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Abstract

Domestic space heaters, i.e., convective (wick-type) and injector types were
tested using Kerosene, biodiesel, and their blends. First, the heaters were tested
using the conventional Kerosene fuel to set the baseline for the performance.
Then blends of biodiesel and Kerosene were prepared and used as fuel to replace
Kerosene, and their respective performance was studied. The blends proposed
were 0% (pure biodiesel), 25% B-K (25% Biodiesel, and 75% Kerosene), and
50% K-B by volume. The parameters used for comparison were the average flue
gas temperatures and the amount of fuel consumed during the test. Results
showed that biodiesel is 11% more dense than kerosene and 10.7% higher in
calorific value. Further, with injection-type heaters, results showed around 10%
and 15% reduction in the flue gas temperature when using 25% and 50%
biodiesel in the mixture, respectively, with around 20% and 25% reduction in
fuel consumption. Beyond these concentrations, the heater did not work. Further,
with the use of the wick-type heater, the results showed the need to change the
type of wick materials since the amount of fuel wetting the surface was higher
when using biodiesel compared with Kerosene. From the time constant point of
view, the addition of biodiesel caused the time constant to reduce from 202 to
181 s for CO2z and from 166 to approximately 75 for NOx emissions. This was
observed for both rise and fall behaviours.

Keywords: Alternative fuel, Biodiesel, Domestic heater, HITAC heater, Response
model, Wick-type heater.
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1. Introduction

The effect of Kerosene domestic space heaters has been subjected to extensive
research, especially that which is related to the effect on human health. A study
conducted on young children up to 3 years of age between 1997 till 1999 in Perth
proved the relationship between their exposure to Formaldehyde and the
development of Asthma [1].

A similar problem was found by Traynor et al. [2] who reported an increase in
the CO; as well as NO- levels when using kerosene-fired space heaters of different
types of flames (e.g., white and blue) and modes of heating (e.g., convective and
radiant). Several other studies have come to the same conclusion regarding the
unacceptable level of pollution level using Kerosene heaters [3-6].

In France [7], the emission factor (EF) for the gases emitted from the wick and
injected types of kerosene heaters using different fuels was conducted. The study
showed both heaters emitted most of the measured pollutants e.g. CO,, CO, NO,
NO,, and some volatile organic matters (VOCs). While NO, was continuously
emitted during all the stages of burning, CO was emitted during the start-up of the
heater. For wick-type heaters, benzene and Formaldehyde EFs were quantified at
15 and 16 pg/g, respectively, for the wick heater. Regarding the above literature
and the many other available kinds of literature, one concludes that the use of
conventional domestic air heaters (wick-type or evaporative type) both resulted in
a serious increase in the emission levels indoors.

In this line, other researchers thought of using alternative fuels in place of the
conventional petroleum-based ones. Research in the UK [8] on the utilization of
biodiesel as fuel in the evaporative type of domestic space heaters revealed that
significant fouling of the burner well would be expected to happen shortly after
start-up. This may happen at a 5% biofuel concentration. They finally
recommended that further investigation should be carried out with the use of
suitable fuel additives to inhibit the polymerization process.

More recently, an assessment analysis on residential combustion in Southeast Asia
was conducted by Huy et al. [9]. They created an emission inventory and database for
the emissions released from residential combustion between 2021 and 2018.

Transition to a new and sustainable energy source for the use in residential
combustion applications (including heating) in Sub-Saharan Africa taking Nigeria
as their case study was studied by Dioha and Kumar [10]. They concluded their
study that biogas should be used as it offers the most economical solution to the
current kerosene or fuel-wood-based systems.

Using Long-range Energy Alternatives Planning (LEAP) in Bhutan [11], an
energy analysis was conducted to find the energy-saving potential, taking
household combustion appliances as a case study. They recommended the use of
more energy-efficient systems and shifting from fuel-wood and kerosene
appliances to an electric one.

A similar study was conducted in Iran [12]. They developed a model for
simulation, optimization, and analysis of the residential sector energy system taking
data for 35 ears 2015-2050.
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Another modeling study in the same area was conducted [13] to evaluate the
effectiveness of a bottom-up-type simulation model in designing or evaluating energy
and greenhouse gasses (GHG) reduction policy in the residential sector in Japan.

Several attempts were made to find the parameters of the above equation as a
function of some physical parameters related to the experiment. Barrazo et al. [14]
and Traynor et al. [2] tried to relate the parameters to the compartment volume,
airflow inside the house, and pollutant source term taking the initial concentration
of the pollutants as zero. Bazzaro et al. [14] reported that the time constant
(characteristic time) to be 0.7 hours.

A review study was conducted by Guo [15] to find the function representing
indoor air quality (IAQ). He proposed an equation as a function of building volume,
penetration factor for pollutants from ambient air (fractional), air exchange flow
rate for building, and concentration of the pollutant in ambient air and the building.
He concluded that the CO, SO., and NO follow the same exponential trend shown
in the equations before.

Particulate matter was reported to follow a polynomial of degree 3 with time.
Kenneth et al. [16] modified the equation by adding the rated heat output of the heater,
the higher heating value (HHV) value of the fuel, and the heater’s EF to the forcing
function Yin. He also added the term thermal mass to the time constant parameter.

With the above results of researchers in mind, this project was undertaken to try
to find a solution to the emission and burning problem of the domestic and indoor
space heaters used in Jordan using locally available materials and biodiesel that has
been made from local edible oils. The other main objective of this study is to try to
modify the existing Kerosene-based space heaters (both vented and unvented) types
to be fuelled with biodiesel. The effect on space heating will be studied. Further,
system identification modeling will be done to find the change in the time constant
for each type before and after modification.

Another objective of this research is to attempt to find the simulation equation
that governs the behavior of the heater as well as the time constant for each case.
This will help explain the effect of using biodiesel on the heater’s response in terms
of the time needed to reach the required temperature. This is explained by finding
the time constant (for both systems).

Kerosene heaters

A kerosene heater is a domestic space heating device used to provide heat to the
required space by burning fuel. Kerosene is fed into the burner using a wick (Fig.
1) material. This is done utilizing the capillary action of the wick. Specific air tubes
inside the flame radius are used to provide the air needed for combustion.

The natural draft caused by the density difference between hot gasses and
atmospheric air helps remove the exhaust products out of the burner assembly.

The other (Injector or Japanese-type) type of heaters is shown in Fig. 2. This
type of heater is also known as non-vented "fan" heater or gasification type heaters
that burn Kerosene gas.

Fuel is first vaporized with the help of the heating element. The fuel vapor is then
injected into the burning chamber where it gets ignited and burned with blue flame.
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Fig. 1. Convective wick-type. Fig. 2. Injector (Evaporative) type.

2.Experimental Work and Design

The test was divided into three main stages:

1) Making biodiesel using used oil from a local source.
2) Testing the properties of the fuel and its mixtures
3) Testing the performance of the heaters using the new fuels.

2.1.Biodiesel production process

Figure 3 shows the biodiesel production process from feedstock with low free fatty
acid (FFA) levels. This includes the higher grades of waste restaurant oils. A
complete description of the process can be found in Al-Hamamre et al. [17]. A brief
description is shown below.

Safflower seed oil

c:tLeI;hsEt"EglO&H) Transesterification : Heat & stirring ]
L
Se_E)aration of phase_e_gf
_ separating funnel ___/
T Glycerol

Biodiesel

Hot water wash ) R4

Removal of
Hot air oven ) KOH

Pure biodiesel

Fig. 3. Process flow schematic for biodiesel production.
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Biodiesel is made through a transesterification reaction. Transesterification is
the chemical process through which one ester (a chemical having the general
structure R’COOR”) is changed into another. Vegetable oil is a triglyceride (or
triacylglycerol), which is essentially a glycerin (or glycerol) molecule connected
via ester bonds to three fatty acid molecules.

Vegetable oils and animal fats are composed of triglycerides. During the
reaction, the fatty acids of the triglyceride molecule are cleaved and attach to the
alkyl group (the part made of carbon and hydrogen) of the alcohol to form fatty
acid alkyl esters (in our case, fatty acid methyl ester (FAME)), which are biodiesel.

The transesterification reaction produces crude biodiesel. The product is
considered crude because it is contaminated with methanol, basic salts, and
glycerin. All of these contaminants are water-soluble. Therefore, they are removed
using a water wash.

The feedstock (used Palm oil) was first collected from the University of
Jordan’s School of Engineering’s Cafeteria. It was then filtered to remove any
impurities or unwanted materials as a result of frying. Then it was heated to remove
the water content that comes from the frying process. The rest of the sample was
then allowed to settle for a minimum of 24 hours to allow for the settlement of
unwanted materials (if any). Since waste vegetable oil (WVO) is more acidic than
unused oil, this excess acid will adversely affect the transesterification process by
reacting with the alkaline agent. Hence, titration was made to determine the amount
of acid in the collected used oil using the reference solution made by dissolving 1
gm of KOH in 1 litre of distilled water. The acid value obtained in this study is 8-
10 mg KOHJ/g oil. The transesterification reaction was carried out in a 1000 mL,
round bottom reactor equipped with a magnetic stirrer, a reflux condenser,
thermometer, and stopper to remove samples. The reactor was placed in the water
bath, the water bath sets on a heating and mixing plate. The reactor was initially
charged with the amount of oil then heated to a certain temperature (between 48 to
60 °C) to speed up the reaction. The potassium hydroxide was dissolved in the
methanol and then the solution was fed to the reactor feeder. The solution was also
heated to a certain temperature (similar to oil temperature in the reactor) then was
flowed to the reactor. The reaction was timed as soon as the potassium hydroxide
— methanol solution was fed to the reactor. The reaction was kept at the desired
temperature for 5 hours keeping the stirring process continuous.

After a certain time, the mixture was poured into a separating funnel. The ester
layer was separated by gravity and located in the upper layer. The glycerol, extra
methanol, and undesired products were in the lower layer and were decanted. The
ester layer was washed several times with a small amount of distilled water each
until the washings were neutral. The ester layer was then dried and sent for further
analysis and testing.

2.2.Wick heater test process

The two main objectives of this test are:
1. Specifying the heating outcome and fuel consumption.
2. Gas analysis of the exhaust.
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The procedure followed the Jordanian code, which can be summarized
as the following:

2.3.Chimney preparation

Chimney was manufactured in the workshop as the Jordanian code standards.
Figure 4 shows the details of the chimney. This chimney has a major function in
taking exhaust temperature and Gas analyser sample.

2.4. Taking the readings:
o The fuel consumption is to be specified after the final adjustment of the flame
after the following four hours of operation.

e The exhaust sample is to be taken by the sample tube, which is fixed on the
chimney, as shown in the previous figure.

o The sample starts to be taken when the thermal equilibrium is reached or after
thirty minutes of burning, whichever ever comes first.

o Readings are to be taken every thirty minutes.
o The fuel tank was filled with a known value, and the ambient temperature was recorded.

Fig. 4. Sampling apparatus for space heating appliance.

A thermocouple was placed at the heater outlet to measure the flue gasses
temperature. The test was done in two hours, where the outlet temperature was
measured every thirty minutes. At the end of the test, the remained fuel amount
was measured.

Heaters were tested with these blends:

e 25% biodiesel and 75% Kerosene.
e 50-50% biodiesel and Kerosene.
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o 75 % biodiesel and 25 % Kerosene.
o Pure biodiesel.
o 100% kerosene was tested to be referred to as a reference for comparison with
other blends.
3. Results and Discussion
The results are discussed below in order of the three different phases of the project.
First, the fuel properties were discussed.

3.1. Mixture density

The density values for the biodiesel- kerosene mixtures were found to be as shown
in Fig. 5.

=]
Nel
(=)
\

Density (kg/L)

50 75
Biodiesel Percentage (%)

100

Fig. 5. Density variation with biodiesel percentage in the mixture.

As the figure shows, the addition of biodiesel to the mixture increased the
mixture’s density since biodiesel is heavier than Kerosene.

3.2. Calorific value

The calorific values of the mixture could not be found because there was no
available device to measure it at The University of Jordan. The calorific value of
the Kerosene is already known, so the other values were interpolated between
Kerosene and biodiesel. The representation of these results is shown in Fig. 6. An
overall assessment of the results showed improvement in the energy density of the
mixture when adding biodiesel to the mixture.

3.3. Injector-type heaters

Next, the results obtained from testing the injection-type space heaters are present.
The results are summarized in Table 1 and the subsequent figures below.
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Fig. 6. Calorific value variation with biodiesel percentage in the fuel.

Table 1. Injection heaters data.

Temperature Temperature Temperature Temperature
After 30 After 60 After 90 After 120
Biodiesel minutes minutes minutes minutes Average Fuel
%) Atthe outlet ~Attheoutlet Attheoutlet Attheoutlet Temperature Consumption
0 hole of the hole of the hole of the hole of the (°C) (ml/2hrs)
heater heater heater heater
Q) Q) Q) Q)
00 116.7 116.3 117 118 117 900
25 107 108 109 108 108 700
50 97.5 99 100 100 99 600
75 Failed
100 Failed

As noticed in Table 1, the heater failed to work with biodiesel percentage above
75% in the mixture. The reasons for this behavior may be attributed to the build-up
of debris on the tip of the fuel jet orifice for this injector-type heater [8]. Several
reasons including the difference between both fuels flashpoint might be responsible
for this phenomenon. The fuel flashpoint is significant for fuel-burning equipment
such as vaporizing burners because it defines the lowest temperature at which a
liquid will give off sufficient vapor to ignite in air.

Krishna [18] found that even a 50% blend of soybean methyl ester in kerosene
raised the flashpoint by only 7 °C compared to neat kerosene. Another potential
factor that may have contributed to the build-up of debris is the contamination of
the blended test fuel with metal ions, which are known to catalyse the
polymerization of fuels like kerosene. Barnes et al. [8] suggest that the main cause
for this debris build-up is the biodiesel polymerization in the tank.

Further, it is also noticed from Table 1 as well as Figs. 7 and 8 that 25% BD
gave better results in terms of average flue gas temperature compared with 50%.
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Fig. 7. The change in temperature for various biodiesel fuel blends.
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Fig. 8. The mass of fuel consumed for various biodiesel fuel blends.

As for the performance efficiency of the heater with biodiesel, Fig. 9 shows that
the best efficiency (within the range of variables studied) occurs at 25% biodiesel
present in the fuel. As stated before, the efficiency decreased because of the higher
mixture density and incomplete evaporation of fuel.

50.00 '\
49.00 1
48.00 -
47.00 -
46.00 -

Heater Efficiency (%)

45.00 7
44.00 -

43.00

25
Biodiesel Percentage (%) 50

Fig. 9. Heater efficiency for various biodiesel fuel blends.

Journal of Engineering Science and Technology August 2022, Vol. 17(4)



Performance and First-Order Modelling of Biodiesel as Fuel for Domestic . . . . 2759

Because of this behavior, the emission studies were limited to percentages
below 25% so that the heater is not damaged. Figs. 10 and 11 show the variation of
CO; and NOx with time in the flue gases for different mixtures.

The figures show the typical behavior of the air space appliances of reaching a
plateau value for emissions after around 20-30 minutes. This is also reported by
Carteret et al. [7]. These two figures clearly show the advantage of adding biodiesel
to the conventional Kerosene fuel in reducing the emission levels in the flue gasses
and, subsequently, the room. As shown in Fig. 10, the level of CO; decreased with
the use of biodiesel in the appliance compared with conventional Kerosene.

This is in agreement with the results obtained by Krishna [18], who studied the
effect of oxygen level in the mixture on space emissions using different biodiesel
blends. This is explained with the help of Table 1 as follows: The dramatic drop in
carbon monoxide can be explained through previous studies in the explosion limits
and oxidation of carbon monoxide.

This can be explained based on the fact that the rate of CO oxidation in the
presence of species such as water is substantially faster than the ‘bone dry’
condition. This occurs because the water dissociates at high temperatures into H
and OH radicals, both of which are highly reactive with CO [19]. Similarly, one
can understand the lower levels of NOx (shown in Fig. 11).

Since the flue gas temperature is low, the expected concentration of NOx in the
exhaust is also low. Those figures also show that the behavior of the emissions follows
the first-order system response to the step forcing function. Several researchers tried to
find a first-order differential equation to simulate this type of response.

The general equation for the first-order differential equation follows this form [20]:

ac
a15+aoc= boyin (1)

Kerosene
--=-50BD
----- 10% BD

1.0 -

S
— 0.8 -
[<3]
3
-
3 0.6
X
|
g 0.4 - Iql'-_ hl I-= pemce
2 - !-.._.-.- et imim i m !_.'
S Vi !ii'
02 --i ‘.-I
|
00 i T T h 1
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Time (sec)

Fig. 10. Variation of Carbon dioxide level
with time for various biodiesel fuel blends.
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Fig. 11. Variation of Oxides of Nitrogen level
with time for various biodiesel fuel blends.

This equation, when subjected to step input Yin that has steady value with time,
has the following form of solution

t

t
Cout = KsYin (1 —e T) + Cinitiwi® © )

where 7 is the time constant of the system (s) which is defined as the time needed by
the system to reach 63.2% of the input, C,,,. is the pollutant concentration, Kj is the
static sensitivity (output/input), and C;,,;1i4; iS the initial concentration of the pollutant.

In this case, the system identification module of MATLAB was used to find out
the first-order response to step function. The following solution form was proposed

t t
Cout = KsYin (1 —e T) + Cinitiat® © (3)

with a negligible initial concentration of the pollutants, the equation was
modified to

t

Cout = Ks¥in (1 - e_;) 4

The objective was to find the parameters Y;,, and t. The results are shown in
Figs. 12 and 13. These figures represent the results obtained by the proposed
solution and experimental data. The results of this part can be summarized in Tables
2 and 3.

The time constant () is the time needed by the system to reach 63.2% of its
final (or in this study maximum) value. In measurement and control terminologies,
the smaller the value of t the faster the system reaches its peak value. In pollution
terminologies, it is needed to be as high as possible so that maximum values of
emissions are not reached within operational time.
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In this experiment, the maximum value was that for the maximum emission
level, hence it is desired to have a system with a larger time constant so that the
peak pollutant value is not reached quickly. Based on this objective, 5% biodiesel
was found to fit this objective.

Table 2. Result summary of response modeling for CO2

Case _Yin _Yinit T _SSE
(riseffall)  (rise/fall) (riseffall) (riseffall)
Kerosene  0.963/0 0/0.4 107.927/107  8.72E-15/1.0E-4
5% BD 0.5/0 0.0015/0.284  202/201.34  1.52E-24/1.33E-10
10%BD 0.306 0 181/208 5.41E-24
Table 3. Result summary of response modeling for NOx
(riseffall)  (rise/fall) (rise/fall) (riseffall)
Kerosene 8.11/0 3.99/45  107.55/108.6 3.19E-23/8.24E-15
5% BD 710 0/5.86 166.2/165.22 4,93E-28/1.11E-8
10%BD 0.318/0 0/1.31 75.65/78.75 1.3E-21/6.61E-20
1.1 -
s
& 09 —— Kerosene
g 08 - = 5%BD
S 07 eeeeees 10%BD
2
s 06 Outputat t=1
o]
g 0.5
- 04
N \
= 03 \
E 02
=) \
2
0.1 \
0.0 T T T ~I o= T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000

Time (s)
Fig. 12. Model output compared with experimental data for CO..

This can be explained with the help of the Glassman theory [20] and with the
help of properties’ figures. The addition of 5% biodiesel decreased the calorific
value and increased the density of the fuel blend. The addition of the H,O to the
mixture is thought to be unable to compensate for the loss of the combustion
properties of the mixture.

On increasing the blend to 10% Biodiesel, the presence of H,O did compensate
for the loss of calorific value and other properties; hence the burning rate was faster.
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Fig. 13. Model output compared with experimental data for NOx.

4. Conclusions

The density of biodiesel is higher than Kerosene; this means that the blends of a
higher percentage of biodiesel have a higher density. The calorific value of biodiesel
is higher than Kerosene, so the use of biodiesel gives more available energy. The

injection heater worked with 25% and 50% of biodiesel, but it failed to work with
pure biodiesel.

The use of biodiesel increases the efficiency of fuel until it reaches 25%, then
the efficiency started to decrease. The use of 25% of the biodiesel blend has the
best efficiency. The addition of biodiesel to the blend increased the burning rate of

the fuel. The addition of 5%BD slowed the reaction rate while 10%BD increased
the reaction rate.

Nomenclatures
ao, a1, bo  Constants for the response equation
C Variable (Output)
Cinitial Initial value of output
Cout Output value
Ks Static sensitivity
t Time (s)
Yin Input variable
Greek Symbols
T Time constant ()
Abbreviations
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Co Carbon Monoxide
CO2 Carbon dioxide

H Hydrogen atom
H.O Water vapor

NO Nitrogen Oxide
NO; Nitrogen Dioxide
NOXx Nitrogen Oxides
OH Hydrogen Oxide
SO, Sulfur Dioxide
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