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Abstract

Gasification technology plays a significant role to increase the potential exploitation of agro-waste products. This technology
can convert solid dried biomass into a combustible gas, widely called syngas or producer gas. Producer gas can be used to run
a diesel engine in a dual fuel mode to partially reduce diesel fuel consumption. However, determination of the dimensions of
a gasifier and gas cleaning elements for a pre-specified capacity of a pilot-scale diesel engine remains unexplored. This study,
therefore, intends to provide a heuristic concept to avoid an oversize, cumbersome design of a gasifier and a gas cleaning unit
based on basic theory. A 5.7 kW diesel engine and a Jatropha seed feedstock were selected for our study. A type of closed top,
throatless, downdraft gasifier with an annular space was chosen. A cyclone filter, a shell-tube heat exchanger, and a dried-bed
filter were selected as the components of the gas cleaning unit. The cyclone filter’s dimensions were determined using the
ideal gas principle. Next, basic heat transfer theory and fluid dynamics were applied to design a shell -tube heat exchanger. The
results highlighted that the inner diameter of the designed gasifier should be 150 mm, and gasifier produced up to 27 kg/h of
gas. At a biomass consumption rate of 5 kg/h, the gas production rate was 20 kg/h that substituted the diesel fuel consumption
rate by up to 49% at 70% of the fuel engine load. It is noteworthy that the gasification efficiency of Jatropha seed was 77%.
The proposed concept is expected to be informative for the design of other gasifier types suitable for different biomass types.
This technical article is written in a simple way, which is very useful for practitioners to understand and apply it for the

fabrication of a small-scale gasifier-engine system.
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1. Introduction

Overuse and misuse of fossil fuel in recent years has
triggered an increase in oil prices and reservoir depletion.
Biomass-to-bioenergy conversion is considered a renewable
technology that can mitigate fossil fuel dependency. It can be
explained that biomass is produced in a short time, and this
technology has a minor negative impact on the environment.
Also, the technology can reduce imported fossil fuel
consumption and minimize exhaust gas emissions into the
atmosphere [1]. Bioenergy production can be by either a
biological or chemical route.

Gasification technology is a thermo-chemical process
that can convert a carbonaceous material into a combustible
gas, called syngas or producer gas [2]. Producer gas can be
used to run a spark ignition (SI) engine to fully replace
gasoline [3-4] and a compression ignition (Cl) engine to
partially replace diesel fuel [5-6]. This technology has
received increasing interest for electricity generation in
remote rural areas for decentralized power generation when
there is difficulty in accessing fossil fuels [7]. Producer gas
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was widely used to run diesel engines in a dual fuel mode
rather than the Sl engines on a neat gas mode in view of a
lower power derating and minor engine modifications
required [8]. The diesel replacement rate was 86% when the
dual-fuel engine was operated at the maximum diesel
replacement rate and 60% of the full engine load [9].

Gasification reactors consist of various specific designs
based on their end-use purpose, energy output capacity,
biomass type, conversion medium and gas quality [10]. For
a gasifier coupled with a small-scale diesel engine, a
downdraft gasifier is generally used because it can produce
cleaner gas compared to other designs. It is intuitive that the
fabrication costs of the cleaning system are less than those of
other designs. The integrated downdraft gasifier-diesel
engine system has been extensively used to study the
technical  feasibility, emissions, and combustion
characteristics of a producer gas-diesel dual fuel mode by [5,
11-14]. Hydrogen can possibly be added to the producer gas
to improve engine performance [15-16]. Biodiesel fuel can
also be used to run a diesel engine with producer gas to
replace even more diesel fuel [8, 17].
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Figure 1 Closed-top, Throatless, Downdraft Gasifier

To the best of our knowledge, no study has proposed a
heuristic concept to determine the dimensions of a gasifier
and its gas cleaning components considering basic theory for
a pilot-scale diesel engine. The gas at the gasifier exit is very
hot and dirty. The product gas is laden with fly ash,
particulate matter, and bio-oil (tar content). These undesired
substances cause excessive wear to the main components of
the engine, i.e., piston head, piston rings, cylinders, and
valves. Such substances, additionally, affect the long term
reliability of an engine.

Correspondingly, this present study intends to provide a
heuristic concept to design a downdraft gasifier and its
cleaning system based on the basic theory of fluid dynamics
and heat transfer to avoid an oversize and cumbersome
design. A KM 186F diesel engine with a capacity of 5.7 kW
and a Jatropha seed feedstock were selected for use in a
gasifier system. The designed gasifier system was
sequentially fabricated and coupled with the engine for the
experiment. The proposed design concept is expected to
produce an efficiently designed gasifier and gas cleaning
unit, reduce fabrication costs, improve gasification
efficiency, and reduce engine maintenance costs. This
heuristic concept is also expected to be applicable to the
design of further gasifier types for other kinds of biomass and
fuel.

The remainder of the article is structured as follows.
Section 2 covers the specific gasifier design. Section 3
provides calculations for design of the gas cleaning unit,
while Section 4 describes fabrication of the gasifier system
coupled to an engine. Then in Section 5, the observed results,
engine performance and emission characteristics are
discussed. Finally, Section 6 offers concluding thoughts and
recommendations.

2. Specific gasifier design
2.1 Closed-top, throatless, downdraft gasifier

A co-current gas producer unit (sometimes called a
downdraft gasifier) is often used with a diesel engine to run

on dual fuel mode because it is the most appropriate for pilot
scale. This kind of gasifier has various designs. In this study,
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a closed-top, throatless gasifier with an annular space is
selected to study. The gasifier is cylindrical in shape,
comprised of two concentric cylinders. This gasifier is
suitable for a small-scale diesel engine and the fabrication
costs are relatively low. Furthermore, a downdraft gasifier
produces the gas with a lower tar content compared with an
updraft gasifier [10]. Tar is the primary concern of
gasification because production of this constituent leads to
engine failure. A lower content of tar in producer gas results
in minimization of fabrication costs of the gas cleaning unit
and operation costs of gas cleaning. Figure 1 illustrates the
closed top, throatless, downdraft gasifier and the required
parameters to identify the dimensions of the gasifier.

2.2 Dimensions of the downdraft gasifier

A KM 186F diesel engine was selected for this study.
The fuel consumption for the engine at a speed of 3,000 rpm
was 275.1 g/kWh [18]. This engine produced a brake power
of up to 5.7 kW at 3,000 rpm [18]. Therefore, a total diesel
consumption rate of 1.568 kg/h produced 5.7 kW. The
calorific value of diesel fuel is typically 42 MJ/kg. Thus, the
thermal energy supplied for 5.7 kW of power at 3,000 rpm
was 65.856 MJ/h.

A higher amount of producer gas to replace the diesel
fuel resulted in a power de-rating of about 20% [17]. The
producer gas replaced up to 64% of the diesel fuel [19] or
71% of the diesel fuel [17]. In our study, the respective power
de-rating and maximum diesel replacement were projected
to be 20% and 65%, respectively. At a high engine load, the
thermal brake efficiency of the neat diesel mode was about
22.5%, while the thermal brake efficiency of the dual-fuel
mode was about 15% at the maximum diesel replacement
rate [20]. Correspondingly, the total thermal energy
consumption of the producer gas in place of the diesel fuel
equaled 65.87 (MJ/h) x 80% x 65% x (22.5 % / 15 %) =
51.37 MJ/h.

The caloric value of producer gas ranges from 3.5 to
6.5 MJ/m® as reported in previous literature. A value of
4.24 MJ/m® or 3.88 MJ/kg was the mean of the calorific
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Table 1 Mechanical and physical properties of 27 °C gases and 5 °C water [21]
Properties CO H, CO, CH4 N; Producer gas Water
Specific Heat 1,048 14,491 942 2,448 1,046 1,348.612 4,206 °
Cp (J/kg K)
Absolute viscosity 22.190 10.864 19.320 11.800 21.98 23.10885 1,535°
1 10 (N s/m?)
Thermal conductivity 0.032 0.228 0.025 0.037 0.03335 0.066339 0.568°
k (w/m k)
Density 1.1392 0.08185? 17972 0.6532 114272 1.0902 1000°
p (kg/m*)

aat 27°C; P at 5°C
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Figure 2 Mechanical CAD drawing of the inner cylinder

77\ @

( T®] | B S T

1

DETAIL B

("‘% ' DETAIL A

Figure 3 Mechanical CAD drawing of the outer cylinder

values given in previous studies. In our study, the calorific
value of the gas was assumed to be 4.24 MJ/m?®or 3.88
MJ/kg. The density of the gas is 1.09 kg/m? at 1 atm and 27
°C (see Table 1).

The producer gas flow rate was assumed to
be Thermal eneryg consumption rate of gaseous fuel (MJ/h) __

Calorific value of gaseous fuel (M]/m3) -

541.2347 =12.14 m¥h at  ambient  temperature.

Correspondingly, the amount of producer gas used to replace
the diesel was found to be 13.24 kg/h or 12.14 m3h. The
maximum gasification efficiency was determined to be 410
m3/h.m? of the specific gas production rate (SGPR) [22]. The
inside cross-sectional area of the reactor is the ratio of the
volumetric velocity of the gas to the SGPR.

Therefore, the maximum cross-sectional area of the inner

. 12.14m3/h 2
cylinder equals ——=—-"-"— e 0.0296 m*. In other words,

the maximum diameter of the inside cylinder was 194 mm.

This reactor was designed to convert Jatropha seed into
the gas, and the maximum size of the seeds was
around 10 mm. The maximum particle size of the biomass
was recommended as one-eighth of the inner cylinder
diameter to avoid biomass bridging [23]. Therefore, the inner
cylinder’s diameter for the Jatropha seed feedstock should be
larger than 80 mm and smaller than 194 mm. An appropriate
diameter of the inner cylinder should be chosen to avoid
biomass bridging and mitigate an oversized design.
Eventually, a 150 mm inner cylinder diameter was chosen in
our study to ensure that the biomass flow rate is smooth and
constant, fabrication costs are minimized, and gasification
efficiency is high.

The annular space (the space between the outer and inner
cylinders) is proportional to the diameter of the outer
cylinder. If the annular space increases, the amount of
residence time and reaction time becomes longer, thereby
improving the quality of the gas and gasification efficiency
[22]. However, the fabrication costs are higher. The outer
cylinder was designed to be 200 mm in diameter in our study.
The gasification efficiency is in line with the reactor height.
However, the cost of fabrication was increased. Eventually,
the best height of the outer cylinder was determined to be
1,200 mm, whereas the height of the inner cylinder was
1,000 mm. Therefore, the length of the outer cylinder was
200 mm longer than the inner cylinder. The inner cylinder
and the containment tube were made of black iron metal
sheet with thicknesses of 3 mm and 1.5 mm, respectively.
This gas producer was designed to operate in a batch mode.
Mechanical CAD drawings of the inner and outer cylinders
are illustrated in Figures 2 and 3, respectively. The
fabrication costs of the reactor were 500 USD, including
metal, labor, and an insulator. Rock wool was used to wrap
the outer cylinder to reduce heat losses.
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Figure 5 Mechanical CAD drawing of the cyclone filter
3. Cooling-cum-cleaning unit
3.1 Cyclone separator

A cyclone filter is usually used as a preliminary cleaner
for gas producer because this kind of filter can collect high
temperature dust and cool the gas. It is a gravitational
separator that is primarily influenced by the inlet air velocity.
Reed and Das recommended that the minimum gas velocity
should be 15 m/s to collect medium-sized dust and 25 m/s to
separate the heavy dust from the gas flow [24].

In the present study, the cyclone separator was designed
as a pre-filter connected between the reactor and a heat
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exchanger. The hot gas velocity flowing inside the cyclone
filter was assumed to be greater than 25 m/s. Based on the
above calculation, a producer gas flow rate of 12.14 m3h or
202.58 L/min at 27 °C was used to replace the maximum
diesel fuel consumption. The gas temperature at the gasifier
exit was between 200 and 300 °C [23] or about 200 °C [25].
In our study, the exit gas temperature was assumed to be
250 °C as the hot gas moved out of the reactor near the top
through the annular space (see Figure 1). Determination of
the cyclone separator’s dimensions was based on the
principles presented by [24]. The dimensions are illustrated
in Figure 4, where, D, refers to diameter. The inlet pipe’s
width at the cyclone filter should be equal to the gasifier
outlet pipe diameter [24]. The maximum diameter of the
gasifier exit is calculated as the following, based on the ideal
gas principle:

P,V; = nRT; For the cooled gas at the engine inlet.
P,V, = nRT, For the hot gas at the gasifier outlet.
PV, nRT

P,V, nRT,

We supposed no pressure loss along the pipe: P, = P,.

vV, T

Vv, T,

Vi T
VZ - T2 ’

where V, and V, are the volumetric flow rates of the gas
at the engine inlet and the gasifier outlet, respectively.

. . T, ) 523k )
V, =V, T_1 = (202.58 L/min) x = 353 L/min

300k

. D2 A
However, V, = A,v, = “Tvz i v, is the gas

velocity (m/s) at the gasifier outlet and v2 should be less than
25 m/s, as discussed above.

i< 4V,  |4(353L/min) .
v, n(25m/s) mm

According to the theoretical results, the diameter of the
inner cylinder should be less than 55 mm. If the diameter is
smaller, the efficiency of dust removal is better and the
fabrication costs are also lower. A diameter of 20 mm,
therefore, was selected in our study. As discussed above, this
kind of filter was placed after the reactor and before the heat
exchanger. The cyclone separator was made of black iron
metal sheet with a thickness of 1 mm. The mechanical CAD
drawing of the cyclone filter is shown in Figure 5. The
cyclone filter cost was 80 USD, including material and labor.

3.2 Shell-tube heat exchanger

Most of the previous studies used a water spray to
capture the undesired constituents laden in the gas and to
cool it. This technique is efficient and simple, but it is
associated with the high costs of water purification prior to
disposal. Use of a heat exchanger is another way to clean and
cool gas. A heat exchanger, therefore, was chosen in our
study to cool the gas and remove tar even though it is more
expensive than a liquid bath and tower.
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Table 2 Price list of %' pipe in Manila City
Material Black iron (BI)  Galvanized iron (GI)  Stainless steel (SS) Brass Copper
Price (USD) 6 9 14 19.72 24
Gas inlet g
For water:
&l Water inlet Re = -2 _ 4x(0.166 kg/5) =0.88 x 103

Water
outlet

Gas outlet

Figure 6 Modal view of the shell-tube heat exchanger

The dimensions of a shell-tube heat exchanger are calculated
as follows.

3.2.1 Assumptions of the percentages of producer gas
constituents

The gas composition and their fractions were assumed
before design of the heat exchanger as follows. The producer
gas is composed of CO, Hz, COz, CHa, N2, Oz, C2Hz, and
CaHe. The fractions of C2Hz, C2Hs, and Oz are very marginal,
based on published data of [23] and [26]. The percentages of
these three gases were assumed to be zero. The proportions
of the producer gas constituents are governed by the specific
gasifier design, the operating parameters, the chemical-
physical properties of biomass and time of operation [2, 10,
13]. We assumed that the producer gas was composed of CO
= 17.50%, Hz= 12.50%, CO2= 15%, CHs= 3%, and N2 =
52%. The properties of the gases are listed in Table 1.

3.2.2 Flow characteristics of the producer gas and cooling
water

Water at a constant temperature of 5 °C was used to cool
the gas close to the ambient temperature, 27 °C. The
co-current flow concept was selected. In this design, the
outside and inside diameters of the tube were 21.3 mm and
15.76 mm, respectively, whereas the inside diameter of the
PVC black pipe was 155 mm. The gas flow rate was assumed
to be 202.58 L/min or 3.68 x 1073 kg/s, whereas the water
flow rate was 10 L/min or 0.166 kg/s.

For gas:

4th 4%(3.68x107% kg/s
Re = _ ( g/s)

_ 3
T umDip | (16.09x10~6N s/m2)xmx(15.76x10~3m) 18.48 x 10

T umD T (1,535%1076N s/m?2)xmx(155x10~3m)

The flow in a round pipe is laminar or turbulent if the
Reynold number of the fluid is lower than 2,100 or higher
than 4,000, respectively [27]. Therefore, the flow patterns of
gas and water are laminar and turbulent, respectively.

3.2.3 Assumption of surface temperature

The rate of heat transfer is q = m ¢, AT. The rate of heat
transfer of gas is equal to that of water.

For gas:

m c, = 3.68 x 1072 (kg/s) x 1,348(J /kg K) = 4.94 W/K

For water:

m ¢, = 0.166 (kg/s) x 4,206(J/kg K) = 698.19 W/K

Based on the calculation above, the temperature of water
at the exit slightly increases compared to the decrease of the
gas temperature at the exit. In this study, the temperatures of
the water at the inlet and outlet were assumed to be the same.
Therefore, the outer surface temperature of the tube was
assumed to be uniform.

3.2.4 Average heat transfer coefficient EC (W/m?k)

Due to the turbulent flow of the gas and constant surface
temperature, the Nusselt (Nu) number is 890 [28].

HcDin N Nu kgas
Nu = K => hc = D—m

where kg, is the thermal conductivity of the producer
gas.

For gas:
) - 890 x (0.06634 w/mk)
¢/gas —  (15.76 x 10~3m)

3.2.5 Effect of thermal conductivity of the tubes on the heat
transfer rate

= 3,742 w/m?k

A heat transfer rate is ¢ = UA(LMTD)

where LMTD is the log mean temperature difference, U
is the overall heat transfer coefficient (W/m2.k), and A is the
contact area (m?).

1

1 1 iy
—_ 1 _o
2o L(R),, t o™ (ri)

UA =

1
T 1 T T o (2L3mm
|27 x (15.76 mm) x (6m) X (3,742 w/mZk)] + [Zex 0 x6m (15.76 mm )]
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1
= — (W/K)
13,821 +—7'99’f(1°

k is the thermal conductivity of the metal. The value of k
is normally higher than 1 (W/m? K). Based on UA (W/K)
above, the thermal conductivity, k, does not affect UA.

3.2.6 Choosing materials to make the shell-tube heat
exchanger

Black PVC pipe with an inner diameter of 155 mm was
chosen to make the shell because it cost only 14 USD for a
pipe of 3 m in length. For the tube, five different materials
were chosen for comparison, black iron (Bl), galvanized iron
(GI), stainless steel (SS), brass, and copper. These materials
are commercially available. The specification of their
diameter is the same, % in. The prices of these materials,
listed in Table 2, are based on their retail prices in Manila
City, the Philippines.

Copper and brass have a higher thermal conductivity
compared to BI, G, and SS. However, they are much more
expensive. Bl is the most inexpensive, but its resistance to
corrosion is lower than that of Gl.

Galvanized iron pipe was selected to make the tubes in
this study due to a favorable tradeoff between its cost, 9 USD
per pipe with a length of 6 m and high corrosion resistance.

3.2.7 Length of tube

As stated previously, the temperature of the gas at the
reactor exit was assumed to be 250 °C. Subsequently, we
assumed that the gas temperature would drop to 100 °C after
passing the cyclone separator. The tube-shell heat exchanger
was designed to cool the producer gas from 100 °C to roughly
27 °C (the ambient temperature). Water at a temperature of

5 °C was chosen to flow across the shell, and this temperature
was assumed to remain constant. The inner and outer
diameters of the tube were 15.76 mm and 21.3 mm,
respectively. The gas flow rate was assumed to be 3.68 x
1073 kg/s. The length of the tube is calculated as follows:

e Heat transfer rate:

e = c, AT = (3.68 x 103 kg/s) x (1,348 ]/kg.K)
x (60 K) = 297.64 W

However, . is equivalent to (Hc)gasA (LMTD) ,
according to [21].

e LMTD:

AT gue—ATin (100-5)—(27-5)

LMTD = T /ATy — Tnl(100-5)/27-5)]

=60.08K

e Length of tube:
(Hc)gas A (LMTD) = 297.64 W

The contact surface, A, is equal to wD;4L, and there are
four tubes.

h. (tD;4L)(LMTD) = 297.64 W

B 297.64
4111)(}16)gas LMTD
297.64 W

T 4 xmx (1576 x 10-2m)(15.39 W/mZ2k) x (60.08 K)
=162m
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Figure 8 Gasifier-generator unit (left), producer gas flame (upper right), and tar (lower right)

Table 3 Fabrication costs of the gasifier system

Gasifier system Fabrication cost (USD)

Reactor 500
Cyclone filter 80
Shell-tube heat exchanger 59.28
Dried-bed filter 10
Total 649.28
1 USD =50 PHP

Table 4 Basic technical specifications of the gasifier

Item Description

Type Closed-top, throatless,
downdraft

Gasifier’s weight (kg) 30

Critical dimension (mm) D =350/h=1800

Capacity (KWin) 130

Consumption rate (kg/h) 5

Biomass feedstock Jatropha seed

Efficiency (%) ~77

Thus, the length of each tube is 1.62 m. The total length
of four tubesis 1.62 m X 4 = 6.50 m. A%—in Gl pipeis6m
in length. It was used to make the tubes for the shell-tube heat
exchanger. In our study, we cut a 6 m GI pipe into four
pieces, and therefore, each piece was 1.50 m in length. The
model view of the shell-tube heat exchanger is illustrated in
Figure 6. The total fabrication costs of the shell-tube heat
exchanger were 59.28 USD (including labor, water pump,
silicone gasket, and pipe fittings, adapters, and valves).

3.3 Dried-bed filter

The dried bed filter made of small-sized charcoal pieces
and a synthetic fiber filter was designed for this study. This

filter can absorb the remaining tar and filter small-sized
particles. It was the last stage of the cooling-cum-cleaning
unit, and it is installed after the heat exchanger. This filter
costs 10 USD, i.e., 5 USD for the plastic tank, 2 USD for the
charcoal particles layered below a synthetic fiber filter, and
3 USD for the synthetic fiber filter. Figure 7 presents
photographic images of the dried-bed filter.

4. Fabrication of the gasifier system coupled to the engine

After the system was designed based on theory and
empirical findings of the previous studies, the small-scale
gasifier system was fabricated. The cost of each component
is listed in Table 3. Figure 8 shows photographic images of
the gasifier-generator system, the flame of the Jatropha seed-
derived producer gas, and a jar of the resulting tar. A
schematic diagram of this gasifier-engine system is shown in
Figure 9. The system was comprised of a gasifier, cyclone
filter, shell-tube heat exchanger, dried-bed filter, and diesel
generator. The gasifier specifications are listed in Table 4.

Four k-type thermocouples were mounted at various
positions to measure gas temperatures at the gasifier, cyclone
filter, heat exchanger, and dried bed filter exits. During the
process, Jatropha seed was converted into producer gas. The
hot and dirty gas was cooled and cleaned by the cleaning
unit.

Initially, some burning charcoal was placed on the grate
of the gasifier. Biomass was then poured into the gasifier.
The air blower was turned on to introduce air enabling
incomplete combustion of the biomass. About five min later,
gas was produced. It was then used to run the engine for the
next 20 min. An orifice and U-tube manometer were
employed to measure the gas flow rate.
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Figure 9 Schematic diagram of the designed gasifier-engine system

Table 5 Assumed and actual temperatures of producer gas at various crucial points

Position At the gasifier outlet At the heat exchanger outlet At the engine inlet
Assumed 250 °C 100 °C 27 °C
Actual 175°C 75 °C 27 °C

5. Results and observations
5. 1. Observations

The Jatropha seed was successfully gasified by the
designed gasifier, and the producer gas was then used to run
a diesel engine in a dual fuel mode. The maximum
temperature of the gas at the gasifier exit was 175 °C. The
cyclone filter effectively collected the tar (see Figure 8,
lower right) and cooled the gas to 75 °C. After that, the shell-
tube heat exchanger cooled the gas close to the ambient
temperature using 5 °C cooling water. The observed and
assumed temperatures are listed in Table 5. It is noteworthy
that the assumed and actual temperatures at the engine inlet
exactly matched.

The engine was successfully operated at a high speed of
3,000 rpm for three hours. The average biomass consumption
rate was 5 kg/h, and the maximum gas production rate was
up to 27 kg/h. A 20 kg/h gas flow replaced diesel fuel up to
49 % when the engine was operated at 70% of the full load.
The diesel replacement rate would have been higher had the
engine been operated at a medium engine speed. The power
derating was 30% of the full engine load, which is higher
than the assumed power derating of 20%. This could be

explained that the assumed value was based on the previous
study of medium engine speed, while the engine of this study
was operated at a high speed of 3,000 rpm. Also, it was
observed that the engine operation was stable and efficient at
a high engine load with a gas flow rate of 10 kg/h on dual
fuel mode. The poor combustion was noted at a high gas flow
rate and high engine speed. The dual fuel engine should be
operated at high engine load, but not at high engine speed
and the maximum diesel replacement rate to maximize the
electricity production per kilogram of diesel fuel.

Overall, the proposed heuristic concept in this paper
makes a contribution to design a gasifier system that fits well
the desired engine capacity based on basic theory and a
heuristic concept, avoiding an oversize and cumbersome
fabrication.

5.2 Engine performance and emission characteristics

Figure 10 illustrates the specific diesel consumption
influenced by gas flow rate and engine load. Increases in gas
flow rate and engine load had significant effects of reducing
specific diesel consumption. This finding was also observed
by [11]. The minimum specific diesel consumption was
found with a 10-20 kg/h gas flow rate at a 2 kWe engine load.
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Figure 11 Specific energy consumption (MJ/kWeh)

Based on Figure 10, the dual fuel engine should be operated
at a gas flow rate of 10 kg/h and high engine load because an
increase in gas flow rate to more than 10 kg/h did not reduce
the diesel consumption rate when the engine was operated at
a high load. Another study also suggested that a dual fuel
engine should be operated at a 10 kg/h gas flow rate and a
high engine load to offset diesel consumption and the level
of specific COz emissions [11].

Figure 11 shows the specific energy consumption in
terms of gas flow rate and engine load. An increase in gas
flow rate was associated with higher energy consumption,
but the specific energy consumption was noticeably reduced
with an increased engine load. This was also reported by

T
1.5 1.75

Load (kWe)

[\o

[11]. The dual fuel engine should be operated at high engine
load to lessen energy consumption per kWe.

The specific HC and CO emissions are illustrated in
Figure 12 and Figure 13, respectively. The presence of HC
and CO emissions in exhaust gases implies incomplete
combustion [2]. An increase in gas flow rate is associated
with higher HC and CO emissions. However, lower specific
HC and CO emissions were observed at higher engine loads
in light of better combustion at higher loads. The same
findings were reported in previous studies [5, 11-12].

The specific CO2 emissions are illustrated in Figure 14.
An amount of specific CO2 emissions rose with an increase
in gas flow rate due to the initial presence of CO2 inthe
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Figure 13 Specific CO emissions (g/kWeh)

producer gas [2]. A higher level of CO2 emissions was
associated with engine operation at a higher load due to more
complete combustion. This was also observed by [11].

6. Conclusions and recommendations

This study intends to provide a heuristic concept to
determine the dimensions of a downdraft gasifier and gas
cleaning components for a pilot-scale diesel engine based on
the basic theory of fluid dynamics and heat transfer.
Beforehand, biomass feedstock, gasifier type, and an engine
type are chosen to provide information for determining the

dimensions of a gasifier, a cyclone filter, and a heat
exchanger. After that, the gasifier’s inner diameter is
calculated based on the maximum gasification efficiency and
thermal energy consumption of the gaseous fuel. Then, the
cyclone filter’s dimensions are determined using the ideal
gas principle. Next, basic heat transfer theory and fluid
dynamics are applied to design a shell-tube heat exchanger.
A slight mass of small-sized charcoal pieces and a synthetic
fiber filter are used to design a dried-bed filter to absorb the
remaining tar and particles. In our study, Jatropha seed was
chosen as the feedstock sample and a 5.7 kW diesel engine
was coupled to the designed gasifier. The inner diameter of
the designed gasifier was 150 mm. After ascertaining the
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calculated dimensions, the gasifier was fabricated. The
results highlighted that the fabricated gasifier can be used to
convert biomass into a combustible gas, and the cleaning-
cum-cooling unit can clean and cool the gas. The Jatropha-
derived producer gas was used to run a diesel generator set
in a dual gas-diesel mode. However, this mode is less
efficient than the neat diesel mode. A 20 kg/h gas flow
replaced diesel fuel by up to 49% when the engine was
operated at 70% of the full engine load. The power derating
was 30% and gasification efficiency was 77%. The
maximum gas production rate was 27 kg/h. Based on the
study of engine performance and emission characteristics,
the dual fuel engine should be operated at a high engine load
and a gas flow rate of 10 kg/h rather than at a maximum
diesel replacement rate.

The proposed concept to determine the dimensions of the
gasifier and the gas cleaning elements used the basic theory
of the fluid dynamics and heat transfer. This is a reliable way
to avoid an oversized and inefficient design. This approach
is expected to minimize fabrication costs, improve biomass
utilization, and reduce engine maintenance costs. The dual-
fuel engine should not be operated at the maximum diesel
replacement rate at high engine speeds.

A future study should focus on the environmental and
energy benefits as well as the commercial feasibility of the
gasifier-generator set using carbonaceous biomass to
partially reduce diesel fuel consumption. Optimization of the
gasifier’s diameter and height using an experimental design
approach (e.g., Response Surface Methodology) should be
employed in future studies.
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