condensate

Unit Position time,min. Withdrawal =  ~=cccmmcmmmmmmeeeeee o
m® /hr Volume Carbon Solid

Collected concen- concen-

ml. tration tration
mg/1 mg/1

____-_-__-__________-__________--__-_____T ______________________________________
¢yclone inlet s 6.7 217 13.5 2580
lmp # 1 inlet S 4.5 114 12 1238
Imp # 2 inlet . 5 5S.0 70 10,0 220
Imp # 3 inlet : 5 5.8 . 63 10 215
Demister inlet 5 5.3 49 11 258

outlet 5 5.0 28 11.8 257
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Tarte Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1. 2 1
2. 2 1
3. 2 1

Data (Run 10/1)

Cleaning Sampling Sampling Rate of gas Collected Condensate
Unit Position time,min. withdrawal — —=--—-eeeoccm o
m* /hr Volume Carbon Solid
Collected concen- concen-
ml. tration tration
mg/1l mg/l
________________________________________ e Tt
cyclone inlet 3 8.3 110 11 504
lmp # 1 inlet S 6.7 120 9.6 332
Imp # 2 inlet . 85 6.3 ' 45 6.8 328
Imp ## 3 inlet : 5 6.7 37.5 6 160
Demister inlet 5 6.7 35 6.2 168
outlet 5 6.7 28 7.2 164

T e e e e o o = o ™ = e - = e e = = e - — " -~ = - —_——— = = =+ v &% - ——— - - — - ——
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Fuh: - Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
{
1. 2 : 1
2. 2 : 1
3. © 2 ! 1

Data (Run 10/2)

Cleaning Sampling Sampling Rate of gas Certlected Condensate
Unit Position time,min. withdrawal =  —--c-scc-eaa L e L T
m3/hr Volume Carbon Solid
Collected concen- concen-
ml. tration tration
mg/1 mg/l
________________________________________ R et
cyclone inlet 3 8.3 140 11.6 463
lmp # 1 inlet 5 5.8 152 10.6 364
Inp # 2 inlet . 5 7.5 56 8.0 392
Imp # 3 inlet : 5 7.1 - 38.5 8.6 300
Demister inlet 5 6.3 34 8.8 316
cutlet 5 6.3 28 8.7 288

D e e O % e = - - = - o S —n . - ———— W= " =B - —— - - —— ———— Y - = = . =S P - —— - - . W
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Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Inpinger no. Nozzle diam.,in. Nozzle height in.
1. 2 1
2. 2 1
3. 2 1

e " T T = P S e = o = e e e S - = . . D WD D G = e e B — o o o S R - ——

Cleaning Sampling Sampling Rate of gas Collected Condensate
Unit Position time,min. withdrawal =  —c-mcccccmcmeciie e
m3/hr Volume Carbon Solid
Collected concen- concen-
ml. tration tration
mg/l mg/l
cyclone inlet 3 6.7 142 8.3 2012
Imp # 1 inlet 5 5 157 5.4 772
Imp # 2 inlet . 5 5 51 3.8 820
Imp # 3 inlet . 5 5 . 48 3.6 809
Demister inlet 5 4.5 45 3 745

outlet 5 ’ 5 45 3.2 890

A e o e = v = - - - " - " - ————— —— - - ———— - > A T - ——————— =
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Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1. 2 1
2.

N
pry

3. 2 1

Data (Run 11/2)

Cleaning Sampling Sampling Rate of gas Collected Condensate
Unit Position time,min. withdrawal =  —--ccccmcee e
w /hr Volume Carbon Solid
Collected concen-  concen-
. : ml. tration tration
: mg/l mg/}1
_________________________________________ s
cyclone inlet 5 6.7 168 7.8 508
lmp # 1 inlet 5 5.0 115 . 6.2 452
Imp # 2 inlet . 5 3.3 50 5.5 394
Imp # 3 inlet ' 5 5.0 56 5.1 471
Demister inlet 5 4.2 25 6.1 632

outlet 5 4.2 13 6.6 1225
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Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Inpinger no. Nozzle diam.,in. Nozzle height in.

1. 2 1
2. 2 1
3. 2 1
Data (Run 12/1)
Cleaning Sampling Sampling : Rate of gas Collected Condensate
Unit Position time,min. withdrawal =  —---cmmmmmmmrrrmm—ee e
m®/hr Volume Carbon Solid
Collected concen- concen-
ml. tration tration
mg/l mg/l
_______________________________________ I
cyclone inlet 4 6.7 139 15 3252
lmp # 1 inlet 5 6.3 143 . 14.6 ~ 796
Imp # 2 inlet . 5 6.3 51 8 440
Imp # 3 inlet : 5 6.7 32 7.6 406
Demister inlet 5 7.5 30 8 440

outlet 5 7.5 33 7.8 292

. A em s e ——— = = = - SO @0 M e = s o e - = P T P W R T W T Y e G = — = = = - - ———————— - == = -, "> =



Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1. 2 D |
2. 2
3. 2 1

Data (Run 12/2)

. e e e e e e T @n At G - —— - —— - . - - = A% = = S S e o = A A e - —— - " bB A = = = em = e v e e -

Cleaning Sampling Sampling Rate of gas Collected Condensate
Unit Position time,min. Wwithdrawal =  ==--ococcsocccccmn e
m®/hr Volume Carbon Solid
' Collected concen- concen-
ml. tration tration
mg/1 mg/1
cyclone inlet 3 6.7 118 14.2 3048
Imp # 1 inlet 4 6.3 126 8.2 568
Imp # 2 inlet . 5 7.5 40 7.6 © 384
Imp # 3 inlet : 5 7.5 . 32 7.4 332
Demister inlet 5 7.5 30 7.2 326

outlet 5 7.5 31 7.2 311

" - SR e % G S A — - - . - - -~ - " % % G . = = Y - . - - - = " 4= " - - = = A =
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- Experimental data on gas cleaning performance of large-scale tescing

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1. 2 2
2. 2 2
3. 2 2

Data (Run 13/1)

Cleaning Sampling Sampling Rate of gas Collected Condenzatie
Unit Position time,min. withdrawal = ~-----ccccmcmrrr e
m® /hr Volume Carbon Solid
Collected concen- concen-
ml. tration tration
mg/l mg/l
cyclone inlet . 4 7.9 167 11.9 2831
Imp # 1 inlet 5 8.3 180 o2 1460
Inp » 2 inlet . 5 6.7 102 10.0 776
Imp # 3 inlet ’ 5 7.5 . 58 8.3 792
Demister inlet 5 7.9 51 9.4 2980

outlet 5 7.5 - 46 10.1 1148

- . = = = Sn W G wn S A v - D 4 A e - W= = = . T - ——————— = = -
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Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1. 2 2
2. 2 2

3. 2 2

. . - T G4 Sn mS W= AP B AR T T S = S A P P T W W AR T S S e e T = = - = —— -

Cleaniugy Sampling Sampling -Rate of gas Collected Condensate

Unit Position time,min. withdrawal = ~-=----ccccccccrmcrr e
o /hr Yolume Carbon Solid

Collected concen- concen-~

ml. tration tration
mg/1l mg/l

________________________________________ e e e r e r e e e e - ———————
cyclone inlet 2 15.0 118 10.1 5340
1lmp # 1 inlet 3 13.3 156 8,9 2828
Inp # 2 inlet . 5 13.8 104 8,0 296
Imp i 3 inlet g 5 14.6 . 63 7.9 164
Demister inlet 5 14.6 46 . B.9 236

outlet 5 14.6 35 13.2 318

- - ——————— - - = — - W = = o L D D D . . S D S S e L e e = e e e - = .
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Experimental data on gas cleaning performance of large-scale testing

Impinger conditicns

Impinger no. Nozzle diam.,in. Nozzle height in.
1. 2 2
2. 2 2
3. 2 2

Data (Run 13/3)

- . an - - —— - G - . . . e A5 R = S S e D U S G N S e S S S En e e e E = S D S RS Y e S e M s G e . - e

Cleaning Sampling Sampling -Rate of gas Collected Condensure
Unit Position time,min. withdrawal = ~--ccremecrrrcmrr e
’ m®/hr Volunme Carbon Solid
Collected concen- concen-
ml. : tration tration
mg/l ng/l
cyclone inlet 2 - 14,6 89 10.7 1442
Imp # 1 inlet 2 12.9 102 8.7 5724
Imp # 2 inlet - 4 12.9 101 8.2 496
Imp # 3 inlet : 4 12.9 - 76 .5 7.2 596
Demister inlet 5 13.3 77 6.9 614

cutlet 5 13.3 28 14 596

- - ———— o ——— - W% A S S P e T R R = = W T m - ———— — — —— g} ————— = e —— - - -
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Tawde Experimental data on gas cleaning performance of large-scale testing

Impinger conditions

Impinger no. Nozzle diam.,in.. Nozzle height in.

-
N
N

2.

2 2
3. 2 2
Data (Rup 14)
Cleaning Sampling Saupling - Rate of gas Collected Condensate
Unit Position time,min. withdrawal =  -----r--ccccccmmmrm e
m® /hr Volume Carbon Solid
Collected concen- concen-
ml. tration tration
mg/1 mg/l
cyclone inlet 5 2,5 60 5 7300
Imp # 1 inlet 5 3.3 64 6.8 3820
Imp # 2 inlet . 5 2.3 .24.5 6.5 2990
Imp # 3 inlet : 5 3.3 . 22.3 5 1645
Demister inlet 5 3.3 20.5 4 792

outlet 5 2.5 10.5 4 592

= " . = = - —— — " . - A A S A G A AL M AP O M W T S S S R S E S ew S o S - . A W e o
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8ot Experimental data on gas cleaning periormance of large-scale testing

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.

(1]
.
N

Cleaning Sampling Sampling -Rate of gas . Collected Condunsate
Unit Position time,min. witgdrawal ------------------------------
m /hr Volume Carbon Solid
Collected ~ concen- concen-
ml. tration tration
mg/1 mg/l
cyclone inlet 5 7.5 162 8.2 956
imp # 1 inlet 5 5.8 153 : 6.4 785
Imp # 2 inlet . 5 5.0 113 5.1 775
Imp # 3 inlet : 5 5.8 . 104 4.5 640
Demister inlet 5 5.0 . 98 3.6 520

outlet 5 5.0 34 5.5 252

- . = P - — . = " T ————— " - S = = - ———— D W W W= = 4 b e G WS e B P S S ——— - Y Gt St @0 G M - - . = o
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Impinger conditions
Impinger no.
1.
2.
3.

Data (Run 15/2)

Nozzle diam.,in.

N

Nozzle height in.

Experimental data on gas cleaning performance of large-scale testing

= - o an e A - ———— - - ———— ———— ——— - S b AP N A S - - D G AB P P Y Gn G AP G - O e

Clcaniug Sampling
Unit Position
cyclone inlet
imp # 1 inlet
Imp # 2 inlet
Imp # 3 inlet
Demister inlet
outlet

Sampling Rate of
time,min. withdrawal

m /hr

5 8.3

S 8.3

S 8.3

5 8.3

5 8.3

5 8.3

2
2
2
asc Collected Condensate
Volume Carbon Solid
Collected concen- concen~
ml. tration tration
mg/l mg/l
183 8.9 940
168 7.6 810
143 7.8 740
148 5.9 713
144 5.6 560
100 6.2 505

- - . . " =S - . - = T e . T SR AR G S A = A W Gm B @Y P = e S e = G U S S = A5 WD M T G TS SR D L D D @D P AP @D @ W G h G e e e e
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Calculated results on removal efficiency of large-scale
gas cleaning system .

Impinger conditions
]

Impinger no. Nozzle diam.,in. Nozzle height in.
1 3 1.75
2 3 2.5
3 3 1.5

Results (Run 1/1)

Producer gas Indivizual Overall
Cleaning Sampling ~- --e-cmmermcmeme e Removal Efficiency,% Removal Efficiency,%
Unit Position Carbon content Particulate , TTTTTmmesossssossse-s seeeescosssoesoooeoe
mg/m’ content mg/m Tar Particulate Tar Particulate

cyclone inlet ' 1.67 1816 i - - - -

outlet 1.358 1563 18.1 13.9 18.1 13.9
Imp # 1 outlet 0.572 115 58.2 i 92.6 65.7 ' 93.7
Inp # 2 outlet 0.504 107 1.9 7.0 69.8 94.1
Imp # 3 outlet 0.264 68 47 .6 36.4 84.2 96 .2

Demister outlet 0.161 42 39.0 30.9 90.4 97.4
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Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1 3 1.75
2 3 2.5
3 3 1.5

Results (Run 1/2)

Producer gac Incividual Overall
Cleaning Sampling ~-===~=coccmemcccccmcncnncaa Removal Efficiency,Z Removal Efficiency,?
Unit Position Carbon content Particulate  -------------cooooeco cecmccccccec e
mg/m’ content mg/m°’ Tar Particulate Tar Particulate

cyclone inlet ’ 1.95 3145 - - - -

outlet 1.34 202 31.2 93.6 31.2 93.6
Imp # 1 outlet 0.773 143 42 .4 29.1 60.4 95.4
Imp # 2 outlet 0.384 80 50.2 44.3 80.3 97.5
Imp # 3 outlet 0.241 67 37.4 16 .1 87.7 97.9
Demister outlet 0,204 60 15.2 10.1 89.5 98.1
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Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no.
1
2
3

Results (Run 2)

Nozzle diam.,in.

w

Nozzle height in.

Cleaning Sampling

Unit Position
cyclone inlet
outlet

Imp # 1 outlet
Inmp # 2 outlet
Inp # 3 outi=t

Demister outlet

Carbon content
mg/m?
1.598
1.270
0.472
0.432

J.432

Particulate
content mg/m?
197
126
47
37

22

1
1
1
Individual
Removal Efficiency,%
Tar Particulate
20,5 36.0
62,8 62.8
8.4 19,7
2.3 40.2

Overall

Removal Efficiency,%

20.5

70.4

72,9 -

73.6

36.0
76 .2
80.8

88,5
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Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.

1 3 1

2 3 1

3 3 1
Results (Run 3/1)

Producer zas Individual Overall
Cleaning Sampling ==-=---mmcmcmmcae e Removal Efficiency,% Removal Efficiency,%
Unit Position Carbon content Particulate = =--------c-cc-cccrccnn crdmrcccrccmrrc -
mg/m?3 content mg/m? Tar Particulate Tar Particulate

cyclone . inlet ’ 2.11 227 - - - -

outlet 1.968 . 94 6.7 58.6 6.7 58.6
Imp # 1 outlet ‘ 0.458 49 76.7". 47.8 78.3 78.4
Imp # 2 outlet 0.297 31 35.3 36 .6 85.9 - 86 .3
Imp # 3 outlet 0.290 27 2.24 “11.9 85,2 8:.9
Demister outlet 0.246 25 15.2 8.2 88,3 88.9
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Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions -

Impinger no. Nozzle diam.,in. Nozzle height in.
1 3 1
2 3
3 3 . 1

Results (Run 3/2)

Producer gas Individual Overall
Cleaning Sampling ~=cce-coceccccecccm e Removal Efficiency,2% Removal Efficiency,2%
Unit Position Carbon content Particulate, — =—--------mmcercccccae e
mg/m?3 content mg/m?3 Tar Particulate Tar Particulate

_______________________________________________ o e e e e ——————————————————
cyclone inlet ’ 2.31 227 - - - -

outlet 2.15 94 7.2 0.8 7.2 10.8
Imp # 1 outlet 0.722 49 66 .3 70.4 68,8 73.6
Inp # 2 outlet 0.514 31 28.8 23.3 77.8 - L7958
Imp # 3 outlet 0.425 27 17.3 0.78 81.6" 79.9

Demister outlet 0.346 25 18.6 28.7 85.0 85.7

s vt - —— e - - ——————— —— = " AR B A = e e - S . G Wn - — ——— — — A - — o - A - = —— == == = = -
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T.gr~ Calculated results on removal efficiency of large-sczle
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.

1 3 1

2 3 1

3 3 1
Results (Run 3/3)

Producer zas . Individual Overall
Cleaning Sampling ~--===-----cecececmmrceeceemmm Removal Efficiency,? Removal Efficiency,%
Unit Position Carbon content Particulate = -----------ccce-mon ccrcmcccccccecnnnme-
mg/m’ content mg/m’ Tar Particulate Tar Particulate

cyclone inlet ; 2.14 _ 192 - - - -

outlet 1.52 154 28.9 19.8 - 28.9 19.8
Imp # 1 outlet 0.721 .73 52.6 52.7 6€.3 62.1
Imp ¢ 2 outlet 0.470 54 34.8 26 .1 78.0 71.9
Imp # 3 outlet 0,387 53 17.7 1.93 81.9 72.5
Demister outlet 0.376 25 2.8 52.3 62.4 86 .9

e e . — ——————————— - A Tm = m m m = . = Y Sm em . A A = Pt M m am m em AR T SR e e e Sm AL G WP G W P AR B R S G e Sm W A Sm e S S -
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ra. Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.

1 3 1

2 3 1

3 3 1
Results (Run 4)

Producer gas individual Overall
Cleaning Sampling -—---m-cccmmccccc e Removul Efficiency,% Removal Efficiency,%
Unit Position Carbon content Particulate  ---------—---c-cccnns cedmmece—ee— e
ng/m? content mg/m’ Tar Particulate Tar Particulate

cyclone inlet ) 2,175 16 .52 : - - . : - -

outlet 2.10 15.27 3.45 7.5R 3.4
Imp # 1 outlet 1,013 2.21 51.7 85.5 53.4
Ihp'# 2 outlet 0.879 1.89 13.3 14.8 59.6
Imp # 3 outlet 0.604 1.62 31.3 14,2 72.2

Demister outlet 0.450 1.30 25.5 19.4 79.3
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Calculated results on removal efficiency of large-scale
gas cleaning system )

Impinger conaitions

Impinger no. Nozzle diam.,in. Nozzle height in.

1 3 1

2 3 1

3 3 1
Results (Run 5/1)

Producer gas Individual Overall
Cleaning Sampling ~~-ec—ccccmcmncrccmccccnccr—ea Removal Efficiency,? Removal Efficiency,%
Unit Position Carbon content Particulate = =~c---rrccomcrcccecccens cemeeeee e
mg/m?3 content mg/m Tar Particulate Tar Particulate

——————————————————————————————————————————————————————————————————————————————— -l‘———————---—————-
cyclone inlet ’ 1.836 203 - - - -

ocoutlet 1.47 83.6 20,0 58.8 20.0 58.8
Imp # 1 outlet 0.881 203 40.0 63.9 52.0 85.1
Imp # 2 outlet 0.546 28.1 38.0 €.9 70.2 86.2
Imp # 3 outlet 0.408 29.5 25.3 --=5.0 77.8 85.5

Demister outlet 0.424 29.7 -3.8 -0.54 76 .9 85.4

e e wn e e T W S . T T P e = - S - . = ——————— " . ———— . = - ———— ——— " - " - — ———— = = - .
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Calculated results on removal efficiency of large-~scale
gas cleaning system

Impinger conditions

Impinger no.

WY N -

Results (Run 5/2)

- e - - > o o == -

Cleaning Sampling

Unit Position
cyclone inlet
‘ outlet

Imp #.1 outlet
Imp £ 2 outlet
Imp # 3 outlet

Demister outlet

Nozzle diam.,in. N@zzle height in.
3 1
3 1
3 1
Producer gas Individual Cverall
---------------------------- Removal Efficiency,?% Removal Efficiency,%
Carbon content Particulate  <-------r-crocccccrmrces cocnmccccccccsnncea——
mg/m3 content mg/m? Tar Particulate Tar Particulate
1,545 386. - - - -
1.433 179 1733 53.7 v153 53.7
0.881 16 .4 38.5 90.8 43.0 95.7
0.736 12.3 16 .4 25.2 52.4 26 .8
0.528 12.7 28,3 ~-3.5 65.8 96 /(7

0.507 14.0 ' 3.8 -10.7 67.2 96 .4



Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. Nézzle height in.
1 3 2
2 3 2
3 3 2

Results (Run 6/1)

Produccr gas ) Individual Overall
Cleaning Sampling ~—-=~=—=--~cccc cccccmccacan- Removal Efficiency,Z Removal Efficiency,Z
Unit Position Carbon content Particulate = =-----sccscceccoccocoe e
mg/m’ content mg/m? Tar Particulate Tar Particulate

cyclone inlet ’ 3.03 1230 - - - -

outlet 2.905 _ 423 . 4.1 65.8 4.1 65.8
Imp # 1 outlet 1.342 97 53.8 77.1 55.7 92.2
Imp # 2 outlet 1.312 93 2,22 3.8 56 .7 92.5
Imp # 3 outlet 1.215 89.7 7.4 8.7 59.9 92.7
Demister outlet 1.133 89.1 6.6 0.72 62,6 92.8

R e 4s " e ——— - =0 ————— . " " it S S = = . W - . D - - . . - ——— T A, = e - = T T . - = - -
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Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger.conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1 3 2
2 3 2
3 3 2

Results (Run 6/2)

e s o - - — - ——— —— ——— ———— ————— —— — = T R S S A " = ———————— ———— o S e T = = S - -

Producer gas Individual Overall
Cleaning Sampling - ———————————— Removal Efficiency,® Removal Efficiency,?%
Unit Position Carbon content Particulate ----------------ccuce  cccccccccmccmmcee—
ng/m’ content mg/m’ Tar Particulate Tar Particulate

cyclone inlet ! 2.732 - 1515 , - - - -

outlet 2.966 147 4.1 ) 65.8 4.1 65.8
Imp # 1 outlet 1.455 87 53.8 771 55.7 92.2
Inp # 2 outlet 1.342 83 2.2 3.8 56.7 92.5
Imp # 3 outlet 1.227 65 7.4 3.7 59.9 92.7

Demister outlet 1.292 91 6 .6 0.72 62.6 92.8

- o - - " - - - WS S = An = - ——— = - = . - . A - G S S S - - ———— . e - - . - - B D - R A A -
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Calculated results on removal efficiency of large-scale
gas cleaning systen

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1 3 2
2 3 2
3 3 2

Results (Run 7/1)

I'roducer gas . Iadividual Overall
Cleaning Sampling ~-=ecrcccrrcccceccc e Removal Efficiency,? Removal Efficiency,%
Unit Position Carbon content Particulate  =~---==------scocccoos —omocooomo—como
mg/m® content mg/m’ Tar Particulate Tar Particulate

cyclone inlet ) 1.827 192 - - - -

outlet 1.558 90 27.4 53.3 27.4 53.3
Imp # 1 outlet 0.572 75 57.9 16 .6 69.5 61.1
Inmp & 2 outlet 0.442 68 22.7 9.8 76 .4 64.9
Imp # 3 outlet 0.378 74 14,5 -9.2 79.8 61.7
Demister outlet 0.273 92 27.6 -24.6 85.4 52,2

- - - - ———— T ———————— -~ — - - b ——— Y — ———————— ———————————— . . " ——— ——— ————— = ——————



Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1 3 2
2 3 2
3 3 2

Results (Run 7/2)

> - ——. . - T . - = o - — ——————a n T m = G - . S G S =T D W P —— - —— ——

Producer gas Individual Overall
Cleaning Sampling ~—---m---ccccccccccncncccee—- Removal Efficiency,% Removal Efficiency,?%
Unit Position Carbon content Particulate  ---------cccr-crrcrcs crecccecccrcccmer
mg/m® content mg/m® Tar Particulate Tar Particulate
cyclone inlet ) 1.803 602 ! - - - -
outlet 1.254 106 30.4 . 82.3 30.4 82.3
Iap # 1 outlet 1.071 100.7 14.6 5.5 40 .6 83.3
Ihp'# 2 outlet 0.554 76 .8 48,3 23.7 69.3 87.2
Imp # 3 outlet 0.322 89.5 41.8 -16.5 82.1 85.1

Demister outlet 0.464 TT71.2 -43,8 20,5 74.3 88.2
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Tahls Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1 3 0.5
2 3 0.5
3 3 0.5

Results (Run 8)

Producer gas Individual Overalil
Cleaning Sampling —-v-=ccmmecmcmcreeme e Removal Efficiency,?% Removal Efficiency,%
Unit Position Carbon content Particulate  -------c-----cc—cccrr cmmcmcccco——mecenn e
mg/m? content mg/m’ Tar Particulate Tar Particulate

cyclone inlet ’ 8.77 552 -. - - -

outlet 7.52 362 14.3 34.5 14,3 34.5
Imp # 1 outlet ©4.26 ’ 71.8 43.3 80.2 51.5 87.0
Imp # 2 outlet 3.00 53.3 29.5 25,7 65.8" 90.3
Imp # 3 outlet 2.44 41,3 18,8 22.5 72.2 92.5

Demister outlet 2.23 33.0 8.3 20,1 74.5 94,0

. o ———————— = = Y e = SR S PP WP Sm W% G G PR W D YN e S W Sm A e e e S M G G Em e AR e M R M S e - - A - = S AR W = -
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Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1 3 2
2 3 1
3 3 0.5

Results (Run 9)

Producer gas Individual

Overall
Cizaning Sampling =-===cermmmcm e Removal Efficiency,% Removal Efficiency.%
Unit Position Carbon content Particulate = —=--ceecmcmccccccccce e
mg/m? content mg/m? Tar Particulate Tar Particulate

cyclone inlet : 5.17 988 - - - -

outlet 3.58 359 30.8 62.5 30.8 62.6
inp # 1 outlet 1.66 36.2 53.7 90.2 67.9 96 .3
Imp # 2 outlet 1.29 29.3 23.2 24.6 75.4 97.2
Imp # 3 outlet 1.19 27.9 6.4 -2.1 77.0 . 97.1
Demister outlet 1.96 23.0 11.3 17.6 79.6 97,7

G e e e T D en R e S —n D S e WP S v Sm S . W - - ——— e - . . " = s = = = = - ————— S S =" G . - - ———— - - - -
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Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.

1 2 1

2 2 1

3 2
Results (Run 10/1)

Producer gas Individucol Overall
Cleaning Sampling ~=-===cemcemmmm e Removal Efficicncy,% Removal Efficiency,%
Unit Position Carbon content Particulate = --------------cmcco mrrcnmrcce e
mg/mt content mg/m* Tar Particulate Tar Particulate

cyclone inlet ’ 2.85 130 - - - -

outlet 2.03 70 28,6 46 .1 28.6 . 46 .1
Imp # 1 outlet D.576 27.8 71,7 60.5 79.7 78.7
Inp # 2 outlet 0.397 10.6 31.1 61.9 86 .0 91.9
Imp # 3 outlet 0.383 10.4 3.6 2,0 86 .5 92.0
Demister outlet 0.3506 8.1 Tl 21.9 87.5 93.8
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Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.

1 2 1

2 2 1

3 2 1
Results {(Run 10/2)

Producer gas Individual Overcil
Cleaning Sampling ~-----mmmmccmmrccccnreccceea Removal Efficiency,?% Removal Efficiency,?
Unit Position Carbon content Particulate  -=----c-ccocrccccnn crrmcm -
ng/m’ content mg/m’ Tar Particulate Tar Particulate

cyclone inlet ’ 3.82 152 : - - - -

outlet 3.25 112 14.9 26 .8 14.9 26 .8
Imp # 1  outlet 0.703 34.4 78.4 69.1" 81.6 77.4
Imp # 2 outlet 0.550 19.2 21.7 44,3 85.6 87.4
Imp # 3 outlet 0.563 20.2 -2.,4 -5.,4 8% .6 87.4

Demister outlet 0.458 15.2 18.6 24.9 88.0 90.0



2 Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1 : 2 1
2 2 1
3 2 1

Results (Run 11/1)

Producer gas , . Indivicual Overall
Cleaning Sampling ~—--=———ce-crmeccmcccmmceeecms Removal Efficiency,% Removal Efficiency,?%
Unit Position Carbon content Particulate = «eeeerecccmcccnrccreccs  commdcccc e e emn e
mg/m? content mg/m? Tar Particulate Tar Particulate
cyclone inlet . 2.08 504 - - - -
outlet 2.0 ) 285 4.1 43.4 4.1 43.4
Imp # 1 outlet 0.456 98.4 77.1" 65.5 78.1 80.5
Imp # 2 outlet 0.407 91,4 10.8 7.14 80.4 - 81.9
Imp # 3 outlet 0,353 87.8 13.2 4,07 83,0 82.6

Demister outlet 0.334 94.3 5.5 ~-7.5 83.9 81,3
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Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. "Nozzle height in.

N
-
v

1
2
3

Results (Run 11/2)

Cleaning Sampling

Carbon content
mg/m?3

Ovecrali
Removal Efficiency,%

Unit Position

cyclone inlet
outlet

Imp # 1 outlet

Inp # 2 outiet
Imp # 3 outlet

Demister outlet

0.672

0.431

Individual
---------------------------- Removal Efficiency,Z
Particulate  --------rccccccwao-
content mg/m? Tar Particulate
150 - -
122 27.4 18.8
69.5 42.1 43.2
62.1 30.8 10.7
44 .6 35.9 28.1
45.0 43.7 -0.80

0.242

Tar Particulate
27.4 18.8
58.0 53.8
70.9 - 58.8
81.4 70.4
89.5 70.1
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Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1 2 1
2 2 1
3 2 1

Results (Run 12/1)

e e S e T e am e e G - S et s M R - - S S G At et S T = - . - . - YR YR S e e At e e e S — — ————— —— — —————— ——

Producer gas Individual Overall
Cleaning Sampling ~—-----rmrmmeemverm e cccce Removal Efficiency;% Removal Efficiency,%
Unit Position Carbon content Particulate = -------------c--c-cemr o
’ mg/m content mg/m’ Tar Particulate Tar Particulate

cyclone inlet ’ 4.60 997 - - - -

outlet 3.93 214 14.5 78.5 14.5 78.5
Imp # 1 outlet 0.%7 42,3 80.4 80.3 " 83.3 95.7
Imp # 2 outlet 0.43 22.9 44.1 45.7 90.7 97.7
Inp # 3 outlet 0.376 20.7 12.3 9.7 91.8 97.9
Demister outlet 0.404 ' 15.1 -7.2 27.0 91.2 98.5
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Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1 2 1
2 2 1
k) 2 1

Results (Run 12/2)

Producer gas Individual . Overall
Cleaning Sampling —-crecccrmmccccccreeee e Removal Efficiency,% Removal Efficiency,?%
Unit Position Carbon content Particulate = =—=---e--cecmmcccc—cron cemeeeeeeem e
mg/m? content mg/md Tar Particulate Tar Particulate

cyclone inlet " 4.93 997 - - - -

outlet 2.43 214 14.5 78.5 14.5 78.5
Imp # 1 outlet 0.48 42.3 80.4 80.3 83.3 95.7
Inmp # 2 outlet 0.372 22.9 44.1 45,7 90.7 97.7
Imp # 3 outler 0.339 20,7 12.3 9.7 91.8 97.9

Demister outlet 0.350 15.1 -7.2 27.0 91.2 98.5
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Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.

1 2 2

2 2 2

3 2 2
Results (Run 13/1)

Producer gas Individual Cverall
Cleaning Sampling —-——=——cc—rmcmcmecemimceeen Removal Efficiency,% Removal Efficiency,®
Unit Position Carbon content Particulate  —===c--cecocmccccoccor cneceaees
mg/m? centent mg/md Tar Particulate Tar Particulate

cyclone inlet : 3.41 878 v - - - -

outlet 2.49 371 27.0 57.7 . 27.0 57.7
Imp # 1 outlet 1.80 139 27.7 62.3 47.2 84.1
Imp # 2 outlet 0.76 72.1 58.0 48 .4 77.8 91.8
Imp # 3 outlet 0.71 74.3 - 5.6 -3.1 79.1 91.5

Demister outlet 0.72 g82.8 ~2.3 -11.5 78.6 90.6

o o T T o e o e o 0 0 o o o o . = 2 0 % 0 T R = = e S L G TR R S S e s - —————— ™ Te " = = - - G - ——— o > ————— Y " - —— ———— = - |-
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Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. ¥ozzle height in.
9 2 . 2
2 2 ‘ 2
3 2 2

Results (Run 13/2)

Produccr zas Individual
Cleaning Sampling ~—-—-=mermececcmc e Removal Efficiency,%
Unit Position Carbon content Particulate  =—-~e-e-emecccmecaoo.
: ng/m? content mg/m? Tar Particulate

cyclone inlet 2.34 , 1236 ' - -

outlet 2.04 649 12.6 47.5
Imp # 1 outlet 0.71 26 .2 65.3 95.9
Imp # 2 outlet 0.402 8.34 43,3 68.2
Imp # 3 outlet. 0.330 8.76 17.7 -5.1
Demister outlet 0.367 8.85 “11.2 -1.0

Cverall
Removal Efficiency,%
Tar  Particulate
27.0 57.7
47.2 84 .1
77.9 91.8
79.1 91.5
78 .6 90.6
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Calculat=ed results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. No?zle height in.

NN

1
2
3

N oN

Results (Run 13/3)

———_——_..__._-._...___...-.._........-.___—-_—---————-———-—_.—-—__——-_--—_--_——__—--_—-.._——-_———_——_—----—---

Producer gas Individual Overall
Cleaning Sampling —~—mmemeccmcmoeea Removal Efficiency,% Removal ‘Efficiency,%
Unit Position Carbon content Particulate  =—-==ccceomemmmmeoaoo. oL . ..l _
mg/m? content mg/m} Tar Particulate Tar: Particulate
______________________________________________________________________________ J'-----—----_——----
cycloné inlet ©1.79 249 - - - -
outlet 2.02 122 -13.1 51.1 -1331 51.1
Imp # 1 outlet 0.943 . 57.1 53.3 53.1 47.2 77.13
Imp' # 2 cutlet 0.627 . 51.9 33.5 8.9 64.9 - 79.2
Imp # 3 outlet 0.469 41,7 25,2 19.6 73.7 83.2
Demister outlet 0.346 14,7 26.2 64.7 80.6 94.1
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Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. ~ Nozzle height in

1 2 2

2 2 2

3 2 2
Results (Run 14)

Producer gas Individual Overall
Cleaning Sampling ~=---—mecmocmmcceee_... Removal Efficiency,% Removal Efficiency,?%
Unit Position Carbon content Particulate  =~eseceocoooemmeo oL o ..
mg/m’ content mg/m® Tar Particulate - Tar Particulate

cyclone inlet ’ 1.41 172 - - - -

outlet 1.53 91.9 -8.8 46 .7 -8.8 46 .7
Inmp # 1 _ outlet 0.56 68.6 63.4 25,3 60.2 60.2
Imp # 2 outlet 0.39 29,0 30,0 57.7 721 83.2
Imp # 3 outlet 0.29 1.2 26.4  61.5 79.5 93.5

Demister outlet 0.20 . 11.1 31.7 0.34 86.0 93,5
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Calculated results on removal efficiency of large-scale
gas cleaning system

Impinger conditions

Impinger no. Nozzle diam.,in. Nozzle height in.
1 2 2
2 2 2
3 2 2

Results (Run 15/1)

——---——————-—------——————-————----—-—-———--———_——--—--———————-—n—————--—-——-----——--—--———_—————

Producer zas Individual Cverall
Cleaning Sampling —--e--ceemcmcmcommmmmem— Removal Efficiency,? Removal Efficiency,%
Unit Position Carbon content Particulate  =sce-ceemmcmccmeeo. Lol _
ng/m content mg/m’ ‘Tar Particulate Tar Particulate
cyclone inlet T 2,07 245 - - - -
outlet 1.98 242 4.64 0.29 4.64 0.29
Imp # 1 outlet 1.36 206 31.3 14.9 34.5 15,2
Imp & 2 outlet 0.94 134 30.4 34.8 54.4 44,7
Imp # 3 outlet 0.84 _ 120 10.8 10.7 59.4 50.6
Demister outlet 0.43 19.9 48.5 83.4 79.1 91.8

———-—-._-__-_.____..----........-._——__—_-——-—--——--——--———-..-.-_-—-——---——_---—--——--.——--——-------..----



Calculated results on removal efficiency of large~scale

gas cleaning system
Impinger conditions

Impinger no. Nozzle diam.,in.

1
2 2
3

Results (Run 15/2)

T o e e e T e e - - . . = == - = . - . . —

Cleaning Sampling  —==-=--=cocccccamma
Unit Position Carbon content Particylate
mg/m content mg/m

cyclone inlet . 2.3 242
outlet 1.80 192

Imp # 1 ‘ outlet 1.57 149.5

Imp # 2 outlet 1.23 ' 149.0

Inp # 3 outlet 1.14 113

Demister outlet 0.87 n

T e o o o = - " = = = = . —— = = =" - = o= . . — -

Nozzle height in.

Individual Overzll
Removal Efficiency,% Removal Efficiency.%

Tar Particulate Tar Particulate
21.6 20.9 21.6 20.8
12.6 22.2 31.5 38.6
21.7 0.28 46 .4 - 38.6

7.1 23.8 0.2 53.3



