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Abstract: Raw Jojoba oil was used in a direct-injection diesel engine without any engine modifications
and compared with both diesel fuel and 50/50 raw Jojoba/diesel. The measured parameters included
the rheological properties measured in the range of shear rate from 100 to 500 1/s. Distillation data
were presented for raw Jojoba oil compared to diesel. The parameters included exhaust gas analysis,
block vibration, sound noise, and the combustion pressure and its rise rate. Averaged pressure-crank
angle, vibration, and its frequency spectrum and sound level were presented. Data also included
brake power, specific fuel consumption, and exhaust temperatures for all fuels used. For Jojoba oil,
the engine did not exhibit low power output or specific fuel consumption. Exhaust temperatures,
smoke opacity, and NOx emissions were lower than diesel case. Noise for Jojoba was higher than
diesel case. The engine block vibration was concentrated towards the low frequency range.

Keywords: combustion; noise; vibration; diesel engine; raw Jojoba oil

1. Introduction
1.1. Use of Raw Neat Vegetable Oils

The use of neat vegetable oils in a diesel engines has been known since more than one-
hundred years ago. With the anticipated reduction of the fossil fuels for diesel engines, the
research efforts have been concentrated to find an alternative sources of energy to produce
diesel-like fuels [1,2]. The use of neat vegetable oil has been investigated in several research
articles. Examples for neat oils used as fuels for diesel engines are many, e.g., cottonseed
oil [3], jatropha oil [4], palm oil [5], soybean and rapeseed oil [6], waste plastic oil [7],
and lemongrass oil [8]. It has been shown that the ignition delay and maximum cylinder
pressure did not change much for cottonseed oil compared to its biofuel [3]. The maximum
pressure rise rate decreased for the neat cottonseed oil than its biofuel while the NOx
emission decreased compared to the pure diesel case. For jatropha oil [4], its viscosity was
highly reduced when mixed with diesel fuel. For 50/50 blend with diesel, the jatropha case
did not exhibit lower thermal efficiency or operational difficulties. The thermal efficiency
fell for the case of palm oil compared with the diesel case [5]. For oxygenated soybean
and rapeseed oils [6], the thermal efficiency increased and the NOx emissions increased
while the HC and CO emission decreased. Waste plastic oil [7] delivered diesel-like fuel
consumption and increase in the thermal efficiency and reduced smoke and NOx. The use of
neat lemongrass oil [8] in a diesel engine increased the NOx emission while decreasing the
smoke. It increased the brake-specific fuel consumption and did not cause any operational
difficulties. Sanli et al. [9] showed the importance of renewability and sustainability of
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any new fuel for diesel engines and compared the sustainability index of the fuel to that of
diesel fuel. Sustainability is important for the fuel to have a clean, secure, affordable, and
safe energy source [10,11].

1.2. Use of Jojoba Biodiesel

Raw Jojoba oil has been used to produce Jojoba biodiesel and has been used in diesel
engines, either neat biodiesel or blended with pure diesel fuel. It has been shown that
blending Jojoba biodiesel with diesel up to 20% improves the thermal efficiency of the
engine and reduces smoke, CO, and HC while it slightly increases the NOx [12]. Modifying
the combustion chamber part formed in the piston by adding more squish area in the piston
causes a significant increase in the thermal efficiency and reduces the HC and CO [13]. It has
been also reported [14] that adding only 10% Jojoba biodiesel to the diesel fuel causes the
fuel to behave like the pure diesel; however, 10% Jojoba increased the HC and CO2 relative
to diesel. Using Jojoba biodiesel did not increase the maximum combustion pressure or
the combustion pressure rise rate [15]. Using Jojoba biodiesel as a pilot liquid fuel with
the CNG or LPG used as the main fuel in dual fuel engine improved the performance and
reduced the combustion noise and extended the knocking limits as well as reduced the
cyclic variability of the combustion [16]. Using hydrogen as the main fuel in a dual fuel
engine with Jojoba biodiesel as the liquid pilot fuel increased the NOx and smoke opacity
emission [17].

1.3. Additves to Jojoba Biodiesel

Jojoba biodiesel can be used alone, or blended with raw Jojoba or pure diesel [18], with
only the viscosity of raw Jojoba being higher than both biodiesel and pure diesel [19]. Some
chemical additives have been tested before when added to Jojoba biodiesel to improve
the properties, especially its high viscosity. Ethanol has been used in 10% additives and
proved to improve the thermal efficiency and reduce the CO, HC, and NOx [20]. Adding
up to 20% ethanol could result in decreasing the heating value [21]. Adding n-pentanol
at 10% to Jojoba biodiesel improved the properties, and hence the thermal efficiency and
reduced emissions of all CO, HC, CO2, NOx, and smoke [22]. Adding Diethyl Ether (DEE)
at 15% appears to be a promising alternative additive with very low viscosity, which helped
to reduce the viscosity of the Jojoba biodiesel greatly [23]. It reduced the ignition delay
period greatly, increased the heat release rate, and increased the output power. Adding
alcoholic additives like Heptanol at 10%–40% [24] to other biofuels like Jatropha biodiesel
also resulted in increasing the thermal efficiency and reducing HC and CO, but increased
the smoke level and NOx.

Nanoparticles derived from CuO in the range of 25 to 75 ppm added to 20% Jojoba
biodiesel increased the thermal efficiency and reduced HC, CO, and smoke emission from
the diesel engine [25]. Although CuO increased the viscosity and exhaust gas temperature,
it decreased the fire point and the ignition delay period. Similar results have been obtained
from Jojoba biodiesel added to nanoparticles made from Fe3O4 at 10–50 ppm [26]. This also
improved the thermal efficiency and decreased the NOx, CO, HC and soot. In addition, this
increased the viscosity and heating value while it caused the Cetane number to increase.

1.4. Use of Raw Jojoba Oil

Using raw Jojoba oil in diesel engines always is disadvantaged by its high viscosity [27]
and low volatility. Adding 10% n-butanol to blend of diesel-raw Jojoba oil up to 35% raw
Jojoba lowered its viscosity up to 85% compared with pure raw Jojoba oil. This increased the
maximum combustion pressure and heat release rate, and reduced CO, HC, and NOx [28].
Adding as little as 5% raw Jojoba oil blended with 8% butanol greatly helped to improve
the specific fuel consumption and brake thermal efficiency while lowering CO, HC, and
increasing NOx. In addition, emulsifying this blend with up to 5% hydrogen peroxide
(or water) decreased the NOx and exhaust gas temperatures [29]. Huzayyin et al. [30]
suggested to add 40–60% raw Jojoba oil to diesel fuel to reasonably reduce the viscosity,
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improve the engine performance slightly, and reduce the NOx emission. Adding 20% raw
Jojoba oil to diesel also resulted in a reduction of the Cetane number which reduced the
NOx compared with the diesel engine case [31]. The total energy content of the Jojoba oil
has shown to vary if a fertilizer is controlled to the Jojoba plant cultivation [32]. Using raw
Jojoba at 60% with pure diesel fuel burned in a furnace helped to decrease NOx and HC.
This was attributed to the oxygen content of the Jojoba oil [33].

It has been concluded here that some raw vegetable oils have been used as neat
fuels in diesel engines. For Jojoba oil, it has been used only as a biodiesel derived by
transesterification, but never used as raw oil in diesel engines. It has been also shown here
that that biofuel has been used with some additives, e.g., alcohols, too. In addition, the raw
Jojoba oil has been added to diesel fuel to create a blend.

1.5. Current Work Objectives

As mentioned above, the use of biofuel derived from Jojoba oil has been used before;
however, the use of the raw Jojoba oil without any chemical treatment (or transesterification)
in a diesel engine is missing. It is interesting to check if the raw Jojoba oil itself needs to be
treated or if the engine would need some modifications in case of using the raw oil.

Hence, the objectives of the current work may be summarized to be the investigation
of the possibility of using the raw Jojoba oil (or 50% mixed with diesel fuel) in a diesel
engine without any modifications. In addition, we present some properties e.g., distillation
and viscosity as compared with pure diesel fuel. It is also interesting to show how to
optimize the fuel viscosity to suit the biodiesel fuel standard and the real diesel engine
injection system. Then it will be interesting to present the engine performance parameters,
e.g., thermal efficiency, power, block vibration, and external noise in addition to the exhaust
emissions parameters as compared with the base case of pure diesel fuel. It may be
envisaged that the use of the raw Jojoba oil in a diesel engine and the results of engine
performance, vibration, noise, and exhaust emission are not available in the literature.

2. Materials and Methods
2.1. Engine Test Set-Up and Experimentation

The available engine used in the research is a Lister Petter direct injection diesel engine,
with the specifications listed in Table 1. The engine speed was varied over the range of 1000
to 2700 rpm. The fuel injection pump rack position was varied for three positions: low load,
medium load, and full load. The experimental data were collected for fixed rack position
while the engine speed was changed in the specified range.

Table 1. Specifications of the test engine.

Item Description

Model P8163 Lister Petter AC1
Engine type Single cylinder four stroke direct injection

Bore × stroke 762 × 66.7 mm
Maximum power output 5 kW at 3600 rpm

Displacement 304 cc
Compression Ratio 17

Loading Edy current dynamometer
Inlet pressure Naturally aspirated

Fuel recommended Light distillate diesel fuel, Derv to BS 2869 class
A1, A2, DIN 51773 ASTMD613-65

The following parameters were measured: engine speed measured by a tachometer
fixed to the generator, engine brake load measured by a load cell, and fuel flow rate
measured by measuring the time to flow certain amount of fuel through the engine. The
output brake power and brake specific fuel consumption can then be calculated. Exhaust
gas analysis and gas temperature were measured by MRU Multi-Gas Analyzer, Vario
Plus Industrial and the specifications are given in Table 2. The exhaust gas opacity was
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measured by AVL opacimeter. The combustion pressure was continuously measured by
AVL piezoelectric pressure transducer coupled with Kistler charge amplifier and a data
acquisition system linked with LabVIEW software that could collect the data at the rate of
10 kHz and store it in the computer for offline analyses. About five hundred combustion
cycles of combustion pressures, vibration, and sound pressure level signals were collected
at every running condition. Ensemble averaged signals’ cycles with respect to engine; four-
stroke-pressure cycles were also calculated in MS Excel. It may be highlighted here that the
noise was collected by two different sensors. One microphone sensor is a 7 mm in diameter
microphone and has a dynamic range of up to 122 dB, 45 mV/Pa sensitivity, and 20 Hz
to 20 kHz frequency range. The microphone was put inside a sound-absorbing acoustic
shield to act as filter for minimizing unwanted background noise and reducing sound
wave reflection for a more balanced recording of engine noise and was set at a distance of
1 m from the engine and 1 m above the ground according to SAE recommendations for
microphone positioning. The microphone output was connected to a PCB signal conditioner
and then connected to data acquisition card to record the cyclic detailed noise signals. The
LabVIEW software was used to store the cyclic data of the detailed noise as a function of
the time/crank angles. Another sound level meter was also used to obtain the average
noise emitted from the engine and located at the same location. It has a measuring range of
30–130 dB and a frequency response of 31.5 Hz–8 kHz and this device was used to obtain
average noise of the engine at different speeds and different blends. Both of these sensors
are located inside an acoustic chamber which contains a sound-absorbing layer to prevent
the measurements of the reflected sound waves. The maximum errors in the measured
parameters are listed in Table 3. The fuels properties are shown in Table 4 as compared
with pure diesel fuel.

Table 2. MRU Multi-gas analyzer specifications.

Description: Semi-Continuous Portable 9-Gas Analyzer—Heated Sampling Line and Probe Filter,
Automatic Zeroing

Parameter Range of Measurement Measurement Uncertainty Sensor Type

CO 0–4% ±5.0 ppm

Electrochemical sensors

O2 0–21% ±0.1%
NO 0–1000 ppm ±5.0 ppm
NO2 0–200 ppm ±5.0 ppm
SO2 0–2000 ppm ±5.0 ppm
H2S 0–200 ppm ±2.5 ppm
H2 0–1% ±0.02%

CH4 0–10,000 ppm ±0.03%
3 Gas NDIR BenchC3H8 0–2000 ppm ±0.03%

CO2 0–30% ±0.5%

Gf 0–1350 ◦C ±2.0 ◦C Temp. sensor with stainless
steel/Inconel steel tube

Recalibration date 5 October 2021

Calibration Method EIS-SOP-04:2020 Emission Analyzer Calibration

Table 3. Experimental uncertainties.

Parameter Uncertainty Unit

Force ±0.2 N
Engine speed ±1 rpm

Smoke opacity ±0.02 %
Exhaust gas temperature ±1 ◦C
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Table 4. Properties of diesel and pure Jojoba oil bio-diesel.

Properties Units Diesel Fuel No. 2 Raw Jojoba Oil

Density at 25 ◦C kg/m3 833 865
Initial Boiling point ◦C 240 324

Temperature at 50% recovery ◦C 315 345
Final Boiling point ◦C 378 362

Heating value MJ/kg 46 42

2.2. Fuels

Viscosity of both raw Jojoba oil and pure diesel was measured under different temper-
atures and shear rates in a Fann 50SL Model Rheometer from Fann Instrument Company
(Houston, Texas). Oil temperature was varied at 30, 50, 70, and 90 ◦C, while shear rate
was varied at 50, 100, 200, and 500 1/s. The data are presented as dynamic viscosity at
different shear rates or temperatures for both fuels. The Rheometer is controlled by its own
software to set the pre-required temperature or shear rate in a software code. Distillation
for both diesel and raw Jojoba fuels was carried out in a simple distillation rig made of
a flask inserted and surrounded by a heater. The described unit is connected to a heat
exchanger to condense the generated vapor into another flask. The blend ratio (raw Jojoba
oil/diesel fuel) by volume was varied at 0%, 50%, and 100% with 0% representing pure
diesel and 100% representing raw Jojoba oil. In the current work, the engine used different
blends of diesel/raw Jojoba oil without any modifications. In addition, the Jojoba fuel used
here was used without any esterification.

3. Results and Discussion
3.1. Fuels Properties

Figures 1 and 2 illustrate the viscosity of both raw Jojoba oil and pure diesel fuel at
different shear rates and temperatures. It may be seen from both figures that the viscosity at
different shear rates from 100 to 500 for Jojoba oil was much higher than the pure diesel fuel;
its viscosity was in the order of 33 mPa/s at 30 ◦C temperature at a low shear rate of 50 1/s
and 30 mPa/s at a high shear rate of 500. This is compared to around 4.3 to 4.6 mPa/s for
pure diesel fuel in the same range. The viscosity values for both diesel and Jojoba oil drops
significantly at higher temperatures, see Figure 2, e.g., at low shear rate it drops from 33 to
24 when the Jojoba raw oil is heated from 30 to 90 ◦C. While, it drops from 30 to 8.7 mPa/s
at shear rate of 500 1/s. These viscosity values are for pure Jojoba oil as produced from the
cold pressing of the seeds and filtering the oil. However, for producing even a neat fuel for
diesel engines, it is a necessity to add some chemical additives to improve the properties
of such fuel. One of the important additives here to add is to reduce the viscosity of the
oil while keeping or increasing its heating value and other physical/chemical properties
that will make the Jojoba oil to be a favorable fuel for diesel engines without any further
modifications to the fuel or the engine. It is important to highlight here that no additive
was used in the current work and the viscosity was measured for the raw Jojoba oil without
any additives added.

Figure 3 depicts the distillation data for both raw Jojoba oil and diesel fuel. It may be
seen from the figure that the initial boiling temperature for diesel fuel was 240 ◦C while it
was 324 ◦C for pure Jojoba oil; the final boiling temperature for diesel was 378 ◦C while it
was 362 ◦C for pure Jojoba oil. It may also be noticed from the figure that the pure Jojoba
oil started to boil at higher temperatures than diesel, but it boiled with a faster rate than
diesel. In addition, it boiled completely at slightly lower temperatures than diesel fuel.
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3.2. Engine Performance

Figures 4–6 show the engine brake output power, brake specific fuel consumption,
and exhaust gas temperatures at different engine speeds for the three fuels used, pure
diesel, raw Jojoba oil, and 50% diesel/Jojoba blend. Figure 4 shows the performance curve
of the diesel engine almost not affected by the type of the fuel used. Only at high speed
of 1950 rpm did the engine start to produce slightly less power output compared with
diesel. At all other lower speeds from 1200 until 1800, the power-speed curves were almost
the same, if not slightly lower. It is important to emphasize here that the engine was not
modified for the new fuels and it is still using the same injection equipment. Some diesel
engines work at low speeds up to 2000 rpm, while others such as those for transportation,
use higher speeds. It may be seen that the Jojoba fuel might suit diesel engines that runs at
low speeds. For higher engine speeds, the Jojoba fuel properties might improve by mixing
it with pure diesel fuel, e.g., 50/50 ratio or even lower, or with other additives.
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This also has been shown in the bsfc-speed curve shown in Figure 5 where the bsfc
values for pure Jojoba and its 50/50 blend were slightly higher than the values for the diesel
fuel case. The minimum value for bsfc in the tested range of speeds was about 0.32 kg/kWh
for diesel while it is about 0.345 kg/kWh for both Jojoba and its 50/50 blend with diesel.
One can conclude that the powers-speed and bsfc-speed were almost not changed for the
new Jojoba fuels.

Figure 6 illustrates the exhaust gas temperature against the engine speed for the three
fuels. It may be seen from Figure 6 that the exhaust gas temperature for Jojoba fuel was
slightly lower than the case for diesel fuel, e.g., at 1800 rpm engine speed, it was 323 ◦C
for diesel fuel while it was about 310 ◦C for Jojoba case, which is 4% lower. This may be
attributed to the slightly lower heating value of raw Jojoba oil as compared with diesel fuel;
see Table 4.

3.3. Engine Exhaust Emissions

Hydrocarbon emissions HC, exhaust gas opacity, and Nitrogen Oxides emissions NOx
against the engine speed are plotted in Figures 7–9. The HC emissions for the three fuels
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at different engine speeds, as seen in Figure 7, show slightly higher HC for Jojoba than
compared with the pure diesel case or 50/50 blend. For all fuels, increasing the engine
speed reduced the emission of HC in the exhaust; this is expected due to the improvement
of mixing the air and fuel which leads to faster and complete combustion and hence lower
HC emissions. The raw Jojoba fuel produced more HC than the diesel fuel at all engine
speeds; at 1800 rpm, the HC for diesel was 600 ppm while at the same speed for Jojoba
the HC was about 1420 ppm. This increase in the HC for Jojoba may be attributed to the
late evaporation of the liquid Jojoba oil, as depicted from its distillation curves discussed
earlier. In addition, as the raw Jojoba fuel was used here without being esterified, the oil
has different esters and components that will need more time to burn completely than
the case for diesel fuel. Figure 8 shows the exhaust gas opacity (black smoke level) with
the engine speed for the three fuels. It may be seen that the smoke opacity was slightly
higher for Jojoba compared with the diesel fuel case. For all fuels, the opacity decreased
with increasing the engine speed due to the improved fuel-air mixing and combustion that
results in less unburned smoke components. NOx emission with engine speed is shown
in Figure 9 for the three fuels used. It may be seen that the increase in the engine speed
resulted in an increase in the NOx in the exhaust as mentioned earlier for improved mixing
and combustion, which leads to higher combustion gases temperatures. However, the
Jojoba fuel and its blend with diesel case produced less NOx emissions compared with
the pure diesel case. As shown earlier in Figure 6, exhaust gas temperatures for the Jojoba
fuel case were lower for Jojoba than for the diesel case. This might guide to the lower
maximum combustion temperature—at the same engine speed—for Jojoba case compared
with the diesel case. The reduced maximum combustion temperature for the Jojoba case
might be one reason why the NOx emission in the exhaust is less for Jojoba fuel than for
diesel. Another possible reason for the less NOx for the Jojoba case is that the Jojoba oil
has some oxygen content and this might be the reason why the oxygen always dilutes the
combustion gases and produces less NOx gases [30,33,34]. The emission of NOx for diesel
at 1800 rpm was about 400 ppm while it was about 200 ppm for the Jojoba case, which is
50% lower. This would add to the advantages of Jojoba or Jojoba-derived fuels. Figure 9
also illustrates that even the 50/50 Jojoba/diesel blend offers mush less NOx emission than
the pure diesel fuel case. If the Jojoba raw oil cannot be used due to its physical/chemical
properties (e.g., high viscosity) then at least it may be blended with diesel fuel. Also, in
addition, Jojoba oil is ten times lower than the Sulphur in the diesel fuel [31] and would
not produce any sulfuric products in the combustion chamber or in the exhaust gases.
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Figure 7. HC emission of pure diesel fuel, raw Jojoba oil, and 50/50 blend.
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3.4. Engine Roughness, Vibration and Noise

Figure 10 illustrates a typical diagram for the combustion chamber pressure with the
crank angle (or the time) and how the pressure rise rate is calculated. The value of the
maximum combustion pressure rise rate, which normally occurs during the combustion
duration, was taken as one of the engine roughness parameters. Figures 11 and 12 show
the variation of the maximum combustion pressure and its pressure rise rate at the tested
engine speeds for the three fuels used. Figure 11 shows the maximum combustion pressure
with the engine speeds and it seems it is slightly lower for Jojoba compared with the diesel
fuel case, especially at low engine speeds. The maximum pressure rise shown in Figure 12
helps to explain the maximum pressure that occurs inside the combustion chamber for
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the fuels used. Increasing the engine speed reduces the maximum value of the pressure
rise rate for all fuels used. This might be due to the improved mixing and increased cycle
temperatures, which leads to reduce ignition delay period and faster self-ignition of the
injected fuel. This reduces the pressure rise rate and produces smoother combustion and
engine running. For the three tested fuels, it seems that the maximum pressure rise rate
did not change much, although at low speeds, it looks slightly higher for Jojoba than the
values for pure diesel. This is in line with the reduced exhaust gas temperature shown in
Figure 6 as this reduced cycle temperatures tends to increase the delay period for ignition
of the fuel injected and increase the rate of combustion.
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External noise and sound pressure level produced from the engine as measured by
the two sensors used are shown in Figures 13 and 14. Figure 13 shows the external noise
as measured by the average noise meter with the engine speeds for the three fuels used.
It may be seen from the figure that the Jojoba fuel case produced slightly higher external
average noise at all engine speeds. This is followed by the 50/50 blend, and the diesel case
produced the least noise. The difference between the noise for the Jojoba case and diesel
case did not exceed 1 dB, as seen in the figure, which does not represent a big difference.
One can conclude that using Jojoba fuel did not increase the noise much. It is well known
that the external noise has three sources of mechanical noise of gears, shafts, valves, and
other mechanical reciprocating and rotating parts. The second source of noise is the fluid
mechanics noise due to the flow in the intake and exhaust ports as well as the flow of
high-pressure fuel to the fuel injector as well as the flow behavior of the fuel. The third
source for noise is from the combustion process itself as the high pressure rise rate converts
to external noise and vibration of the engine block. The combustion noise appears to be
higher for Jojoba, as shown in Figure 12, and the viscosity of Jojoba is much higher than that
for diesel; viscosity, by definition, is the resistance to flow, which produces more resistance
to flow on the injection pump and the high-pressure line, and this seems to produce more
flow noise, assuming the mechanical sources of noise stay the same for the two fuels at
the same engine speed. So, the external noise emitted from the engine as measured by the
average noise meter appears to be higher for Jojoba oil than the case for the diesel fuel.
This explains the trend in Figure 13 at all engine speeds. Figure 14 depicts the maximum
noise as obtained from the ensemble averaged cycle of noise signal as collected from the
microphone sensor over the many cycles collected. It may be also seen—similar to Figure 13
and except for the lowest speed tested—that the maximum noise generated was higher
for Jojoba (compared with pure diesel) at most engine speeds tested. The values of the
maximum noise found in Figure 14 are higher than the values obtained from Figure 13, as
these represent the maximum noise detected over the complete engine cycle; it fluctuates
during the same cycle.
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Figures 15–17 illustrate the vibration behavior of the engine for Jojoba fuel as compared
with pure diesel. Figure 15 shows the ensemble-averaged cycle for the five-hundred
cycles collected for repeated engine cycles. The figure illustrates the time-domain data for
two engine speeds of 1280 and 1950 rpm. Figure 16 shows the maximum vibration value
at each engine speed for the ensemble-averaged cycle for the two fuels. It may be seen
that the vibration produced for the Jojoba fuel was less than the vibration measured for
diesel fuel case at all engine speeds. This seems to be good news for the Jojoba candidate.
For example, at 1800 rpm engine speed, the maximum vibration magnitude for diesel
fuel case was about 46.5 g while it was about 37 g for the Jojoba fuel case. These are the
maximum vibration value recorded over the engine cycle. As seen in Figure 15, that the
vibration signal has different peaks, e.g., one for maximum pressure rise rate associated
with combustion process, one for intake valve opening/closure, and another for exhaust
valve opening/closure. To explain the low vibration values in case of the Jojoba fuel case,
Figure 17 shows the frequency domain of the vibration signal. It may be seen from Figure 17
that although the vibration signal for Jojoba case has higher amplitudes than the values
for diesel case, the peaks (or more vibration energy) for Jojoba occurred at much lower
frequency, i.e., the engine in that case would have been vibrating with less frequency of
vibration (slower in motion) than the case of the pure diesel case. This may have been
collected by the vibration sensor to produce lower vibration. It may be interesting also here
to point out that the reduced vibration produced for the case of raw Jojoba may be due to
the low maximum pressure measured in that case; check Figure 11 for the three cases of
diesel, raw Jojoba, and 50/50 blend. The maximum pressure in the case of Jojoba is lower
that that for diesel and this may be the reason why the vibration is lower.
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rpm for the two fuels used. 
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for the two fuels used.
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4. Conclusions

The experimental work carried out here reported the engine performance, exhaust
emissions, block vibration, and external noise for direct injection diesel engine running on
raw Jojoba as a fuel and compared with the diesel fuel case. The raw Jojoba was found
to be a good, promising oil to be used in diesel engines with few oil modifications (e.g.,
viscosity). The following conclusions may be drawn:

- Raw Jojoba oil could be used as a fuel for diesel engines without esterification and
without any engine modifications.

- Dynamic viscosity of raw Jojoba oil was found to be much higher than that for diesel
fuel. It was about 30 mPa/s compared 4.1 for diesel. Additive is needed to reduce the
viscosity or heating the fuel. Heating the raw Jojoba oil from 30 ◦C to 90 ◦C reduced
the viscosity from 30 to 11 mPa/s.
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- Distillation temperatures for raw Jojoba oil were found to be almost similar to diesel
although it had a narrower temperature window for boiling. The final boiling temper-
ature for diesel was 378 ◦C while it was 362 ◦C for pure Jojoba oil.

- Brake power output at most engine speeds for raw Jojoba oil used in diesel engine
were similar to the case of using pure diesel fuel, especially at low engine speeds.

- Exhaust gas temperatures at all engine speeds for raw Jojoba oil were lower than those
for the diesel fuel case. For example, at 1700 rpm, it was about 300 ◦C for diesel while
it was about 270 ◦C for raw Jojoba fuel.

- When the engine used raw Jojoba oil as a fuel, it produced more HC emission, lower
smoke opacity, and lower NOx emission compared with the case when pure diesel
was the fuel. For example, at 1700 rpm, HC was about 800 ppm for diesel while it was
about 1620 ppm for raw Jojoba. NOx was about 400 ppm for diesel while it was 200
ppm for raw Jojoba oil.

- Maximum pressure rise rate for raw Jojoba oil case was slightly lower than that for
pure diesel case.

- External noise from the diesel engine burning the raw Jojoba oil was slightly higher
than the noise for diesel fuel case; average noise was found of 92.5 dB for diesel and
93.5 dB for raw Jojoba.

- The magnitude of vibration produced for the Jojoba fuel engine was less than the
magnitude measured for the diesel fuel case at all engine speeds. For example, the
peak vibration measured was 40 g for the diesel case while it was about 34 g for raw
Jojoba fuel.

- The vibration produced by the Jojoba oil engine was at much lower frequency com-
pared with that produced from pure diesel fuel.
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